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"The most exciting phrase to hear in science, the one that
heralds the most discoveries, is not 'Eureka!’ (I found it!)
but 'That's funny'"

Isaac Asimov
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Abstract

Driven by innovation and cost reductions, the space industry is experiencing rapid
growth. The proliferation of human-made objects launched into Earth orbits presents
significant environmental challenges. If not properly addressed, continued growth at the
current rate could lead to negative impacts both in space and on Earth.

The space industry has begun exploring sustainable practices, though most efforts focus
on addressing issues that are related to the space environment. This neglects the impact
on Earth and its atmosphere. Progress has been made in reuse of rocket bodies, however
the benefits of satellite reuse remain largely disregarded. For example, the environmental
impact of satellite constellations that are currently designed with large amounts of single
use satellites, is still underexplored.

This underscores the critical research gap in understanding the fast-growing space
industry’s impact on the environment and advancing knowledge related to satellite reuse.
Therefore, the objective of this thesis is to explore satellite reuse and its contribution to
space sustainability. The research starts by exploring how the fast-growing space
industry impacts the environment and then examines if satellite reuse could help mitigate
this impact. It ends with asking why satellite reuse is not yet widespread.

The research in this thesis employs a mixed-method approach, starting with industry
expert interviews to gain insight into the current state of practice for satellite reuse.
Building upon these interviews, two scoping studies were conducted to further the
understanding on how satellite reuse could be achieved.

The findings emphasize the importance for the space industry to initiate an industrial
transformation and develop sustainability-driven innovation rather than having a focus
on mostly commercial gains. The absence of necessary practices and technologies for
satellite reuse have been identified in three critical building blocks: (1) reverse logistics
systems to retrieve and process satellites for reuse, (2) design practices that enable reuse,
and (3) business models that ensure financial viability. Focusing on these three areas can
advance sustainable practices in the space industry and could contribute to the mitigation
of its negative environmental impact. The presented findings can provide valuable
insights for policymakers and industry stakeholders, to rethink practices and to prioritize
sustainability in space activities.

Keywords: space sustainability, industrial transformation, sustainable innovation, space
industry environmental impact, circular space economy
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Sammanfattning

Drivet av innovation och minskade kostnader upplever rymdindustrin en snabb tillvéixt. Den
okande spridningen av maénskligt skapade objekt i omloppsbanor runt jorden medfor
betydande miljoutmaningar. Om detta inte hanteras kan den fortsatta tillvixten medfora
betydande negativ miljopaverkan, bade i rymden och pa jorden.

Rymdindustrin har borjat arbeta med hallbarhet, men mestadels fokuseras fragor kopplade
till rymdmiljon. Det innebér att miljoméssig paverkan pa jorden och atmosfdren i stort sett
bortses ifran. Framsteg har gjorts inom ateranviandning av raketdelar, men fordelarna med
att dteranvinda satelliter har till stor del ignorerats. Exempelvis &r miljopaverkan fran
satellitkonstellationer, som idag ofta designas med stora mangder engéngssatelliter,
fortfarande ett relativt outforskat omrade.

Detta framhéver ett kritiskt forskningsgap: en brist pa forstaelse for hur den snabbt vixande
rymdindustrin paverkar miljon och ett behov av fordjupad kunskap om &teranvéndning av
satelliter. Syftet med denna avhandling &r att utforska hur satellitdteranvindning kan bidra
till rymdhéllbarhet. Forskningen inleds med en undersdkning av hur rymdindustrins tillvéxt
paverkar miljon och huruvida satellitateranvandning kan mildra denna paverkan. Den
avslutas med att undersoka varfor dteranviandning av satelliter dnnu inte &r utbrett.

Studien anvénder en blandad forskningsmetodik, och inleddes med intervjuer av
industriexperter for att fa inblick om nuldget for satellitateranvandning. Baserat pa dessa
intervjuer genomfordes tvd forstudier for att ytterligare forstd hur ateranvédndning av
satelliter kan mojliggoras.

Resultaten betonar vikten av att rymdindustrin genomgar en industriell omvandling och
utvecklar héllbarhetsdriven innovation, i stéllet for att enbart fokusera pa kommersiella mal.
Tre viktiga omraden identifierades som avgdrande for att mojliggdra ateranviandning av
satelliter: (1) returlogistiksystem for att samla in och bearbeta satelliter for ateranvandning,
(2) designpraktik som mojliggdr dteranvindning, och (3) affarsmodeller som sdkerstiller
ekonomisk bérkraft. Genom att prioritera dessa omrdden kan rymdindustrin frémja hallbara
metoder och minska sin miljopadverkan. Resultaten kan ge virdefulla insikter for
beslutsfattare och industrins aktorer, med mdjlighet att fordndra praxis och prioritera
hallbarhet i rymdaktiviteter.

Nyckelord(sv): rymdhallbarhet, industriell omvandling, héllbar innovation, rymdindustrins
miljopaverkan, cirkuldr rymdekonomi
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Introduction

1 Introduction

This chapter outlines the research background, problem statement, and objectives. It
introduces the key research questions that guide the study.

1.1  Background

The rapid expansion of space activities, marked by an unprecedented increase in rocket
launches and amount of human made objects in space, has brought the critical issue of
space sustainability and recently discussions about the need for a “space
environmentalism” approach to the forefront (Lawrence et al., 2022). The space industry
growth is driven by innovation aiming to make space more accessible for all. Innovation
is the lifeblood of all industries to drive growth and ensure long-term survival of
companies (Tidd & Bessant, 2020). Actors across all industries are compelled to
innovate continuously and in fast cycles, those that fail to do so risk to become obsolete
(Lianto et al., 2018). Innovation can foster a competitive advantage, can drive efficiency,
and it can support the creation of new markets and ultimately is needed to further growth
of industries (Tidd & Bessant, 2020). However, the relentless pursuit of innovation
without considering sustainability and the environmental impact can lead to adverse
effects like an increase in pollution and environmental degradation (Madonsela et al.,
2017).

The space industry is a relatively new commercial sector that began its growth
acceleration in the late 2000s, however, its challenges today show significant parallels
to other sectors during the industrial growth period starting in the second half of the 20th
century (Dhopade et al., 2023; Jones & Jain, 2023; Lawrence et al., 2022; Murphy et al.,
2023; Shan et al., 2016; Wilson & Vasile, 2023). Then, the historical perspective on
innovations to further economic growth and prosperity has been celebrated as societal
progress and critical development, however, this sentiment shifted towards
environmental concern and fear (Olsthoorn & Wieczorek, 2006a). During the 1960s and
1970s, the adverse ecological consequences of unchecked growth have been addressed
and the discussion on the need for a transformative and enduring systemic shifts towards
sustainability started (Olsthoorn & Wieczorek, 2006a).

Space technology is connected to all areas in modern societies and is known to deliver
great benefits to all. Communication, Earth observation, air-traffic, and weather
forecasts, space technology is everywhere. However, most satellites are built with a one-
mission purpose and an accepted total loss of the satellite at the end of its operational
time. Technology advancements, lowering the cost to build and launch a satellite, further
support the proliferation of single-use satellites in Earth orbits. More innovation is
needed to accelerate the growth of the space industry, but it also intensifies the issues



associated with linear production of satellites and a “take, make, waste” cycle. Hence,
the satellite innovations that are beneficial for society and used to observe the
environment, help to fight against pollution on Earth, or to support rescue teams during
disasters, could become itself unsustainable. This is leading to a “space sustainability
paradox”, which was first mentioned by Wilson and Vasile (Wilson & Vasile, 2023).

The space industry now needs to consider how to establish a balance between the value
and benefits of space technology and industry growth on one side, and the industry’s
environmental impact on Earth and in space on the other. Stakeholders recognize the
need to implement sustainable practices but there is little consensus on what to address
and how (Lawrence et al., 2022). The work on increase space sustainability to secure the
long-term use of space as a resource has been started, however, the current conversation
on space sustainability focuses on concerns related to space situational awareness, orbital
carrying capacity, and space debris. This perspective and a focus on the space
environment mostly neglects the industry’s Earth environmental impact of rocket
launches and re-entry of satellites into the atmosphere.

Considering the overall environmental impact of space operations, including the impact
on Earth is critical because space activities contribute to multiple layers of atmospheric
pollution (Brown et al., 2024; Fischer et al., 2023; Murphy et al., 2023). Rocket launches,
for instance, release large amounts of greenhouse gases and other pollutants that can
exacerbate climate change and might impact the depletion of the ozone layer (Fischer et
al., 2023, Brown et al., 2024). Additionally, the re-entry of satellites and space debris
into the Earth's atmosphere can create harmful byproducts, including toxic chemicals
and material particles, which could lead to permanent adverse effects on air quality and
human health (Bastida Virgili et al., 2016; Murphy et al., 2023). This underscores the
critical research gap in understanding the fast-growing space industry’s impact on the
environment in space and on Earth.

1.2 Problem statement

Currently, most satellites are designed for single use. This practice contributes to multi-
level challenges like increased resource consumption of raw materials, an increase in
pollution from rockets during the launch and reentry of satellites at the end of operations,
and the proliferation of space debris. Single-use satellites also amplify the challenges
associated with the viability of the long-term use of space as a resource. It can be
assumed that the benefits of space technology will further drive the continuing a fast
growth trajectory and with this, the development and disposal of single-use satellites.

The material consumption and waste of satellites, the emission of rocket launches, the
resulting accumulation of space debris or and atmospheric pollution and the finite nature
of orbital slots necessitate a paradigm shift towards more sustainable practices within
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the space industry (Lawrence et al., 2022). Without a deliberate shift towards
sustainability, the effects on both environments, space and Earth could be adverse and
irreversible.

One possible approach that is discussed within the space industry is a gradually
application of circular economy-based strategies. In this scenario, which is also referred
to as a “circular space economy”, satellites are designed to last longer, being
upgradable, refuellable, or have the possibility of parts being remanufactured or reused
in space. Recycling of space debris or satellite materials that cannot otherwise be reused
can be another option. Implementing this circular economy principles could lead to an
overall decrease of the negative environmental impact of space activities and thus ensure
space sustainability.

Commercial options have advancements in the reuse of rockets but concepts that
implement circular economy strategies like reuse on satellites, are still underdeveloped.
This underscores the urgency for a more comprehensive approach to space sustainability
and to start a transition towards sustainable space operations with the goal to ensure a
long-term preservation and utilization of space. Despite the recent recognition of the
issue of the environmental impact of single use satellites, the enabling practices to
decrease their impact remains underexplored. The problem this thesis addresses, thus, is
twofold. First, it recognizes a significant gap in literature and of practices concerning
satellite reuse and the implementation of circular economy strategies in space. Second,
it investigates the challenges of the space industry that can be barriers for satellite reuse
and toward a circular economy in space.

1.3 Research objective and research questions

The objective of this thesis is to contribute to the body of knowledge on the negative
environmental impact of the fast-growing space industry and how sustainable practices
in space, specifically satellite reuse, can be leveraged for the mitigation. It recognizes a
gap in the literature regarding satellite reuse and industry-specific challenges associated
with the implementation. This thesis, therefore, investigates satellite reuse, defined as
the practice of using a satellite or its components again after their initial deployment, and
its potential to mitigate the negative environmental impact of the space industry. Thus,
the research questions for this thesis are as follows:

RQ 1: How is the environment impacted by the fast-growing space industry?

RQ 2: How can satellite reuse contribute to the mitigation of the space industry’s
environmental impact?

RQ 3: Why is satellite reuse not widespread?






Theoretical Framework

2 ‘Theoretical Framework

This chapter presents the theoretical framework for this thesis. It covers an overview of
previous research in relevant research areas.

2.1 Rationalization the Impact of Fast-Growing Industries

As industries grow, the tension between industrial growth and sustainability becomes
increasingly visible. Fast-growing industries often prioritize rapid development and
technological advancement and sometimes, this comes at the expense of the
environment. Industries need to grow and for this, increasingly faster innovation cycles
are needed. However, the long-term viability of industries and companies depends not
only on their ability to innovate but to integrate sustainable practices that are able to keep
balance between its industry’s growth and the resulting environmental impact.

The space industry mirrors the trajectory of other industries like automotive, where
negative environmental impacts were accepted as necessary for growth and to develop
more sustainable product in the future. Arguments related to focusing on the benefits of
space technology while neglecting the environmental impact of the space industry can
be heard and read (World Economic Forum, 2020). Two striking examples for this are,
SpaceX’s impact of launches on the wildlife refuge near Boca Rica (Dreier, 2023), and
the FCC' settlement regarding problems and a failed, non-conforming satellite end-of-
life procedure.

Both examples underscore the same and a worrisome trend of neglecting environmental
and atmospheric impact (Murphy et al., 2023; Wiquist, 2023a) and the long term
consequences for future benefits, while seemingly accepting the creation and
accumulation of waste and limited will to enforcement of space debris mitigation
strategies (Falle et al., 2023; Wiquist, 2023a; Wiquist, 2023b). The environmental
pollution, the waste of valuable resources, and a low recycling efficiency, led industry
and academia to look for alternative approaches to become more sustainable (Arora et
al., 2023; Kilduff, 2019; Olsthoorn & Wieczorek, 2006a). The positive impact of space
on the society and its support of the sustainable development goals is undisputed.
However, problems arise when we rationalize the negative impacts, like space debris
and atmospheric damage, by focusing only on the benefits.

! FCC: Federal Communications Commission. USA. https:/fcc.gov.
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2.2 Sustainability in the Context of Industrial Growth

The perspective on industrial growth, once celebrated for economic and societal
progress, has shifted toward environmental concern and fear (Olsthoorn & Wieczorek,
2006a). Industrial growth has historically been viewed as the primary driver of progress,
leading to increased production, technological advancements, and improved standards
of living (Butter & Verbruggen, 1994). However, the rapid pace of industrial expansion,
particularly during the late 20th century, has come at a significant environmental cost.
The concept of sustainability emerged as a framework to address the adverse ecological
impacts associated with industrial growth, aiming to balance economic development
with environmental preservation and social equity (Brundtland, 1987; Purvis et al.,
2019).

The post-Industrial Revolution era marked the beginning of unprecedented industrial
expansion (Steffen et al., 2011). This growth, mostly driven by technological innovation,
mass production, and global trade, was often pursued with little regard for environmental
consequences (Butter & Verbruggen, 1994). To support new industries, negative costs
related to e.g. environmental impact are often accepted as necessary trade-offs (Butter
& Verbruggen, 1994). Industries such as automotive, electronics, and consumer goods
rapidly expanded during the mid-20th century, leading to significant economic benefits
but also contributing to environmental degradation (Butter & Verbruggen, 1994).

In this fast growing sectors, companies iteratively enhanced products like combustion
engines towards efficiency but long research and development cycles were accepted and
not questioned (Butter & Verbruggen, 1994). In this period pollution started to grow,
resource depletion increased, and ecosystems were negatively affected, which was
justified as necessary trade-offs in the pursuit of economic progress, and the narrative of
general “wealth for all” (Erhard, 1957; Feld, 2020).

This period, also referred to the Great Acceleration, marks a significant inflection point
in human history, where industrialization, population growth, and the technological
advancements accelerated economic and environmental changes at global scale (Steffen
et al., 2011). This Great Acceleration is characterized by a sharp rise in indicators such
as carbon dioxide emissions, deforestation, biodiversity loss, and the use of fossil fuels,
leading to profound alterations in the Earth's atmosphere, oceans, and ecosystems
(Steffen et al., 2011).
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Scientists and scholars began discussing this phenomenon as they observed the
exponential growth in human consumption and its consequences, recognizing it as a key
driver of the Anthropocene - a proposed geological epoch where human activity is the
dominant influence on climate and the environment (Steffen et al., 2011). The term
"Anthropocene" itself was popularized later in the early 2000s by Dutch atmospheric
chemist Paul Crutzen, a Nobel laureate, and biologist Eugene Stoermer (Steffen et al.,
2011). They argued that human activities had become so influential that they warranted
the recognition of a new epoch, distinct from the current Holocene epoch, which began
around 11,700 years ago after the last major ice age (Steffen et al., 2011).

 International Tourism: 0->939.9 millions of arrivals

 Telecommunications: 0->6.48 billion landlines &
subscriptions

w Transportation: 0->1281.35 mega vechicles

' Paper Production: 0->398.77 megatons

W Water Use: 0->3.87 1000km3

 Large Dams: 0.06->31.63 >15 meter height

= Fertilizer consumption: 171.46 megatons

 Primary engergy use: 16->533.37 exajoule

8 Urban Population: 0.05->3.5 billions

u Foreign Direct Investment: 0->1.3 trillion (2013 USD)
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Figure 1: Socio-Economic Trends during the Great Acceleration.”

During the 1960s and 1970s, environmental awareness began to grow. Industries in the
late 20™ century faced a variety of challenges, like the awareness of accelerating climate
change, increasing resource depletion, and the growing environmental pollution that
came with the rapid growing industrialization (Olsthoorn & Wieczorek, 2006b). The
growing awareness in the environment was accelerated with science books like Rachel
Carson’s Silent Spring (1962) and the establishment of Earth Day in 1970 (Carson et al.,
1962; Earth Day Foundation, 1972). In addition, starting in the 1970, more publications
highlighted the ecological consequences of unchecked growth, emphasizing the need for
transformative systemic shifts to ensure a sustainable future within the planetary
boundaries (Reichel & Perey, 2018; Stahel, 2016; Steffen et al., 2011).

The concept of “limits to growth,” popularized by the Club of Rome’s 1972 report,
emphasized the finite nature of Earth’s resources and the need for sustainable practices
to ensure long-term ecological balance (Meadows et al., 1972). Sustainability emerged
as a critical framework in response to the environmental challenges posed by industrial

2 Source: https://commons.wikimedia.org/wiki/User:Bryanmackinnon.
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growth (Brundtland, 1987; Purvis et al., 2019). The Brundtland Commission’s report,
Our Common Future (1987), provided a widely accepted definition of sustainable
development as “development that meets the needs of the present without compromising
the ability of future generations to meet their own needs.” (Brundtland, 1987). This
definition underscores the importance of balancing economic growth with
environmental stewardship and social responsibility. Despite various attempts to include
and enforce environmental standards through regulations, policies, and penalties,
industries have struggled to become more sustainable in the past 50 years (Bruch, 2019;
Kilduff, 2019; Niamh Brannigan, 2019).

As regulations alone have not been as effective as intended, a promising solution to better
encourage industries to solve the challenges of sustainability has been assumed in
motivating a shift towards a circular economy, which emphasizes the reuse of products
and extending product lifecycles (Arora et al., 2023; Barros et al., 2021; Ellen MacArthur
Foundation, 2013a, 2013b; Geissdoerfer et al., 2017; Stahel, 2016). Traditional linear
models, characterized by a “take-make-dispose” approach, have led to resource
depletion and waste accumulation. In contrast, circular economy principles advocate for
the reuse, recycling, and regeneration of materials, aiming to create closed-loop systems
that minimize waste and environmental impact.

The adoption of circular economy practices within industries is seen as a crucial step to
innovate towards achieving sustainability (Nidumolu et al., 2009). These historical
developments highlighted the environmental costs of unchecked industrial growth and
laid the groundwork for the modern sustainability movement (Butter & Verbruggen,
1994; Purvis et al., 2019; Steffen et al., 2011). Calls for a systemic industrial
transformation - driven by targets like technological advancements and regulatory
actions - to reshape practices, processes, and systems for sustainability and sustainability
driven innovation have since been getting louder (Arora et al., 2023; Geels, 2002;
Madonsela et al., 2017; Olsthoorn & Wieczorek, 2006a; Schmidt-Bleek, 2017).

By focusing on sustainable innovation to address environmental impacts, industries
contribute to societal well-being while continuously growing. Notably, the transition
from linear production to circular practices, exemplified by a variety of industries
implementing refurbishing and remanufacturing for their products, demonstrates the
potential for circular economy principles to enhance sustainability and generate value
(Ellen MacArthur Foundation, 2013a, 2013b). By focusing on sustainable innovation to
address environmental impacts, industries can contribute to societal well-being while
continuously growing (Basha i Novosejt et al., 2010; Elzen et al., 2004; Magerholm Fet,
2023; Markard et al., 2020; Purvis et al., 2019; Ruggerio, 2021; Tukker, 2005).
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2.3 Ensuring Long Term Use of Space as a Resource

Space has become an indispensable resource for various aspects of modern life, from
communication and navigation to scientific research and national security. As the
demand for space-based services continues to rise, the space industry is experiencing
rapid growth, driven by advancements in technology and a decreasing cost of access to
space. As humanity's reliance on space-based technologies increases, ensuring the long-
term use of space as a viable resource has become a critical concern (Martinez, 2023;
Secure World Foundation, 2018; Yap & Truffer, 2022).

Space, once regarded as an infinite frontier, is increasingly recognized as a finite and
shared resource with unique challenges. Within this thesis, the space industry’s overall
impact on the environment in space and on Earth is considered, hence, the definition of
space sustainability will be used synonymously and address both environments. The
space environment is becoming increasingly congested, with thousands of active
satellites and a growing amount of space debris (Palmroth et al., 2021). The concept of
space as a shared, limited resource is gaining traction, leading to a heightened focus on
the need for responsible management of space activities to ensure its long-term viability
(Martinez, 2023).

The finite nature of orbital slots and the potential for collisions in space highlight the
need for coordinated efforts to preserve space as a resource for future generations
(Lawrence et al., 2022). The sustainability of space activities, particularly considering
the exponential growth of the space industry, is essential for maintaining the benefits
derived from space while minimizing adverse impacts on the space environment and
Earth (Wilson & Vasile, 2023). The concept of space sustainability aims to ensure a
continued peaceful use of outer space as a resource (Secure World Foundation, 2018). It
considers the space environment form a sustainability perspective (Lawrence et al.,
2022; Martinez, 2023; Palmroth et al., 2021; Secure World Foundation, 2018).

The environmental impact of frequent rocket launches and the re-entry of
decommissioned or defunct satellites is a growing concern but has not been fully
investigated (Fischer, 2023; Fischer et al., 2023; Murphy et al., 2023). The current
solution for these issues is a shorter deorbit time (Wiquist, 2023a) at the end of a lifetime.
This is adding to atmospheric pollution (Murphy et al., 2023) and issues regarding space
hardware that is not fully burning up at re-entry. More satellites are causing concerns to
become a threat to land and oceans, with space agencies dementing it (Dunn, 2023). This
has led to a call for a more holistic approach to space sustainability, including an
extension of the sustainable development concept to encompass earth-space
sustainability (Yap & Truffer, 2022).



Currently, space debris seems to be a critical space sustainability issue due to the effects
that can be caused by the Kessler Syndrome (Kessler & Cour-Palais, 1978; Kessler et
al., 2010). Other phenomena of space sustainability are issues regarding frequency
allocation, space weather, space situational awareness, space traffic management, space
activities of governments and by private actors, and space asset security (Secure World
Foundation, 2018). Space debris, as pointed out by Wilson and Vasile, has a paradoxical
nature (Wilson & Vasile, 2023). The positive impact that space technology can have on
the Sustainable Development Goals on Earth, but with no clear solution for space debris
in sight, it seems to become unsustainable itself (Wilson & Vasile, 2023).

The increasing amount space activities has brought forth both immense opportunities
and pressing challenges. While advanced innovations and technologies can bring
benefits to all humanity, launching more and more spacecraft, specifically single use
satellites, also amplifies the need for responsible resource management and
environmental stewardship (Lawrence et al., 2022). Ensuring the long-term use of space
as a resource is crucial for maintaining the benefits that space-based technologies
provide to humanity. International cooperation is also essential for the sustainable
management of space resources (Martinez, 2023; OECD, 2020).

The development of global frameworks for space governance, such as the United
Nations” Committee on the Peaceful Uses of Outer Space (COPUOS), plays a vital role
in establishing norms and regulations that promote the responsible use of space
(Martinez, 2023). These efforts should be complemented by industry-led initiatives, such
as the adoption of best practices for satellite design, launch, and end-of-life management.
The sustainability of space activities hinges on addressing the challenges of space debris,
resource competition, and international governance.

By adopting sustainable practices, such as space traffic management, space situational
awareness, and new designs for satellites, the space industry can mitigate the risks
associated with its rapid growth and preserve space as a shared resource for future
generations. International cooperation, sustainability driven innovation, and proactive
stewardship will be essential to safeguard the long-term viability of space as a critical
resource for all (Martinez, 2023; Secure World Foundation, 2018; Weiss et al., 2023).

2.4 Sustainable Innovation and Dematerialization

In the pursuit of sustainability, industries can leverage approaches like sustainability-
driven innovation and the dematerialization of products. These approaches offer
roadmaps for achieving substantial environmental and technological advancements
(Geels, 2002; Geels, 2005a, 2005b, 2006; Olsthoorn & Wieczorek, 2006b; Schmidt-
Bleek, 2000; Schmidt-Bleek, 2017). Geels points out that systemic change is needed to
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achieve breakthrough innovations, advocating for a transformative approach that not
only fosters a tenfold (10x) innovation rate but also requires a comprehensive overhaul
of social and technological systems to enable this rapid progress (Geels, 2006).

To achieve a significant leap in sustainable innovation, a socio-technical system change
is essential (Geels et al., 2008; Geels & Schot, 2007). This involves not only fostering
innovation at a tenfold rate but also needs an intentional rethinking of the social and
technological frameworks that support such advancements (Geels, 2006). This systemic
transformative approach is crucial for industries that aim to address complex
environmental challenges.

An example of sustainability-driven innovation is the renewable energy sector.
Companies like Tesla have revolutionized the automotive industry by integrating
sustainability into their core business model (Change, 2024; Simms, 2024). Teslas
innovation in electric vehicles (EVs) and battery technology has drastically reduced
carbon emissions compared to traditional internal combustion engine vehicles, over the
full life time of an automobile (Simms, 2024). Their advancements in battery technology
and charging infrastructure have set new standards for the industry, encouraging other
automakers to follow (Change, 2024). Teslas success underscores the potential of
sustainability-driven innovation to transform industries and promote environmental
stewardship, while also becoming one of the highest valued companies by Market
Capitalization.

Another example is the fashion industry, where companies like Patagonia have
pioneered sustainable practices by focusing on the longevity and recyclability of their
products (Patagonia, 2024; Wolfe, 2023). Patagonia’s commitment to using recycled
materials and offering repair services for their products has not only reduced waste but
also set a benchmark for other brands to integrate sustainability into their business
models. This approach demonstrates that innovation, when driven by sustainability
principles, can lead to significant environmental benefits and inspire broader industry
change. However, the fashion industry also faces challenges due to the supply chain
perspective and the large footprint of the industry (Wolfe, 2023).

In addition, Friedrich Schmidt-Bleek's concept of dematerialization advocates for
reducing the material input and use of virgin materials in industrial processes by a factor
of ten (Schmidt-Bleek, 2017). This principle aims to enhance resource productivity and
minimize the environmental footprint of production and consumption activities. The
electronics industry provides a compelling example of dematerialization in action.
Companies like Apple have made strides in reducing the material intensity of their
products through innovative design and material engineering (Apple, 2024). The
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introduction of the MacBook Air, for instance, showcased the potential of designing
lightweight, durable products with a smaller environmental footprint. Apple’s focus on
using recycled materials and reducing the overall weight of their devices has not only
minimized resource extraction but also reduced transportation emissions.

These efforts highlight the importance of dematerialization in achieving sustainable
production. In the construction sector, the use of prefabricated building components
exemplifies the principles of dematerialization. Companies like Skanska have adopted
modular construction techniques that significantly reduce material waste and enhance
the efficiency of building processes (Skanska, 2023). By manufacturing building
components in controlled environments and assembling them on-site, Skanska has
managed to cut down on construction waste and improve resource utilization. This
approach not only reduces the environmental impact of construction projects but also
accelerates project timelines and reduces costs.

Dematerialization of industries and produced products can significantly contribute to
sustainability and support industry growth while using less (Nickish & McAfee, 2019).
Sustainability through innovation and dematerialization represents a vital strategy for
addressing the environmental challenges associated with industrial growth. By reducing
material consumption and promoting the development of efficient, durable, and
recyclable products, industries can decouple economic progress from environmental
degradation. The integration of innovative technologies and sustainable design
principles into industrial practices is essential for achieving long-term sustainability,
ensuring that economic growth is aligned with the preservation of natural resources and
the well-being of future generations.

2.5 Sustainability in Relation to a Circular Economy

The circular economy can offer a transformative framework for achieving sustainability
by fundamentally rethinking how we use and produce resources. Unlike the traditional
linear economy, which relies on a “take-make-dispose” model, the circular economy
focuses on extending the lifecycle of materials through practices such as reuse, recycling,
and remanufacturing (Clauss et al., 2022). This approach aligns closely with Geel’s
notion of socio-technical transformation, as it necessitates not only new production and
consumption patterns but also systemic innovation in policies, technologies, and societal
behaviors (Geels, 2002; Geels, 2006).

By emphasizing reuse, remanufacturing, and recycling, the circular economy shifts
industries from a “take-make-waste” paradigm to a regenerative model that mirrors
nature’s cycles. Such practices inherently promote dematerialization, where material
inputs and waste are minimized through innovative product and system designs. In
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addition to reducing material consumption, the circular economy redefines industrial
processes, enabling new business models and fostering sustainable development (Barros
et al., 2021; Ellen MacArthur Foundation, 2013b; Stahel, 2016). This interconnected
approach to reuse and production redesign not only mitigates environmental degradation
but also advances economic resilience and societal well-being by integrating the triple
bottom line, environmental, economic, and social dimensions (Correia, 2019). The
seamless integration of these concepts demonstrates the critical role of circularity in
establishing a sustainable future, as both a theoretical framework and a practical
application, including in high-impact industries like aerospace and manufacturing
(Clauss et al., 2022; Weiss et al., 2023).

3 Research Methodology

This chapter presents the research methodology, starting with the research approach,
followed by the research design, and concluding with an evaluation of research quality.

3.1 Research approach

This thesis adopts a conceptual research approach based on qualitative research to
explore the reuse of satellites and its potential to balance the rapid growth of the space
industry with its related environmental impacts. To explore a relationship between
industrial growth and sustainability in space, it seemed essential to investigate multiple
domains investigated with a conceptual model as an outcome (Ulaga et al., 2021).

One of the central challenges of this research is the limited availability of empirical
studies on satellite reuse. Leveraging my prior industry experience of over 20 years, |
utilized my network of established connections with leaders in the space industry to
initiate direct conversations and gain valuable insights into key questions. In
underexplored areas like satellite reuse, expert conversations can reveal potential
directions and gaps in knowledge, while conceptual research proves particularly
valuable for developing theories that are not constrained by the demands of quantitative
research (Jaakkola, 2020).

As Creswell and Creswell (2018) suggest, a qualitative approach is used when a concept
or phenomenon is underexplored, and is involving a sample that has not been extensively
studied, particularly when key variables are unknown, existing theories are inapplicable,
or the topic is new (Creswell & Creswell, 2018).
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When data is scarce and fragmented, a qualitative conceptual framework offers a viable
approach to advance understanding by synthesizing ideas across disciplines and aligns
with the growing recognition of the importance of developing theoretical insights in
emerging fields (Jaakkola, 2020).

Conceptual papers don’t necessarily need this data as developing theories and investigate
relationships is the intend (Gilson & Goldberg, 2015). This approach allows for a broad
examination of the existing evidence and conceptualizes the relationships between rapid
industrial growth and environmental sustainability in space.

To address the complexity of satellite reuse in the context of industrial growth and
sustainability, a scoping framework based on Arksey and O'Malley (2005) has been
integrated. Scoping studies enable a broad examination of key concepts and available
evidence, which is especially useful when existing literature is limited (Arksey &
O'Malley, 2005).

This method was applied during the pre-study phase to identify relevant concepts and
sources necessary for constructing the conceptual framework. The scoping framework
was adjusted to accommodate the limited literature available on satellite reuse, further
supporting the conceptual approach outlined by Jaakkola (2020). This also aligns with
Creswell and Creswell (2018) recommendations for ensuring methodological rigor in
qualitative research, particularly when engaging in exploratory and theory-building
studies.

3.2 Research design

The research was conducted in three phases and supplemented through participation in
seminars, industry-specific conferences, and exhibitions. These events provided
opportunities for countless conversations with professionals from technical, financial,
and scientific backgrounds, offering diverse perspectives on the current state of satellite
reuse and space technology, as well as challenges and opportunities in the area of satellite
reuse.

While not formal research activities, these engagements served as a vital means of
familiarizing myself with the broader context, aligning with Schon’s (1983) notion of
gaining an “inside view” of practice (Schon, 1983). The interactions at these events
enriched the research by refining assumptions, highlighting emerging trends, and
providing a broader understanding to frame the study’s reflective approach.

To begin the study, the first phase goal was to explore the challenges and opportunities
surrounding satellite reuse. The satellite reuse approach has been chosen because most
satellites are designed in a single-use design and their complete loss after operational life
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being both expected and accepted. This is leading to growing concerns due to significant
waste in raw materials and the contribution to environmental pollution, and space debris.
This made satellite reuse a subject for the interview and starting point for this
investigation.

The insights gathered helped develop a theory on key factors necessary for satellite
reuse, which then informed the two subsequent phases to explore how space companies
can be incentivized to incorporate reusability in their satellite designs and how shifting
business practices can support sustainability.

Phase 3: Change
Management and Business
Practices

Conversations, Phase 2: Regulations and
conferences, and Innovation
Seminars

PWase 1: Foundation and
Research Gap

Figure 2: Research design overview.

3.2.1 Research Phase 1: Expert Interviews

To gain initial insights and understanding of the current barriers and opportunities for
the reuse of space hardware, a semi-structured interview and informal conversations with
experts in the fields of aerospace engineering, spacecraft design, and space policy was
conducted. The insights from these experts allowed for a deeper exploration of the
challenges and opportunities surrounding reuse practices in the space industry,
specifically, related to satellite reuse. A sample size of N=6 was selected using a
purposeful sampling approach to identify and recruit participants for the interview.
(Palinkas et al., 2015).

Individuals with expertise in aerospace engineering, spacecraft design, and space policy
were targeted. The small sample size can be justified because the interview sought in-
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depth insights from highly experienced participants, where each contribution was
considered to hold significant value (Cash et al., 2022). Interviews that consist of well-
chosen participants from varied backgrounds can provide deeper insights, which in turn
leads to findings that are more valid, as they are informed by a variety of real-world
contexts and experiences (Guest et al., 2006).

In addition, in qualitative research, smaller samples can be acceptable when the aim is
to explore complex phenomena deeply rather than achieve generalizability (Cash et al.,
2022; Palinkas et al., 2015). This approach aligns also with practices in exploratory
research, where focused expertise can yield scientifically rigorous and meaningful
findings (Ulaga et al., 2021). Furthermore, participants were selected with diverse
professional backgrounds, including varying roles in design, engineering, policy-
making, and management, to ensure that the findings would be comprehensive and
reflective of a wide range of perspectives relevant to the research topic. This intended
diversity enhances the validity of the data by incorporating multiple viewpoints and
experiences, which are critical for capturing the complexity of the issue at hand (Guest
et al., 20006).

The semi-structured interview guide was designed with the following key questions:

e Professional background and experience of the expert, including roles and
responsibilities, and technical vs non-technical perspective.

e Current state of reuse in the space industry

e Factors that hinder the reuse of space hardware

e Opportunities for the reuse of space hardware

e Recommendations for overcoming barriers to reuse space hardware.

Details to the interview guide and results can be found in the appended paper A.

3.2.2 Research Phase 2: Scoping Regulations and their Impact on Innovation

To investigate the potential of regulatory actions to drive sustainability, a mixed-
methods research approach was employed. This approach involved a combination of
quantitative and qualitative research methods to gain a comprehensive understanding of
the issue (Creswell & Creswell, 2018). The quantitative component of the study involved
analyzing data from various sources, including government reports, industry statistics,
and academic studies. This analysis focused on identifying trends in regulatory actions
related to sustainability and assessing their impact on innovation.
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The qualitative component of the study involved informal conversations with experts in
the fields of policy, sustainability management, and industry regulation. The goal of
phase 2 was to understand if and how regulatory actions could influence, or even
demand, sustainability practices and the challenges and opportunities associated with
using regulation as a tool for driving sustainability and innovation. In addition, a case
study on satellites impact on light pollution has been presented. The issue of light
pollution has been widely acknowledged as a sustainability related challenge and
companies like SpaceX are working on innovation towards a mitigation, however, the
problem of light pollution persists.

3.2.3 Research Phase 3: Scoping Business Practices towards Circularity in Space

Research phase 3 aimed at understanding how companies can shift business practices
towards sustainability. For this, the role of change management in managing and driving
sustainability and industrial transformation has been analyzed. The approach applied a
qualitative research method to provide an understanding of the issues and challenges
involved in the implementation of change management processes. The analysis focused
on common notion to implement and apply change management targeting a sustainable
transition.

The aim of this phase 3 study was to advance knowledge on how companies can react
on changes that are based of outside or inside stimuli. Managing change and innovation
is critical for multi-level transformation, that is needed to shift an industry into
sustainability. Furthermore, the ESA Clean Space Office circular economy strategy has
been included, as it provides a preliminary roadmap towards sustainability that is driven
by circular economy strategies.

3.3 Evaluation of Research Quality

To ensure the quality and validity of the research, this thesis employs methodological
triangulation, integrating data from multiple sources, such as expert interviews and
scoping studies—to corroborate findings and provide a holistic understanding of the
subject matter (Farquhar et al., 2020). Triangulation allows for cross-verification from
different perspectives, enhancing the reliability of results by identifying consistencies
and discrepancies (Farquhar et al., 2020). Additional checking with interview
participants was conducted to validate interpretations and ensure that their insights were
accurately captured, further strengthening the credibility of the findings.

To mitigate potential bias, the research acknowledges the researcher’s positionality,
systematically reflecting on their role and perspectives throughout the process. This
includes maintaining a reflexive journal to document assumptions and decisions,
fostering transparency in data interpretation. Ethical considerations, such as obtaining
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informed consent and ensuring participant anonymity, were rigorously adhered to,
ensuring the integrity of the research process.

Purposeful sampling ensured that interview participants were selected for their relevant
expertise, thereby enhancing the trustworthiness of the data. (Creswell & Creswell,
2018) emphasize the importance of rigor in qualitative research, particularly in framing
research questions and methodologies when empirical data is limited. Additionally, in
line with Whetten’s criteria for conceptual research, this thesis addresses the "what’s
new" question to clearly articulate its contribution, thereby meeting the standards of
high-quality research in both design and execution (Gilson & Goldberg, 2015; Whetten,
1989).
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4 Summary of appended papers

This chapter provides a summary of each appended paper and highlights their
contribution to this thesis through the research questions and the framework.

4.1 Paper A: Design-for-Space-Reuse

Weiss, B. M.; Ohrwall Rénnbick, A.; Laufer, R.; Clauss, M. (2023) ‘Design for X:
Enabling the Reuse of Space Hardware?’, in Proceedings of the International Conference
on Engineering Design (ICED23), Bordeaux, France, 24-28 July 2023.
DOI:10.1017/pds.2023.126.

Summary

Paper A conducted expert interviews to understand the current perspective on reuse in
space and attempted to identify what was missing to reuse satellites in space. The rational
for the paper A was to gather state-of-practice knowledge related to reusability of
satellites, specifically, categorization of reusable parts of spacecraft, the benefits of
reuse, perceived barriers of reuse, and how reusability can be achieved.

Paper A attempted to answer the question of why satellite reuse wasn’t implemented.
For this, the study interviewed six senior level experts with a semi structured interview.
The experts were selected based on their background and expertise related to reuse of
materials, in-situ resource utilization, space sustainability, and their general knowledge
on the space industry. The interviews had a focus on both, the economic viability and
the technological challenges of reusability, gaining also insight into decision-making
processes and cost-benefit analyzes related to space debris, use of new materials, and
alternative approaches in space mission design.

Satellite design proved to be a key driver for reuse and thus influence if and how they
can be reused at all. The interviews highlighted that satellites are primarily designed for
one-time use and lack options for their refurbishment or the integration of new
technologies or updated components. For satellite reuse, flexible mission concepts,
development of missing technology for in-space assembly and disassembly, and more
knowledge on the components and materials to reuse and the establishment of global
guidelines for recertifying reused components are needed.

In addition, standardized docking, refueling capabilities, and in-orbit maneuver
protocols are needed to realize the full potential of satellite reuse. It was also pointed out
that, while some satellite manufacturers have begun to implement refueling capabilities,
a significant gap remains in commercial standards for docking, assembly, and reuse of
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satellites. Paper A used spacecraft as observed phenomena. All satellites are spacecrafts,
in this sense, the concepts and arguments in paper A are equally applied to satellites.
Paper A introduced Design-for-Space-Reuse (DfSR), which advocates for a shift
towards designing spacecraft with reusability as a core principle, extending their life
cycle and utility across multiple missions.

Contribution to the Thesis

Paper A revealed knowledge on three building blocks to reuse satellites in space. First,
satellite designs need to support their reuse. Second, reverse-logistic chains and the
technologies to perform in-space operations to capture and perform reuse, assembly, or
remanufacturing in space must be available. Third, reuse operations need to be
financially viable and new business models need to be created. The findings point to
satellite design as the core contributor for reuse, hence, a strong focus on investigating
how reuse capabilities can be integrated in satellites is suggested.

4.2  Paper B: Regulation as a Driver for Innovation towards Space Sustainability
Weiss, B., et al. (2023). On Regulations and Their Impact on Innovation: Can Regulatory
Actions Guide or Dictate Sustainability in Space? Presented at European Conference for
Aerospace Sciences (EUCASS), Lausanne, Switzerland.

Summary

Paper B explored the intersection of regulatory actions and innovation within the context
of a space sustainability. The rational was to further the train of thought on why there
satellite reuse wasn’t prevalent. Paper A revealed the missing of three essential building
blocks for satellite reuse - designs that enable the reuse of satellites, reverse logistics
systems to retrieve, remanufacture, upgrade, or repurpose satellites, and business models
that allow profit generation for companies.

The study was based on two key premises: first, the right regulatory actions can be a
significant driver of innovation and sustainability, the wrong once can be barriers.
Second, there must be an underlying consensus to enact enforceable and globally
applicable regulatory frameworks in the space industry.

Under this background, Paper B highlighted the critical influence of regulatory measures
in fostering innovation directed toward sustainability. It identified a significant
relationship between regulations and the emergence of sustainability-driven innovation,
acknowledging the need for continuous innovation. Learning from regulatory actions in
other industries, such as the automotive sector’s emission regulations that were leading
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to an electrification, Paper B suggested that similar regulatory interventions could
establish emission benchmarks for rocket launches.

Furthermore, it examined waste management regulations, which have led to significant
advancement of waste processing technologies, and paper B proposed that analogous
standards could be applied to the space industry for space debris recognition and sorting.
Paper B presented a case study on light pollution through satellites, that illustrated how
regulatory actions can foster sustainable innovation.

Contribution to the Thesis

Paper B made several important contributions to the thesis on advancing sustainability
in space through regulatory actions. First, it found that incentivizing technological
innovation rooted in circular economy principles, particularly in the areas of reuse,
refurbishment, and recycling of spacecraft components and materials, could accelerate
the transition to more sustainable satellite designs and to extend their operational
lifespan.

Second, it suggested proactive and enforceable measures to control the creation of new
space debris, advocating for regulatory frameworks that ensure the safe disposal of
inactive spacecraft and the inclusion of debris considerations in spacecraft design.

Third, Paper B recommended the adoption of Life Cycle Assessments (LCA) for space
hardware to quantify the environmental impact over its entire lifecycle, suggesting that
this practice, already influential in other industries, could drive sustainability in space
operations.
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4.3 Paper C: Change Management Towards Circular Economy in Space

Weiss, B., et al. (2023). Circular Transformation Pathways: Managing Change and
Fostering Innovation for a Circular Economy in Space, presented at ASCenSlon
Conference, Dresden, Germany.

Summary

Paper C explored the essential role of change management in facilitating industrial
change, as needed for a shift from a linear to a circular economy in space. As an
extension of the discussions in Papers A and B on space sustainability, this paper focused
on change management to foster continuous innovation toward sustainability.

Paper C argues that while the circular economy offers a sustainable alternative to the
traditional linear model, its successful implementation requires more than just
technological advances. It requires the redesign of products, of processes, and new
business models, particularly in resource-constrained environments like the space
industry. Paper C highlighted the importance of continuous innovation in overcoming
sustainability challenges and emphasized that a circular transformation is an ongoing
process, not a one-time effort.

The ESA Clean Space office case study in paper C exemplified how change management
techniques can be applied to promote sustainability and circularity in space. The case
study presented change management as a significant driver of transitioning from linear
to circular economy practices in space, driving sustainable innovation and increasing
space sustainability.

Contribution to the Thesis

Paper C provided insights into the role of change management in the successful
transformation from a linear to a circular economy in space. It recognized the importance
of continuous innovation and highlighted how change management can help
organizations initiate and further a circular transition. Paper C outlined a pathway for
circular transformation within the space industry, targeting space sustainability. This
pathway is rooted in structured change management practices and a strong commitment
to sustainability-driven innovation.
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5 Discussion

This chapter presents an analysis and discussion of the findings and the implications for
the objective and RQ for this thesis.

5.1 Environmental Impact of the Rapid Growth on the Space Industry
This section discusses RQ 1: “How is the environment impacted by the fast-growing
space industry?” and the implications for the space industry.

The overall impact of the fast-growing space industry on the environment has not yet
been fully investigated; however, first research on the subject suggests that rocket
launches, the growing number of human-made objects in orbit, and the disintegration of
satellites upon re-entry can have a negative impact on the environment both in space and
on Earth. The growth of the industry is both intended and necessary, which is further
increasing the number of satellites launched into orbit, leading to more uncertainty.

Examining the environmental impact of rocket launches is gaining attention, and
growing evidence suggests that rocket launches as well as the disintegration of
decommissioned satellites is leading to the release of toxic chemicals and metal particles
into the upper atmosphere (Fischer, 2023; Murphy et al., 2023). Rocket launches are
associated with significant emissions and the potential depletion of the ozone layer
(Ferreira et al., 2024; Revell et al., 2023).

Additionally, this thesis’ findings uncovered a notable disconnect to the current
perspective on sustainability within the space industry. Space Sustainability has been
focused on the space environment and relates to issues for regular in-space activities.
This approach disregards the space industry’s impact on Earth’s atmosphere and the
environment during launch and after decommissioning satellites (Lawrence et al., 2022;
Wilson & Vasile, 2023).

Furthermore, new rules mandating that satellites deorbit within five years after their
mission ends, do not consider the toxicity of materials released during burn-up (Wiquist,
2023b). Although there are attempts to ensure satellites fully burn up and avoid leaving
debris in space, harming people, or property on Earth, the new rule as introduced by the
Federal Communications Commission (FCC) inadequately addresses the environmental
impact on Earth, and on humans, in that regard.
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Even more, there are currently no regulations that are promoting satellite reuse, nor are
there financial incentives for companies to invest in sustainable and reuseable satellite
technologies. Policy and regulatory factors need to evolve to support the transition
toward sustainable space practices, including the development of targeted incentives for
reusability and the establishment of regulatory frameworks that promote an
environmentally responsible satellite lifecycle management — from the design to the
decommissioning.

The findings suggest that the adverse effects of environmental impact are mostly due to
the current design of satellites. To advance a systemic transition related to this,
regulatory frameworks should prioritize satellite reuse as a preferred end-of-life strategy.
This can also include alternative approaches that are based on the circular economy
model, like recycling of satellite materials, to place a satellite into an “recovery-orbit”
that facilitates later capture and reuse of its materials or even remanufacturing of
satellites in space.

5.2 Satellite Reuse: Advancing Sustainability in the Space Industry
This subchapter discusses RQ 2: “How can satellite reuse contribute to the mitigation
of the space industry’s environmental impact?”

The full impact on the environment has not been identified yet, however, research
indicates negative environmental externalities related to single-use satellites (Lawrence
et al., 2022; Wilson & Vasile, 2023). The findings of this thesis suggest that adverse
effects could be mitigated with implementing capabilities to reuse satellite components,
parts, or the materials. In addition, the results suggest a transition into a circular economy
in space could further reduce the negative impact of the space industry. Consequent
application of circular economy principles to enable satellite reuse could for example
reduce the number of defunct satellites in orbit which would lower the risk of collisions.

A shift toward circular economy-based and sustainable practices in space would support
the long-term sustainable use of space resources. Addressing economic incentives,
technological feasibility, and regulatory frameworks will be key to facilitating this shift
toward sustainability and a circular economy in space. Thus, satellite reuse can act as a
key strategy and mitigate the negative environmental impact due to the rapidly growing
space industry and single-use satellites.
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Sustainability has been recognized as a key driver for innovation, and satellite reuse
could serve as a powerful enabler for advancing space sustainability within the space
industry. Currently, satellite production follows a linear model, where materials are
extracted, used, and eventually discarded in Earth’s atmosphere. Although satellites can
be placed in so-called graveyard orbits, there is no existing technology yet and the
strategic intent to capture and process these defunct satellites in space is in its early
stages.

To enable satellite reuse, a significant increase in sustainable innovation is required,
particularly in the development of new technologies and business models, such as
efficient take-back systems and in-space manufacturing capabilities. Interviews
conducted in the empirical study A suggest that a systemic shift would be needed to
transition from this one-way model to a more circular economy based approach, where
satellites are designed for their reuse. Research in other sectors indicates that this shift
and systemic transformations requires substantial innovation, and it can be inferred that
the space industry would need to innovate at least tenfold to achieve similar changes
(Geels, 2002; Geels, 2006; Geels & Schot, 2007; Yap & Truffer, 2022).

Satellite reuse can catalyze and act as driver for sustainable innovation in the space
industry, leading to the creation of new technologies and processes that support
sustainable space activities. With this, satellite reuse has not only the potential to ignite
a transition toward a circular economy in space but ultimately, could play a critical role
in mitigating the adverse environmental impacts of the rapidly growing space industry.
By extending the operational life of satellites, reducing the need for new launches,
conserving resources, and minimizing waste, the space industry can significantly reduce
its environmental footprint and increase sustainability both in space and on Earth.

This research revealed several ways in which satellite reuse could address the
environmental challenges associated with the space industry’s rapid growth. First,
satellite reuse could directly combat the issue of space debris by extending the
operational life of existing satellites, thereby reducing the need for new or redundant
satellite launches. This would result in fewer launch emissions and a lower risk of
collisions in orbit. As a result, fewer defunct satellites would accumulate in space,
reducing the potential for further debris creation. This could also improve space
situational awareness and safety.
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Second, refurbishing, upgrading, or reusing satellite components rather than replacing
them entirely would help maintain a cleaner and safer orbital environment.

Third, satellite reuse offers significant resource efficiency benefits by reducing the need
for raw materials used in manufacturing satellites, thus lessening the environmental
impact associated with mining, production, and transportation of materials.

Fourth, satellite reuse could result in energy savings, as launching satellites is energy
intensive. Fewer launches would reduce the total carbon footprint of the space industry,
lowering launch-related emissions and contributing to a more sustainable space
exploration framework.

Fifth, focusing on satellite reuse could foster technological advancements and stimulate
innovation within the space industry. By prioritizing reusability in satellite design, the
space industry would not only mitigate its environmental impact but also open new
avenues for revenue generation. Satellites optimized for reuse could improve
performance and efficiency, leading to greater sustainability across their operational life.

Reduction in
rocket launches

Decrease of
space debris

Decrease of

Decrease of
use of raw materials

Figure 3: Satellite reuse contribution to environmental impact mitigation.

re-entry pollution

Sixth, a shift from single-use satellites to designs that prioritize extending the operational
lifetime of satellites, their reuse, and their repurposing, would not only to reduce
environmental harm but also to drive technological progress and business opportunities
but also align with circular economy principles.
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Seventh, designing for satellites reuse would increase the ability of their disassembly
and recycling in space, ensuring that materials remain in the use-loop for as long as
possible. This approach would not only decrease the need for new raw materials but
also reduce the risk of space debris, thereby mitigating the environmental impact of
satellite manufacturing, launch, and disposal. Figure 3 provides an overview on the
areas satellite reuse would contribute to in relation to an environmental perspective.

5.3 On the Absence of Satellite Reuse Practices in the Space Industry
This subchapter discusses RQ 3. “Why is satellite reuse not widespread? ”

This research found three building blocks that are required to enable satellite reuse.
These building blocks are shown in Figure 4 and include: (1) advanced technologies and
reverse logistics for satellite capture, assembly, and disassembly and in-space
manipulation; (2) satellite and component designs that are guided by interoperability and
enable reuse, upgrading, or remanufacturing; and (3) the regulations and business
models that ensure financial viability.

At present, the technologies or processes forming the building blocks are not
commercially available, underdeveloped, or not developed at all, making satellite reuse
neither technically nor economically feasible. Additionally, the lack of regulatory
incentives or the insufficient impact of existing regulatory frameworks further hinders
the development of the three building blocks and with this the general adoption of
satellite reuse.

The absence of the foundational blocks limits the technical and economic viability of
satellite reuse and represents a significant barrier to advancing a circular economy within
the space industry. Addressing this missing building blocks form a regulatory point of
view could stimulate sustainability-driven innovation, creating a pathway for a broader
adoption of circular economy principles and the development of the needed
technologies. For example, initiatives like the ESA Clean Space Office and its Circular
Space Economy roadmap offer a practical framework for designing satellites with
reusability implemented.
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Figure 4: Building blocks for satellite reuse.

Furthermore, proactive efforts by space companies to establish industry standards and to
advocate for regulatory reforms could play a critical role in supporting the technological
and financial viability of satellite reuse, further accelerating the transition towards a
more sustainable, circular space industry.

In a future scenario, satellite reuse could lead to increase space sustainability and lower
the overall environmental footprint of the space industry. However, the absence of the
necessary technological, economic, and regulatory infrastructure is a significant barrier
to its widespread adoption.
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6 Conclusion and Future Research

This chapter presents the conclusions of this research. Contributions and industrial
implications are drawn, ending the chapter with recognized limitations and suggestions
for further research.

6.1 The Need to Address the Space Industry’s Fast growth

This thesis explored the environmental impact of the rapidly growing space industry and
investigated how satellite reuse could mitigate the negative impacts. However, the
findings revealed to be complex and possibly can hinder progress toward sustainability.
First, while reverse logistics, enabling satellite designs, and economic challenges,
referred to as the three building blocks, are clearly lacking, the broader issue lies in the
lack of comprehensive research defining the environmental impact of space activities.
In addition, there is no unified understanding of what “environmental impact” or “space
sustainability” encompasses. These unresolved questions leave a gap in defining system
boundaries and identifying actionable solutions which this research was not intended to
solve.

However, despite these challenges, findings suggests that the space industry’s rapid
growth has a considerate negative environmental impact. This includes use of raw
materials, launch-related pollution from an increasing cadence, the proliferation of space
debris, and atmospheric re-entry pollution from de-orbiting single-use satellites at the
end of their operational life. Yet, there is little coordinated effort within the industry to
address these issues, even as the awareness about the issues grows. The absence of clear
policies, regulations, and industry-led initiatives that can mitigate these impacts
underscores the urgency for systemic change.

Space technology provides significant societal benefits and cannot be put into a
moratorium until the environmental impact has been researched in detail. Embracing the
systemic change and the transitioning from linear to circular economic models, has been
pointed out to be beneficial for the space industry and it is suggested that it can address
the challenges posed by its fast growth while ensuring the sustainable long-term use of
space as a resource. The rapid innovation cycles in the space industry are critical and
developing new space technology is becoming more important for society to function.
This is further accelerating the space industry growth rate which is again leading to
externalities that need to be addressed. Here, sustainability-driven innovation and the
dematerialization of satellites can redefine the space industry’s innovation development
approach resource and material use. Lessons on the benefits of sustainability-driven
innovations from other industries, such as 3D printing, electronics refurbishment, and
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modular construction, demonstrate the transformative potential of circular economy
principles in achieving both environmental and economic benefits.

Hence, a focus should be on supporting the fast-paced growth but to consider its
environmental impact and apply a balanced approach that is leveraging sustainability-
driven innovation to prevent and to mitigate adverse and potentially irreversible
environmental consequences. Initiatives, such as the European Space Agency’s Zero
Debris Initiative, aim to mitigate space debris but do not account for satellite reuse or
the environmental impact during the re-entry of decommissioned satellites.

New initiatives that are initiated and driven by industry stakeholders should be
considered, like expanding solutions not only for the immediate challenges of space
debris but also working to implement long-term strategies for satellite reuse, material
recovery, and to minimize atmospheric pollution during satellite re-entry. Advancing
these efforts will require the development of robust regulatory frameworks, financial
incentives for adopting sustainable practices, and more investments in technological
innovation targeting long-term sustainability.

Furthermore, fostering the collaboration among industry stakeholders, policymakers,
and researchers can be a driver for the adoption of circular economy based strategies.
Vertically and horizontally integration of stakeholder into the conversation will ensure
that sustainability is embedded into the design, operation, and end-of-life management
of satellites. By taking these steps, the space industry can balance its rapid growth with
responsible environmental stewardship, paving the way for a more sustainable future
both on Earth and in space.

6.2  Research Contributions

From an academic point of view the results of this thesis contribute to an increased
understanding of the environmental impact related to the space industry’s growth and
how satellite reuse could be leveraged to mitigate the adverse effects of this growth.
Space companies are under growing pressure to implement sustainable practices, but
little research has been done to provide insight into space specific challenges and the
building blocks for the reuse of satellites. Space agencies like European Space Agency
have started to encourage space companies to shift practices towards a circular economy
in space, however, as financial incentives and regulatory actions are missing, the results
of this thesis could provide space industry stakeholder with concepts to initiate the
sustainable transformation.

By starting a discussion on the implementing strategies in satellite designs and space
activities that are rooted in the circular economy, like the transition from a linear single-
use satellite to reusable, refurbishable, or upgradable satellites, this thesis recommended
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implementing change management that encourages and fosters sustainability-driven
innovation as a steppingstone towards circular economy in space. The current practices
of satellite development should be reconsidered, starting at the very beginning of
designing space missions and satellite designs.

The thesis provided insights into essential building blocks required for the reuse of
satellites in space, and how reusability could extend a circular economy to space and
enable the establishment of a full “circular space economy” in the future. The
contribution of this thesis is to present background information for space companies that
consider reusing, refurbishing, or even manufacturing satellites in space, with detailing
essential building blocks for satellite reuse. Furthermore, it contributes to the knowledge
on how sustainability-driven innovation can be leveraged to initiate a sustainable and
circular transition in the space industry.

6.3 Industry Relevance

Adopting satellite reuse and advancing a circular economy in space are important steps
toward more sustainability in the space industry. A transition requires the integration of
sustainable innovation and the development of new practices that fundamentally change
how satellites are being designed and build — and once advanced in-space manufacturing
capabilities are available, where they are build. While challenging, this transition offers
a vision of a future where space operations are inherently sustainable-by-default. This
research highlights the relevance of sustainability for the space industry and provides a
foundation for leaders to act. By starting to embrace circular economy principles, the
space industry can adopt more sustainable practices that are known to be effective but
also drive innovation toward new products with reduced environmental impact.

6.4 Implications for Policymakers and Industry

The findings of this study highlight several areas where policymakers and stakeholders
can take action to address the missing building blocks necessary for enabling satellite
reuse. A well-established principle in driving progress is the importance of
measurement. For this reason, developing, adopting, and advocating for the application
of appropriate Key Performance Indicators (KPI) can be the foundational step for both
policymakers and companies, providing a clear framework to track progress and guide
effective actions. This framework can help evaluate progress, amplify activities, and
guide the development of new initiatives. Space agencies such as ESA in Europe and
NASA in the United States, along with international bodies like the United Nations
Office for Outer Space Affairs (UNOOSA), can play a pivotal role in fostering global
alignment on satellite reuse efforts. By establishing standardized guidelines, promoting
best practices, and facilitating cross-border collaboration, these entities can ensure that
the efforts to advance sustainability and innovation in the space industry get adopted.
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Table 1 presents recommendations improvement areas for advancing satellite reuse,
along with corresponding key performance indicators (KPIs) to measure their
effectiveness. These recommendations are intended as a starting point and further
investigations are needed to assess their potential impact on mitigating the
environmental impact of the space industry. The definition, implementation, and
evaluation of these KPIs will require consideration of the specific context and
stakeholders involved, and further research is needed to determine the most appropriate
strategies and organizations for their execution.

Relates
Area Description of the Suggested Improvement KPI to
Paper

Regulatory Establish enforceable and industry wide Number of B
Reforms (global) regulations that promote the reuse of regulatory
(policymakers, satellites and consider the environmental frameworks
pro-active impact on Earth. These regulations should established or
suggestion by include financial incentives for companies that | updated to
companies) invest in sustainable satellite technologies. If support satellite

there are no relevant rules, companies should reuse by a

advocate for their establishment. Regulations, target year.

in appropriate way, can be a driver for

innovation, hence, support companies to grow

in a sustainable way.
Incentives for Develop financial models and programs that Percentage B
Sustainable incentivize sustainable practices like increase in
Practices sustainable satellite designs and the reuse of companies
(policymakers) satellites. Technology development is adopting

expensive, and economically viability to sustainable

capture value is an important factor for satellite

companies to take the risks. Incentivizing technologies

sustainable practices can mitigate the risks and
raise the opportunities for companies. This can
include tax breaks, grants, loans, or subsidies
for companies that adopt reuse practices and
develop the foundational technology for the
building blocks

due to financial
or tax
incentives.
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Development of
Reverse
Logistics
(policymakers
and companies)

Investment programs that target the
development of reverse logistics systems.
These systems are required to retrieve and
process satellites, to reuse the components, or
to prepare materials for recycling. This
involves creating infrastructure and
technologies that facilitate capturing of
satellites, disassembly and assembly, testing
and certification of refurbished satellites, and
sorting of components and materials.

Number of
satellites,
components
successfully
retrieved and
reused
annually.

Mass captured
in space.

Sustainable Designing satellites with standardization, Percentage of
Satellite Design | modularity, and the overall aim of reusability. satellite designs
(companies) This includes, among other, using sustainable that meet

materials, technology for docking and robotic predefined

manipulation of satellites, and the designs that | sustainability

enable in-orbit servicing, refuelling, and criteria, such as

refurbishment of components. modularity or

recyclability.

Sustainable- Rapid innovation cycles are critical in the space | Number of
Driven industry and developing new space technology. | patents filed
Innovation Adding a strong perspective of sustainability to | annually for
(companies) innovation, aiming for the reuse of satellites as | sustainable

the general direction, space sustainability satellite

related issues can be addressed even if the technologies.

building blocks for the reuse in space are still in

development.
Implementing Change management has a strong impact on Percentage of
Change driving and accelerating industrial employees
Management transformations. A shift from a linear to a trained in
towards sustainable, reuse driven, and later circular sustainability
Sustainability production of satellites requires a multi-level practices within
(companies) approach across all company functions. satellite

Implementing practices that empower
employees to change towards sustainability and
to integrate sustainability into innovation and
product development cycles is a critical step to
take.

manufacturing
and operations.
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Stakeholder
Collaboration for

Collaboration among industry stakeholders is
critical for the development of standardizing

Number of
collaborative

Standards that practices that enable satellite reuse. Shared initiatives or
enable Reuse of | technical standards, interoperability protocols, | working groups
Satellites and certification processes can reduce barriers, | formed to
(companies) align efforts, and foster scalable solutions. This | develop
collaboration can drive innovation, cuts costs, industry-wide
and reinforces the industry’s commitment to reuse standards.
sustainability and growth.
Tracking Tracking the environmental impact of space Reduction in
Environmental activities is a critical step toward ensuring carbon
Impact or Space | accountability and fostering sustainable emissions or
Activities practices. Policymakers and companies must space debris
(Policymakers jointly establish metrics to measure emissions, | generated per
and Companies) | space debris generation, and resource satellite over its
utilization throughout the lifecycle of space life cycle.

missions. Transparent reporting systems and
impact assessments can guide decision-making,
improve compliance with environmental
regulations, and encourage the adoption of
cleaner technologies. This systematic
monitoring enables the space sector to mitigate
its environmental footprint while driving
progress toward sustainable operations.

6.5

Table 1: Improvement Areas for Space Industry Stakeholders.

Limitations and future research

A key limitation of this study is the lack of empirical validation of satellite reuse in real-
world conditions, which poses challenges for the generalizability of the findings, as
theoretical models and experimental data may not fully capture the complexities and
risks associated with practical implementation in space missions. However, the
integration of sustainability as a core value is essential to address the urgent challenges
facing both our planet and space activities.

This thesis started the conversation on the observations of adverse effects in other
industries in high-growth phases and compared them to the space industry. It provided
an overview about the building blocks for satellite reuse in space. It presented how
circular space economy could further support space sustainability, embracing a
comprehensive, multi-level transformation to balance industrial growth and the
environmental impact.
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While the theoretical solutions and the best practices from other industries are available,
technology for the building blocks for the reuse or the recycling of satellites, or other
circular economy rooted strategies are missing. Hence, the limitations of this thesis are,
the lack of satellite reuse missions and the missing regulatory agreement on the need for
satellite reuse. However, regulatory bodies and space agencies have started to advocate
to apply circular economy principles in space and first projects have been initiated. To
develop new technologies, opportunities for company profits are needed.

Future research can investigate circular business models focussed on satellite reuse and
possible incentives for the development of missing technologies to capture satellites and
in-space processing of materials. Further research could also focus on advancing the
knowledge on the impact of satellite reuse on space sustainability. Research on
integrating the Earth environmental impact of all space activities, in form of an extended
Life Cycle Assessments, can provide the valuable information and a path for alternative
materials and designs. Case studies on the overall impact of reusability on launch
pollution, raw material extraction, and foremost, proliferation of space debris are
missing.

In addition, an evaluation on how the reuse on material and component level can lead to
a decrease in space debris, investigating testing and recertification of components and
refurbished satellites in space, and how life-cycle assessments can support the design of
space mission should be considered. There has also been limited research on pricing of
materials in space, and how a business model can look like in a thriving circular space
economy. The last years saw a fast implementation of Artificial Intelligence (AI) and
Large-Language Models (LLM) throughout companies. Hence, future research could
include AI/LLM based smart and predictive satellite health monitoring systems and case
studies for in-space maintenance operations on satellites.

Despite existing challenges, such as the need for reverse logistics, design for satellite
reuse, and financial feasibility, the benefits of satellite reuse are substantial. Refueling
satellites can serve as a transitional technology to extend operational life while
developing solutions for part reuse and material recycling. Additionally, adopting
environmentally friendly materials that minimize harm during satellite re-entry can
address some immediate environmental concerns.

This research also recommends the implementation of an annual survey to monitor
progress, identify trends, and foster collaboration among stakeholders. Over time, such
initiatives could evolve into dedicated forums for knowledge exchange, accelerating
innovation and the adoption of sustainable practices across the industry.
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