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Introduction

As humanity’s activities in space expand, their
impacts on space and terrestrial environments
should be scrutinised. A thorough understanding of
those impacts is instrumental to informed decision-
making, helping funders, developers and regulators
take appropriate decisions to set space activities

on a sustainable course. Space missions have very
specific impacts as they involve the development
and manufacturing of spacecraft on the ground,
their launch through the different layers of the
atmosphere, their operations in space or on other
celestial bodies, and potentially their return to

Earth. Space activities have long been the remit of
governments focusing on national security and great-
power influence. As they have only recently started
to scale, notably due to the expansion of commercial
ventures, the study of their potential negative
impacts on the environment has been neglected.
Important legislative and regulatory instruments
pertaining to the environment often exclude space
activities,? resulting in a lack of attention and the slow
development of tools and methods to assess the
space sector’s impact on the environment.

The increase in space activities and concern about
unsustainable practices have led the United Nations
Committee on the Peaceful Uses of Outer Space
(UNCOPUOQS) to elaborate 21 Guidelines for the
Long-Term Sustainability of Outer Space Activities
(hereafter LTS guidelines), which were adopted in
2019. These voluntary non-binding guidelines are the
result of a decade-long effort. They focus on (1) the
national policy and regulatory framework for space
activities, (2) the safety of space operations with

an emphasis on collision risk and space weather,

(3) international cooperation, capacity-building and
awareness, and (iv) scientific and technical research
and development. These guidelines also provide a
definition of the “long-term sustainability of outer
space activities” as “the ability to maintain the
conduct of space activities indefinitely into the future

in @ manner that realises the objectives of equitable
access to the benefits of the exploration and use

of outer space for peaceful purposes, in order to
meet the needs of the present generations while
preserving the outer space environment for future
generations.” While we follow this definition in this
paper, we also extend it to consider the preservation
of the Earth environment, including the atmosphere,®
and do not focus on equitable access to the benefits
of space exploration and use.*

At the heart of the concerns regarding the
sustainable use of outer space is space debris.
These non-functional human-made objects cause a
collision risk for operational spacecraft threatening
valuable assets. Congestion in near-Earth space

is intensifying, especially in low Earth orbit (LEO),?
increasing the cost of space operations and
potentially limiting future benefits. Properly managing
near-Earth orbital space is thus becoming ever more
crucial to protect critical infrastructure and give
access to new benefits from space activities.

This congestion issue is the result of the properties
of near-Earth orbital space; it is both rivalrous and
non-excludable. A space actor’s use of a particular
orbit prevents other space actors from using it, and
it is difficult to exclude actors from enjoying the
benefits of orbital space. Common-pool resources
(CPR), which are defined by these two properties,
face a management problem known as the tragedy
of the commons (Hardin, 1968). The tragedy stems
from space actors’ failure to integrate the costs they
impose on others when consuming the resource,
leading to an overconsumption of the resource.
Moreover, the benefits of the efforts from one space
actor to maintain the resource accrue to all, which
disincentivises resource preserving activities.

Near-Earth space is a finite resource whose value
is increasing due to technological advances

and demand for new services. As the value of
orbits increases, many governmental and non-

2 For example, the Montreal Protocol on Substances that Deplete the Ozone Layer does not specifically address emission sources
that emit directly into the stratosphere, such as launch vehicles, and the US National Environmental Policy Act (NEPA) only applies to
the “human environment,” which US Federal Agencies have interpreted (so far) as not encompassing the outer space environment.
3 See, e.g., Yap & Truffer (2022), who advocate for a more holistic view on sustainability challenges by looking at “Earth-space

sustainability.”

4 See also the definition elaborated as part of the space sustainability roadmap for Scotland (Space Scotland, 2022, p. 10) which
extends the LTS guidelines definition to the preservation of “both the Earth and the outer space environment” and includes the

“promotion of the use and environmental benefits of space data.”

5 Low Earth orbit (LEO) is the orbital region around the Earth ranging from the upper atmosphere to an altitude of 2,000 km.
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governmental actors want to benefit from them.

The space sector has steadily grown from about
$176 billion in 2005 to about $360 billion in 2019,
with the vast majority of the growth in commercial
activities (Weinzierl, 2018), and investment bankers
project a $0.9-1.5 trillion space economy in 2040
(McKinsey & Company, 2022). While there are, as of
January 1st, 2022, more than 4,800 satellites in orbit
from 73 countries (Union of Concerned Scientists,
2022), space analysts predict the launch of tens

of thousands of satellites in the next decade (e.g.,
Gleason, 2021). However, the rush for this scarce
resource raises a number of environmental concerns
which are highlighted in this paper.

This paper presents how the sustainability concept

is used in the space domain (section 1), key trends in
the space ecosystem that can have a bearing on the
sustainability of space activities (section 2), threats
to environmental sustainability from space activities
(section 3), and what is being done or could be done
to ensure sustainable space activities (assessment in
section 4 and management in section 5).

1

_Space sustainability:
A broad concept

The term “space sustainability” is commonly used
in the space community but can be understood
differently depending on the forum for discussion. Its
primary meaning refers to the concerns addressed
in the LTS guidelines, that is, to ensure that space
activities can be performed safely and without
interference, such that the benefits they provide

on Earth are sustained, and that the outer space
environment is preserved for current and future
generations (Martinez, 2021). This meaning leans
more towards the ability to sustain activities in
space rather than considering outer space as an
environment worthy of protection. However, space
sustainability can have a broader meaning by
taking a holistic view on the supply chain of space
missions, thus encompassing environmental impacts
from the design phase to the decommissioning of
space assets, both on Earth and in space. Space
sustainability can also expand more explicitly to the
other two dimensions of sustainable development:
the social and economic dimensions. Sustainable
development is generally defined as “development
that meets the needs of the present without
compromising the ability of future generations

to meet their own needs” (World Commission

on Environment and Development, 1987) and is
embodied in the UN Sustainable Development
Goals (SDGs; Transforming Our World: The 2030
Agenda for Sustainable Development, 2015). It
requires a delicate equilibrium between competing
environmental, social and economic interests.

In her exploration of the space sustainability
concept, Aganaba-Jeanty (2016) argues that its
current conception “ties more clearly to global
security than to sustainable development” with a
focus on the needs of the present space actors. She
also notes that space sustainability is sometimes
“conceptualised as defining good behavior, its
boundaries, and disincentives for negative behavior
in space” thus limiting its reach.

Two adjacent and sometimes overlapping concepts
are often used in the space community: space
safety and space security. Space safety refers to
“space mission hazards and relevant risk avoidance
and mitigation measures” and “encompasses

the safeguard of critical and/or high-value space
systems and infrastructures, as well as the protection
of orbital and planetary environments” (Pelton et al.,
2020). It is often perceived as minimising hazards
for space assets and humans in the short-term and
is seen as a prerequisite for space sustainability.
Space security is traditionally associated with the
military security of states and encompasses the
maintenance of peace and stability. This concept
can include “the security of satellites and spacecraft
in orbit, the security of access to space, and also
the contribution to the security of people on Earth
made by various types of satellites” (Sheehan, 2014).
However, its meaning has broadened to include

the freedom of access to and utilisation of space,
blurring the distinction with space sustainability.

The space sustainability concept needs to

be contrasted with the concept of space for
sustainability which refers to space activities’
contributions towards the UN SDGs. Indeed,

the growing space infrastructure is increasingly
important for monitoring and improving the
sustainability of many Earth activities. Satellite-based
services can enhance the monitoring, assessment
and management of environmental risks, such as
fires or floods, and are thus key enablers of progress
towards the SDGs (e.g., Anderson et al., 2017; Ferreira
et al., 2020; Kavvada et al., 2020; Song & Wu, 2021;
UNOOSA, 2018). The space infrastructure is also key
in our response to climate change as many essential
climate variables can only be measured from space.
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This paper focuses on environmental sustainability
and only touches upon the social and economic
dimensions. It takes a holistic view on space
activities and looks at their environmental impacts
on Earth and in space. Currently, the most valuable
region of space to humankind is near-Earth orbits

as only limited activities happen beyond this region.
Therefore, the environmental risks associated with
the exploration and use of space beyond Earth orbits
are only briefly addressed.

In many respects, the concept of environmental
sustainability, as used in the Earth context, can be
extended to space. In this regard, the concept of
ecosystem services is particularly useful. Ecosystem
services can be defined as “the benefits human
populations derive, directly or indirectly, from
ecosystem functions” (Costanza et al., 1997). The
Millennium Ecosystem Assessment (2005) groups
services into four categories: provisioning services
(e.g., food, water, timber), regulating services (e.g.,
bees pollinating flowers, tree roots holding soil in
place), cultural services (e.g., recreational, aesthetic,
spiritual benefits) and supporting services (e.g.,
photosynthesis, nutrient cycling). Near-Earth orbital
space is an ecosystem providing services. The
vantage point above Earth’s surface enables services
such as Earth monitoring and communications,
which support human activities on Earth. The
proliferation of debris can alter the ability of the
ecosystem to provide those services. Similarly,

the night sky provides cultural services that can

be degraded by light reflected from human-made
objects in outer space.

2,

Space industry

trends affecting

the environmental
sustainability

of space activities

The environmental impacts of space activities are
more linked to the scale of those activities than to
their characteristics. Emerging technologies are a

driver of the growth in space activities and are thus
indirectly affecting their sustainability. Some space

5 As of August 2022.

applications are not intrinsically new but can now
scale due to external factors, such as reduced launch
cost or increased demand for space-based services.
A bundle of new technologies is often required

to make a new application emerge. For example,

the combined emergence of partially reusable
launchers, new constellation architectures, and
smaller and cheaper user terminals is enabling large
constellations of satellites for broadband internet,
resulting in fundamental changes in the space
economy.

Let us take a look at some important trends in the
space ecosystem that can have a bearing on the
sustainability of space activities, impacting the space
debris issue but also other environmental aspects
discussed in the next section:

e Low-cost access to space — The development of
partially reusable launch systems by commercial
companies has drastically reduced the cost of
launching spacecraft. Whereas the Space Shuttle
cost about $54,000 per kg launched in LEO,
SpaceX's Falcon 9 costs about $2,700 per kg,

a twenty-fold reduction (Jones, 2018). Dropping
launch costs is an enabler of new space activities.

o Miniaturisation of satellites — The use of smaller
and lighter components, as well as commercial
off-the-shelf (COTS) components, enables the
production of smaller and cheaper satellites, such
as CubeSats.

These two background trends have led to a 17-fold

increase in the annual number of satellites launched

in LEO over the last ten years and are fueling the

following foreground trends:

e Large LEO constellations for broadband
internet — Although satellite constellations for
communications in LEO are not intrinsically new,
more favorable market conditions are resulting in a
proliferation of large systems (Portillo et al., 2019).
SpaceX is leading the race with more than 3,000
satellites already launched, followed by OneWeb
with 428 satellites.® Several other companies also
intend to launch large constellations consisting
of thousands of satellites. Not only has demand
for high bandwidth low latency communication
increased, but several technology developments,
such as advances in antennas, inter-satellite links
and artificial intelligence, have reduced the cost of
LEO constellations (Daehnick et al., 2020).
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¢ Introduction of new actors — The lower barriers to
entry lead to a plethora of new operators, including
academic institutions and startup companies.
Operators are also more diverse geographically,
with more than 73 countries owning or operating at
least one satellite (Union of Concerned Scientists,
2022).

¢ Emergence of in-orbit services — The space
industry operates under the launch, use and
discard paradigm. Maintenance services in orbit,
e.g., to deorbit, refuel or repair a satellite, are
emerging and are likely to change this paradigm
(ESPI, 2020).

e Space tourism — Suborbital and orbital spaceflight
are democratising with the availability of various
services (FutureLearn, 2022). Commercial
destinations in the form of private space stations
are also developing. Space tourism is bound to
become a significant part of the space economy.

e Resources exploitation — The moon, asteroids
and other celestial bodies are sources for natural
materials that can be extracted for use in outer
space (e.g., for refueling) and on Earth. There is
growing interest and investment for mining in
space (Gilbert, 2021).

3.

f{isks to environmental
sustainability from
space activities

Throughout their life cycle, space missions have
environmental impacts on the ground, in the
atmosphere, in space and potentially on other
celestial bodies (see Figure 1). The development

and production of spacecraft have impacts similar
to other manufacturing activities on Earth. However,
compared to other products, space technologies are
often custom-made, need long development cycles,
use specialised materials and industrial processes,
and require thorough testing.

The unique nature of space missions starts with the
launch. This paper thus focuses on the environmental
impacts that are particular to space technologies,
and are the result of the launch of spacecraft into
space, their operations and decommissioning in
space or on other celestial bodies, and their return

to Earth (see, e.g., Boley & Byers, 2021, for a study

of the potential impact of large LEO constellations
throughout these phases).”
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Figure 1| Basic life cycle stages of a space mission and locations of impacts

7 For life cycle assessment of the Earth-based impacts (ecospheric) of space missions, see Wilson et al. (2022). They estimate that
the global contribution from space missions to climate change is only 0.01% of total greenhouse gases emissions.
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3.1 Collisions with space debris

The most unusual, probably most concerning, and
thus most studied risk to environmental sustainability
associated with space activities is space debris (see,
e.g., Bonnal & McKnight, 2017; Buchs, 2021, for a
general review). As a by-product of space activities,
non-functional human-made objects, or space
debris, are generated. Space debris ranges from
sub-millimeter paint flakes to 9-ton rocket bodies.

With the current monitoring infrastructure, only space
debris larger than 5—10cm in LEO can reliably be
tracked and catalogued. The population of more

than 30,000 trackable debris pieces is dominated by
fragments resulting from explosions and collisions,
but there are about 3,000 derelict intact objects in
orbit.

Operational spacecraft face a collision risk from the
space debris population. A low-intensity collision can
affect the performance of a spacecraft or disable
some subsystems. If the collision intensity is higher,
it can result in the disabling of the spacecraft or

its complete fragmentation. As objects travel at
7-8km/s in LEO, even a collision with a centimeter-
sized object can have devastating consequences.

When equipped with manoeuvring capabilities,
spacecraft can potentially avoid catalogued objects.
However, not all spacecraft can manoeuvre, and

the ability to accurately determine the position of
space debris is limited. Objects with sizes below the
tracking threshold are much more numerous and can
disable or even fragment a spacecraft. Statistical
modelling estimates a population of a million pieces
of debris in the 1to 10 cm size range (ESA Space
Debris Office, 2021). Thus, these lethal non-trackable
objects dominate the risk profile of operational
spacecraft (Maclay & McKnight, 2021).

The large number of derelict objects abandoned in
LEO have a significant risk-generating potential as
they could create tens of thousands of lethal non-
trackable debris if they were to collide or explode
(Rossi et al., 2020). In 2009, the collision between
the active commercial satellite Iridium 33 and a
derelict Russian military satellite Cosmos-2251
generated about 3,000 trackable fragments and
many more non-trackable ones. Collisions involving
more massive objects would create much more
debris. Military activities are also a major source

of debris and an increasing cause for concern. In
2007, China deliberately destroyed one of its derelict
weather satellites to test an anti-satellite (ASAT)

weapon, generating more than 3,400 trackable
fragments, and in 2021, Russia conducted a similar
test generating about 1,500 pieces of trackable
debris.

The evolution of the space debris population is

a balance of sources and sinks. The sources are
satellites that have reached their end-of-life and
cannot be deorbited, satellites of which the operator
has lost control, mission-related objects, such as
rocket upper stages, and fragmentation debris
resulting from on-orbit break-ups. Only two sinks
are available to clear space debris from orbits:
atmospheric drag and direct retrieval. The lifetime
of a piece of debris increases with its altitude; while
at 500 km objects take between a few years to a

few decades to reenter the atmosphere, at 800 km
the reentry can take centuries. Direct retrieval of
large pieces of debris from orbit is in its infancy, with
demonstration missions coming up in the next years.

The population of space debris has steadily
increased over time. The sharp growth in space
activities combined with poor compliance with
commonly agreed-upon debris mitigation guidelines
is a cause for concern (ESA Space Debris Office,
2022). Modelling of the space debris environment
has shown that the environment has probably already
reached the tipping point where even without new
launches the population would keep growing as a
result of collisions.

The loss of spacecraft due to collision with debris
pieces can result in large disruptions on Earth as a
result of the unavailability of critical satellite services.
Space debris is also a threat to human spaceflight
as a collision with a non-trackable piece of debris
can result in the loss of human lives. Space debris
uses some of the space environment capacity,
augmenting the costs of conducting space activities
and limiting the benefits we can extract from this
resource.

3.2 Optical and radio interferences
Human-made objects in Earth orbit produce passive
and active electromagnetic emissions (Dark and
Quiet Skies Il for Science and Society, 2022). All
space objects passively reflect the sunlight and
operational spacecraft actively communicate with
stations on the ground using radio frequencies. Both
types of emissions affect astronomical observations,
but only the former impacts stargazing. They likely
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also have an impact on the wildlife, but very little
about this topic is known.

These electromagnetic emissions scale up as the
number of objects in Earth orbit grows. The plans to
launch numerous large constellations consisting of
thousands of spacecraft is thus a cause for concern
given their impact on the appearance of the night
sky and on astronomical observations (e.g., Hainaut
& Williams, 2020; Massey et al., 2020; McDowell,
2020).

The visibility from the ground and the brightness of
satellites depend on their altitude, surface reflectivity
and attitude with respect to the observer. Only a
fraction of the planned satellites will be visible by the
naked eye, but all of them are potentially detectable
by highly sensitive telescopes.

While research has recently focused on the
discrete streaks produced by artificial objects on
astronomical images, little information is known
about the contribution of these objects to the diffuse
brightness of the night sky. The cloud of artificial
objects orbiting the Earth, comprised of both
space debris and operational spacecraft, reflects
and scatters the sunlight towards ground-based
observers. Their combined effect is a diffuse night
sky brightness component similar to that of the
starlight background of the Milky Way. According to
preliminary estimations, the contribution of space
objects to the skyglow has already reached 10% of
the luminance of a typical natural night sky (Kocifaj
et al., 2021). The launch of large constellations of
satellites is bound to exacerbate this light pollution.

The lack of a multistakeholder appraisal of the
impact of large constellations is a concern.
Venkatesan et al. (2020) argue that space is an
ancestral global commons, and that the impact of
humanity’s expansion of activities in space on the
essential human right to dark skies and on cultural
sky traditions across all peoples needs to be properly
evaluated.

3.3 Marine pollution

Two phases of space missions can result in pollution
in the marine environment: the launch and the
reentry of objects into the atmosphere. Expendable
launch vehicles can only be used once. The stages
of arocket and its fairings are jettisoned at different
altitudes. Some objects are discarded at sea before
reaching space while others reenter the atmosphere

in a short amount of time without fully burning. The
development of reusable launch systems will reduce
the amount of debris ditched at sea. For now, only
partially reusable orbital launch systems have flown,
but the first fully reusable orbital launch vehicles
should be ready during the 2020s.

The development of the launch industry, with the
emergence of small launchers in countries that

were not used to launch rockets (e.g., the UK, New
Zealand) has led to renewed scrutiny regarding this
activity. Debris jettisoned during launch can have
the following impacts on the marine ecosystem:
direct strikes on the fauna, underwater noise and
disturbance on impact, toxic contaminants (e.g.,

fuel, batteries), ingestion of debris, smothering of
seafloor and provision of hard substrate (Lonsdale &
Phillips, 2021). A report prepared for the New Zealand
Ministry for the Environment regarding Electron
Rocket launches from New Zealand assessed that
for up to 100 launches the ecological risk is low for
all ecological impacts identified (NIWA, 2016), and
only flagged a high risk to the air breathing fauna
with 10,000 launches. As highlighted by the case of
the now-retired Russian Rockot launch vehicle which
was powered by unsymmetrical dimethylhydrazine
(UDMH), a highly toxic chemical creating potential
environmental risks (Byers & Byers, 2017), new
propellants require detailed assessment before
authorising their use to avoid releasing toxic material
in the natural environment.

Objects in Earth orbit are dragged down by

the residual atmosphere. When reentering the
atmosphere, objects do not always fully disintegrate
—depending on their size, shape and materials — and
can hit the ground. Objects which are likely to survive
the reentry and cause a significant risk of damage or
casualty on the ground require a controlled reentry.
In such a case, Point Nemo, the farthest point from
any land on Earth, in the South Pacific ocean is
targeted (Lucia & lavicoli, 2019). While this practice
has raised concerns, as oceans should not be seen
as a dumping ground, compared to the 11 million tons
of plastic that end up in the ocean, the space debris
contribution is negligible (David, 2022).

3.4 Atmospheric pollution

Like the marine environment, the atmosphere can
be impacted by the launch of space vehicles and
the reentry of objects into the atmosphere. Rocket
engines emit different gases and particles into
the atmosphere with potential local and global
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consequences (e.g., Dallas et al., 2020; Ross &
Sheaffer, 2014; Ross & Vedda, 2018; Ryan et al.,
2022; The Aerospace Corporation, 2022). Rockets
are the only direct anthropogenic emission sources
in the upper atmosphere. Although these emissions
can affect Earth’s climate and the ozone layer, limited
scientific research has been conducted on them, as
the space industry has for a long time been assumed
to be too small to have a significant effect. Moreover,
the number of launches had been declining from 157
in 1967 to only 42 in 2005, leading to a disinterest on
the impact of rocket emissions. However, this trend
is reversing, with an annual growth of about 6% in
the past ten years leading to 135 successful launches
in 2021. Given the plans to launch large satellite
constellations and the emergence of space tourism,
the number of orbital launches could reach 400 per
year by 2030.

Emissions include gases such as water vapor and
carbon dioxide (CO,), but the quantities emitted by
rockets are significantly smaller than those from
other human sources. The emergence of space
tourism has drawn public attention to the carbon
emission of launches. However, CO, emissions from
rockets are insignificant in the global picture, as
rockets emit less than 0.01% of the CO, emitted by
aviation (The Aerospace Corporation, 2022). More
concerning are the emissions of small particles of
soot (or black carbon) and alumina (aluminium oxide)
directly into the stratosphere (Ross & Toohey, 2019).
For comparison, in 2018, the amount of black carbon
emitted in the stratosphere by rocket engines was
similar to the amount released by global aviation.
Black carbon and alumina particles reduce the
intensity of solar flux entering the troposphere,

and thus contribute to cooling the Earth’s lower
atmosphere and surface. Ross & Toohey (2019)
estimate that “the magnitude of present-day cooling
from rocket particles is about the same as the
magnitude of warming from aviation carbon dioxide.”
However, the physics at play is different and Earth
responds to stratospheric particle injections in
complex ways which are not yet fully understood.
More research is needed to unravel these complex
effects and the potential impacts of an increase in
launches. The effects of 400 launches per year could
be unsettling.

Human-made objects reentering the atmosphere
mostly burn up: about 60% of rocket bodies and

60 to 90% of satellite mass disintegrate during
atmospheric reentry (Werner, 2020). While there are
currently about 100 tons of hardware reentering the
atmosphere per year, if the planned constellations

materialise, the annual mass reentering Earth’s
atmosphere could eventually rise to between 800
and 3,200 tons. Historically, the concerns have
been on the potential hazard to aircraft and people
of objects surviving reentry. To comply with space
debris mitigation guidelines requiring a probability
of less than 1in 10,000 that someone gets hit by a
part of a space object reentering the atmosphere,
manufacturers are pushed to implement design

for demise practices. However, the disintegrated
spacecraft deposit fine aluminum particulates which
can damage the ozone layer and change the Earth’s
albedo, and thus change the radiative balance of the
Earth.

The combined effects of rocket emissions and
space objects’ reentries is akin to uncontrolled
geoengineering experiments, which are much
debated (Pultarova, 2021). This raises more
questions regarding the interplay of these effects
and geoengineering, at both the research and
governance levels, if geoengineering were to be
deployed.

3.5 Interplanetary contamination

The exploration and exploitation of other celestial
bodies and the return of spacecraft to Earth comes
with the risk of biological contamination. “Forward”
contamination, that is the transfer of life and other
forms of contamination from Earth to another
celestial body, could potentially harm extraterrestrial
ecosystems and mislead scientific efforts to detect
extraterrestrial life. “Backward” contamination, that
is the introduction of extraterrestrial organisms and
other forms of contamination into Earth's biosphere,
might harm terrestrial ecosystems. Limiting the risk
of these harmful contaminations is called planetary
protection.

Recognising these risks, the Committee on Space
Research (COSPAR) has been responsible for setting
the international standards for planetary protection
since the early 1960s. Following the launch of several
Mars missions in 2020 and the progress of the
Artemis programme which intends to return humans
to the Moon during the 2020s, NASA and COSPAR
have updated their planetary protection policy
(COSPAR, 2021; NASA, 2020a, 2021). As the number
and diversity of actors, especially private companies,
involved in space activities on other celestial

bodies expand, planetary protection is growing in
importance (Cheney et al., 2020).
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3.6 Cross-cutting aspects

Space actors tend to have a retroactive approach
towards the sustainability risks discussed above. A
reaction is often triggered by affected stakeholders,
as was the case with the astronomy community for
optical interference caused by satellites. Experts
researching the environmental impacts of space
activities often highlight that “sustainability has
not been much of a concern for space systems
development” (The Aerospace Corporation, 2022).
Attention has been on national pride and security,
rather than sustainability. While the approach is
evolving, space endeavours remain closely linked
to defence and national security interests, with
sustainability hanging in the background.

While the different risks mentioned above

were treated in silos, there is growing interest

in considering them simultaneously, with the
development of all-encompassing guidelines or
best practices. The recognition of space as an
environment worthy of protection will help extend
approaches developed to address sustainability on
Earth and produce a coherent approach to space
sustainability.

The different risks discussed have interactions
and trade-offs which will need to be addressed.
For example, design for demise results in less
marine pollution but more material deposited in
the atmosphere. There might also be tensions in
the measures needed to limit collision risk and to
limit optical interference from satellites. Tools and
agreements on how to quantify and balance those
risks are far from being settled.

4.

Assessing the
environmental impacts
of space activities

As discussed in section 3, space activities have a
large diversity of environmental impacts. As a result,
the tools to assess them can be very specific to the
impacts considered. In this section, we first briefly
present two methods which are increasingly used in
the space domain to assess environmental impacts:
life cycle assessment (LCA) and environmental
impact assessment (EIA). The space sector is only
starting to use these tools which are commonly used
in other sectors, highlighting the sector’s lateness

in its consideration of the environment. Addressing
uncertain impacts of emerging technologies will
require other tools, more capable of coping with
uncertainty and a long-term perspective. We

then discuss approaches developed to assess
environmental impacts that are specific to space
activities such as space debris. In particular, we look
at the space environment capacity, an approach
currently gaining traction to measure orbital use by
active spacecraft and space debris.

4.1 Life cycle assessment

LCA has been identified as a practical tool to monitor
and reduce the environmental impact of space
activities, particularly in Europe (see Maury et al.,
2020, for a review). However, only a limited number
of studies are publicly available and even fewer
have been published in peer-reviewed journals.
The application and formalisation of LCA of space
missions have been pioneered by the European
Space Agency (ESA), which has developed a set of
guidelines (handbook), a specific database and an
eco-design tool.

The space sector has very unique impacts which

are not captured in conventional life cycle models,
making the application of LCA challenging. In their
current form, traditional LCA models can only provide
results with significant uncertainties and are often
unable to come up with actionable results (Wilson

et al., 2022). Furthermore, LCA typically requires
benchmarking to compare technologies, which is
often difficult in the case of space technologies.
Efforts aimed at developing standardised
approaches for declaring environmental impacts

of space systems over their entire life cycle,

thus ensuring accurate and verifiable impact
quantification for regulatory and economic purposes
are ongoing (Wilson et al., 2021).

ESA's efforts have been geared towards adapting
current ISO standards on LCA to space specificities,
as methodological rules were missing. The

agency has also championed the development

of methods to include impacts related to space
debris within the LCA of space missions (Maury

et al., 2019). Work conducted at the University of
Strathclyde has attempted to not only take into
account the environmental dimension of sustainable
development, but also to include the social and
economic dimensions (Wilson, 2019). The resulting
integrated framework is aimed at improving
concurrent engineering activities to help develop
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cost-efficient, eco-efficient and socially responsible
technologies.

Sustainability requires looking into the long term,

and assessing the environmental sustainability of
emerging space activities or technologies will require
tools that have the capacity to help anticipate future
impacts (see Miraux et al., 2022, for an application

of a streamlined LCA to future space activities over
the period 2022-2050 under two scenarios). Not
only do the outcomes of the technology need to be
anticipated, but also the future system in which it will
be deployed.

4.2 Environmental impact
assessment
EIA is a tool used to assess the potential
environmental consequences of a particular project
or action. ElAs are currently performed to evaluate
the impact of space activities on the terrestrial
environment, in particular for the development of new
spaceports (e.g., Lonsdale & Phillips, 2021; NIWA,
2016). However, in its current implementation in laws
and regulations, as a requirement before undertaking
major infrastructure projects, EIA is not meant to
assess impacts in outer space.?

As humanity’s horizon expands beyond Earth’s orbit,
and major actions, such as resource extraction,

are undertaken on other celestial bodies, there is

a need for the development of a comprehensive
process to assess human impacts on extraterrestrial
environments (Kramer, 2014). Different frameworks
for extraterrestrial EIA have been proposed (e.g.,
Dallas et al., 2021; Kramer, 2020; Mustow, 2018) but
their application in practice remains distant.

4.3 Special approaches

in the space domain
To address the specific aspects of space activities,
dedicated approaches are under development (see,
e.g., Maury et al., 2020; Wilson, 2019, in the context
of LCA). In particular, several metrics have been
proposed to improve the management of near-
Earth space, where most space activities currently
happen (e.g., Letizia et al., 2018; Rossi et al., 2015). Of
notable interest is the concept of space environment
capacity (ESPI, 2022). It assumes that near-Earth
orbital space is a limited shared resource and aims
to provide an indication of how much of this resource
is used by space missions and objects in a defined
orbital region (see Figure 2).

Future available capacity
(positive trend)

Future available capacity
(current)

Future available capacity
(negative trend)

Filled capacity
(operational satellites)

Individual missions
@® (capacity index)

Filled capacity
(space debris)

Figure 2 | Schematic depiction of the space environment capacity concept

(reprinted from ESPI, 2022)

8 Reasons for not applying EIA to outer space infrastructure development include the perception that space is not part of the
environment and the fact that space is not under the jurisdiction of any state.
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Another effort worth mentioning is the development
of the Space Sustainability Rating (SSR). This
voluntary rating system for space missions relies

on a composite indicator of a mission’s footprint

on the space environment which incorporates

the space environment capacity (Letizia et al.,

2021; Rathnasabapathy et al., 2020). The SSR was
launched in June 2022 and is aimed at offering a
transparent and data-based assessment of the level
of sustainability of space missions. For now, the
different modules forming the indicator are focused
on the space debris issue, and do not address the
other risks mentioned in this paper.

5.

Managing the
environmental impacts
of space activities

As some of the risks associated with space
activities have only recently been identified and their
quantification is insufficient, the response strategies
are in most cases only emerging. Collision with
space debris was one of the earliest risks identified
and has benefited from some, albeit limited, policy
and regulatory attention since the 1990s. The

other risks discussed have been mostly left out of
legislative and regulatory instruments.

5.1 Technical approaches
Identification and characterization of most of the
risks described in section 3 are at a preliminary
stage. As highlighted for a number of them, more
research is needed to understand the significance
of their impacts on environmental sustainability and
to develop appropriate response strategies. Space
debris has been identified early and thus has more
mature technical approaches.

Collision risk from space debris is addressed
through four sets of technical activities: impact
tolerance, collision avoidance, debris mitigation
and debris remediation (see, e.g., Buchs, 2021). The
first two consist of minimising risk in the existing
environment while the latter two involve changing
the environment. Impact tolerance is reducing the
probability of losing a spacecraft when it is hit by a
piece of debris through, for example, shielding or
redundancy (S. Ryan, 2022). Collision avoidance

consists of manoeuvring spacecraft in the case of
an approaching trackable piece of debris to avoid
being hit (NASA, 2020b). Debris mitigation involves
different activities, such as post-mission disposal
or passivation, to reduce the likelihood that a
spacecraft becomes or generates debris (ISO, 2019).
Finally, debris remediation consists of minimising
the chances that existing debris creates further
debris, for example, by actively removing derelict
objects (Bonnal et al., 2013) or upgrading them with
manoeuvring capabilities (Marchionne et al., 2021).

5.2 Governance approaches

The only internationally binding instruments of public
international space law are five UN treaties on outer
space adopted in the 1960s and 1970s. Although
they are legally binding on the states who have
signed and ratified them, enforcement mechanisms
are weak. Moreover, these treaties do not directly
address the sustainable use of space. They have
been complemented by non-binding guidelines on
space debris mitigation (UNCOPUOQOS, 2007) and on
the long-term sustainability of outer space activities
(UNCOPUOQS, 2019; see introduction).

The UN treaties render states internationally
responsible for national activities in outer

space whether such activities are carried on by
governmental agencies or by non-governmental
entities (Outer Space Treaty, 1966, Article VI). Thus,
licensing for space launches and operations at the
national level has a major role to play in ensuring
the sustainability of space activities. International
guidelines (e.g., IADC, 2021; ISO, 2019) are often
integrated as part of the requirements in licensing
procedures. However, so far the only risk mentioned
in section 3 that is commonly assessed in the
licensing process is collision risk from space debris,
albeit only before launch, without mechanisms to
address what actually happens once in space.

6.

Way forward

Apart from space debris, the space industry’s
contribution to adverse environmental sustainability
impacts appears minimal at present. However, “these
impacts may become more meaningful with the
scaling up of space activities in the near-to-medium
term future” (Wilson et al., 2022). In the case of space
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debris, most experts agree that tipping points have
already been reached and that congestion in LEO
is alarming, threatening the long-term use of these
orbits.

There is a need for more in-depth research on

all the risks discussed in this paper. Crafting
effective response strategies requires more
scientific evidence, technology developments and
harmonised international governance. Some of the
risks, such as atmospheric pollution, require more
investigation into the impacts of space activities

on the environment, while others, such as collision
risk from space debris, would benefit from a better
understanding of the cost-benefits of approaches to
address it. In comparison to other sectors, research
efforts to analyse the environmental impacts of
space activities and potential response strategies
are not commensurate with the size of the sector,
even less so with the predicted growth of the sector
in the coming decade.

Instruments developed so far to assess

the sustainability of space activities are not
comprehensive and are not routinely implemented.
Efforts are needed to expand and operationalise
them. Effective tools to anticipate future risks and
address large uncertainty are typically absent.

The space sector could benefit from findings in
other sectors regarding foresight and long-term
sustainability.

For spacefaring nations, national interests and
security are the primary drivers of space policy,
outweighing concerns regarding the environmental
impacts of space activities. For now, sustainability is
only an after-thought and is not prioritised. However,
the growing share of commercial applications and
greater environmental consciousness can help move
space sustainability higher on the political agenda.
The UK’s recent announcement of a package of new
measures to drive space sustainability goes in this
direction (BEIS, 2022).

Maijor threats to environmental sustainability

from space activities have global consequences,
requiring a global response. However, due to the
nature of international space law, national contexts
and sovereignty must be recognised. Unilateral but
coordinated action (e.g., by like-minded states) can
be the way forward. Despite divergences among
stakeholders, recognition that near-Earth is a
limited shared resource with the characteristics

of a common-pool resource is a stepping stone to
managing it effectively at the global level.

Acknowledgements

IRGC would like to thank Andrew Wilson for offering
comments on a first draft of this paper. The views
presented in this article are those of the author and
are not a consensus judgement by IRGC.

12 | IRGC | Ensuring the environmental sustainability of emerging technologies



References

Aganaba-Jeanty, T. (2016). Space sustainability and
the freedom of outer space. Astropolitics, 14(1).

Anderson, K., Ryan, B., Sonntag, W., Kavvada, A., &
Friedl, L. (2017). Earth observation in service of the
2030 Agenda for Sustainable Development. Geo-

BEIS. (2022, June 23). Government announces
package of new measures to drive space

Boley, A. C., & Byers, M. (2021). Satellite mega-
constellations create risks in Low Earth Orbit, the
atmosphere and on Earth. Scientific Reports, 11(1),

Bonnal, C., & McKnight, D. S. (2017). IAA situation
report on space debris —2016. International Academy

Bonnal, C., Ruault, J.-M., & Desjean, M.-C. (2013).
Active debris removal: Recent progress and current

Buchs, R. (2021). Collision risk from space debiris:
Current status, challenges and response strategies.
EPFL International Risk Governance Center (IRGC).

Byers, M., & Byers, C. (2017). Toxic splash: Russian
rocket stages dropped in Arctic waters raise health,
environmental and legal concerns. Polar Record, 53,

Cheney, T., Newman, C., Olsson-Francis, K., Steele,
S., Pearson, V., & Lee, S. (2020). Planetary protection
in the new space era: Science and governance.
Frontiers in Astronomy and Space Sciences, 7.

Costanza, R., d’Arge, R., de Groot, R., Farber, S.,
Grasso, M., Hannon, B,, Limburg, K., Naeem, S.,
O’Neill, R. V., Paruelo, J., Raskin, R. G., Sutton, P,,
& van den Belt, M. (1997). The value of the world’s
ecosystem services and natural capital. Nature,

Daehnick, C., Klinghoffer, ., Maritz, B., & Wiseman, B.
(2020, May 4). Large LEO satellite constellations: Will
it be different this time? McKinsey & Company.

Dallas, J. A., Raval, S., Alvarez Gaitan, J. P., Saydam,
S., & Dempster, A. G. (2020). The environmental
impact of emissions from space launches: A
comprehensive review. Journal of Cleaner Production,

Dallas, J. A., Raval, S., Saydam, S., & Dempster, A. G.
(2021). An environmental impact assessment
framework for space resource extraction. Space Policy,

David, L. (2022, March 7). Watery graves: Should
we be ditching big spacecraft over Earth’s oceans?

ESA Space Debris Office. (2021, April 15). Space
debris by the numbers. European Space Agency

ESA Space Debris Office. (2022). ESA’s annual space
environment report (GEN-DB-LOG-00288-0PS-SD,

ESPI. (2020). In-orbit services: Policy and business
perspectives (ESPI Report 76). European Space

ESPI. (2022). Space environment capacity: Policy,
regulatory and diplomatic perspectives on threshold-
based models for space safety & sustainability (ESPI
Report 82). European Space Policy Institute (ESPI).

IRGC | Ensuring the environmental sustainability of emerging technologies | 13


https://doi.org/10.1080/14777622.2016.1148463
https://doi.org/10.1080/10095020.2017.1333230
https://doi.org/10.1080/10095020.2017.1333230
https://www.gov.uk/government/news/government-announces-package-of-new-measures-to-drive-space-sustainability
https://www.gov.uk/government/news/government-announces-package-of-new-measures-to-drive-space-sustainability
https://www.gov.uk/government/news/government-announces-package-of-new-measures-to-drive-space-sustainability
https://doi.org/10.1038/s41598-021-89909-7
https://iaaspace.org/wp-content/uploads/iaa/Scientific%20Activity/sg514finalreport.pdf
https://iaaspace.org/wp-content/uploads/iaa/Scientific%20Activity/sg514finalreport.pdf
https://doi.org/10.1016/j.actaastro.2012.11.009
https://doi.org/10.1016/j.actaastro.2012.11.009
https://doi.org/10.5075/epfl-irgc-285976
https://doi.org/10.1017/S0032247417000547
https://www.frontiersin.org/article/10.3389/fspas.2020.589817
https://cosparhq.cnes.fr/assets/uploads/2021/07/PPPolicy_2021_3-June.pdf
https://cosparhq.cnes.fr/assets/uploads/2021/07/PPPolicy_2021_3-June.pdf
https://doi.org/10.1038/387253a0
https://www.mckinsey.com/industries/aerospace-and-defense/our-insights/large-leo-satellite-constellations-will-it-be-different-this-time
https://www.mckinsey.com/industries/aerospace-and-defense/our-insights/large-leo-satellite-constellations-will-it-be-different-this-time
https://www.mckinsey.com/industries/aerospace-and-defense/our-insights/large-leo-satellite-constellations-will-it-be-different-this-time
https://doi.org/10.1016/j.jclepro.2020.120209
https://doi.org/10.1016/j.spacepol.2021.101441
https://www.space.com/spacecraft-deorbiting-over-earth-oceans-ethical-concerns
https://www.space.com/spacecraft-deorbiting-over-earth-oceans-ethical-concerns
https://www.esa.int/Safety_Security/Space_Debris/Space_debris_by_the_numbers
https://www.esa.int/Safety_Security/Space_Debris/Space_debris_by_the_numbers
https://www.sdo.esoc.esa.int/environment_report/Space_Environment_Report_latest.pdf
https://www.sdo.esoc.esa.int/environment_report/Space_Environment_Report_latest.pdf
https://www.espi.or.at/reports/in-orbit-services/
https://www.espi.or.at/reports/in-orbit-services/
https://www.espi.or.at/reports/space-environment-capacity/

Ferreira, B., Ilten, M., & Silva, R. G. (2020). Monitoring
sustainable development by means of earth
observation data and machine learning: A review.
Environmental Sciences Europe, 32(1), 120.

Gleason, M. P. (2021). A short guide for understanding
and assessing U.S. space sustainability initiatives. The

bility_

Hainaut, O. R., & Williams, A. P. (2020). Impact of
satellite constellations on astronomical observations
with ESO telescopes in the visible and infrared
domains. Astronomy & Astrophysics, 636, A121.

ISO. (2019). Space systems — Space debris mitigation
requirements. International Organization for

Jones, H. (2018, July 8). The recent large reduction in
space launch cost. 48th International Conference on
Environmental Systems, Albuquerque, NM, United

Kavvada, A., Metternicht, G., Kerblat, F., Mudau,

N., Haldorson, M., Laldaparsad, S., Fried|, L., Held,
A., & Chuvieco, E. (2020). Towards delivering on
the Sustainable Development Goals using Earth
observations. Remote Sensing of Environment, 247,

Kocifaj, M., Kundracik, F., Barentine, J. C., & Barg, S.
(2021). The proliferation of space objects is a rapidly
increasing source of artificial night sky brightness.
Monthly Notices of the Royal Astronomical Society:

Kramer, W. R. (2014). Extraterrestrial environmental
impact assessments - A foreseeable prerequisite for
wise decisions regarding outer space exploration,
research and development. Space Policy, 30(4),

Kramer, W. R. (2020). A framework for extraterrestrial
environmental assessment. Space Policy, 53, 101385.

Letizia, F., Colombo, C., Lewis, H. G., & Krag, H.
(2018). Development of a debris index. In Stardust

Letizia, F., Lemmens, S., Wood, D., Rathnasabapathy,
M., Lifson, M., Steindl, R., Acuff, K., Jah, M., Potter,

S., & Khlystoy, N. (2021, April 20). Framework for the
space sustainability rating. 8th European Conference

Lonsdale, J.-A., & Phillips, C. (2021). Space launches
and the UK marine environment. Marine Policy, 129,

Lucia, V. D., & lavicoli, V. (2019). From outer space
to ocean depths: The “spacecraft cemetery” and
the protection of the marine environment in areas
beyond national jurisdiction. California Western
International Law Journal, 49(2), 45.

Maclay, T., & McKnight, D. (2021). Space environment
management: Framing the objective and setting
priorities for controlling orbital debris risk. Journal of

Marchionne, L., McKnight, D. S., Santoni, F., Bonnal,
C., & Piergentili, F. (2021, October). Conceptual
design and performance analysis of nano-tugs as

a space debris remediation tool. 72nd International
Astronautical Congress, Dubai, U.A.E.

Martinez, P. (2021). The UN COPUQS Guidelines
for the Long-term Sustainability of Outer Space
Activities. Journal of Space Safety Engineering.

Massey, R., Lucatello, S., & Benvenuti, P. (2020).
The challenge of satellite megaconstellations.

14 | IRGC | Ensuring the environmental sustainability of emerging technologies


https://doi.org/10.1186/s12302-020-00397-4
https://www.futurelearn.com/info/blog/is-space-tourism-good-for-the-planet
https://www.futurelearn.com/info/blog/is-space-tourism-good-for-the-planet
https://www.milkenreview.org/articles/mining-in-space-is-coming
https://www.milkenreview.org/articles/mining-in-space-is-coming
https://aerospace.org/sites/default/files/2021-04/Gleason_SpaceSustainability_20210407.pdf
https://aerospace.org/sites/default/files/2021-04/Gleason_SpaceSustainability_20210407.pdf
https://aerospace.org/sites/default/files/2021-04/Gleason_SpaceSustainability_20210407.pdf
https://doi.org/10.1051/0004-6361/202037501
https://doi.org/10.1126/science.162.3859.1243
https://doi.org/10.1126/science.162.3859.1243
https://www.iadc-home.org/documents_public/file_down/id/5249
https://www.iso.org/standard/72383.html
https://ttu-ir.tdl.org/handle/2346/74082
https://doi.org/10.1016/j.rse.2020.111930
https://doi.org/10.1093/mnrasl/slab030
https://doi.org/10.1093/mnrasl/slab030
https://doi.org/10.1016/j.spacepol.2014.07.001
https://doi.org/10.1016/j.spacepol.2020.101385
https://doi.org/10.1007/978-3-319-69956-1_12
https://doi.org/10.1007/978-3-319-69956-1_12
https://conference.sdo.esoc.esa.int/proceedings/sdc8/paper/95/
https://conference.sdo.esoc.esa.int/proceedings/sdc8/paper/95/
https://doi.org/10.1016/j.marpol.2021.104479
https://doi.org/10.1016/j.jsse.2020.11.002
https://doi.org/10.1016/j.jsse.2020.11.002
https://doi.org/10.1016/j.jsse.2021.02.003
https://doi.org/10.1038/s41550-020-01224-9
https://doi.org/10.1038/s41550-020-01224-9

Maury, T., Loubet, P, Serrano, S. M., Gallice, A., &
Sonnemann, G. (2020). Application of environmental
life cycle assessment (LCA) within the space sector:
A state of the art. Acta Astronautica, 170,122—135.

Maury, T., Loubet, P, Trisolini, M., Gallice, A.,
Sonnemann, G., & Colombo, C. (2019). Assessing
the impact of space debris on orbital resource in life
cycle assessment: A proposed method and case
study. Science of The Total Environment, 667, 780—

McDowell, J. C. (2020). The low Earth orbit satellite
population and impacts of the SpaceX Starlink
constellation. The Astrophysical Journal, 892(2).

McKinsey & Company. (2022). The role of space in
driving sustainability, security, and development on

Millennium Ecosystem Assessment. (2005).
Ecosystems and human well-being: Synthesis. Island
Press.

Miraux, L., Wilson, A. R., & Dominguez Calabuig,
G. J. (2022). Environmental sustainability of future
proposed space activities. Acta Astronautica.

Mustow, S. E. (2018). Environmental impact
assessment (EIA) screening and scoping of

extraterrestrial exploration and development projects.

Impact Assessment and Project Appraisal, 36(6),

NASA. (2020a). NASA interim directive: Biological
planetary protection for human missions to Mars.

NASA. (2020b). NASA spacecraft conjunction
assessment and collision avoidance: Best practices

NASA. (2021). NASA procedural requirements:
Planetary protection provisions for robotic

NIWA. (2016). Marine ecological risk assessment
of the cumulative impact of electron rocket
launches: Prepared for Ministry for the

Pelton, J., Sgobba, T., & Trujillo, M. (2020). Space
safety. In Handbook of space security (pp.265—298).
Springer International Publishing.

Portillo, I. del, Cameron, B. G., & Crawley, E. F. (2019).
A technical comparison of three low earth orbit
satellite constellation systems to provide global
broadband. Acta Astronautica, 159, 123—135.

Pultarova, T. (2021, June 7). Air pollution from
reentering megaconstellation satellites could cause

Rathnasabapathy, M., Wood, D., Letizia, F,, Lemmens,
S., Jah, M., Schiller, A., Christensen, C., Potter, S.,
Khlystov, N., Soshkin, M., Acuff, K., Lifson, M., &
Steindl, R. (2020, October 12). Space sustainability
rating: Designing a composite indicator to incentivise
satellite operators to pursue long-term sustainability
of the space environment. 71st International
Astronautical Congress, The CyberSpace Edition.

Ross, M. N., & Sheaffer, P. M. (2014). Radiative forcing
caused by rocket engine emissions. Earth’s Future,

Ross, M. N., & Vedda, J. (2018). The policy and
science of rocket emissions. The Aerospace

Rossi, A., Petit, A., & McKnight, D. (2020). Short-term
space safety analysis of LEO constellations and
clusters. Acta Astronautica, 175, 476—483.

IRGC | Ensuring the environmental sustainability of emerging technologies | 15


https://doi.org/10.1016/j.actaastro.2020.01.035
https://doi.org/10.1016/j.scitotenv.2019.02.438
https://doi.org/10.3847/2041-8213/ab8016
https://www.mckinsey.com/industries/aerospace-and-defense/our-insights/the-role-of-space-in-driving-sustainability-security-and-development-on-earth
https://www.mckinsey.com/industries/aerospace-and-defense/our-insights/the-role-of-space-in-driving-sustainability-security-and-development-on-earth
https://www.mckinsey.com/industries/aerospace-and-defense/our-insights/the-role-of-space-in-driving-sustainability-security-and-development-on-earth
https://www.mckinsey.com/industries/aerospace-and-defense/our-insights/the-role-of-space-in-driving-sustainability-security-and-development-on-earth
https://doi.org/10.1016/j.actaastro.2022.07.034
https://doi.org/10.1080/14615517.2018.1500092
https://nodis3.gsfc.nasa.gov/OPD_docs/NID_8715_129_.pdf
https://nodis3.gsfc.nasa.gov/OCE_docs/OCE_50.pdf
https://nodis3.gsfc.nasa.gov/OCE_docs/OCE_50.pdf
https://nodis3.gsfc.nasa.gov/npg_img/N_PR_8715_0024_/N_PR_8715_0024_.pdf
https://nodis3.gsfc.nasa.gov/npg_img/N_PR_8715_0024_/N_PR_8715_0024_.pdf
https://environment.govt.nz/publications/marine-ecological-risk-assessment-of-the-cumulative-impact-of-electron-rocket-launches/
https://environment.govt.nz/publications/marine-ecological-risk-assessment-of-the-cumulative-impact-of-electron-rocket-launches/
https://environment.govt.nz/publications/marine-ecological-risk-assessment-of-the-cumulative-impact-of-electron-rocket-launches/
https://doi.org/10.1016/j.actaastro.2019.03.040
https://www.space.com/starlink-satellite-reentry-ozone-depletion-atmosphere
https://www.space.com/starlink-satellite-reentry-ozone-depletion-atmosphere
https://www.media.mit.edu/publications/space-sustainability-rating-designing-a-composite-indicator-to-incentivise-satellite-operators-to-pursue-long-term-sustainability-of-the-sp/
https://www.media.mit.edu/publications/space-sustainability-rating-designing-a-composite-indicator-to-incentivise-satellite-operators-to-pursue-long-term-sustainability-of-the-sp/
https://www.media.mit.edu/publications/space-sustainability-rating-designing-a-composite-indicator-to-incentivise-satellite-operators-to-pursue-long-term-sustainability-of-the-sp/
https://www.media.mit.edu/publications/space-sustainability-rating-designing-a-composite-indicator-to-incentivise-satellite-operators-to-pursue-long-term-sustainability-of-the-sp/
https://doi.org/10.1002/2013EF000160
http://eos.org/features/the-coming-surge-of-rocket-emissions
http://eos.org/features/the-coming-surge-of-rocket-emissions
https://csps.aerospace.org/papers/policy-and-science-rocket-emissions
https://csps.aerospace.org/papers/policy-and-science-rocket-emissions
https://doi.org/10.1016/j.actaastro.2020.06.016

Rossi, A., Valsecchi, G. B., & Alessi, E. M. (2015).
The criticality of spacecraft index. Advances in

Ryan, R. G., Marais, E. A., Balhatchet, C. J., &
Eastham, S. D. (2022). Impact of rocket launch and
space debris air pollutant emissions on stratospheric

Ryan, S. (2022, May 4). Impact protection. LEO
kinetic space safety workshop, Lausanne.

Sheehan, M. (2014). Defining space security.
In Handbook of Space Security (pp. 7—21).

Song, Y., & Wu, P. (2021). Earth observation for
sustainable infrastructure: A review. Remote Sensing,

The Aerospace Corporation. (2022, April 21).
What's the impact of the space industry on climate
change? Medium. aerospacecorp.medium.com/

Transforming our world: The 2030 agenda for
sustainable development, U.N. General Assembly,

Treaty on principles governing the activities of states
in the exploration and use of outer space, including
the Moon and other celestial bodies [Outer Space
Treaty], December 19, 1966, 610 UNTS 205,

UNCOPUOS. (2007). Space debris mitigation
guidelines of the committee on the peaceful uses

Union of Concerned Scientists. (2022, January 1).

UNOOSA. (2018). European global navigation satellite
system and Copernicus: Supporting the sustainable
development goals — Building blocks towards the
2030 agenda. Vol. ST/SPACE/71. United Nations.

Venkatesan, A., Lowenthal, J., Prem, P., & Vidaurri,
M. (2020). The impact of satellite constellations
on space as an ancestral global commons. Nature

Weinzierl, M. (2018). Space, the final economic
frontier. Journal of Economic Perspectives, 32(2),

Werner, D. (2020, December 11). Aerospace Corp.
Raises questions about pollutants produced during

Wilson, A. R., Serrano, S., Baker, K., Oqgab, H.,
Dietrich, G., Vasile, M., Soares, T., & Innocenti, L.
(2021, October). From life cycle assessment of

space systems to environmental communication and
reporting. 72nd International Astronautical Congress,

Wilson, A. R., Vasile, M., Maddock, C. A., & Baker, K. J.
(2022). Ecospheric life cycle impacts of annual global
space activities. Science of the Total Environment,

World Commission on Environment and Development.
(1987). “Our common future” [Brundtland report]. UN.

Yap, X.-S., & Truffer, B. (2022). Contouring “earth-
space sustainability.” Environmental Innovation and

16 | IRGC | Ensuring the environmental sustainability of emerging technologies


https://doi.org/10.1016/j.asr.2015.02.027
https://doi.org/10.1016/j.asr.2015.02.027
https://doi.org/10.1029/2021EF002612
https://doi.org/10.1029/2021EF002612
https://kineticspacesafety.com/wp-content/uploads/2022/05/KSSW_Slides_Ryan.pdf
https://kineticspacesafety.com/wp-content/uploads/2022/05/KSSW_Slides_Ryan.pdf
https://link.springer.com/content/pdf/10.1007%2F978-1-4614-2029-3_47.pdf
https://link.springer.com/content/pdf/10.1007%2F978-1-4614-2029-3_47.pdf
https://doi.org/10.3390/rs13081528
https://scottishspace.org/wp-content/uploads/2022/09/Space-Sustainability_-A-Roadmap-for-Scotland.pdf
https://scottishspace.org/wp-content/uploads/2022/09/Space-Sustainability_-A-Roadmap-for-Scotland.pdf
https://scottishspace.org/wp-content/uploads/2022/09/Space-Sustainability_-A-Roadmap-for-Scotland.pdf
https://aerospacecorp.medium.com/whats-the-impact-of-the-space-industry-on-climate-change-819ab9cfdb01
https://aerospacecorp.medium.com/whats-the-impact-of-the-space-industry-on-climate-change-819ab9cfdb01
https://aerospacecorp.medium.com/whats-the-impact-of-the-space-industry-on-climate-change-819ab9cfdb01
https://sdgs.un.org/2030agenda
https://www.unoosa.org/pdf/gares/ARES_21_2222E.pdf
https://www.unoosa.org/res/oosadoc/data/documents/2019/a/a7420_0_html/V1906077.pdf
https://www.unoosa.org/res/oosadoc/data/documents/2019/a/a7420_0_html/V1906077.pdf
https://www.unoosa.org/res/oosadoc/data/documents/2021/stspace/stspace79_0_html/st_space79E.pdf
https://www.unoosa.org/res/oosadoc/data/documents/2021/stspace/stspace79_0_html/st_space79E.pdf
https://www.unoosa.org/res/oosadoc/data/documents/2021/stspace/stspace79_0_html/st_space79E.pdf
https://www.ucsusa.org/resources/satellite-database
https://www.ucsusa.org/resources/satellite-database
https://www.unoosa.org/res/oosadoc/data/documents/2018/stspace/stspace71_0_html/st_space_71E.pdf
https://www.unoosa.org/res/oosadoc/data/documents/2018/stspace/stspace71_0_html/st_space_71E.pdf
https://doi.org/10.1038/s41550-020-01238-3
https://doi.org/10.1038/s41550-020-01238-3
https://doi.org/10.5281/zenodo.5874725
https://doi.org/10.5281/zenodo.5874725
https://doi.org/10.1257/jep.32.2.173
https://spacenews.com/aerospace-agu-reentry-pollution/
https://spacenews.com/aerospace-agu-reentry-pollution/
www.doi.org/10.48730/nrjb-r655
www.doi.org/10.48730/nrjb-r655
https://strathprints.strath.ac.uk/78417/1/Wilson_etal_IAC2021_From_life_cycle_assessment_of_space_systems_to_environmental_communication.pdf
https://strathprints.strath.ac.uk/78417/1/Wilson_etal_IAC2021_From_life_cycle_assessment_of_space_systems_to_environmental_communication.pdf
https://strathprints.strath.ac.uk/78417/1/Wilson_etal_IAC2021_From_life_cycle_assessment_of_space_systems_to_environmental_communication.pdf
https://doi.org/10.1016/j.scitotenv.2022.155305
http://digitallibrary.un.org/record/139811
https://doi.org/10.1016/j.eist.2022.06.004
https://doi.org/10.1016/j.eist.2022.06.004



