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A B S T R A C T   

There have been increasing calls in transition research for a global view of sustainability chal-
lenges. We argue that this focus should be expanded from a concentration on the Earth’s surface 
and stratosphere to include outer space. The substantial growth of the space sector over the past 
decade has seen huge increases in the number of rocket launches, the diversity of actors, and the 
availability of new essential services that depend on space-based infrastructure. In particular, the 
rise of satellite-based infrastructure could drive the need for inter-related multi-system transitions 
across a wide range of Earth-bound sectors. These developments, however, cause diverse new 
sustainability pressures, such as atmospheric pollution, increased energy consumption, and the 
accumulation of space debris. To address these challenges, this article proposes earth-space 
sustainability as a new frontier for sustainability transition research, requiring the expansion of 
conceptual and analytical tools at the interface of transition and global governance research.   

1. Introduction 

Scholars in the field of innovation and transition studies argue that the world is experiencing the emergence of a new techno- 
economic paradigm, in which new information and communication technologies increasingly combine with global structures and a 
greater need to manage sustainability challenges (Perez, 2013; Schot and Kanger, 2018). Activities in outer space—or spaces beyond 
the Kármán line, which begins 100 km above the mean sea level and which represents the attempt to draw a boundary between the 
Earth and outer space—are having an increasing role in this fundamental transformation process. In recent years, rapid developments 
in the space sector have led to the “New Space” movement, with multiple private actors venturing into space activities alongside 
international space agencies (Clormann, 2021; Mazzucato and Robinson, 2018; Robinson and Mazzucato, 2019). Such activities have 
included private space missions, as well as the launches of new and advanced satellite systems for, among other things, the application 
of new services to combat climate change, tackle water scarcity, manage natural disasters, and solve other environmental problems. 
However, beyond these contributions to a potentially more sustainable global future, the rapidly expanding space sector generates new 
sustainability challenges on Earth and beyond, for instance through the accumulation of space debris, the emergence of space tourism, 
and unequal access to the benefits of space. 

Among these diverse opportunities and challenges, there has been a flurry of technological innovation. Both public and private 
actors are developing next generation satellite systems, and private companies such as SpaceX and Blue Origin are competing to build 
new spacecraft and launch systems, such as reusable rockets. Meanwhile, policymakers are urgently calling for new forms of gover-
nance to regulate space activities. To understand these inter-related technological and institutional innovations, we must identify 
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where and how new socio-technical reconfigurations should be introduced across different Earth-bound and space-based technology 
and infrastructure systems. To do this, we propose the concept of “earth-space sustainability,” which aims to address Earth-bound and 
space-based sustainability challenges in an integrative manner that prevents space activities from shaping unsustainable development 
on Earth and vice versa. While the majority of modern society’s sustainability concerns stop at the Earth’s stratosphere (where the 
ozone layer is), we propose extending the boundary of these concerns into outer space. More specifically, the concept of earth-space 
sustainability requires considering spaces beyond the Kármán line, including the Earth’s orbits.1 However, this article does not include 
discussions on other celestial bodies, such as the Moon, Mars, and asteroids, as it limits itself to analyzing opportunities and challenges 
related to emerging, satellite-based infrastructure. We outline the most salient developments in the sector and elaborate on promising 
research directions for addressing the challenges of earth-space sustainability from the perspective of transition research and its 
interface with global governance literature. 

2. Beyond the “Moon versus ghetto” dilemma: emerging earth-space interdependencies 

For decades, innovation scholars have asked why modern society is able to land people on the Moon but unable to get the “kid out of 
the ghetto” (Nelson, 1977, 2011). This topic has been revisited by examining whether and how broader societal challenges can be 
addressed through major mission-oriented innovation programs (Foray et al., 2012), with calls for moon shot strategies to address 
problems such as climate change and poverty (Mazzucato, 2021; Nature, 2019). We argue that the rapid expansion of the space sector 
will play a growing role in the emerging green, techno-economic transformation paradigm (Mathews, 2013; Perez, 2013), as well as in 
deep transitions (Kanger and Schot, 2019; Schot and Kanger, 2018). To achieve earth-space sustainability, we have to ensure that space 
activities develop toward sustainability purposes on Earth and that those activities do not challenge space sustainability. An integrated 
approach will help prevent future space-based and Earth-bound developments from negatively impacting each other. 

2.1. Space-based infrastructure might accelerate sustainability on Earth 

There has been a boom in space activities over the past decade, particularly in the building of new satellite systems. Satellite-based 
infrastructure has high short- to mid-term transformation potential in industrial and service sectors. Earth observation satellites are 
contributing to environmental sustainability by massively improving our ability to measure and manage environmental problems on 
Earth. Indirectly, the ubiquity of space-based communication and navigation systems may also become strong drivers for transition in 
service sectors across the world. 

Earth observation satellites began to gain traction in the late 2000s and became a key space activity of governments in the past 
several years (see Fig. 1). The European Union’s (EU) flagship Earth observation program Copernicus, known as Europe’s eyes on 
Earth, generates precise data of the Earth’s surface and climate on an unprecedented scale. This precision allows for a set of new 
approaches by which to tackle environmentally related challenges. For instance, remote satellite sensing can provide new solutions for 
water resource management, even in the most remote regions on Earth (Sheffield et al., 2018; UNESCO, 2010). Advanced satellite 
monitoring technologies, such as interferometric synthetic aperture radar, are filling data gaps on groundwater management; this will 
become increasingly relevant for agriculture and water utilities in times of extended draught (WIPO, 2020; World Economic Forum, 
2018). In addition, Earth observation satellites are increasingly precise in the monitoring of global greenhouse gas emissions, which 
could support national and international policymaking in tackling climate change (GEO et al., 2021). 

Satellite-based infrastructure could also enable radical transformation in a range of industrial and service sectors (Al-Ekabi and 
Ferretti, 2018; UNOOSA, 2018, 2019). An example is the availability of high-speed 5G internet, which may become ubiquitous 
(Choudhury, 2019; ITU and UNESCO, 2019; World Bank, 2016). In 2020, most of the satellites launched by private actors were for 
internet and telecommunication purposes (see Fig. 2), forming large satellite constellations especially in low Earth orbit. The majority 
of these satellites are owned by billionaire companies, such as SpaceX (Starlink) and Amazon (Project Kuiper) (Witze, 2020). Despite 
the Covid-19 pandemic, the growth of these private space activities has not been hampered to a noticeable extent, as seen in Fig. 2. 
Internet satellite advancements may create new windows of opportunity for many sectors across the globe, especially in developing 
countries (World Bank, 2016; World Economic Forum, 2019). 

Advanced satellite navigation systems are expected to enable disruptive changes in mass market applications, such as vehicle 
navigation, smart agriculture, disaster management, and precise power grid management. A prominent example is the Chinese- 
government owned BeiDou Navigation Satellite System—completed in the middle of 2020—which has been widely deployed in 
different regions of China for agricultural purposes (China Satellite Navigation Office, 2018). In Zhejiang province, for instance, the 
use of unmanned rice planters equipped with BeiDou navigation-assisted driving systems allowed for high speed, automatic seed 
planting (Global Times, 2020a). During the Covid-19 pandemic in 2020, companies in China also experimented with the precise 
positioning of the BeiDou system in unmanned delivery vehicles to help minimize human contact. It is expected that autonomous 
delivery vehicles and drones will become more common in the coming decade (European Environment Agency, 2020; Global Times, 
2020b). The satellite systems on which these services rely may eventually be seen as generic infrastructure, driving socio-technical 
transitions across a wide range of sectors in more or less sustainable directions. 

Satellite-based infrastructure may enable rapid economic and social development in the Global South. Africa has started to invest 

1 We follow the International Astronautical Federation’s definition that outer space begins at the Kármán line. Beyond the Kármán line, the 
Earth’s orbits consist of low Earth orbit, medium Earth orbit, and high Earth and geosynchronous orbit. 
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heavily in building satellite infrastructure in recent years (African Union Commission, 2019; Space in Africa, 2021), which may 
provide them with opportunities for technological development and learning (Aganaba-Jeanty, 2013; Wood and Weigel, 2011). This 
bears the question of whether the Global South can catch up and “leapfrog” in economic development without following the footsteps 
of the old industrialized countries (Yap et al., in press). More specifically, the promise of ubiquitous high-speed internet access could 
allow developing countries to benefit from internet-based application services (ITU and UNESCO, 2019; World Economic Forum 
2019). The case of Kenya’s M-PESA, a service that allows cellphone-based transfers of money globally, is an example of how devel-
oping countries can leapfrog the delivery of services years before OECD (Organization for Economic Co-operation and Development) 
countries (Mbiti and Weil, 2015; Mbogo, 2010). Similarly, the proliferation of space-based infrastructure may reveal opportunities for 
local businesses in countries in the Global South to offer application services, as demonstrated by India’s software and IT engineering 
sectors, as well as by similar startups in Kenya (Baumüller, 2016; Bharadwaj et al., 2019; Guild, 2017). Recent research finds that even 
among the poorest twenty percent of households in developing countries, seven out of ten people own a mobile phone, making those 
devices more accessible than toilets and clean water (World Bank, 2016). This indicates the potential to improve access to, for instance, 
healthcare-related application services for those who have access to the internet but no nearby medical facilities. Space-based 
infrastructure could, therefore, facilitate progress in a number of sustainable development goals for emerging economies. 

The emergence of universal satellite-based infrastructure has the potential to drive socio-technical transitions in many sectors. In 
this sense, satellite infrastructure is not just another empirical example to add to standard transition case studies, such as photovoltaics, 
wind energy, or electric vehicles. Rather, satellite systems are likely to develop into meta-infrastructure, shaping sectoral in-
terdependencies and driving “multi-system transitions,” a new research area that was recently identified as urgent for transition 
theorizing (Andersen and Markard, 2020; Rosenbloom, 2019, 2020). Satellite-based infrastructure might also shape new meta-rules 
across a range of sectors, as well as facilitate “deep transitions” (Kanger and Schot, 2019; Schot and Kanger, 2018). However, 
whether these transitions will ultimately lead to a more sustainable future still requires closer analysis. 

2.2. The rising challenges of sustainable space activities 

Despite many advantages, the rapid development of space-based infrastructure is also causing new sustainability challenges, both 
on Earth and in space. An increasing number of scientific reports are highlighting the environmental risks posed by space activities 
such as rocket launches and the re-entry of launched objects. A key element of this discussion is the increasing amount of soot 

Fig. 1. Number of government-launched satellites by purpose, 1974–2020 
Note: This figure highlights the increasing number of Earth observation activities. Tech Development = technology development, including research, dem-
onstrations, and educational activities; Earth/Space = a mixture of space science or astronomy activities with other Earth observation activities; Earth Science 
= a mixture of Earth geoscience with other Earth observation activities. The share of total Earth observation activities is higher than is shown by the orange 
bar. 
Source: Authors’ compilation and illustration based on data from the Union of Concerned Scientists (2020), including all satellites from the United 
Nations Register of Objects Launched into Outer Space. 
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(comprising mainly black carbon) in the stratosphere, which is caused by frequent public and private rocket launches, and which could 
significantly exacerbate climate change or ozone depletion (Shiga, 2010). Other environmental problems, such as radiative forcing and 
marine pollution, have also been identified (Byers and Byers, 2017; Lonsdale and Phillips, 2021; Lucia and Lavicoli, 2019; Ross and 
Sheaffer, 2014). In addition, satellite constellations in low Earth orbit are obstructing astronomical observations (Kocifaj et al., 2021) 
and confusing migratory birds with light pollution (Lintott and Lintott, 2020). 

The sustainability challenges of space activities span beyond the Earth’s stratosphere and into its orbits. There are currently 8,410 
satellites in the Earth’s orbits, of which about 5,600 are operational (ESA, 2022). Around 31,150 debris objects are regularly tracked, 
but there are also 130 million space debris objects of a size of 1 centimeter or smaller travelling at the speed of a bullet (ESA, 2022). 
Scientists warned of the Kessler Syndrome in the 1970s, a scenario in which collisions between space objects lead to a cascade as 
resulting space debris increases the likelihood of future collisions (Kessler and Cour-Palais, 1978). The number of space objects will 
sharply increase over the next decade due to commercialization, making space congestion an increasing threat for future space safety 
especially in low Earth orbit (Bonnal and McKnight, 2017; Krag, 2021; Nature, 2021). This might severely disrupt activities and 
services on Earth if communication, observation, or navigation satellites stop functioning properly. Given that outer space has been 
generally perceived as a common heritage of mankind (Khatwani, 2019; Wolfrum, 2009), these unsustainable developments have 
raised concerns among industry practitioners, scientists, and policymakers about whether a new “tragedy of the commons” (Hardin, 
1968) is unfolding in space (Kitfield, 2010). Earth’s orbits are, therefore, novel territory that requires appropriate governance to ensure 
a sustainable future. The scope of sustainability concerns should expand to spaces that are even further away, as in-space 
manufacturing and space mining become popular (Butkevičienė and Rabitz, 2022; Jakhu et al., 2017; Lewin, 2018; NASA, 2019), 
or as more probes are launched to the Moon and Mars for exploration and exploitation activities (Nelson, 2020; Tutton, 2018, 2021). 

The existing global space governance regime is ill-prepared to address the challenges of the rapidly evolving space sector, as it is 
still largely based on the Outer Space Treaty of 1967, which was negotiated during the Cold War Space Race (Jakhu and Pelton, 2017; 
Outer Space Treaty, 1967). Extant space law and governance structures are unable to contend with the new role of private actors or the 
multidimensional use of space, and the size of these problems is likely to grow rapidly. Owing to the increasing commercialization of 
the space sector, smaller companies around the world face lower barriers to launching satellites (Akyildiz and Kak, 2019; Howell, 
2018; OECD, 2020), and there are no signs of any slowdown. About 16,000 new satellites are approved for launch in the next decade, 
with applications for tens of thousands more for internet and telecommunication purposes under review by the International Tele-
communication Union in Geneva (Greenbaum, 2020; Witze, 2020). Telecommunication satellites require both physical space for 
maneuvering and access to a limited number of radio frequencies to operate. 

The sustainability aspect of space activities calls for intergovernmental and regulatory bodies, policymakers, and scientists to 
introduce new institutions and regulations. International agencies such as the European Space Agency and the United Nations (UN) 
Office for Outer Space Affairs and its Committee on the Peaceful Uses of Outer Space have been active in driving the space 

Fig. 2. Number of commercially launched satellites by segment, 1974–2020 
Note: Tech Development = technology development; Earth/Space = a mixture of space science or astronomy activities with other Earth observation activities. 
Source: Authors’ compilation and illustration based on data from the Union of Concerned Scientists (2020), including all satellites from the United 
Nations Register of Objects Launched into Outer Space. 
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sustainability discourse. Initiatives such as the Space Sustainability Rating–currently led by the Swiss Federal Institute of Technology 
Lausanne (EPFL) Space Center–have been introduced to incentivize private actors to carry out sustainable operations in space (World 
Economic Forum, 2021). There have also been discussions about including space as the eighteenth UN sustainable development goal 
(Galli and Losch, 2019; Losch, 2020), deriving a better understanding of the “commons” feature of space resources (Tepper, 2019), 
imposing orbital-use fees (Rao et al., 2020), and preventing space from becoming a new battleground where new space innovations can 
be used for hostile purposes due to geopolitical interests (Al-Rodhan, 2012). Intergovernmental bodies, national policymakers, 
academia, and companies must urgently cooperate to establish guidelines and frameworks for the sustainable, just, and peaceful use of 
outer space. 

3. Transition studies addressing earth-space sustainability 

The emerging opportunities and challenges presented by space development require new conceptual and analytical approaches, to 
which sustainability transition research can make major contributions. Transition research is an established field that focuses on the 
long-term, disruptive (re)configurations of socio-technical systems towards more sustainable patterns of production and consumption 
(Markard et al., 2012). However, the transition perspective needs to be extended in order to take on this new challenge. The potential 
for satellite-based infrastructure to shape manifold technologies and services requires responsiveness in order to transition and govern 
challenges across multiple socio-technical systems. In the following, we shall identify a number of salient research avenues from this 
expanded conceptual framing. 

3.1. Earth-Space interdependencies: from single- to multi-system transition 

Transition research offers conceptual frameworks for explaining successful innovation and transformation processes in Earth- 
bound, socio-technical systems, such as the provision of water, energy, food, and mobility. In general, the transition of a system re-
quires a shift from one “socio-technical regime” to another, defined as highly institutionalized formal and informal rules that co-evolve 
with certain technologies (Fuenfschilling and Truffer, 2014; Geels, 2010; Markard et al., 2012). This points to the role that transition 
research can play in the future development challenges of space-based infrastructure that shape Earth-bound provision systems. 
Considering that space-based infrastructure is an external driver, established transition frameworks may be applied to the study of 
sectoral transformations that are induced by this new infrastructure. The technological innovation systems framework, for instance, 
can inform policymakers about likely development opportunities in different socio-technical systems and can identify stronger or 
weaker development conditions (Bergek et al., 2008; Hekkert et al., 2007). Meanwhile, extant socio-technical regimes can explain why 
radical, but potentially more sustainable, innovations are not adopted. For instance, although tackling water-related challenges is a top 
priority for the EU’s Copernicus Earth observation program, regime actors are still reluctant to switch from in situ field inspections to 
space-based monitoring for dam breaks or flood management (Haarler, 2020). Transition research could analyze why regime actors 
promote or reject Earth observation services. As the commercialization of space continues to grow, the application services offered 
through space-based infrastructure are increasingly globalized. Recently proposed concepts, such as global innovation systems (Binz 
and Truffer, 2017), global socio-technical regimes (Fuenfschilling and Binz, 2018), or global niche dynamics (Sengers and Raven, 
2015), may provide useful inroads by which to analyze these dynamics. 

However, a consideration of the range of sectoral (re)configurations that could result from space-based infrastructures demon-
strates that a better understanding of multi-system transition dynamics (Kanger et al., 2021; Rosenbloom, 2020) is required. This 
could, for instance, refer to multi-system interactions (e.g., the interactions between satellite infrastructure and Earth-bound, soci-
o-technical systems) or multi-system transitions (e.g., simultaneous transitions among multiple socio-technical systems). These 
inter-related dynamics could lead to shared rules across socio-technical systems—also known as meta-rules—which might drive deep 
transitions (Kanger and Schot, 2019; Schot and Kanger, 2018). The space sector could serve as an important application area for the 
testing and further development of these frameworks. Furthermore, the development of space-based infrastructure does not seem to be 
converging toward one integrated infrastructure design. Owing to geopolitical ambitions, the United States of America, Europe, China, 
and Russia, as well as private companies, are competing for space-based infrastructure leadership by trying to establish their own 
standards for this emerging meta-infrastructure. It is likely that the next decade could bring major shifts toward a green, 
techno-economic paradigm, in which multi-regime transitions will take place. The space sector could also inspire research on other 
drivers of multi-regime transitions, such as artificial intelligence, digital platforms (see Frenken and Schor, 2017; Frenken et al., 2020), 
generic technologies (Andersen and Markard, 2020), and socio-technical “megaprojects” such as the HyNet decarbonization project in 
North West England (Sovacool and Geels, 2021). To ascertain if these inter-related innovation processes will actually contribute to 
sustainability, the directionality of these developments must be addressed explicitly (Mazzucato, 2016; Schot and Kanger, 2018; 
Weber and Rohracher, 2012; Yap and Truffer, 2019). 

3.2. Global multi-system governance for earth-space sustainability 

To ensure earth-space sustainability, the space sector must undergo a sustainability transition to mitigate the environmental im-
pacts of increasing space activities. This requires a formidable governance approach to address a variety of dynamics across sectors and 
policy domains, a challenge made even more daunting as space activities are currently operating under a weak global governance 
regime. Emerging mitigation policies and practices are already calling for technological innovations in pre-launch satellite and 
spacecraft designs, to ensure the appropriate end-of-life disposal or de-orbiting of those devices. Other examples of innovations that 
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have been promoted are space debris removal technologies and reusable rockets. However, these innovations could lead to rebound 
effects or unsustainable developments (Antal et al., 2020; Markard et al., 2021) if they reinforce or facilitate the rapid growth of 
nascent, but controversial, industries such as space tourism (Markard et al., 2020; Spector et al., 2020) or solar geoengineering (Baum 
et al., 2022; Gupta et al., 2020), both of which have highly uncertain planetary consequences. Sustainability challenges in the space 
sector are further complicated by ongoing geopolitical tensions, especially when considering dual-use technologies for national se-
curity purposes. Geopolitical tensions often lead to state competition for dominance or leadership in specific space realms without a 
consideration of the broader sustainability outcomes (Al-Rodhan, 2012); government anti-satellite tests that result in increasing 
amounts of space debris are one such example. 

To ensure that space activities do not promote unsustainable practices, studies on transition policy, which have so far focused mostly 
on place-based or nationally bounded environmental and industrial policies, must embrace the global dimension. This includes under-
standing how socio-technical (re)configurations take place at the global level, contextualizing explicitly international relations (Kern and 
Rogge, 2016), geopolitical considerations (Kivimaa, 2022), and global governance challenges. Next, we turn to the need for integrating 
multi-system transition dynamics with global governance studies, in order to adequately address future earth-space sustainability. 

Outer space is akin to the deep sea, Antarctica, or cyberspace, insofar as it encompasses similar governance challenges of “areas 
beyond national jurisdiction” (Young, 2011, 2020). The governance of space requires a better understanding of socio-technical 
transition or transformation processes, owing to its characteristics as an emerging meta-infrastructure. Governing beyond national 
jurisdiction, in this context, requires acknowledging different, or even partially opposing, approaches to framing problems. For 
instance, some argue that space debris management is a matter of dealing with market externalities, while others see orbital sus-
tainability as an issue of “commons governance” (Ostrom, 1990) at the global level (Ostrom, 2010), which could be approached 
through international, polycentric governance (Morin and Richard, 2021; Shackelford, 2014). The different framings of these prob-
lems are applicable to other pressing global challenges, such as climate change. For instance, the Paris Agreement can be viewed as a 
polycentric, international multi-stakeholder approach to managing a common-pool resource (Kern and Rogge, 2016), while national 
emissions trading schemes frame the problem of ozone depletion as a market externality (Young, 2021). Conceptualizing the challenge 
of earth-space sustainability from different analytical perspectives will enable the identification of more or less desirable future states, 
as well as identify associated core governance challenges. 

To assess earth-space sustainability, it is essential that transition research embraces the intersection points between socio-technical 
systems and their ecological or biophysical conditions (Ahlborg et al., 2019)—in this case, the uses of space and the implications of 
Earth-bound or space sustainability—from the local to global levels (Anderies et al., 2004; Janssen et al., 2007; Young et al., 2006). The 
literature on earth system governance provides insights to such problems as it explicitly considers governance challenges stemming from 
the intertwined nature of social and ecological (or biophysical) environments. In addition, this literature expounds on the need to address 
justice problems on a planetary scale, which goes beyond the usual focus on justice-related obligations that people owe to other people at 
global scale (Biermann and Kalfagianni, 2020). The unsustainable use of the orbits will affect not only societies across the globe (e.g., if 
space-based satellite systems for disaster and environmental management are disrupted), but also future generations and non-human 
entities. The earth system governance literature furthermore argues for anticipatory governance, questioning how emerging technolo-
gies should be governed, for instance by enabling or restricting particular technological developments (Gupta et al., 2020; Muiderman 
et al., 2020). Emerging earth-space multi-system (re)configurations will therefore require new institutional architectures that will be 
built from a complex mix of governance approaches (Biermann and Kim, 2020; Biermann et al., 2009; Young, 2002, 2008). To ensure 
earth-space sustainability, it is essential that the two fields—sustainability transition and global governance—engage more explicitly. 

4. Conclusion 

As space-based infrastructure becomes increasingly indispensable to activities on Earth, the research avenues proposed here are 
critical for addressing the opportunities and challenges of the expanding space sector, not only to accelerate Earth-bound transitions 
but also to maintain orbital sustainability. In particular, the increasing interdependencies between space-based infrastructure and 
Earth-bound sustainability, as well as between associated large-scale multi-system (re)configurations, offer a unique lens for under-
standing emerging sustainability-oriented paradigm shifts. In addition, the growing role of states and private companies in the 
management, or even “ownership,” of next generation space-based meta-infrastructure might be reinforcing—if not exacer-
bating—distributional tensions in the current global power structure on Earth. This challenges sustainability transition research to 
critically assess alternative pathways toward earth-space sustainability. The analytical scope of sustainability concerns has to extend 
beyond the Earth’s orbits, as human activities rapidly expand to other celestial bodies such as the Moon, Mars, and asteroids. The need 
for future earth-space sustainability urges transition and global governance research to engage more closely in the coming years. 
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