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Preface

In 1946, the organisation then known
as Project RAND conducted its first
study, entitled ‘Preliminary Design of an
Experimental World-Circling Spaceship’, on
behalf of the US Air Force. This offered an
early and tentative vision of how humanity
might one day place satellites and even
astronauts into orbit, a possible prelude to
exploring Earth’s Moon and spreading across
and beyond the solar system. Coming over a
decade before the Soviet Union successfully
launched Sputnik 1 in 1957, the RAND
researchers could not have predicted all
the myriad ways in which this impending
‘space age’ would transform science and
technology, politics, national security, the
economy, culture and society. Exploitation
of space has since been driven by a mix
of competition and collaboration, initially
between national governments but more
recently with private and commercial actors
playing an increasingly prominent role.
The view from 2021 finds the UK now
contemplating a second ‘space race’, bringing
both threats and opportunities to its national
interests, values and way of life. Unlike the
1960s, this period of acute and intensifying
competition is not one between two opposing
superpowers; rather, it involves a varied mix
of established and emerging actors who seek
opportunity and advantage through use of
space and related products and services.
In part, this mirrors the broader dynamics
of geopolitical and economic competition.

It also reflects progress made in the last
decade in driving down the costs of access
to space, potentially making whole new
categories of future activities viable from both
a technological and cost perspective.
To address these threats and opportunities, the
UK has developed a National Space Strategy.
This outlines how the UK will build on its
existing national capabilities, partnerships and
base of government, scientific and industry
expertise to promote new benefits from use
of space and related services. While it focuses
primarily on priorities and challenges in the
next ten years, developing the strategy also
required cognisance of potential transformative
changes out to 2040 and 2050. The UK Space
Agency (UKSA) therefore commissioned RAND
Europe’s Centre for Futures and Foresight
Studies (CFFS) in June 2020 to investigate
possible ‘high risk, high reward’ uses of space
– and the threats and opportunities they
present – out to 2050. Part of the global RAND
Corporation, RAND Europe is a not-for-profit
research institute whose mission is to help
improve policy- and decision-making through
objective research and analysis.
For more information about the study or RAND,
please contact:
James Black, European Lead – RAND Space
Enterprise Initiative (RSEI)
RAND Europe, Westbrook Centre, Milton Road,
Cambridge, CB4 1YG
jblack@randeurope.org
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Executive summary

The space economy out to 2050
may be characterised by wideranging and disruptive change,
creating ‘high risk, high reward’
opportunities
In the six decades since humanity launched
its first satellite into orbit, access to and use of
space has become essential to modern digital
society and to many aspects of everyday life.
Recent years have witnessed major changes in
how humans are exploiting space, in terms of
both the number and nature of space-related
activities conducted by government, military
and commercial actors. With the cost of launch
falling and heavy global investment in new
technology, space is becoming increasingly
‘congested, contested and competitive’.1 The
impact is already being felt today, reflected in
growing interest in space among policymakers,
businesses and the general public. However,
the long-term implications of new and
emerging trends in humanity’s use of space
remain uncertain. Looking out to 2050, further
expansion and changes in the already complex
dynamics of the space domain and the nature
of the space economy are likely.2

Historically and in recent years the space
sector has been characterised as ‘one of the
hidden success stories of British industry’,
with significant government and industry
aspirations for further development of the UK’s
civil and commercial space sector.3 While the
future space economy may provide significant
opportunities for space-faring nations such as
the UK, there are also costs, risks and barriers
to the implementation of such ambitions.
These arise from governance and regulatory
challenges, as well as uncertainty about the
cascading impact that space-related activities
might have in the long term, with the potential
for radical change in the future dynamics of
global society, politics and economics on Earth.

This study explores the variety of
possible future uses of space and
the potential for a ‘paradigm shift’
if ambitions for 2050 are realised
Against this backdrop of rapid change
and global competition, and to support
development of an overarching National Space
Strategy, in 2020 the UK Space Agency (UKSA)
identified a need to establish a more holistic

1

Schulte (2011).

2

‘The global space economy, as defined by the OECD Space Forum, comprises the space industry’s core activities in
space manufacturing and in satellite operations, plus other consumer activities that have been derived over the years
from governmental research and development.’ Source: OECD (2014).

3

Space IGS (2010); Space Growth Partnership (2018).
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understanding of the changing landscape of
space-based activities, and to identify any
future space markets that may impact the
long-term future of the sector, and of the UK
more generally.4
To this end, the UKSA tasked a team from
RAND Europe’s Centre for Futures and
Foresight Studies to characterise the possible
breadth, complexity and impact of activities in,
through or enabled by space out to 2050, as
well as to identify potential ‘game-changers’
and the implications for the UK space sector.
This study and resultant report focus on
addressing a series of overarching research
questions (RQs):
•

RQ1 How will the way we use space
change?

•

RQ2 Who will the key space actors be?

•

RQ3 How well-placed is the UK to address

future changes?
To meet the objectives of this study, the team
adopted a structured research approach that
utilised a variety of methods for data collection,
as well as synthesis and analysis of the data
inputs. The research process and methodology
used in the study are described in further detail
in Chapter 1 of the main report.
This analysis is not intended to provide a firm
prediction of what will or should happen in
the fast-changing space sector. Instead, it
provides an overview of government, military,
industry, academic and civil society projections
as to what might happen, based on current or
anticipated changes in technology, markets
and wider society out to 2050. The study
examines potential drivers of change across
the space economy and considers the possible
implications for prosperity, the environment,

national security, science and discovery, and
international collaboration. This research is not
intended as a detailed feasibility study or costbenefit analysis of any individual proposals
for a new use of space. It is also focused on
developments in the space economy itself
and does not investigate possible terrestrial
alternatives (e.g. the feasibility of developing
alternative future means of delivering services
currently provided by satellites) in the same
detail. Nonetheless, the study identifies highlevel and cross-cutting barriers and enablers
that may help to determine how soon – if
ever – some of the more ambitious plans for
the future of space are realised. This reflects
the need to maintain an open mind on how
transformative future changes in the space
domain may be, whilst also critically examining
the realism of different actors’ plans to avoid
‘science fiction’ or ‘hype’.

The space economy represents
a broad ecosystem of spacebased and terrestrial markets and
activities
Projections for the future of the sector out to
2050 reflect the multi-stakeholder nature of the
space economy and the growing integration of
space-based and terrestrial activities to deliver
value. Depending on the intended recipient or
end user, this value may take different forms.
Examples of possible benefits to be derived
from space include new scientific knowledge,
political prestige, a tactical military advantage
or the generation of profit, exports and jobs.5
To provide a systematic characterisation of the
complex and evolving ecosystem that is the
space economy both today and out to 2050,
the research team developed a taxonomy

4

Though this report is being published following the launch of the UK National Space Strategy, all underpinning
research by RAND was completed prior to the strategy’s finalisation and release.

5

Strada & Sasanelli (2018).
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Figure ES-1 Taxonomy – elements of the global space economy

Source: RAND Europe analysis.

to map trends in the space-related literature
in terms of different drivers, upstream and
downstream markets and applications, and

6

possible end users (shown diagrammatically in
Figure ES-1).6

In the context of this study, the upstream segment of the space economy is understood to encompass ‘activities
related to sending spacecraft and satellites into space, including the manufacturing of launch vehicles and satellites’.
The downstream segment refers to ‘activities utilising space data to offer products or services (space applications)
as well as ground segment applications (space operations)’. Source: Duke et al. (2019).
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Chapter 2 of the main report provides a more
detailed description of each of the elements
that compose the global space economy,
along with analysis of both technical and
non-technical enablers and constraints that
are likely to influence the future speed and
direction of change within the sector.

new types of space product and service
through innovation.
•

Evolving concepts for space flight
and operations: Further to the evolving
technology landscape, the future space
economy is expected to be shaped by
a wide range of evolving concepts for
spaceflight and novel designs for satellites,
space infrastructure and installations. This
could entail a refocusing of production
lines and supply chains to focus on design,
fabrication, assembly, launch and in-service
support of an increasing variety and
number of space objects.

•

The application of new technologies and
techniques, including ‘Industry 4.0’: New
tools and business models associated with
the so-called Fourth Industrial Revolution
are expected to make possible the new
concepts and technologies discussed
above through development of new
industrial processes. This is envisaged
to take place through implementation
of ‘cyber-physical systems’ across the
entire value chain, accompanied by the
digitalisation of all products and processes
to enable unprecedented levels of real-time
monitoring, optimisation and productivity.8

Looking out to 2050, upstream
markets are likely to undergo
major change as a result of
new technology, concepts and
industrial processes
The upstream segment of the space economy
involves a series of industrial processes that
combine to design, manufacture and launch
objects (i.e. spacecraft, satellites) for suborbital
or orbital missions, or for ambitious journeys
across or beyond the Solar System. Out to
2050, the upstream segment may experience
both incremental and transformative change
as a result of new developments, most notably
in relation to:
•

Development, adoption and adaptation
of new and emerging technologies: Out
to 2050, the sector is projected to benefit
from continuing advances in space
technologies as well as beneficial spillovers
from adjacent technical disciplines, such
as advanced manufacturing, autonomy
and robotics or computing, among many
others. Continued emphasis on R&D within
the UK space sector and the development
of a high-skilled technical workforce
(particularly in relation to STEM skills)7 both
represent important enablers for enhancing
existing capabilities or unlocking entirely

In combination with a continued drive to reduce
the financial cost of access to and sustained
use of space, these trends are projected to
have a transformative impact on industry
– as discussed further in Chapter 3 – with
knock-on implications for the size and scope
of downstream markets and applications.
These present the UK both with substantial
opportunities and new challenges in a highly
competitive global market.

7

Science, Technology, Engineering and Mathematics (STEM).

8

Cyber-physical systems can be described as ‘integrations of computation, networking, and physical processes’, in
which miniaturised computers and sensors are embedded in materials, machines or products to create a single
integrated network, i.e. the Industrial Internet of Things (IIoT). University of California Berkeley (2018).
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The space economy of 2050 is
likely to encompass a variety
of use cases downstream,
addressing space, hybrid and
terrestrial markets
The future space economy is, out to 2050,
likely to comprise an increasingly extensive
breadth of activities and markets, involving a
wide range of civil, commercial and military
stakeholders all seeking to utilise space-based
products and services for a variety of purposes.
Drawing on a range of data collection tools, the
research team identified around 200 potential
such use cases within space, hybrid and
terrestrial markets, and organised these into 15
clusters (summarised in Figure ES-2).
The research team characterised each cluster
by describing the key use cases within the
relevant space, hybrid and terrestrial markets;
the main actors; the value proposition to civil,
military, commercial and other end users and
consumers; the estimated timeframes for
adoption; the drivers, enablers and barriers;
and the potential impacts and implications
for UK space sector priorities. This analysis
is summarised in Chapter 4 of the main
report and a more comprehensive description
of each use-case cluster is provided in the
accompanying Technical Annex.
The number and diversity of the different
markets and sectors that are expected to
experience major changes due to spacerelated activities out to 2050 reflect the

increasing integration of the space economy
into all aspects of the global economy, as well
as modern digital society and ways of life.
Increasing exploitation of space is likely to drive
convergence and interdependency, including:
•

Convergence between the space economy
and all other sectors of the wider economy,
forging new links and interdependencies
between industries and potentially, over
the long-term, enabling the emergence of
a fully integrated ‘cis-lunar econosphere’9
that could one day link economic activities
on Earth, in orbit and elsewhere across the
Solar System (e.g. through installations on
the Moon, Mars or further afield).10

•

Convergence between multiple
technologies, markets and use cases,
often with the most disruptive effects
stemming not from a single ‘paradigm
shifting’ breakthrough but rather the
combination of a mix of both old and new
technologies and techniques to provide
a new solution to a problem or apply an
existing solution in a novel context.11

Various socio-technological
enablers and barriers will shape
the evolution of upstream and
downstream space markets to
2050
Analysis of the evolving nature of the upstream
and downstream segments of the future
space economy suggests that a range of

9

The term ‘cis-lunar econosphere’ refers to the idea of a fully integrated and interconnected ecosystem of space-based
assets and operations in orbit, on the lunar surface and, over time, other celestial bodies further afield (e.g. Mars).
Source: Scott et al. (2015).

10

Scott et al. (2015).

11

This model is analogous to the development in the mid-2000s of the smartphone. This was not the product of a
single radical new breakthrough, but rather of multiple incremental advances in a variety of different technology areas
(e.g. touchscreens, lithium-ion batteries, 3G connectivity) that were combined through innovative design to develop a
disruptive product that allowed new entrants (e.g. Apple) to rapidly seize market share from once-dominant players
(e.g. Nokia, Motorola) and generate entirely new value chains (e.g. app development for iOS or Android).
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Figure ES-2 Summary of use-case clusters

Agriculture

Climate & environmental protection

Energy

Space-based food production
and space-based services for the
terrestrial agricultural sector

Space-based and space-enabled
applications for environmental
protection and mitigating the effects
of climate change, global warming and
environmental degradation

Applications for space-based energy
production, storage and utilisation for
space and terrestrial needs, as well as
space-based applications for terrestrial
energy markets (e.g. modelling of
market dynamics and monitoring of
energy infrastructure)

Construction, repair & engineering
Construction and maintenance of
space-based infrastructure as well
as use of space-based services
for connectivity and monitoring for
terrestrial construction

Extractive industries
Asteroid, comet and planetary mining
for water, metals and other resources,
as well as space-based applications
for terrestrial resource extraction
(e.g. connectivity for mining Industrial
Internet of Things [IIoT])

Tourism, culture & entertainment
Space-based culture and entertainment
services, including space tourism, and
provision of entertainment and culture
in space, as well as space-enabled
content and connectivity for arts,
culture and entertainment markets

Defence, security and safety
Applications for providing and
ensuring security and safety of
the space environment (e.g. debris
mitigation and planetary defence)
and terrestrial populations

Finance and commerce

Health, medicine & pharmaceuticals

Applications of space-based services in
global finance and trade and financial
technological innovations contributing to
the development of the space economy
(e.g. trust and privacy services)

Space-based health, telehealth and
telemedicine services, space-based
medical research and applications
for terrestrial pharmaceutical and
healthcare services including medical
and pandemic response

Illicit activities
Uses of space for illicit or criminal
purposes, including space-based
criminality (e.g. space piracy,
hacktivism and protests), and
terrestrial crime (e.g. cyber and
electronic attacks on space objects
or satellite-enabled criminal activities)

Logistics

Manufacturing

Space-based logistics services (e.g.
commercial resupply and material
recycling), and use of space-based
applications, particularly EO and
satellite connectivity for terrestrial
logistics systems and operations

Manufacturing in space, including
on-orbit or planetary assembly and
additive manufacturing, and spacebased applications for terrestrial
manufacturing (e.g. connectivity and
PNT for the Industrial Internet of Things)

Science, research and education

Telecommunications

Space exploration (including crewed,
uncrewed and robotic missions) and
use of space for scientific, research
and education purposes on Earth (e.g.
connectivity for e-learning and research
and academic institutions)

In-space communications and spacebased telecommunications services
for space and terrestrial activities (e.g.
next-generation SATCOM, fixed and
mobile satellite communications and
global broadband)

In-space transportation systems and
services (e.g. traffic management and
safety-critical services), and spacebased applications for air, maritime and
land transport (e.g. vehicle-to-vehicle
communications, support to driverless
vehicles etc.)

Source: RAND Europe analysis.

Transport

XI

Table ES-1.1 Summary of key cross-cutting enablers
Category

Description

Cross-cutting
enablers

Incremental advances in space-based and enabling technologies – and better utilisation
of existing technology.
Commercialisation and public-private sector partnerships.
The falling cost of launch facilitated by commercialisation and technological advances.
Fostering public discourse as well as public and political interest in space.

Source: RAND Europe analysis.

Table ES-1.2 Summary of key cross-cutting barriers
Category

Description

Cross-cutting
barriers

Limited access to funding and structural inefficiencies in public funding mechanisms.
Uncertainties concerning technology readiness levels as well as ethical and governance
implications of future space applications.
Barriers to sector-wide innovation and adoption of Industry 4.0.
Insufficient national and international legal and regulatory mechanisms.
Challenges in the development of effective space domain awareness, space debris
removal and associated risk-mitigation capabilities.

Source: RAND Europe analysis.

technological and non-technological factors
will determine the extent to which ambitions for
transforming the civil, commercial and military
space sectors are realised, by exerting either
an enabling or constraining effect. Though
individual markets and applications arising
from use of space may be enabled by locally
specific trends and factors, several crosscutting enablers were identified, as discussed
in Chapter 5 and summarised above in Table
ES-1.1.
The prospects for realisation of future
ambitions in space may also be constrained
by a range of persistent technological and nontechnological barriers. These are summarised
in Table ES-1.2.

Several considerations can help
ensure a more ‘future proof’ space
strategy
There are several implications for the UK
stemming from this study as it considers what
long-term threats and opportunities out to 2050
mean for implementation of the UK National
Space Strategy. As further discussed in Chapter
6, this includes the need for the UK to:
•

Consider the increasing convergence
between the space economy and all other
sectors of the wider economy, as well
as the convergence between multiple
technologies, markets and use cases.
This encourages a ‘portfolio approach’
to risk and technology investments,
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including a mix of foundational and applied
research, a balance between ‘high risk, high
reward’ ideas and pursuit of cumulative
incremental advances.
•

12

Work with its partners and allies towards
adapting international legal, regulatory
and normative mechanisms to foster a
deeper understanding of the dynamics of
competition and collaboration in space
and maximise national influence over the
future direction of an increasingly multistakeholder global space economy.

•

Strengthen the understanding of the UK’s
unique strengths and ‘value proposition’ as
a potential partner for other government,
military, commercial and civil actors with
whom it hopes to collaborate in future.

•

Continuously promote innovation and
enhance the capacity of space-related
organisations to identify, assess and
embrace new concepts or technologies
that may increase the agility, adaptability
and, ultimately, competitiveness and
resilience of the UK space sector.12

Application of methods and tools – such as gaming and table-top exercises, scenario analysis, backcasting, horizon
scanning, technology-watch, assumptions-based planning and both qualitative and computational Robust Decision
Making (RDM) techniques – could assist in this process. For more examples, see the GO Science ‘Futures Toolkit’
(Government Office for Science, 2017), or RAND CFFS website (RAND Europe, n.d.).
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1

Introduction

1.1. The space economy to
2050 may be shaped by wideranging and disruptive change,
creating ‘high risk, high reward’
opportunities
Recent years have witnessed a significant
change in the space domain, both in terms of
the number and nature of space-based activities
conducted by civil, military and commercial
actors.13 Although ‘historic’ space-faring actors
– such as the United States and Russia – still
play a major role in the space economy, the
emergence of space-faring commercial actors,
as well as emerging powers such as China
and India, has contributed to an increasingly
complex security, commercial and regulatory
landscape in space.14 The increasing scope
of activities in space and relevance of spacebased services to the provision of security and
prosperity on Earth have also resulted in an
increasing number of man-made objects in
space, which in addition to natural objects (e.g.
meteors) exacerbate the risks posed by space
debris.15 This rapid multiplication of actors

with differing motivations and ambitions for
the use of space, and the increasing number
of man-made objects propelled in low (LEO)
and medium Earth orbits (MEO), have resulted
in characterisation of the space domain
as increasingly ‘congested, contested and
competitive’.16
Out to 2050, projected trends indicate a
significant expansion and change in the already
complex dynamics of the space domain
and the nature of the space economy. The
Organisation for Economic Cooperation and
Development (OECD) provides a definition of
the global space economy as outlined in Box 1.
Box 1 Defining the space economy
‘The global space economy, as defined by
the OECD Space Forum, comprises the
space industry’s core activities in space
manufacturing and in satellite operations,
plus other consumer activities that
have been derived over the years from
governmental research and development.’
Source: OECD (2014).

13

Retter et al. (2019).

14

In 2020, for example, China successfully landed its Chang’e 5 probe on the lunar surface to place a flag and collect
moon rocks for return to Earth. China, India and Russia have all so far rejected the idea of signing the new ‘Artemis
Accords’ agreed between the United States, UK, Australia, Canada, Italy, Japan, Luxembourg and the United Arab
Emirates to set out shared international principles for exploration and utilisation of the Moon.
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NATO PA (2018).
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Schulte (2011).
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Today, nations appear increasingly reliant
on space-based services to provide security
and prosperity for their populations. Civil and
military actors increasingly utilise satellite
technologies – such as Earth observation
(EO), satellite communications (SATCOM),
and positioning, navigation and timing (PNT)
– to underpin a wide range of applications.
Commercial organisations as well as publicprivate partnerships are extending the scope
and scale of space-based and space-enabled
markets in increasingly large parts of the
terrestrial economy.17 The falling cost of
access to space is likely to incentivise and
enable the participation of an increasing
number of actors in space-based activities, be
it for commercial, political, security-related or
scientific motivations. In light of these trends
and ongoing innovation across the sector
and wider economy, the global space market,
currently estimated at £240bn, is projected to
be worth £0.8tn by 2040.18
While the future space economy may provide
significant opportunities for space-faring
nations such as the UK, there may be risks
and barriers to the implementation of such
ambitions. Such risks arise out of governance
and regulatory challenges as well as
uncertainty concerning the impacts of activities
in the medium- and long-term (i.e. out to 2050
and beyond) that may radically change existing
socio-political, governance and economic
dynamics on Earth. For example, space-based

extractive industries may have a dramatic
enabling effect on space exploration and
establishment of human space-based habitats
through the provision of in-situ resources.
Highly lucrative industries – such as asteroid
mining – may however also significantly
increase the incentives for space-based
crimes, such as ‘space piracy’, and any sudden
drastic increase in supply of valuable materials
may induce shocks for terrestrial markets.19
Technological advances, falling costs of
access to space and innovation in governance
and business models are thus likely to
converge and create large, new space-based
or -enabled markets, changing the nature of
established industries.20
Historically and in recent years the space
sector has been characterised as ‘one of the
hidden success stories of British industry’, with
significant aspirations for further development
of the UK’s civil and commercial space sector.21
In 2016–2017 alone, the UK space industry
featured revenue worth £14.8bn, a growth
rate of 3.3 per cent and 5.1 per cent of the
global space economy, and was a major
player in certain niches such as design and
manufacture of small satellites.22 Current
efforts to ‘develop, grow and exploit new space
related opportunities’, as set out by the 2010
Space Growth and Innovation Strategy, are
guided by an ambition for the UK space sector
to capture 10 per cent of the global space
market by 2030.23 This ambition – alongside

17

Throughout this report, the authors refer to ‘space based’ markets and services as encompassing processes in which
the input, activity and output are actualised within the space domain. They refer to ‘space enabled’ markets and services
as those in which activities taking place within the space domain lead to activities or outputs situated on Earth.
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Morgan Stanley (2019); Lloyds & London Economics (2019).

19

Axe (2017); O’Connell (2019).

20

Kalam (2008); Greason & Bennett (2019); Metzger et al. (2013).

21

Space IGS (2010); Space Growth Partnership (2018).

22

Lloyds & London Economics (2019).

23

Space IGS (2010).
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those embedded in the new UK National
Space Strategy, published in September 202124
– indicates a need for UK stakeholders to
establish a more holistic understanding of the
changing landscape of space-based activities,
as well as identify any future markets that may
impact the long-term future of the space sector.

1.2. This study aims to
characterise the variety of
possible future uses of space out
to 2050, and identify potential
paradigm changes
The overarching objective of this RAND study
is to characterise the landscape of activities
in – and uses of – space out to 2050, as
well as to identify the greatest potential
‘paradigm changes’ to that landscape, and
the implications for the UK space sector. The
underpinning research was part of a wider
effort to support decision-making concerning
the priorities set out for and by the UK National
Space Strategy.25 To support the study’s
overarching objective, this study focuses on a
series of research questions (RQs):
•

RQ1 How will the way we use space
change?

•

RQ2 Who will the key space actors be?

•

RQ3 How well-placed is the UK to address
future changes?

To address these RQs, the study team adopted
a comprehensive data collection and analysis
strategy designed to maximise the breadth
of sources consulted in the time available,
going beyond ‘mainstream’ academic and grey
literature and perspectives to identify emerging

disruptive trends. Details of the methodological
approach are discussed in the next section.
While this study includes a discussion of future
uses of space directed at defence and security,
as well as the uses of space for illicit and
criminal purposes, the focus of the research
is primarily on civil and not military aspects. In
particular, the study approach has prioritised
identification and assessment of ‘high risk,
high reward’ opportunities in that landscape –
while recognising that there may be areas of
potential convergence between multiple future
trends. Whilst each of these trends represents
an incremental change when considered
individually, they may collectively have a
disruptive effect on the space ecosystem out
to 2050.
This study is not intended to provide a firm
prediction of what will or should happen in
the fast-changing space sector. Instead, it
provides an overview of government, military,
industry, academic and civil society projections
as to what might happen, based on current or
anticipated changes in technology, markets
and wider society out to 2050. The research
examines potential drivers of change across
the space economy and considers possible
implications for prosperity, the environment,
national security, science and discovery, and
international collaboration. Although this
contains high-level discussion of future market
opportunities for the UK space sector, it does
not aim to provide a global market analysis, nor
to comprehensively assess the precise potential
value of the identified markets and use cases.
Rather, it aims to characterise the potential
scope of benefits for end users – including
relevant UK civil and commercial actors and
individual consumers – and characterise the

24

For the National Space Strategy see HM Government (2021).

25

Though this report is being released following the launch of the UK National Space Strategy, all underpinning
research was completed prior to the Strategy’s finalisation and release.
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Figure 1.1 Summary of research approach

Desk research &
rapid evidence
assessment

Science &
technology horizon
scanning

Long-list of
use cases &
clustering

Case study
research of 15
use case ‘clusters’

Development of
taxonomy

Targeted literature
review on enablers
& barriers

Consultation with
RAND expert
community

nature of potential opportunities and barriers
for the UK space sector.
This research is not intended as a detailed
feasibility study or cost-benefit analysis of
any individual proposals for a new use of
space. The data collection was focused on
developments in the space economy itself and
the analysis thus does not investigate possible
terrestrial alternatives (e.g. the future feasibility
of developing alternative means of delivering
services currently provided by satellites) in the
same detail. Nonetheless, the study identifies
high-level and cross-cutting barriers and
enablers that may help to determine how soon
– if ever – some of the more ambitious plans
for the future of the sector may be realised.
This reflects the need to maintain an open mind
as to how transformative the scale and pace
of change in the sector could be, whilst also
critically examining the realism of ideas that
may fall into the trap of ‘science fiction’ or ‘hype’.

Synthesis, final
analysis and
reporting

1.3. The research team adopted
a structured approach to identify
potential uses of space to 2050
and cluster them as case studies
To meet the objectives of this study, a team
from RAND Europe’s Centre for Futures and
Foresight Studies (CFFS) adopted a structured
research approach that utilised a range
of methods for data collection, as well as
synthesis and analysis of the data inputs. This
research approach is summarised in Figure 1.1.
In the first phase of research, the study team
utilised a range of data collection methods to
compile a long-list of use cases, capturing the
breadth of information concerning projected
or potential future uses of space out to 2050.
To do so, the team first identified 158 literature
sources that were scanned for information
using a data-extraction template. The sources
were identified through a combination of
targeted searches on Google and Google
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Scholar as well as a ‘snowballing’ strategy.26
This initial literature review was complemented
by a review of RAND Europe’s Science &
Technology (S&T) Horizon Scanning database,
which captured an additional 106 spacerelated breakthroughs or trends from scientific
and technology-oriented websites and news
media.27 Lastly, the wider RAND space
research community was consulted during
generation of the final long-list of use cases,
which comprised 204 potential uses of space.
The research team subsequently conducted
an initial analysis of the use cases, which
generated a set of 15 thematic clusters and a
taxonomy of the different constituent elements
of the wider space ecosystem. Figure 1.2
presents the thematic clusters, while Chapter 2
introduces and discusses the taxonomy.

•

Description of the case study: Summary
of the case study, including key current and
potential future developments, prominent
use cases, and key enablers and barriers.

•

Use cases: List and description of relevant
use cases in space, hybrid and terrestrial
markets.28

•

Main actors: Description of key civil,
military and commercial actors in the
sector as well as note-worthy projects and
activities of these actors relevant to the
case study.

•

Value proposition to end users:
Description of potential benefits for
end users, namely government (civil),
government (military), civil (commercial),
civil (other) and individual consumers.

To characterise and analyse the potential
impacts of the use cases in the thematic
clusters – which were identified by the
research team in consultation with UKSA and
the wider RAND expert community – the team
conducted case-study research of the 15
identified clusters. This involved synthesising
information captured in the data collection,
phase and conducting additional targeted
desk research to fill potential data gaps. Data
collected through the case-study research
was then consolidated by using a structured
template covering the following issues:

•

Estimate of timeframes: Description of
estimated timeframes for the realisation
of the use cases, including status of
development in existing efforts.

•

Drivers and enablers: Summary of key
identified drivers and enablers for future
development of the sector out to 2050.

•

Potential barriers and challenges to
implementation: Summary and discussion
of key current and potential future barriers
to future development of the sector,

26

Whereby additional sources are identified from the reference lists of other sources.

27

Originally developed for the UK’s Defence Science and Technology Laboratory (and used since 2016 to provide
monthly analyses for Dstl of emerging developments in science and technology), RAND’s database draws on a
proprietary software tool and analyst input to scrape and aggregate information on the latest S&T developments from
a large range of academic, industry, news media and social media sources from the Internet, including non-English
language sources (in Mandarin, Russian and French). This currently contains over 6,000 new and emerging S&T
items, grows by around 200 entries per month, and can be queried to draw out specific disciplines and/or application
areas. For this study, the team captured all space-related items and insights from existing network analysis
conducted to assess convergence between disciplines (e.g. between space and artificial intelligence, or space and
materials science).

28

Throughout this report, the authors refer to ‘space markets’ to denote uses of space aimed at supporting other
activities in space (e.g. waystations for refuelling), ‘hybrid markets’ to denote uses of space for space as well
as terrestrial applications (e.g. space-based solar-power generation to meet demand in space or on Earth), and
‘terrestrial markets’ to denote uses of space directed towards applications on Earth (e.g. EO for terrestrial climate
monitoring).
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Figure 1.2 Summary of use case clusters

Agriculture

Climate & environmental protection

Energy

Space-based food production
and space-based services for the
terrestrial agricultural sector

Space-based and space-enabled
applications for environmental
protection and mitigating the effects
of climate change, global warming and
environmental degradation

Applications for space-based energy
production, storage and utilisation for
space and terrestrial needs, as well as
space-based applications for terrestrial
energy markets (e.g. modelling of
market dynamics and monitoring of
energy infrastructure)

Construction, repair & engineering
Construction and maintenance of
space-based infrastructure as well
as use of space-based services
for connectivity and monitoring for
terrestrial construction

Extractive industries
Asteroid, comet and planetary mining
for water, metals and other resources,
as well as space-based applications
for terrestrial resource extraction
(e.g. connectivity for mining Industrial
Internet of Things [IIoT])

Tourism, culture & entertainment
Space-based culture and entertainment
services, including space tourism, and
provision of entertainment and culture
in space, as well as space-enabled
content and connectivity for arts,
culture and entertainment markets

Defence, security and safety
Applications for providing and
ensuring security and safety of
the space environment (e.g. debris
mitigation and planetary defence)
and terrestrial populations

Finance and commerce

Health, medicine & pharmaceuticals

Applications of space-based services in
global finance and trade and financial
technological innovations contributing to
the development of the space economy
(e.g. trust and privacy services)

Space-based health, telehealth and
telemedicine services, space-based
medical research and applications
for terrestrial pharmaceutical and
healthcare services including medical
and pandemic response

Illicit activities
Uses of space for illicit or criminal
purposes, including space-based
criminality (e.g. space piracy,
hacktivism and protests), and
terrestrial crime (e.g. cyber and
electronic attacks on space objects
or satellite-enabled criminal activities)

Logistics

Manufacturing

Space-based logistics services (e.g.
commercial resupply and material
recycling), and use of space-based
applications, particularly EO and
satellite connectivity for terrestrial
logistics systems and operations

Manufacturing in space, including
on-orbit or planetary assembly and
additive manufacturing, and spacebased applications for terrestrial
manufacturing (e.g. connectivity and
PNT for the Industrial Internet of Things)

Science, research and education

Telecommunications

Space exploration (including crewed,
uncrewed and robotic missions) and
use of space for scientific, research
and education purposes on Earth (e.g.
connectivity for e-learning and research
and academic institutions)

In-space communications and spacebased telecommunications services
for space and terrestrial activities (e.g.
next-generation SATCOM, fixed and
mobile satellite communications and
global broadband)

In-space transportation systems and
services (e.g. traffic management and
safety-critical services), and spacebased applications for air, maritime and
land transport (e.g. vehicle-to-vehicle
communications, support to driverless
vehicles etc.)

Source: RAND Europe analysis.
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•

including technical, regulatory, legal, ethical
and political barriers.

The rest of the main report features five
additional chapters:

Potential impacts and implications
for UKSA priorities: Summary of key
impacts and potential benefits in relation
to five broad priorities for the UK National
Space Strategy, namely: ‘prosperity’,
‘environment and the net-zero economy’,
‘national security and defence’, ‘science
and discovery’, and ‘international space
collaboration’.

•

CHAPTER 2 – Mapping potential future
uses of space: Discusses the research
team’s taxonomy for characterising the
future space economy in terms of drivers,
upstream and downstream markets and
applications, and the different categories of
end users that shape the sector’s evolution.

•

CHAPTER 3 – Future upstream markets
and applications out to 2050: Discusses
high-level trends and new technologies
affecting the design, manufacture and
launch of space objects to 2050.

•

CHAPTER 4 – Future downstream
markets and applications out to 2050:
Discusses the scope of potential uses
of space out to 2050, as captured in 15
clusters.

•

CHAPTER 5 – Enablers and barriers
for future uses of space out to 2050:
Provides a more in-depth discussion of the
relevant enablers and barriers, especially
those influencing the realisation of more
ambitious ‘paradigm shifts’ postulated for
the space economy out to 2050.

•

CHAPTER 6 – Conclusion and
implications for the UK: Discusses the
potential implications of the identified
landscape of future uses of space for the
UK space sector; provides an overview of
the key insights and conclusions of the
study, as well as potential avenues for
further research.

A summary of key insights from the casestudy research is provided in Chapter 3, with
detailed write-ups of the individual case studies
captured in accompanying Technical Annex.
In addition to the case-study research, this
report contains a discussion of the key
enablers and barriers for the realisation of the
envisaged future uses of space that may be
most likely to present ‘paradigm’ changes to
the space and terrestrial economies out to
2050. This discussion is based on a synthesis
of insights from the case-study research, as
well as a review of selected academic and
grey literature sources. This analysis aims
to contribute to the UKSA’s understanding of
possible barriers and challenges that might
need to be overcome in the near-term (i.e.
2020–2030) to position the UK space sector
to exploit the new opportunities that might
exist in the medium- (2030–2040) or long-term
(2040–2050+).

1.4. This report is structured in six
chapters
This introductory chapter sets out the context,
aims and objectives of the study, the approach
taken to address the study’s overarching
research questions, as well as the structure of
the report.

The main report is complemented by a full
bibliography and a Technical Annex which
provides a more in-depth description of each of
the 15 future space market-clusters.
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Mapping potential future uses of space

This chapter characterises the drivers, actors
and activities that compose the space economy
as it stands today and might evolve in future.
This provides the taxonomy or conceptual
framework with which to categorise and frame
discussion of potential new uses of space
out to 2050, as presented for the upstream
segment of the space economy in Chapter 3
and for downstream applications in Chapter 4.
The purpose of this framework is to ensure
a clear and coherent understanding of the
relationship between drivers, actors and
activities that make up the space sector.
This recognises that the myriad speculative
visions that exist for potential uses of space
will only ever come to real-world fruition if
they address the needs of an end user (e.g. a
governmental, military, commercial or scientific
organisation) and add value beyond what can
be achieved using alternative approaches,
products or services (e.g. by terrestrial means).
Understanding the future evolution of the
sector as a function of shifts in both supply
and demand, shaped further by the effect of
both technical and non-technical barriers and
enablers, is essential. This is needed both to
ensure the realism of any projections for what
2050 might look like, as well as to guide any
near-term interventions by the UK National
Space Strategy to shape long-term trends in a
direction that maximises benefits against each

29

Strada & Sasanelli (2018).

of the UK’s strategic priorities, while minimising
costs, risks and threats.

2.1. The space economy
represents a broad ecosystem
of space-based and terrestrial
markets and activities
The space economy involves a wide range of
stakeholders in the integration of both spacebased and terrestrial activities to deliver value in
or enabled by space. Depending on the end user
in question, this value may take different forms,
for example new knowledge, political prestige,
a tactical military advantage or the generation
of profit, exports and jobs. As such, the future
space sector to 2050 represents a ‘much
broader concept than the mere production and
launch of spacecraft into outer space’.29
To allow for a systematic characterisation
and examination of this diverse ecosystem
– with its complex interactions between
multiple inputs, process and outputs across
the sector – the research team developed a
taxonomy to map different drivers, upstream
and downstream markets and applications,
and end users. This taxonomy underpinned
all subsequent data capture and analysis
presented in this study and is shown
diagrammatically in Figure 2.1.

10
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Figure 2.1 Taxonomy – elements of the global space economy

Source: RAND Europe analysis.

The taxonomy captures the constituent
elements of the space economy, namely:
•

Enablers and constraints include various
technological and non-technological
factors that may have an enabling or, on
the other hand, constraining effect on
upstream and downstream segments of

the space economy. Technological factors
may include advances in technical systems
– such as propulsion, communications
technologies and sensors – and key
enabling technologies beyond space, such
as artificial intelligence (AI) and machine
learning (ML). Non-technological factors

11

include a range of capital, regulatory,
cultural, political and organisational
considerations that shape the human
context in which those technologies are
developed, combined and applied.
•

•

•

Drivers include the priorities set by key
actors and stakeholders that underpin the
space economy and determine the metrics
by which space activities are judged to
have delivered ‘value’, justifying the costs of
different space activities by their benefits.
The taxonomy captures five such priorities
that represent fundamental drivers for
future development of the UK space sector
and its activities in space: national security;
prosperity; promotion of a sustainable
environment and a net-zero economy;
expanding scientific knowledge and
discovery; and strengthening stakeholder –
including international – collaboration.
Upstream segment of the space economy,
which includes ‘activities related to sending
spacecraft and satellites into space,
including the manufacturing of launch
vehicles and satellites’.30 The research
team characterised the upstream space
economy as encompassing research
and development, (terrestrial) design
and manufacturing activities, launch and
satellite operations, ground infrastructure,
and other ancillary services such as project
management or legal.
Downstream segment of the space
economy, which includes ‘activities utilising
space data to offer products or services
(space applications) as well as ground
segment applications (space operations)’.31
Space operations include access to
space, intra-space transportation, satellite
operations and space installations

30

Duke et al. (2019).

31

Duke et al. (2019).

(including habitats and other facilities
established to support the various space
markets, e.g. for energy, mining or scientific
research).
•

Downstream markets, which represent
the full spectrum of potential spacebased applications and uses of space for
commercial, civil and military purposes.
A distinction can be drawn between three
broad types of market: space markets
that are directed towards providing goods
and services in space, hybrid markets that
may have applications both in space or on
Earth, and terrestrial markets where space
services act as enablers directed towards
terrestrial activities.

•

Various end users, including civil and
military government actors, commercial
organisations, other civil end users (e.g.
non-governmental and not-for-profit
organisations) and, ultimately, individual
consumers. End users represent the
beneficiaries of the downstream space
economy, including the various space
applications across different markets, while
the interests, priorities and capabilities
of end users also help to define the
technological and non-technological
enablers and constraints for further
development of the space economy.

2.2. Unlike its products, the
space economy does not exist
in a vacuum, but rather shapes –
and is shaped by – wider market
dynamics
Space represents a defined sector of the
national and global economy in its own right,

12
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but the boundaries that separate it from
other sectors are already porous and likely to
become increasingly blurred in future. There
are already overlaps and established ties within
government, industry and academia between
space and the wider defence and aerospace
sectors, as well as deep connections to
downstream markets which have made
longstanding use of satellite technologies,
such as telecommunications. Deepening these
interlinkages with other parts of the economy
is a stated priority for both public and private
sector actors:
•

32

In the public sector, the UK Government is
committed to deepening cross-government
collaboration on space policy, industrial
and capability development through
the model of Fusion Doctrine and an
‘integrated approach’. First introduced
in the 2017 National Security Capability
Review, this concept emphasises the need
for effective integration of all levers of
power (diplomatic, information, military,
economic) in pursuit of national interests
and strategic objectives.32 This is reflected
in the joint approach of the Department
for Business, Energy & Industrial Strategy

HM Government (2018).

(BEIS), the UKSA and Ministry of Defence
(MOD), in consultation with other
government departments, in formulating
the National Space Strategy – though
of course how coherent the long-term
implementation of space policy will be out
to 2050 remains to be seen.
•

In the private sector, a variety of tools
are used by commercial organisations
to understand future markets, develop
new products and services, and define
their potential use cases in unfamiliar
contexts. These include concepts such
as the ‘customer value proposition’ (often
abbreviated to CVP), first developed in the
1980s and now commonly used by firms
to design the user experience (UX) of a
new product or service. The CVP focuses
on considering how a product or service
feels to use, how it aligns with the user’s
requirements, and the extent to which
it offers features that rival products or
services already on the market do not. One
example of how the CVP for future space
use-cases can be understood is shown in
Figure 2.2.
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Figure 2.2 Understanding the value proposition of a future use case for space to 2050

Source: Black et al. (2020), adapted from Thomson (2013).

Separating realistic prospects for the future
use of space to 2050 from purely speculative
science fiction involves ensuring that a novel
idea addresses real-world users’ needs,
wants or fears, offers a better balance of
benefits, costs and trade-offs than alternative
approaches, and is feasible given technical
and non-technical constraints. In broad terms,
each of the potential use cases explored
in subsequent chapters must in some way
contribute to the pursuit of end users’ priorities
(i.e. the taxonomy’s ‘drivers’ – see Figure

33

2.3). Only then will they receive the necessary
investment of financial, technical, political,
organisational and human resources to
overcome the various engineering, legal and
other barriers that might stand in their way.
This alignment between supply and demand is
ultimately what will determine which envisaged
use cases make it across the oft-cited ‘valley
of death’ that separates the lower Technology
Readiness Levels (TRLs) from successful
commercialisation, and which use cases still
languish on the drawing board by 2050.33

Technology Readiness Levels (TRLs) are a commonly used means for assessing the maturity of a given technology
during its development and acquisition phase. They provide a common reference for understanding and comparing
technology evolution, agnostic of technical discipline. TRLs are commonly categorised as research (TRL 1–3)
development (TRL 4–6) and deployment (TRL 7–9). ‘System Readiness Levels’ offer a similar framework, while the
concept of ‘Manufacturing Readiness Levels’ is also becoming more widely used (Freeman et al. 2015).
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Figure 2.3 Drivers of value chains in the space economy

Source: RAND Europe analysis (2020).

The following chapters explore potential
developments out to 2050 in the upstream
(Chapter 3) and downstream (Chapter 4)
segments on the space economy, before
considering the barriers and enablers (Chapter
5) and implications for near-term UK space
strategy and policy (Chapter 6).

15

3

Future upstream markets
and applications out to 2050

This chapter provides an overview of potential
major developments in the upstream segment
of the space economy out to 2050. It considers
the effects of new technologies and techniques
on the future research, design, manufacture,
launch and operational support of spacecraft,
satellites and payloads. This includes projected
changes in the types and number of objects
that are fabricated and assembled for use
in space out to 2050, as well as novel trends
in the industrial processes employed by
manufacturers and their supply chains to
produce these outputs. The potential future
developments outlined in the following sections
in turn provide the basic elements – i.e. the
underlying space technologies, capabilities
and infrastructure – that could enable and
potentially rapidly accelerate the generation of
downstream applications out to 2050 across
the 15 clusters discussed in Chapter 4 and in
more detail in the accompanying Technical
Annex.

3.1. Upstream markets focus
on design, development,
manufacture and through-life
support of various types – and
uses of – space objects
The upstream segment involves a series of
industrial processes that combine to produce
and launch objects (i.e. spacecraft, satellites)
for suborbital or orbital missions, or journeys
across or beyond the Solar System.
This segment of the global space economy
is characterised by a mix of large-systems
integrators and prime contractors (e.g. national
or multinational aerospace manufacturers,
such as Boeing or Airbus), tier 1 and 2
suppliers of major sub-systems and payloads
(e.g. propulsion), and a variety of large firms
and small and medium enterprises (SMEs)
producing parts, components and materials
within the wider supply chain. Collectively,
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Table 3.1 Taxonomy – activities within upstream segment of space economy
UPSTREAM Research and development
Design and manufacture

Research and development activities for space industry
Design and manufacture of spacecraft and launchers
Design and manufacture of satellites
Design and manufacture of payloads and sub-systems

Launch and satellite operations

Ground support
Launch operations
Satellite operations

Infrastructure

Ground installations
Launch sites
Landing and recovery sites
Non-terrestrial infrastructure (orbital, lunar, Martian, etc.)

Ancillary services

Programme and project management
Construction
Legal, regulatory and compliance
Finance
Commercial and marketing
Training and education
Specialist consultancy services

Source: RAND Europe analysis.

these different organisations undertake a
variety of processes across what is known
in systems engineering and acquisition as a
CADMID cycle, as outlined in Figure 3.1.
Looking out to 2050, each of the stages of this
cycle and all the actors involved throughout

the process may experience both incremental
and transformative change as a result of new
developments, most notably in relation to
new and emerging technology. The following
sections explore the possible impact of these
trends.

Figure 3.1 Overview of CADMID cycle for space manufacturing

Concept

Assessment

Source: UK MOD (2017).

Demonstration

Manufacture

In-Service
Support

Disposal
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3.2. Emerging technology offers
the potential to enhance the
capabilities of existing space
products or services and unlock
entirely new ones
Space is an inherently technology-intensive
sector of the national and global economy. This
reflects the physical demands of launching
objects into the Earth’s orbit or to escape
velocity, and the engineering challenges of
ensuring these objects survive to fulfil their
intended purposes in a punishing environment.
This environment is characterised by a
vacuum, solar radiation, vast distances,
extremes of temperature and gravity, meteors
and celestial bodies, and other natural or manmade hazards, including debris.34
This is reflected in the development of a highly
skilled and technical workforce, with emphasis
on academic or vocational qualifications
in Science, Technology, Engineering and
Mathematics (STEM) skills, as well as in the
strong focus of government, industry and
academia on developing and applying new and
emerging technologies for space.35 Analysis
suggests the research and development
(R&D) intensity of the UK space sector is
equivalent to 8.1 per cent of Gross Value Added
(GVA), more than the computer software and
telecommunications sectors, though lower
than the pharmaceuticals market. The industry
is estimated to spend 6½ times more on R&D in
value terms than the UK average, if compared
to the wider economy.36
In the coming decades, innovation in the
upstream portion of the sector is projected
to benefit from continuing advances in

34

NASA (2018c).

35

HM Government (2017).

36

London Economics (2015).

space technologies, as well as spillovers
from ‘adjacent’ technical disciplines. For the
purposes of this study, the research team
used the RAND Europe S&T Horizon Scanning
Database to identify examples of new and
emerging technologies that are expected to
have a major impact. Selected prominent
examples are outlined in Table 3.2.
This sample captures only a small fraction
of the ongoing research and innovation in
the myriad S&T disciplines relevant to the
upstream segment of the space economy.
Furthermore, it is possible that there will be
disruptive breakthroughs that open entirely new
categories of scientific inquiry and engineering
application between 2020 and 2050, many
of which may be largely unanticipated.
Nonetheless, it is clear technological progress
will continue to shape the nature of the
objects produced and launched into space by
the space sector, as well as influencing how
processes for production and launch evolve
to take advantage of innovations that improve
the productivity and competitiveness of the
industry.

3.3. By 2050, the objects launched
into space or built and assembled
in situ may differ radically in type,
number and use to those of today
Our literature review revealed a wide range of
concepts for what the future of spaceflight,
satellites and other installations – such as
orbital, lunar or Mars bases – might look
like out to 2050. As outlined in Chapter 1,
technological advances and commercialisation
have led to falling costs of access to space, in
significant part due to the advent of partially
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Table 3.2 Examples of emerging technologies expected to shape the space sector to 2050
Technology area
Advanced
manufacturing
Artificial
intelligence
Autonomy and
robotics

Examples of innovation
•

Advances in additive manufacturing (incl. 3D printing), advanced design
technologies, cyber-physical systems and other novel approaches
associated with Industry 4.0 (see Section 3.4 for more discussion).

•

Application of artificial intelligence (AI) and machine learning (ML) across
the CADMID cycle, space sector and wider global economy.

•

Data analytics and optimisation of industrial and satellite capabilities.

•

Advances in autonomous systems (capable of space operations with the
human ‘in the loop’, ‘on the loop’ or ‘out of the loop’ as required).

•

Improved robotic systems e.g. for manufacturing or use in robonautics.

•

Use of biological organisms and processes for processing materials and
chemicals as part of industrial processes for the space sector.

•

Advances in biotechnology for use in space e.g. in microgravity.

•

Use of distributed ledger technologies (e.g. blockchain) and privacy
enhancing technologies (PET) for improved cyber and data security.

•

Use for smart contracts in space industry and to verify satellite data.

•

Connectivity to enable Industrial Internet of Things (IIoT) in space sector.

•

Advances in optical, radio frequency (RF) and other telecommunications
technologies used by space objects and in space operations.

•

Advances in processing power, costs and efficiency (Moore’s Law).

•

Maturation of cloud and edge computing enabled by 5G connectivity.

•

Novel approaches such as biological or quantum computing (see below).

•

Improved energy generation (e.g. solar power, fusion).

•

Improved energy storage (e.g. battery technologies, supercapacitors).

•

Improved energy transmission (e.g. microwave systems, directed energy).

•

Novel complex materials (e.g. carbon nanotubes) for space structures.

•

Reductions in mass and improved strength, conductivity or other benefits.

•

Self-assembling and self-repairing materials for longevity of space objects.

•

Ongoing miniaturisation of electronics and other components.

•

New design opportunities for heat shields, sensors and other sub-systems.

•

Scaled-up, low-cost manufacture of nano-systems and materials for space.

•

Advances in solid- and liquid-fuel rocket technologies.

•

Development of novel systems (e.g. hybrid air-breathing rocket engines).

•

Advances in ion engines, fusion and other in-space propulsion options.

•

Advances in quantum computing and application to space sector.

•

Advances in quantum sensing and navigation.

•

Advances in quantum communications and encryption for satellites.

•

Improvement in radar, lidar, optics, machine visions and novel sensors.

•

Continuing miniaturisation and networking of embedded sensors for use in
space industrial processes or in small satellites.

Biotechnology

Blockchain

Communications

Computing

Energy

Materials

Nanotechnology

Propulsion

Quantum

Sensors
Source: RAND Europe analysis.

19

or fully reusable rocket systems (driving down
costs by reducing the need to manufacture and
replace rockets wholesale after each launch).
Looking to the future, concepts for providing
access to space include:
•

Next-generation rocket systems.

•

Next-generation spaceplanes (whether for
suborbital or orbital flight).37

•

Increased use of fully reusable vehicles
and components with reduced turn-around
times.

•

Single-stage-to-orbit capability (e.g. using
SABRE, the Synergetic Air Breathing Rocket
Engine).38

•

Hypersonic systems (i.e. for suborbital
flight above Mach 5).39

•

Alternative concepts offering more efficient
long-term access to space, e.g.:
-

-

•

Space elevators from the Earth’s
surface or other celestial bodies with
lower gravitational pull, such as the
Moon40; and
Magnetic space trains, such as the
StarTram concept for use of magnetic
levitation (maglev) and a catapult
launch system to accelerate objects to
low Earth orbit (LEO).41

High-altitude pseudo satellites (HAPS)
(such as solar-powered unmanned aerial
systems – e.g. the Zephyr UAV – or

37

Wall (2011).

38

Chuter (2019).

39

Greenblatt & Anzaldua (2019).

40

Dickey (2019).

41

Farkas (2016).

42

Thisdell (2018).

43

Farkas (2016).

44

The Planetary Society (2020).

45

Wenz (2017).

balloons and other airborne designs)
that deliver persistent capabilities akin
to a satellite without leaving the Earth’s
atmosphere, blurring the distinction
between sectors.42
Once in LEO, medium (MEO), high (HEO) or
geosynchronous Earth orbit (GEO), or achieving
escape velocity to leave the Earth behind
entirely, manmade objects may require intraspace transportation. Future concepts out to
2050 include:
•

Specialist lunar or planetary landers for
routine, reliable and safe landings.

•

Specialist lunar or planetary rovers for
moving personnel, equipment and goods
around the surface of celestial bodies (e.g.
to enable habitation, research, or in-situ
resource exploitation).

•

Propulsion systems for interplanetary
travel (e.g. improved ion, fission or fusion
propulsion) or novel routing techniques
(e.g. comet hitchhiking).43

•

Solar sails,44 nano-ships and other modes
of interstellar travel at fractions of the
speed of light (e.g. the Breakthrough
Starshot, Starchip and NASA 2069 mission
concepts).45

Such systems might facilitate the launch and
operation of a wide variety of satellites and
other structures. The capabilities of satellites,
their payloads and the services they provide
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Figure 3.2 Satellites launched per year 1958–2019

Source: RAND Europe analysis of Space-track.org data.

(e.g. EO, SATCOM and PNT) are expected to
continue to evolve in coming decades, exploiting
many of the technological advances in fields
such as AI/ML, energy systems, materials
and sensors outlined in Table 3.2. Recent and
ongoing advances in satellite designs have also
provoked a shift away from the dominance
of large, traditional platforms (potentially
weighing multiple tonnes and therefore being
highly complex and costly to manufacture
and launch) towards constellations of
multiple smaller satellites. This includes the
emergence of low-cost, standardised satellite
architectures such as CubeSats, contributing
to the ongoing democratisation of space and
the rapidly growing number of objects (and
debris) in orbit, especially LEO. This is driving
a focus on modularity and economies of scale
in production, creating opportunities to boost
learning, efficiency and productivity that were

46

Madry (2020).

simply not possible under the old paradigm,
whereby manufacturing efforts focused on
small numbers of large and highly bespoke
satellites.46
Continuing advances in miniaturisation and
the launch and operation of ever-larger ‘megaconstellations’ are expected to drive continued
interest in the future use of smallsats (<500kg),
microsatellites (10–100kg), nanosatellites
(1–10kg), picosatellites (0.1–1kg) and even
femtosatellites (<0.1kg). Furthermore, the
development of autonomous and robotic
systems and AI/ML may facilitate the future
operation of ‘satellite swarms’. These are
different from traditional constellations of
satellites, where each satellite functions as the
basic unit or node of a constellation; satellite
swarms instead focus on the disaggregation
of the satellite itself, with multiple smaller
systems (potentially with asymmetric roles and
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capabilities) acting in concert as a quasi-single
entity, and forming the basic unit for a larger
constellation.47
Further into the future, it may be possible
to establish larger structures in space or on
other celestial bodies (e.g. lunar or Martian
settlements). These installations could provide
space, protection and support systems for
a wide variety of different purposes, e.g.
residential, scientific or commercial. As
outlined in Chapter 4 and the Technical Annex,
the construction and sustained operation of
such space stations and megastructures may
require advances in robotic assembly and
in-situ resource exploitation (ISRU) to reduce
the need for costly and time-consuming
missions to launch building materials from
Earth. Looking out to 2050 and beyond,
space-based manufacturing could produce a
range of products through such approaches,
contributing to an increasingly complex and
populous space-based ecosystem of different
satellites, habitats, research facilities, energy
generation and storage installations, ISRU sites,
factories, propellant refuelling stations and
other waystations connecting Earth orbit with
the Moon, Mars and wider Solar System.48

3.4. New techniques may
transform the design and
manufacturing processes and
value chains of the upstream
space industry
Realisation of such ambitious visions is
dependent on the capacity to produce and
launch the necessary objects into space,

47

Levchenko et al. (2018).

48

Tkatchova (2018).

49

Space Growth Partnership (2018).

50

Roberts (2019).

51

BCG (2018).

transporting cargo, equipment and personnel
safely into orbit or beyond. Here too, innovation
is expected to drive change out to 2050.
Novel technologies and approaches will also
shape the design philosophies, equipment and
techniques used in the fabrication, assembly
and through-life support of spacecraft,
satellites and structures. These changes
will affect the processes, productivity and
profitability of commercial organisations
involved in the upstream segment, shaping
how large-systems integrators and lower tier
suppliers within space supply-chains operate
out to 2050. In turn, developments within
industry will influence the broader contribution
that the space sector makes to national
prosperity (e.g. in terms of GVA, jobs, exports,
tax, innovation and other positive externalities
and spillovers to the wider economy).49
Given the capital- and technology-intensive
and competitive nature of global markets,
the aerospace sector at large has been at
the forefront of developing and adopting new
approaches that might offer productivity
gains and improved efficiency.50 This includes
transformative innovations in advanced
manufacturing, Industrial Digital Tools (IDTs)
and so-called Industry 4.0 technologies and
techniques.51
Though there is no universal definition or even
acceptance of the term, advocates of ‘Industry
4.0’ (I40) commonly use the phrase to describe
a possible ‘fourth industrial revolution’. The
term pays reference to the first such revolution
– the use of water and steam to mechanise
production; the second being the advent of
electricity to allow for mass production; and
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the third being the use of electronics and
Information and Communication Technologies
(ICT) to automate production.52 The fourth
such transformation is envisaged as being
characterised by implementation of ‘cyberphysical systems’ across the entire value
chain, accompanied by the digitalisation
of all products and processes to enable
unprecedented levels of real-time monitoring
and optimisation.53 Box 2 provides an overview
of new technologies and models typically
associated with I40.
Previous analyses have estimated that
the benefits of adopting I40 in UK space
manufacturing could result in higher revenues
of £150m annually by 2035, alongside a

further £470m in added revenues in the UK
downstream segment over the same period.54
Furthermore, these economic benefits could
increase dependent on how quickly and
effectively the UK space sector adapts to novel
approaches compared to the response of other
nations, determining competitiveness and
global exports. At the same time, future rates
of adoption for I40 technologies are uncertain
and the balance between benefits, costs and
risks is contested. Survey data for UK space
manufacturing companies indicate that 50 per
cent of firms estimate I40 will bring 20–30 per
cent improvements in productivity, but that 44
per cent of respondents do not know.55

Box 2 Industry 4.0 (I40) models and technologies
•

Additive and advanced manufacturing

•

Application of AI/ML across the value chain

•

Augmented (AR) and virtual reality (VR)

•

Automation, autonomy, robotics/cobotics (collaborative robotics for human-machine
teaming)

•

Big Data and advanced analytics

•

Cloud computing

•

Cybersecurity

•

Industrial Internet of Things (IIoT), embedded sensors and radio-frequency identification
(RFID)

•

Simulation

•

Use and standardisation of commercial off-the-shelf (COTS) parts

•

Vertical and horizontal systems integration

Source: BCG (2018).

52

World Economic Forum (2016).

53

Cyber-physical systems can be described as ‘integrations of computation, networking, and physical processes’, in
which miniaturised computers and sensors are embedded in materials, machines or products to create a single
integrated network, i.e. the Industrial Internet of Things (IIoT). University of California Berkeley (N.d.).

54

Duke et al. (2019).

55

Duke et al. (2019).
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Box 3 Example of potential application of Industry 4.0 concepts in the space sector to 2050
The advent of I40 technologies may enable the realisation of aerospace industry concepts for
a ‘factory of the future’. This would involve digitisation moving far beyond production to also
include the whole ecosystem of partners, suppliers and end users to gather and share data that
can be used to optimise designs, manufacturing processes, operations and through-life support.
For example, a ‘digital twin’ of each new product (e.g. a satellite or spacecraft) could be
established and continuously updated using real-world data at all stages of the CADMID cycle.
Once a blueprint went forward to the production stage, information would be gathered from
sensors embedded throughout the fabrication and assembly process, so that the unique
digital twin could be updated with accurate data on any defects or variations in production (e.g.
tracking the location of all parts at any time, guiding machinery or human workers to install
each in the correct way using an AR headset, then updating the digital twin to record the precise
amount of torque applied to each screw and fitting).
This data would be used to generate real-time updates to industrial machinery to improve the
efficiency of manufacturing processes, as well as feeding predictive models that would be
used to simulate performance of the satellite in different conditions or use regimes (i.e. virtual
testing). The insights gained from live operations could thereby be used to inform maintenance
and support based on predictive modelling, rather than on mean times between failure. In turn,
real-world data on system and sub-system performance could be fed back into the design
process, enabling spiral development of improved and/or more cost-efficient capabilities
iteratively over time.
Similarly, the use of cyber-physical systems could enable improved digital integration of
systems integrators (i.e. those firms involved in final assembly and testing of a satellite) and the
various lower tier suppliers who produce sub-systems, components or parts. This could speed
up the transmission of demand signals (e.g. orders for new spares) and further optimise Justin-Time (JIT) manufacturing and logistics, whilst also helping monitor quality among lower tier
suppliers.
Source: RAND Europe analysis.

Potential barriers to implementation of I40
include significant upfront costs for new
systems, the impact on workforce skills
demand, perceived risks around cyber and
data security (as well as the protection of
the intellectual property of those suppliers
integrating their systems into the digital
platforms of larger manufacturers), a lack
of tax incentives for adoption, and uncertain
impacts on competition and integration
across the value chain (e.g. with many
SMEs potentially left behind by their lack of
capacity to understand, afford and adopt new
systems, or vertical integration of component
manufacturing away from supply chains and

back into large prime-contractors). These and
other issues are discussed further in Chapter 5.

3.5. Developments in the
upstream segment to 2050
will influence the direction
of downstream markets and
applications
Advances in new and emerging technologies,
new spacecraft and satellite capabilities and
novel industrial processes, including I40, may
all have a profound impact on the evolution
of the upstream space sector to 2050.
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Collectively, advances in new technologies and
manufacturing models commonly associated
with I40 have the potential to drive sweeping
changes in industrial design, production and
through-life support. Though many of the
underlying technologies may already be in
varying stages of adoption across the space
sector, they are projected to have a collective
transformative impact on industry if used
in combination with novel manufacturing
models.56 Specifically, previously isolated and
compartmentalised units of the CADMID cycle

56

Madry (2020).

57

Barbosa & Aroca (2017).

or production process would be joined using
cyber-physical systems and the IIoT to form an
entirely integrated, automated and optimised
cycle with a ‘single digital thread’ running
throughout.57
The resultant changes to the cost, performance
and variety of space objects that can be
produced and launched will have knock-on
implications for the size and scope of
downstream markets and applications, as
discussed in Chapter 4.
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Future downstream markets
and applications out to 2050

This chapter considers the future evolution
of downstream markets and applications out
to 2050, as enabled by the technological and
industrial innovations outlined in the preceding
chapter, as well as an evolving understanding
of how the space sector can support and
integrate with other industries to grow new and
existing markets for space-based products and
services.

4.1. The space economy out to
2050 encompasses a range of
use cases in various sectors,
addressing space, hybrid and
terrestrial markets
As outlined in Chapter 1, the research team
utilised a range of data-collection tools –
including literature review, horizon scanning
and internal expert consultation – to identify
the full spectrum of future uses of space out
to 2050. The data collection revealed that the
future space economy out to 2050 is likely to
comprise an extensive breadth of activities
and markets, involving a wide range of civil,

58

commercial and military stakeholders seeking
to utilise space-based products and services
for a variety of purposes. In sum, around 200
potential use cases within space, hybrid and
terrestrial markets were identified.
Following internal analysis and consultation
with subject-matter experts, the research team
identified 15 thematic clusters of use cases.
These clusters are summarised in Chapter 1
in Figure 1.2.58 The following sections describe
key insights from each of the thematic clusters,
including a summary of use cases within
space, hybrid and terrestrial markets. They
also provide a brief discussion of relevant
actors, timeframes for the implementation of
use cases within the cluster, and prominent
enablers and barriers for such implementation.
They lastly summarise the value proposition
for end users and potential impacts on the five
impact criteria reflecting broad priorities for the
UK National Space Strategy.
A more detailed write-up of each cluster is
provided in the accompanying Technical
Annex.

Analysis of the clusters was then conducted through targeted literature reviews and structured data capturing, using
a case-study template described in the methodology in Section 1.3.
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4.1.1. Agriculture
Future space technologies may
enable myriad applications
related to agriculture,59 including
space-based production of food and other
resources (e.g. biofuel) and the cultivation
of soil. In-situ space-based food production
through closed-loop ecosystems, hydroponic
gardens and other techniques are expected to
play an essential role for the establishment of
space-based habitats in the long term, as well as
in the pursuit of long-duration space exploration
missions. As such, civil and commercial
actors have already begun exploring in-situ
food production techniques, such as hybrid
life-support systems and crop production in
microgravity.60 Despite these early efforts,
the characteristics of the space environment
present complex botanical and engineering

challenges for the further development of orbital
or planetary food production.
Terrestrial agricultural techniques currently in
use already draw on a range of space-based
services, including EO, SATCOM and PNT
for weather prediction, machinery guidance
and monitoring of parameters for system
management and optimisation (e.g. crop
productivity and land use).61 The breadth and
depth of the impact of space-based services
on the agricultural sector are expected to
significantly increase out to 2050, enabling
greater productivity in the agricultural sector,
as well as supporting resource management
and reducing the environmental impact of
precision agriculture by enabling sustainable
intensification.62
For further information, see Annex A. Agriculture.

Table 4.1 Use cases in agriculture
Relevant use cases

Space markets

•
•
•
•

Orbital food production for space markets
Orbital food production for Earth markets
Hydroponic gardens
Closed-loop ecosystems/life-support systems

Hybrid markets

•
•
•

Sustainable intensification
Connectivity for agri-logistics
Connectivity for agricultural Internet of Things

Terrestrial markets

•
•
•
•
•

Real-time EO and monitoring for farming
Precision agriculture
Precision natural resources management
Meteorological monitoring for the agricultural sector
Support to regulation, compliance and subsidy controls

Source: RAND Europe analysis.
59

The agriculture cluster is defined as comprising all those activities in or enabled by space that are focused on the
science and practice of farming, including cultivation of the soil to grow crops or rear animals to provide food, wool,
leather, oxygenation, carbon capture, biofuel and other products.

60

Factories in Space (2020).

61

Catapult Satellite Applications (2017a).

62

Sustainable intensification denotes processes through which ‘agricultural yields are increased without adverse
environmental impact and without the conversion of additional non-agricultural land’ (Pretty & Bharucha, 2014).
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4.1.2. Climate and
environmental protection
The wide-ranging impacts
of climate change, global
warming and environmental degradation
have incentivised civil, commercial and
military actors to explore the applications of
space-based technologies for climate and
environmental protection.63 These applications
across space, hybrid and terrestrial markets
were found to have potentially both
incremental and ground-breaking impacts. (For
discussion of related advances in clean and
renewable energy, including the role of spacebased projects, see Section 4.1.6).

Space-based services – such as EO and
SATCOM – have already been utilised to
improve existing capabilities in environmental
monitoring and early warning, as well as
ensuring compliance with carbon emission
targets and environmental standards. In the
current monitoring framework supporting the
United Nations Framework Convention on
Climate Change (UNFCCC), for example, some
35 out of 45 essential climate variables are
measured through space-based services.64
NASA and the ESA, among others, have sought
to enhance the role of EO in environmental
management.65

Table 4.2 Use cases in climate and environmental protection
Relevant use cases
Space markets

•
•

Geo-engineering
Early-stage terraforming activities (Mars)

Hybrid markets

•
•
•

Industrialising space to enable de-industrialisation on Earth
Nuclear and toxic waste disposal in space
Space support to process optimisation and waste reduction

Terrestrial markets

•
•
•
•
•
•
•
•
•
•
•

Meteorological modelling and prediction
Atmospheric sensing
Greenhouse-gas monitoring
Oceanic and polar ice-cap monitoring
Pollution monitoring
Resources observation and management
Monitoring environmentally harmful or illicit activities
Ecological and wildlife monitoring
Marine environment monitoring
Biomass measurement for offsets
Natural disaster observation, early warning and relief

Source: RAND Europe analysis.

63

The climate and environmental protection cluster is defined as comprising all those activities in or enabled by space
that are focused on managing the impact of human activity on the climate, weather, environment and ecosystems, to
protect biodiversity, boost habitability and ultimately ensure the long-term sustainability of life on Earth.
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Hughes (2020).

65

NASA (2018a); Climate Change Initiative (n.d.).
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Commercial and private actors – including
Jeff Bezos, founder of Amazon and Blue
Origin – have publicly stated their ambitions
for utilising space-based solar and fusion
energy to de-industrialise the Earth in a longterm effort to mitigate global warming and
environmental decline. Existing research
has explored possible methods for assisting
such a process, including geo-engineering
Earth (e.g. using space-based solar shades)
and terraforming other planets (e.g. Mars)
to provide an ‘insurance policy’ for terrestrial
disaster.66 However, cost and technical barriers
– as well as current international frameworks
for governing outer space – may prevent the
actualisation of such methods. Given more
transformative space-based concepts such
as geo-engineering may potentially produce
unintended adverse impacts on the local
environment or undermine existing terrestrial
climate protection efforts (e.g. by encouraging
a reliance on ambitious space projects to
provide a ‘deus ex machina’, rather than
making meaningful political, organisational
and individual changes in consumption and
pollution patterns), the future uses of such
methods remain challenged by ethical and
governance barriers, even if the technical
issues could be overcome.
For further information, see Annex B. Climate
and Environmental Protection.

4.1.3. Construction, repair
and engineering
Similar to energy (see
Section 4.1.6), construction67
plays a key enabling role for space-based
activity, including the stated ambitions of
actors such as the US, China and Russia of
constructing lunar ‘colonies’ by 2030–2040.68
The significant costs of propelling all objects
needed for space-based activities presents a
significant incentive, if not a requirement, for
the development of space-based capabilities
for orbital, lunar or Martian construction of
megastructures for commercial, residential or
industrial purposes. Such capabilities might
also include on-orbit servicing and robotic
orbital self-assembly, as well as additive
manufacturing from space-based resources
(e.g. lunar regolith), which are currently being
developed by NASA, the ESA and other civil and
commercial actors’ R&D efforts.69
While technological barriers to the realisation
of techniques such as robotic self-assembly
currently persist, the potential maturing of the
key underlying technologies may, according to
some, enable exponential growth of the space
industrial economy. This would be realised
through a ‘bootstrapping’ approach to space
colonisation – the creation of a self-sustaining
space industrial ecosystem by robotic fleets,
which are used for resource-mining and
construction, producing yet more robots in a
continuous cycle.70

66

Oxford Geoengineering Programme (n.d.); Harvard’s Solar Geoengineering Research Program (n.d.).

67

The construction, repair and engineering cluster is defined as comprising all those activities in or enabled by space
that are focused on designing, building and maintaining large structures – such as buildings and other physical
infrastructure – to provide shelter and the basis for efficient movement of people, resources and goods around the
built environment.

68

Tangermann (2019).

69

Tangermann (2018); NASA (2020a).

70

Kaku (2018); Metzger et al. (2013).
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Table 4.3 Use cases in construction, repair and engineering
Relevant use cases

Space markets

•
•
•
•
•
•

Construction of commercial and residential megastructures
Robotic orbital, lunar or planetary construction
3D printing of lunar bases
3D printing of Martian bases
On-orbit satellite servicing
Space-based maintenance and repair services

Hybrid markets

•

Connectivity for smart infrastructure

Terrestrial markets

•
•
•

Connectivity for construction (IIoT)
EO for building and infrastructure monitoring
Urban planning and real-time monitoring

Source: RAND Europe analysis.

The economic viability of constructing
megastructures in space is likely to be very
limited if applications for resourcing and
operating such megastructures are not put in
place. The future demand and role of spacebased construction thus fundamentally
depends on future advances in other areas
of space-based activity, including resourceextraction and space-based manufacturing,
as well as through-life support. This highlights
the interdependencies among the various
potential ‘paradigm-changing’ uses of space.
This necessitates that incremental and
revolutionary advances are made in multiple
sectors and then brought together – with a
fortuitous or conscious alignment of enablers,
resources and timing – to produce a ‘system
of systems’ with a cumulative effect that may
be more transformative than the sum of its
constituent parts.

71

For further information, see Annex C.
Construction, Repair and Engineering.

4.1.4. Culture, tourism
and entertainment
Space-based culture, tourism
and entertainment71 represent
potentially highly lucrative markets for
commercial as well as civil actors. Falling costs
of access to space have facilitated increasing
interest in suborbital and orbital space
tourism, leading the way towards a broader
range of potential space-based cultural and
entertainment services in future. The space
domain has also played an important role in
terrestrial markets – ranging from multimedia,
gaming and film production – facilitating
connectivity as well as higher quality content
(e.g. through virtual, augmented and mixedreality technologies).

The culture, tourism and entertainment cluster is defined as comprising all those activities in or enabled by
space that are focused on providing opportunities for amusement, enjoyment and artistic appreciation, shaping
ideas, customs and social behaviours, and thereby contributing to humanity’s collective artistic and intellectual
achievement.
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Table 4.4 Use cases in culture, tourism and entertainment
Relevant use cases

Space markets

•
•
•
•
•
•
•
•
•
•

Space tourism (suborbital)
Space tourism (orbital)
Space-based hospitality (orbital or lunar megastructures)
Space-based filming and gaming or video-content production
Space-based or -enabled art installations
Space burials
Space conservation and heritage
Space-based cultural or religious facilities
Space-based (extreme) sports
Space-based marketing

Hybrid markets

•
•

Modelling, simulation and synthetic environments
‘Space culture’

Terrestrial markets

•

Connectivity for entertainment and media

Source: RAND Europe analysis.

Further to the commercial significance of
space-based cultural and entertainment
markets, the expansion of human presence
and activities in space may also have both
subtle and profound cultural impacts, and
is likely to produce myriad discourses and
movements in relation to the regulatory,
ethical, cultural, socio-economic and political
dimensions of space-faring. Human adaptation
to the expanding uses of space may thus
include, or require, reconsidering the relevance
of political models, labour relations, systems of
space-related wealth distribution, and changing
religious and other communal identifies.72
For further information, see Annex D. Culture,
Tourism and Entertainment.

4.1.5. Defence, security
and safety
Modern defence, security
and safety functions73 have
increasingly relied on space-based technologies.
The commercialisation and presence of an
increasing number of actors and objects in
space has also created new security challenges,
including increased risk of potential accidental
or purposeful escalation of crises, damage
caused by debris, or cyber, electronic and
physical attacks against space-based assets.
As such, space is now widely recognised as
an operational domain for military forces and,
out to 2050, ensuring space security is likely
to represent an increasingly vital but complex
and challenging task for ensuring the defence,
security and safety of both space interests and
terrestrial populations.74

72

Harris (2009).

73

The defence, security and safety cluster is defined as comprising all those activities in or enabled by space that are
focused on protecting people, interests and values by preventing, deterring and, where necessary, defeating attacks
by hostile actors and managing other threats, risks and hazards that might endanger life or property.

74

Black (2018); Bowen (2020); Dawson (2018); Deudney (2020).
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Table 4.5 Use cases in defence, security and safety
Relevant use cases

Space markets

•
•
•
•

Debris management and removal
Search and rescue
Space Security
Secure long-term storage for data and high-value items (Space Arks)

•
•
•
•

Next generation SSA/SST75
Cybersecurity and secure communication
C4ISTAR
Monitoring and support to resilience of Critical National
Infrastructure
SATCOM, EO and PNT for modelling, simulation and synthetic
environments (VR/AR/MR)76
Pervasive and verifiable EO to generate trusted ‘digital twin’ on Earth
Missile defence and early warning
Orbital weapons (kinetic)
Orbital weapons (non-kinetic)
Planetary defence (detection and early warning)
Planetary defence (impact prevention)
Prompt Global Strike (weapons or suborbital deployment of forces)
Solar weather-monitoring and early warning

•
Hybrid markets

•
•
•
•
•
•
•
•
•

Terrestrial
markets

•
•

EO for next-generation sanctions, arms control and peacekeeping
enforcement and verification
EO for monitoring illegal activities, migration, etc.
Space-based enablers for emergency services

Source: RAND Europe analysis (2020).

Future space-based security, defence and
safety markets include several potential
‘paradigm-shifting’ applications, including
planetary defence capabilities, large-scale
space-based military weapons platforms
and bases, or capabilities for pervasive and
verifiable EO to generate a ‘ground truth’ that
would establish a global ‘panopticon’ and
discourage disinformation or aggressive
behaviour (at the expense of privacy and
various other strategic, legal and technical
concerns). Innovation, falling cost of launch

and increasing awareness of the need
to maintain a peaceful and safe space
environment are enabling important advances,
though more fundamental shifts may not be
realised until the 2040s and beyond. Outcomes
for this cluster will also be dependent on future
trends in relations between great powers
(e.g. peaceful cooperation vs. escalating
competition, confrontation and conflict), as
well as the conduct of rogue states and nonstate actors who may be incentivised to disrupt
access to – and use of – space by others.77

75

Space Situational Awareness and Space Surveillance Tracking (SSA/SST).

76

Virtual Reality (VR), Augmented Reality (AR), Mixed Reality (MR).

77

Dolman (2002); Bowen (2020).
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For further information, see Annex E. Defence,
Security and Safety.

4.1.6. Energy
The vast energy78 needs
underpinning modern spacebased as well as terrestrial
technological, societal and economic activities
– as well as the need for the sector to help
address the growing challenges of climate
change and environmental degradation – have
incentivised exploration of using space for
generating, storing and transmitting energy.
The terrestrial energy sector is already making
use of EO, SATCOM and PNT services for
applications such as remote monitoring and
optimisation of power grids, and support for
biofuel and renewable energy generation.
Further to such applications, space-based

energy generation – particularly spacebased solar farms – has attracted significant
attention from civil and commercial actors,
with current ambitions from the US, China,
Europe and Japan stating 2030–2040 as a
target for the construction of the first such
power stations in orbit.79
Continued investment in R&D and advances in
additive manufacturing and other space-based
manufacturing techniques are expected to
drive significant improvements in the efficiency
of space-based solar power techniques.80
However, efforts to realise ambitions for major
space-based installations continue to face
barriers presented mainly by the current costs
of launch and other technical barriers (e.g.
in relation to the systems needed for power
transmission from space to Earth).81 Advances
in terrestrial renewable energy production may

Table 4.6 Use cases in energy
Relevant use cases

Space markets

•
•
•
•

Fuel cells and clean energy applications
Space-based energy storage
Space-based mining and refining of propellant
Space-based refuelling infrastructure and services

Hybrid markets

•
•
•
•

Orbital solar power
Lunar solar power
Fusion power and Helium-3 mining
Solar weather monitoring for early warning and protection

•
•

Modelling and prediction of market dynamics
Support to biofuels production to maximise yields for energy
generation
Remote monitoring of energy infrastructure

Terrestrial markets

•
Source: RAND Europe analysis.

78

The energy cluster is defined as comprising all those activities in or enabled by space that are focused on generating,
storing or transmitting energy (whether derived from fossil fuels, solar, wind, tidal, geothermal, hydroelectric, nuclear
or other sources) to power machinery and provide heat, light and motion for human benefit.

79

Burgess (2018).

80

Mankins (2012).

81

Fecht (2016).

33

also reduce the incentives for trillion-dollar
investments in space-based systems.82
For further information, see Annex F. Energy.

4.1.7. Extractive industries
Space-based in-situ resource83
utilisation (‘ISRU’) represents
one of the key macro trends
influencing the space-based economy.84 In
relation to the terrestrial economy, the mining
of space-based objects – including asteroids,
comets, the Moon and Mars – for resources
such as water, Helium-3, rare earth minerals
and precious metals has also been predicted
to become ‘the gold rush of the 21st Century’.85
In light of the significant commercial value of
space-based resource extraction, particularly
asteroid mining, there has been increasing

investment in exploring the technical and
commercial feasibility of extra-terrestrial
resource extraction, with current ambitions
aiming at some form of space-based extractive
activity by 2030.86
Current realisations of space-based resource
extraction face a number of technological
barriers as well as the challenges of fulfilling
the extensive energy requirements associated
with the extraction and transfer of spacemined resources. The previously discussed
‘bootstrapping’ framework (see Section 4.1.3)
conceives of a system in which the initial
significant investments for establishing a
resource-mining ecosystem in space lead to
the establishment of a self-sustaining model
facilitated by self-sustaining robotic missions.87
However, the future of such a system, and

Table 4.7 Use cases in extractive industries
Relevant use cases

Space markets

•
•
•
•
•
•

Asteroid mining
Comet mining
Lunar or Martian mining
Titan resource exploitation
Space biomining
Recycling of space debris

Hybrid markets

•

ISRU (In-Situ Resource Utilisation)

Terrestrial markets

•
•

EO for mining industry
Connectivity for mining (IIoT)

Source: RAND Europe analysis.

82

Fecht (2016).

83

The extractive industries cluster is defined as comprising all those activities in or enabled by space that are focused
on extracting raw materials (such as fuel, metals, minerals and aggregates) from the Earth or other celestial bodies,
and processing them for subsequent use in industrial processes or by consumers.

84

Factories in Space (n.d.).

85

O’Connell (2019).

86

European Space Agency (2019).

87

Kaku (2018).
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any form of space-based resource extraction,
crucially depends on the evolution of the
international legal and regulatory framework
concerning property rights in space.88
For further information, see Annex G. Extractive
Industries.

4.1.8. Finance and
commerce
Similar to other sectors, financial
and commercial services89 have
developed increasing interest in the utilisation
of space-based services such as EO, PNT
and SATCOM. Out to 2050, the use of satellite
technologies for applications including risk
assessment, AI-enabled investment decisionmaking support, and optimisation of supply
chains, processes and operations is likely to
intensify. Innovations pursued by the finance
and commerce industry may in turn also bring

significant changes to the space economy. Trust
and privacy services for satellite operations may,
according to existing perspectives, facilitate
the development of a real-time space ‘sharing
economy’, with extensive impacts for investors,
operators, end users and consumers.
Such potential impacts of a space sharing
economy are uncertain, however, and
important trade-offs should be considered
around the potential positive and negative
impacts on socio-economic relations, including
social equality, justice and economic and
environmental sustainability. Blockchain-enabled
space-based technologies may ultimately
exacerbate existing concerns surrounding the
impacts of pervasive EO, IoT and telematics on
the individual privacy of consumers, including in
relation to financial decision-making.90
For further information, see Annex H. Finance
and Commerce.

Table 4.8 Use cases in finance and commerce
Relevant use cases
Space markets

•

Trust and privacy services for space

Hybrid markets

•
•
•

Access to space for Small and Medium Enterprises (SMEs)
Blockchain-enabled satellite applications
Blockchain-enabled verifiable EO data

Terrestrial markets

•
•
•
•
•
•

E-commerce and payments
Predictive analytics for finance and commerce
Insurance and risk
Investment decision-making
Optimisation of processes and value chains
Connectivity for mass telecommuting

Source: RAND Europe analysis.

88

De Selding (2016).

89

The finance and commerce cluster is defined as comprising all those activities in or enabled by space that are
focused on providing services involving the investment, lending and management of money and assets, including the
trading of stocks, shares, commodities and property through global, national and local markets.

90

Telematics refers to technology combining telecommunications and informatics enabling the tracking of vehicles.
Stöcker (2017b); Wills (2017).
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4.1.9. Health,
pharmaceuticals and
medicine
Sustained spaceflight presents
complex and profound risks to human health91
due to factors including solar radiation,
weakening of the immune system, effects
of zero-gravity as well as the limited space,
equipment or support to address generic
illnesses or injuries.92 The establishment of
permanent human presence in space as well
as the future of crewed missions however
fundamentally relies on the ability to provide
health and medical services to humans in
space. Out to 2050, this may include services
based on 3D bioprinting, as well as virtual or
remote techniques such as telehealth and
telemedicine.
Advancing the development of services with
potential applications in space may also

improve existing healthcare for terrestrial
populations. This includes telehealth and
telemedicine, but also additive manufacturing
techniques that have already been explored
to provide skin treatments and organ
replacement.93 While current technological
challenges in some techniques may be
overcome through incremental scientific and
technological advances, ethical challenges
and barriers related to lack of public trust
– including in relation to privacy and data
security – may present more dominant barriers
to adoption. The current COVID-19 pandemic
may nevertheless highlight the benefits of
innovative technologies and methods for public
health, and incentivise investment as well as
regulatory change.
For further information, see Annex I. Health,
Pharmaceuticals and Medicine.

Table 4.9 Use cases in health, pharmaceuticals and medicine
Relevant use cases

Space markets

•
•
•

Hybrid markets

Terrestrial markets

Space-based health services
Telehealth and telemedicine services for astronauts or orbital
populations
Space-based manufacturing of medical equipment

•
•

Space-based medical research
Space-enabled applications for emergency medical and
pandemic response

•
•
•

Space-enabled telehealth and telemedicine on Earth
Space-enabled support and care to the elderly
Connectivity for IIoT in pharmaceutical and medical sectors

Source: RAND Europe analysis.

91

The health, pharmaceuticals and medicine cluster is defined as comprising all those activities in or enabled by space
that are focused on the prevention, diagnosis and treatment of illness or injury, contributing to the improved physical,
mental and social well-being of individuals as well as the well-being of the population as a whole.

92

Nawrat (2019).

93

Sparrow (2020); Alexander (2019).
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4.1.10. Illicit activities
Further to the legitimate and
lawful future space activities
outlined in all other clusters,
the future space economy may also entail
markets exploited by actors for illicit or
criminal purposes – here denoting activities
in or enabled by space that are prohibited by
relevant national or international legal and
regulatory regimes. Currently, such activities
primarily include cyber and electronic attacks
against space-based assets. However, out to
2050, the deepening and broadening of the
space economy may encourage and facilitate
a greater spectrum of space-based or spaceenabled crime.
The potential emergence of commercially or
socio-politically motivated space-based crime
is contingent upon the presence of relevant
targets in space (e.g. tourist resorts or asteroid
mining operations), as well as low-cost physical
or cyber access to space. This may limit the
potential overall impact of ‘physical’ crime on

the future space economy, despite additional
potential incentives provided by enduring legal
and regulatory ‘grey areas’ and gaps in relation
to property rights and legitimate uses of space.
Cyber and electronic attacks against
space-based objects are likely to represent
more prolific forms of space-related illicit
activities, with the number of potential cyber
vulnerabilities increasing in parallel with the
number of space-based objects. Legacy
platforms still in orbit or low-cost satellites
and smallsats represent particularly attractive
targets for cyber and electronic attacks due to
often insufficient or altogether absent cyber
protections. The integration of advanced AI/
ML techniques, as well as development of
blockchain and trust-enhancing services for
satellite technologies, may however enable the
development of more effective protections by
civil, military and commercial stakeholders.
For further information, see Annex J. Illicit or
Criminal Activities.

Table 4.10 Use cases of illicit or criminal activities
Relevant use cases

Space markets

•
•

Space piracy and criminality
Space-based protests and hacktivism

Hybrid markets

•
•

Cyberattacks on space objects, infrastructure and networks
Electronic attacks on space objects

Terrestrial markets

•

Use of satellite services and data for criminal purposes

Source: RAND Europe analysis.
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4.1.11. Logistics
Space-based applications in
logistics94 include services
for space-based as well as
terrestrial storage, transportation, cataloguing,
handling and packaging of goods and
equipment. NASA’s development of the
Commercial Orbital Transportation Services
programme is a prominent example of spacebased logistics markets, with three suppliers
currently included in the initiative. Although
commercial (orbital) re-supply services
(CRS) are currently limited to orbital logistics,
commercial actors such as SpaceX have stated
ambitions to extend commercial re-supply
to Mars in the course of the 2030s.95 Though

such ambitions are likely to be facilitated
by technological advances in propulsion
and adjacent technologies, uncertainties
surrounding commercial viability of certain
missions and safety concerns in relation to
space debris may challenge future advances.96
Terrestrial logistics markets have increasingly
incorporated a range of space-based
services for supply-demand optimisation, JIT
logistics, IPIN services, and smart logistics
and infrastructure systems, and a number
of UK-based providers occupy potentially
strong positions in the global market.97
Future developments in this area are likely
to be influenced by improvements in the
performance of key technologies (e.g. PNT

Table 4.11 Use cases in logistics
Relevant use cases
•
Space markets

•
•
•
•

Hybrid markets

Terrestrial markets

Closed-loop ecosystems, material recycling and in-situ resource
utilization (ISRU)
Commercial orbital re-supply services (CRS)
Commercial lunar re-supply services
Commercial Mars re-supply services

•
•
•
•

Connectivity for IoT for supply-demand optimisation and Just-InTime (JIT) logistics
EO for supply-demand optimisation and JIT logistics
Satellite-enabled Indoor Positioning and Navigation (IPIN)
Satellite-enabled smart ports and infrastructure
Satellite-enabled autonomous vehicles as delivery systems

•
•

Next-generation connectivity for integrated logistics systems
Next-generation PNT for integrated logistics systems

Source: RAND Europe analysis.

94

The logistics cluster is defined as comprising all those activities in or enabled by space that are focused on the
integration of storage, transportation, cataloguing, handling and packaging of goods, and organising supply chains to
enable the efficient flow of resources between their point of origin and point of consumption. For those future space
applications relating to the narrower task of moving people and goods from one location to another, see Section
4.1.15 on ‘Transport’.

95

Elkavich (2018).

96

NASA Office of the Chief Technologist (2014).

97

Catapult Satellite Applications (2017b).
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solutions), given the existing challenge of
establishing end user and consumer trust.98
For further information, see Annex K. Logistics.

4.1.12. Manufacturing
The future space economy
entails a number of space-based
or space-enabled terrestrial
manufacturing applications, here understood
as processes focused on the transformation
of goods, materials or substances into new
products.99 In-space manufacturing, including
on-orbit or lunar manufacturing and assembly,
are recognised as key enablers for future
long-duration space missions and habitats.
As such, several projects are currently
underway to advance the development of
in-space manufacturing – particularly additive
manufacturing – by civil, commercial and
military actors in space. Out to 2050, in-space
manufacturing is likely to be a key enabler for

the industrialisation of space as well as, in turn,
the potential de-industrialisation of the Earth to
support environmental protection and growth
of the net-zero economy.
Space-based technologies offer myriad
prospects for developing existing or new
applications for the terrestrial manufacturing
sector, a key part of the upstream space
economy. This is particularly in conjunction
with advancing integration of IIoT and Industry
4.0 technologies in the manufacturing sector
(see discussion in Section 3.4). Despite some
initial efforts at fostering such integration
with space-enabled technologies in the sector,
future uptake is dependent on the ability of
the sector to overcome barriers to innovation,
including uncertainties regarding costs and
cybersecurity.
For further information, see Annex L.
Manufacturing.

Table 4.12 Use cases in manufacturing
Relevant use cases

Space markets

•
•
•
•
•

On-orbit or lunar manufacturing
On-orbit or lunar assembly
Additive manufacturing
Microgravity manufacturing
On-orbit metal manufacturing

Hybrid markets

•

Specialised manufacturing

Terrestrial markets

•
•

Connectivity for Industrial Internet of Things
PNT services for Industrial Internet of Things

Source: RAND Europe analysis.

98

Catapult Satellite Applications (2017b).

99

Definition: this cluster comprises all those activities in or enabled by space that are focused on the transformation
of goods, materials or substances into new finished products through a mix of design, fabrication, processing and
assembly using labour, machines, tools and chemical or biological processes.
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4.1.13. Science, research
and education
With space continuing to drive
scientific exploration, research
and innovation,100 space exploration has
remained a key ambition of space-faring nations
as well as commercial actors. Supported by
those ambitions, out to 2050 the use of space
for scientific and education purposes may
entail a range of new space exploration mission
types, including crewed and uncrewed, robotic,
citizen science or exploration missions. The
timeframes for the realisation of such missions
are varied, with ambitions for a commercial

uncrewed Mars missions to be launched by
2022 and interplanetary missions projected by
the 2030s.101
Democratisation of the space economy has
enabled greater access to space for scientific
and education institutions, with low-cost
smallsats and CubeSats, satellite-enabled
e-learning, and connectivity creating new
opportunities for terrestrial research and
education markets. These opportunities
include the improvement of real-time analysis
capabilities through better access to data,
improved connectivity among the scientific
community, and facilitating global access to

Table 4.13 Use cases in science, research and education
Relevant use cases

•
•
•
•

Microgravity experiments
Other space-based experiments
Interplanetary missions (crewed)
Interplanetary missions (uncrewed)
Interstellar missions (uncrewed)
Citizen exploration missions
Low-cost SmallSats for deep space exploration
Micro-probes propelled and powered by planetary atmospheric
electricity
Suborbital exploration
Collaborative human and robotic missions for planetary exploration
Robonautics and interstellar robotic probes
Space exploration with soft robotics

Hybrid markets

•
•
•

Search for Extra Terrestrial Intelligence (SETI)
Messaging Extra Terrestrial Intelligence (METI)
School, university and hobbyist use of space

Terrestrial
markets

•
•

Connectivity for e-learning
Connectivity for research teams and facilities

Space markets

•
•
•
•
•
•
•
•

Source: RAND Europe analysis.

100

The science, research and education cluster is defined as comprising all those activities in or enabled by space that
are focused on advancing human knowledge and understanding of the physical, natural and social world through
systematic application of the scientific method and the dissemination of knowledge through educational means.

101

Brown (2020).

40

Future uses of space out to 2050

e-learning tools. However, limited access to
financial resources may act as a critical barrier
for both space-based and space-enabled
research, partly due to potential limited public
and political support for the investment of finite
resources in costly space exploration over
more immediate policy priorities.
For further information, see Annex M. Science,
Research and Education.

4.1.14. Telecommunications
The proliferation of IoT, cloud
computing and consumer
entertainment applications

is contributing to increasing dependence of
civil and commercial sectors on space-based
technologies to facilitate faster data download
and upload speeds, lower latency, improved
coverage and secure and reliable connectivity.
The current telecommunications102 market
already relies on a range of space-based
technologies, with current estimates indicating
further significant advances in spacebased telecommunications out to 2030 and
beyond. These estimates include growth in
fixed and mobile satellite communications
and similar established markets, as well as
emergence of new technologies, such as laser
communications.103

Table 4.14 Use cases in telecommunications
Relevant use cases
Space markets

Hybrid markets

Terrestrial markets

•

In-space laser communications

•
•
•
•
•
•
•
•
•
•
•
•
•

Next-generation SATCOM services
LEO satellite constellations
LEO to GEO terrestrial communications
Fixed satellite communication services
Mobile satellite communication services
Space-based global broadband communication services
Space laser communication technology for ultra-high-speed
inter-satellite and satellite-to-ground data transmission
Flexible satellites
Quantum-encrypted communications
EM spectrum management
In-space communications relay
Satellite backhaul to support both cloud and edge computing
Space-based data centres

•
•
•

Direct-To-Home (DTH) broadcasting
Specialist services for rural and remote locations
High-altitude pseudo satellite (HAPS) services

Source: RAND Europe analysis.

102

The telecommunications cluster is defined as comprising all those activities in or enabled by space that are focused
on enabling the transmission of information in analogue or digital form between multiple locations through the
means of electrical signals or electromagnetic (EM) waves.

103

Guo & Wu (2010).
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Global broadband coverage currently
represents a key ambition of the future spacebased telecommunications sector. While
current forecasts estimate global broadband
to be a fast-growing, £40bn market,104 and
with several commercial actors engaged in the
development of global 5G coverage, there are
significant challenges relating to an insufficient
regulatory framework and risks related to
spectrum management, and launch and
operation of mega-constellations of smallsats
in LEO, among others. As discussed in
previous clusters, increasing reliance on spacebased technologies may also increase the
vulnerabilities of civil and commercial networks
to cyber- and electromagnetic attacks against
telecommunications.
For further information, see Annex N.
Telecommunications.

4.1.15. Transport
Out to 2050, the future space
economy may include a range
of services for intra-space
transportation and traffic management, as
well as wide use of space-based technologies
by terrestrial transport105 systems. In the
context of the former, future space exploration
missions and habitats may feature the use of

specialist vehicles (e.g. shuttles and rovers),
as well as yet-to-be-realised concepts for
interplanetary and interstellar transport such
as space trains, solar sails and nano-ships (see
Section 3.3 for more examples).106 Similar to
other application clusters, future development
of the in-space transport market, as well as
establishment of accompanying space-traffic
management services, is likely to be shaped by
interdependencies with sectors such as energy,
manufacturing and construction of in-space
habitats.
Terrestrial transport systems may benefit
extensively from space-based applications
derived from EO, SATCOM and PNT, including
improved efficiency (e.g. through route
optimisation) and safety (e.g. through spaceenabled connectivity for safety-critical services
and remote monitoring of crew health and
safety). Space-enabled connectivity may
also support development of future transport
models, such as smart cities and ridesharing, though uncertainties concerning the
performance of space-based technologies – as
well as lack of awareness among authorities
concerning the benefits – may limit scope or
pace of adoption.107
For further information on this cluster, see
Annex O. Transport.

104

Space Growth Partnership (2018).

105

The transport cluster is defined as comprising all those activities in or enabled by space that are focused on the
movement of people or goods from one location to another, typically by means of a vehicle, and on the provision of
related services to ensure the safe and efficient function of transport networks. For those future space applications
relating to the task of integrating means of transportation with the broader organisation of supply chains, see Section
4.1.11 on ‘Logistics’.

106

Wenz (2017); Planetary Society (n.d.).

107

Catapult Satellite Applications (2017d).
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Table 4.15 Use cases in transport
Relevant use cases
Space markets

•
•

Intra-space transportation
Space traffic management

•
•

Safety-critical services
Space services for real-time fleet, vehicle and sub-system health
monitoring
Space services for crew training, welfare and remote monitoring
of Health and Safety
Satellite-enabled vehicle-to-vehicle (V2V) and vehicle-toinfrastructure (V2I) communication
Connectivity for smart cities and infrastructure
Connectivity for autonomous vehicles (in all domains)
Connectivity to enable new vehicle-ownership and -use models
Next-generation PNT services
Intelligent Transport Systems and route, speed and transport
service optimisation to reduce congestion
Broadband-to-vehicles to increase user productivity and
entertainment in-transit

•
•
Hybrid markets

•
•
•
•
•
•

Terrestrial markets

•
•
•
•
•
•

Air traffic management
Maritime traffic management and maritime surveillance
Rail traffic management and track monitoring
Road traffic management
Road pricing and congestion charging
Usage-based insurance schemes and driver monitoring

Source: RAND Europe analysis.

4.2. Development of new markets
and use cases may render
the space sector increasingly
inseparable from the wider
economy by 2050
The large number of clusters mirrors the
increasing relevance of space-based products
and services for end users across the civil,
commercial and military sectors. The variety of
space-based applications within these clusters
highlights the deepening and broadening of
space-based activities, with increasing impact

on almost all sectors of economic and social
activity. As such, out to 2050, the global ‘space
economy’ may begin to look increasingly
indistinguishable from, and integrated with, ‘the
global economy’.
There is considerable scope to further increase
awareness of the potential benefits and
applications of space among actors in other
parts of government or the economy, and to
enhance the formal and informal mechanisms
that bring together relevant stakeholders to
translate new ideas for use cases into reality.
A lack of awareness of how current or future
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space products and services might generate
value in other markets (e.g. agriculture, finance,
manufacturing) is a major potential barrier to
developing new space applications – especially
the most disruptive and ‘game-changing’. This
lack of mutual awareness goes both ways:
specialist actors within the upstream and
downstream segments of the space economy
may similarly have limited understanding
of how to translate their technical and
commercial offerings to other contexts, be they
unfamiliar export markets or other parts of the
national economy.

Realising the various stated ambitions and
visions for 2050 is therefore not without cost,
challenge or risk. As noted in Chapter 2, future
concepts must match supply and demand
and align both technical and non-technical
factors to become a reality. Without going
into a detailed feasibility study or cost-benefit
analysis of any individual concept, Chapter 5
discusses prominent enablers and barriers that
may affect growth prospects across the wider
space sector.
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5

Enablers and barriers for future
uses of space out to 2050

As outlined in the previous two chapters,
future space applications present a wide array
of new opportunities for the space sector to
2050. While some such applications may entail
incremental advances in the upstream and
downstream segments of the space economy,
others may result in more fundamental
transformations of the civil, commercial and
military space sectors. However, several
technological and non-technological factors
may impact how quickly such transformations
are achieved – if they are realised at all. This
chapter characterises the high-level enablers
and barriers standing between the present
day and visions for 2050, drawing from data
captured through a targeted literature review
and an aggregation of the findings arising from
each of the 15 clusters presented in Chapter 4
and the accompanying Technical Annex.

5.1. Technological innovation as
well as falling cost of launch and
commercialisation represent key
enablers for the space economy
The research team identified several
overarching technological and nontechnological factors which are likely to serve
as key enablers for the realisation of potentially
highly transformative uses of space between
now and 2050, as outlined in Box 4 opposite.
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Box 4 Summary of key cross-cutting enablers
Although individual future space markets and
applications may be enabled by sector-specific
trends and enablers, several cross-cutting enablers
can be identified:
• Incremental advances in space-based and
enabling technologies, and better utilisation of
existing technology, may provide a significant
impetus for future space-based applications.
Investment in gradual technology investment
may thus likely have positive impacts counter
to perceptions of reliance on discovery of
technological ‘unobtainium’.108
• Commercialisation and public-private sector
partnerships may incentivise further decrease
in cost of launch, and the creation of ‘selfsustaining’ space markets.
• Falling cost of launch facilitated by
commercialisation and technological advances
constitutes a key enabler. Future developments
in the space economy may entail fundamental
shifts in space industrialisation only after a
certain ‘tipping point’ in cost is passed; otherwise,
such activities may not be sustainable.
• Fostering public discourse as well as public
and political interest in space may enhance
public participation in space policy and
governance debates and increase demand for
future space-based and -enabled applications
in different markets.
Source: RAND Europe analysis.
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5.1.1. Fundamental transformations
of the space economy may be enabled
by incremental improvements or better
utilisation of existing technology
As already discussed in Chapter 2,
technological advances remain a crucial
enabler for the growth of the space sector
and the evolution of both upstream and
downstream markets and applications. This
includes both advances in space technologies
(spacecraft, launch and satellite technologies
as well as payloads and sub-systems), as well
as ‘adjacent’ technologies such as in robotics,
AI and ML and advanced computing.
Among the former category, development
of partially or fully reusable launchers and
systems that maximise modularity of launch
vehicles has enabled an increasing array of
uses of space to be actualised. As identified
in several of the application clusters, further
improvements in launch vehicle designs
represent key enablers for applications
including space tourism, space-based solar
power installations, and others. Though
future space installations may require new
advanced spacecraft technologies, including
super-heavy launchers, current efforts indicate
such advances may follow incremental
improvements in existing technologies. This
includes, for example, current development of
launch engines using liquid oxygen (LOX) or
methane-based propellants to enable simpler
and lighter reusable launcher designs that are
easier to store and handle.109
While technology investments will remain a
key element of the future space economy,

the scale and scope of investment may be
over-estimated due to the expectation of
necessary technology breakthroughs. Many
of the identified key uses of space are not
expected to rely on such breakthroughs,
but rather on incremental advances in
current technology combined with expected
acceleration in computing and manufacturing
capability.110 Advances in robotics and additive
manufacturing are, for example, expected
to have a ‘game-changing’ impact on space
operations that are perceived as highly
technological challenging, including possible
Martian colonisation.111 As such, ‘exercising
existing capabilities to evolve technologies will
be relatively easy compared to cultural and
procedural changes needed in other areas’.112
In some areas, technical challenges may be
compounded by regulatory or socio-economic
barriers (i.e. the social context for technology
adoption). For example, automated change
detection has traditionally been identified as
a key technological enabler, particularly for
terrestrial applications that utilise space-based
remote sensing capabilities. The benefits
of improvements in AI/ML may however be
curbed by practices including proprietary
restrictions on algorithms by industry
stakeholders.113 Risk aversion and reluctance
to invest in large-scale digital transformation
projects may also act as a barrier, augmented
by the perception of limited payoffs of
investment in individual capabilities in light
of growing interdependencies among space
markets, such as low-cost launch capabilities,
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in-space manufacturing and scalable space
habitats.114

5.1.2. Commercialisation and the
changing nature of space markets
and public-private partnerships
present myriad opportunities for new
collaborations
The changing nature of public-private
partnerships and evolving role of government
and commercial stakeholders in the space
economy represent key factors for the future
of space.115 Contemporary literature on the
evolving nature of the space economy and
emergence of ‘NewSpace’ highlights a number
of positive implications of commercialisation,
as well as the hindering effects of past or
existing governmental approaches. Though
they have their own benefits, the latter have
tended to limit the ability of commercial
markets to actualise many of the future
market applications already believed to be
technologically feasible (e.g. space-based
propellant refuelling stations and lunar
facilities).116
Particularly within the space launch,
transportation and infrastructure markets,
existing research thus points to a refocusing
of governmental roles and resources to
fostering commercial industry. This entails a
wider reshaping of the meaning of government
and commercial roles in space, as well as
a shift from public to private priorities for
space market development and investment.117

The fostering of a self-sustainable space
transportation market includes accompanying
‘network effects’ through which previously local
or regional marketplaces are integrated into
a wider market area, enabling multiplication
– rather than addition – of the market size
due to the attraction of new market users.118
Such developments could enable space
agencies to focus resources on research and
other activities of high public value, while
‘outsourcing’ space transportation, launch
operations, resupply and in-space facilities to
the commercial space sector.119

5.1.3. Falling costs of launch contributes
to space democratisation, with the
potential of radical shift in the space
economy beyond a ‘tipping point’ in
launch cost
Setting aside questions of technical feasibility,
the economic case for many potentially ‘high
risk, high-reward’ future space applications
– including space tourism, the construction
of space-based food production facilities,
and space-based solar power – relies on the
availability of low-cost access to space. The
democratisation of space has encouraged
new players to invest in the space sector, as
well as ‘fostering more sustainable, consumerfriendly models that promote better access to
[space].’120 The falling cost of launch is a key
aspect of the space democratisation process,
and efforts to develop ‘low-cost, easy access
routes to space’ have been at the core of
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the NewSpace innovation wave in the space
economy.121
Several important recent advances have
‘dramatically reduced’ the barriers to entry into
the space economy, including reduced cost
and size of relevant technologies, resulting
in lowering payload costs, and advances in
automation.122 Combustion instability and
material costs have also gradually decreased
due to advances in rocket engine design.123 In
combination with ‘gradual improvements in
managerial practices’ in the commercial sector,
and competition created by commercialisation,
these trends are further expected to reduce the
cost of launch, with current ambitions at ‘tens
of dollars per kg’ by 2040.124
Existing research indicates that beyond a
certain ‘tipping point’, the falling cost of space
launch may result in a radical shift in the space
economy and space industrial landscape.
Beyond such a tipping point, low-cost access
to space would enable the development of
further space applications, such as spacebased resource extraction, manufacturing and
development of commercial megastructures,
which would all in turn drive demand for
associated maintenance, refuelling and
resupply services. This could in turn further
increase the rate of spaceflight and reduce
associated costs, incentivising further
investment and growth in space markets,
such as space tourism or on-orbit repair. This
virtuous cycle could eventually lead to a wholescale transformation of the space economy,
with a ‘self-sustaining, self-expanding industry
at a reasonably low cost’ making large-scale
space settlement practical.125 Conversely,
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if the cost of space launch does not fall as
quickly or as far as some in the industry may
hope, this may trigger a wave of consolidation
in the global launch market or render certain
ambitious space plans commercially unviable.

5.1.4. Public interest in space and
international collaboration may facilitate
the application of space-enabled
technologies to address public policy
challenges
Public and political awareness of and interest
in space – and its potential to provide
solutions for current and future public
policy challenges – are crucial enablers for
future developments in the space economy.
Fostering consciousness among key political
stakeholders, as well as incentivising public
discourse concerning issues of common
interest (e.g. maintaining a peaceful and
secure space environment) can foster global
collaboration on topics, such as SSA/SST.
It may, additionally, facilitate the uptake of
space-enabled technologies in sectors such
as healthcare and potential future space
entertainment markets (e.g. space tourism)
through sustained public interest and demand.
Fostering public discourse on space-based
activities may be an important enabler
for significant changes in space policy, by
legitimising investment of public resources
on future uses of space. This is particularly
relevant in the context of potential barriers to
increasing investments and collaboration in
science and research due to rising populist
sentiment and growing fiscal challenges in
many space-faring nations, especially after

49

COVID-19.126 However, opponents of public
participation in space policy discussions
question the value of such contributions, on
the basis that the public may be misinformed
and ‘guided by non-scientific principles rather
than an understanding of [the] scientific value’
of space applications, e.g. crewed missions
to Mars.127 Lack of awareness concerning the
potential risks and benefits of future space
markets and application applies not only to
the general public, but also to policy- and
decision-makers.128

Box 5 Summary of key cross-cutting barriers
Although future space markets and applications
may be enabled by sector-specific trends and
enablers, several cross-cutting barriers have
been identified:
•

Limited access to funding and structural
inefficiencies in public funding
mechanisms remain a key barrier for future
adoption of space-based technologies,
despite the falling cost of launch.

•

Uncertainties concerning technology
readiness levels – as well as ethical and
governance implications of future space
applications – may hinder the ability of
governments to shape the future space
economy. Changing leadership and
organisational culture in the civil space
sector may be needed to mitigate the
effects of such uncertainties and risk
aversion.

•

The uptake of space-based technologies
by key terrestrial sectors may be limited
by barriers to sector-wide innovation and
adoption of Industry 4.0 and a shortage
in key skills and industrial capacity in
many nations with newfound space-faring
ambitions.

•

Insufficient national and international legal
and regulatory environments continue to
pose significant barriers for adoption of
space-based markets.

•

While space safety and security are crucial
for all space-based applications, there are
significant challenges for the development
of effective space debris removal and
mitigation capabilities.

5.2. Regulatory and sociocultural barriers represent
prominent barriers for the future
development of the space
economy
The prospects for realisation of future
ambitions in space may also be constrained
by a range of persistent technological and
non-technological barriers. While some may
be specific to individual application clusters,
some barriers may be cross-cutting and
represent more prominent potential constraints
for the future space economy. This section
outlines such barriers identified in the study, as
summarised in Box 5.

Source: RAND Europe analysis.
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5.2.1. Despite falling cost of launch, uses
of space may be limited by cost, including
funding shortages and structural
inefficiencies of existing funding
mechanisms
While commercialisation of the space economy
is contributing to decreasing costs of launch
and space travel, resulting in corresponding
cost reductions in relevant space, hybrid and
terrestrial markets, substantial advances in key
technologies and methods for space-based
markets still, in some cases, require ‘years of
R&D, with sustained funding’.129 Advances in
key future space markets may therefore be
limited due to insufficient access to – or risk
appetite for providing – such funding.
Among the application clusters examined
in this report, access to funding was found
to be a particular barrier for future markets
in science and research-related markets,
including space exploration, where access to
financial resources interacts with the level of
public and political interest in space, as well as
public perceptions surrounding the benefits of
space activities. These may not be immediately
apparent to taxpayers concerned with other
pressing public policy concerns.
Cost-related barriers are not confined to limited
access to seed funding, but also include
uncertainties among end users with regards
to the costs of space-based applications.
Such uncertainties may present a significant
barrier for the future uptake of space-based
technologies by many terrestrial sectors,
including manufacturing and agriculture.
Uncertainty concerning the benefits of spacebased applications may also negatively
affect the incentives for end user uptake of
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space-based technologies in sectors such as
healthcare (e.g. in relation to the adoption of
space-enabled telehealth and telemedicine
applications).
In the broader context of space
democratisation and facilitating the access of
commercial actors, including start-ups, to the
space sector, existing research points to the
need to redistribute, rather than necessarily
increase, current government funding to
enable future growth of the space economy.
Proponents of the commercialisation approach
described in the previous section highlight the
need to ‘[move] funding of space activity from
solely the exploration function to a mixture
of privately funded commercial industry
and publicly funded research’.130 This draws
attention to the challenges associated with a
centralised space economy for the realisation
of future, potentially transformative, space
markets, including weak incentives for an
efficient allocation of resources, resistance
to innovation due to limited competition,
and funding and development priorities
being subject to revision based on political
developments.131

5.2.2. Uncertainty and risk aversion may
limit the ability of the public sector to
shape the future space sector and realise
potentially high-reward space markets
As discussed above, decentralisation of the
space economy and support for commercial
initiatives may be a key enabler for the
successful advance of key high-value space
markets and applications. However, several
enduring uncertainties concerning the
decentralisation of the space economy may
present a barrier to the government’s ability to
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shape the market in a way that is favourable for
its future space sector.
These uncertainties include:
•

Whether public-private partnerships
present the more effective model for
encouraging commercialisation, over a
clear public-private sector separation.

•

What the nature of the public sector’s
influence over the industrial structure of
the commercial space sector should be,
and whether decentralisation of the space
economy – focused on private goods
– may undermine or increase support for
space agencies and the public goods they
produce.

•

The potential of commercial actors
including NewSpace companies to
‘piggyback’ off technology developed
through decades of government
investment and effort and ‘marginal-cost
pricing for the use of [government] facilities
and indemnification from risk’.132

•

The potential for commercialisation to
divert funding from established space
contractors, undermining institutional
knowledge and established economies of
scale.

The ability of government to navigate such
uncertainties relates, more broadly, to risk
perception and the level of risk appetite, as
well as to how risk assessments are used
to support future strategy and policy for the
national space sector. Ambitions of the civil
space sector are likely to remain further limited
by a high degree of risk aversion in traditional
public sector bureaucracies, in comparison
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to the commercial sector, which is more likely
to accept that ‘not every innovative space
technology will be perfect, or profitable, the
first time’.133 Risk tolerances are also likely to
remain very different for crewed as opposed to
uncrewed space missions, constraining some
markets and use cases more than others.

5.2.3. Barriers to innovation and adoption
of Industry 4.0 technologies may
hinder future advances in space-related
manufacturing
Despite the significant progress in commercial
space-industry applications in recent years,
space manufacturing processes remain timeand resource-consuming and often rely on
legacy manufacturing systems and principles.
This presents significant barriers for further
advances in applications delivered by the
commercial space sector.134 As noted above,
incremental technological advances or better
utilisation of existing technologies may be an
important enabler for addressing underlying
challenges in the downstream space economy.
As discussed in Chapter 3, this includes
Industry 4.0 technologies and Industrial Digital
Tools (IDTs), including additive manufacturing,
intelligent robotics, AI, the IIoT and (big) data
analytics.
Existing research evidences the extent to
which, for example, advances in and uptake
of I40 technologies could benefit the UK
terrestrial space manufacturing sector,
which may be fundamental for future space
applications. IDTs are expected to contribute
significant cost reductions to the downstream
space economy, including up to 48 per cent
reduction in satellite manufacturing costs
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through additive manufacturing.135 Industry
4.0 may also contribute to reducing supplychain inefficiencies through digitalisation, and
additional benefits for non-terrestrial space
manufacturing.136
The harnessing of such benefits may require
novel initiatives and approaches to promoting
innovation and productivity within the space
industry, including skills sustainment and
regulatory incentives. Future approaches
may also need to consider the challenges
associated with digitalisation, including
sufficient quantity and quality of data, as well
as data protection, privacy considerations
and risk of digital intellectual property theft.
Digitalisation may also contribute to existing
cybersecurity vulnerabilities.

5.2.4. Barriers to creation of a favourable
legal and regulatory environment for
the future space economy persist in the
national as well as international context
For many of the possible ‘high risk, high reward’
future space applications, the national and
international legal and regulatory environments
remain key enablers for incentivising
investment and engagement from stakeholders
and commercial actors, as well as ensuring
responsible business practices.137

Prominent specific challenges in international
law and regulation include:
•

Uncertainty concerning lunar resource
exploitation: While the Moon Treaty
contains elements for the provision of an
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international authority to provide taxation
and licensing of the use of lunar and
planetary resources, the treaty has not
been signed or ratified by major spacefaring nations, significantly limiting its
credibility and impact.138
•

Uncertainty concerning wider spacebased resource extraction and the
Outer Space Treaty (OST): Recent
national legislation, including the US
Resource Exploration and Utilisation Act
or Luxembourg’s Exploration and Use
of Space Resources may be seen by
some stakeholders as conflicting with
OST provisions preventing the national
appropriation of the Moon or any other
celestial bodies, and their arguments
concerning the dissociation of the
appropriation of celestial bodies from
the exploitation of its resources has been
highly controversial.139

•

Ambivalence of legal and regulatory
provisions for human spaceflight: Future
commercial human spaceflight markets,
including space tourism, may face
regulatory barriers due to poor definition of
liability and jurisdictional issues, as well as
lack of case law.140

•

Regulatory uncertainty concerning
liability and environmental impacts:
Space-based mining and extraction face
legal as well as economic and political
issues, including in relation to liability and
environmental impacts, presenting a barrier
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for the participation of commercial space
sector.141
•

Regulations limiting markets for in-orbit
servicing: Regulations on the docking and
servicing of foreign satellites in the UK
may limit the ability of local companies to
access foreign markets.142

•

Space as a ‘province of all humankind’:
critics of global space governance point
to the potential for a ‘tragedy of the
commons’ scenario in space, entailing the
treatment of space by nations as a kind
of communal pasture that may be overexploited and polluted through debris.143

Such challenges are underpinned by broader
trends in relation to the space legal and
regulatory environment that represent potential
challenges for many future space markets. The
attractiveness of the regulatory environment
with regards to licensing and authorisation
processes may, for example, be reduced
by potential delays in licensing procedures
and cost deterrents presented by fast-track
procedures.144 Efforts by states to reduce the
regulatory burdens for the commercial space
sector may however also result in significant
future challenges. For example, the future
space economy may face challenges mirroring
the ‘flags of convenience’ problem in maritime
law in which ‘everybody goes for the same
country, creating potential safety hazards
for passengers, other spacecraft and the
environment’.145
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Additionally, the evolution of international
space regulation and codes of conduct
governing human activity in space is inherently
tied to the evolving nature of multilateralism.
This includes the potential weakening of
global institutions and multilateralism at
large, which underpins cooperation on spacerelated matters through bodies such as the
UN Office for Outer Space Affairs (UNOOSA)
and Committee on the Peaceful Uses of Outer
Space (COPUOS).146 An evolving geopolitical
and geostrategic landscape, which includes
increasing great-power competition among the
US, Russia and China, may reduce incentives
and appetite for multilateral cooperation out to
2050.147 This may, in turn, gradually erode the
legitimacy and political and financial support
provided to established international bodies in
the context of space cooperation.

5.2.5. Future space activity may be
significantly hampered by a failure
to effectively mitigate the impacts of
proliferating space debris
A safe, secure and stable space environment
is fundamental for all future space markets
and applications. Space debris poses
significant risks for key enabling downstream
technologies, including EO systems.148 Such
risks are further compounded by the potential
of debris-caused collisions resulting in further
debris, through the so-called Kessler syndrome.
Such safety and security may in future be
enabled by capabilities to ensure space

54

Future uses of space out to 2050

situational awareness as well as active debris
removal, in-orbit servicing and space traffic
management.149 Though the total available
market for active debris removal may total
over £155m,150 there are several challenges
and potential barriers for the achievement
of such capabilities. The nature of debris
removal as a dual-use technology presents
a security paradox, as technologies used
for debris removal could also be used to
damage or disable other satellites in certain
circumstances. Furthermore, ‘sharing of
SST data related to the position of a nation’s
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satellites presents a conflict of interest with
national security as SST capabilities can
be utilised for defence purposes’.151 Stricter
regulation concerning uncontrolled deorbit
may limit those concerns, though it may also
constrain the available market for active debris
removal and drive demand for controlled
deorbit of lower-orbit satellites.152 Overall,
debris protection and mitigation measures may
entail significant costs for satellite operators,
including the costs of surveillance, tracking and
potential equipment replacement.153
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6

Conclusions and implications for the UK

This concluding chapter consolidates the
findings of the study and offers the research
team’s final reflections on the implications for
the UK as it considers what long-term threats
and opportunities out to 2050 mean for the
implementation of the National Space Strategy.

6.1. Future transformative
changes in space may be driven
primarily by convergence, creating
a truly integrated cis-lunar
econosphere
This short study for the UKSA has sought
to capture an overview of the full scope of
potential new markets, applications and use
cases arising from development of the space
economy out to 2050. This includes new
developments in both the upstream (Chapter
3) and downstream (Chapter 4) segments
of the space sector, and harnessing new
opportunities that arise from technological,
commercial and organisational innovation.
Specifically, this study has identified several
key trends that are projected to have a
profound effect on the future inputs, processes
and outputs of the upstream segment, namely:
•

The continuing development of space
and satellite technologies – many of
them dual-use (i.e. with civil and military
applications) – and the adoption and
adaptation of emerging technologies

from adjacent areas such as electronics,
computing, nanotechnology or AI/ML and
data analytics.
•

The reshaping of production lines
and supply chains to focus on design,
fabrication, assembly, launch and in-service
support of an increasing variety and
number of space objects.

•

The ongoing drive to reduce the costs
of access to and sustained use of space,
opening space to potential new users and
global markets.

•

The application of new technologies
and techniques, including IIoT and I40
approaches, to increase the integration,
productivity and competitiveness of
space manufacturing, with implications for
both the future nature of value chains and
space’s contribution to prosperity.

Developments such as these lay the
groundwork for further innovation in the
downstream segment of the space economy,
with new space objects, products and services
enabling a series of wider transformations in
how different actors exploit space to address
space-based, hybrid or terrestrial markets.
In total, the research team identified some
200 potential future use cases across 15
thematic clusters, involving both newer and
more established markets, namely: agriculture;
climate and environmental protection;
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construction, repair and engineering;
culture, tourism and entertainment; defence,
security and safety; energy; extractive
industries; finance and commerce; health,
pharmaceuticals and medicine; illicit activities;
logistics; manufacturing; science, research and
education; telecommunications; and transport.
The diversity of these different markets and
sectors reflects the increasing integration of
the space economy into all aspects of the
global economy, as well as modern digital
society and ways of life. Convergence is a
recurrent theme, both in terms of:
•

Convergence between the space
economy and all other sectors of the
wider economy, forging new links and
interdependencies between industries
– a trend that brings both risks and
opportunities – and laying the foundations
for possible long-term development of
what NASA researchers have referred to as
an integrated ‘cis-lunar econosphere’.154
This is the idea of an interconnected
ecosystem of assets and operations (e.g.
power generation, resource extraction,
repair and refuelling stations, food
production, manufacturing installations
and constellations of various satellites
offering next-generation EO, SATCOM
and PNT services) in orbit, on the lunar
surface and, over time, other celestial
bodies further afield (e.g. Mars).155 Enabled
by technological innovation and ISRU
and production of essential supplies,
this ecosystem would be increasingly

self-sustaining, but also deeply enmeshed
with all aspects of life and economic
function on Earth, generating different
types of value (e.g. prosperity, security
and environmental, scientific or political/
diplomatic value) through provision of a
wide range of products and services.156 In
this sense, the space sector, unlike many
of its products, does not exist in a vacuum
and is likely to become an increasingly
important enabler of other industries and
aspects of daily life out to 2050.
•

Convergence between multiple
technologies, markets and use cases,
often with the most disruptive effects
stemming not from a single ‘paradigm
shifting’ breakthrough but rather the
combination of a mix of both old and new
technologies and techniques to provide
a new solution to a problem or apply an
existing solution in a novel context.157 Some
of the most transformative changes out to
2050 may therefore come not solely from
the realisation of ambitious ‘moonshot’
ideas – though certainly many such
ambitious visions exist – but rather also
from the combination of more incremental
advances in multiple areas that collectively
produce a system effect that is greater
than the sum of its constituent parts. This
encourages a ‘portfolio approach’ to risk
and technology investments, including
support for a mix of foundational and
applied research, a balance between ‘high
risk, high reward’ ideas and pursuit of
cumulative incremental advances.
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touchscreens, lithium-ion batteries, 3G connectivity) that were combined through innovative design to develop a
disruptive product that allowed new entrants to rapidly seize market share from once-dominant players (e.g. Nokia,
Motorola) and generate entirely new value chains (e.g. app development for iOS or Android).
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This complex convergence has implications
for how government, commercial and other
actors understand the future opportunities
and threats associated with developments in
the space economy out to 2050, necessitating
not only horizon scanning to identify disruptive
trends in the space sector itself but also a
deeper appreciation of the changing context
and evolving user requirements of other parts
of the cis-lunar economy (e.g. manufacturing,
transport, agriculture, etc.). This includes the
following considerations:
•

Focusing on the transformative effects
of convergence entails that the UK and
other nations contemplate their respective
strengths and weaknesses in the space
sector (e.g. in terms of the industrial
and skills base, or government space
capabilities).

•

In addition, however, actors should also
consider the characteristics of their
respective national economies and
how their areas of comparative and
competitive advantage in other sectors
(e.g. financial and professional services,
pharmaceuticals, arts and culture, defence,
automotive, aerospace and other highvalue manufacturing in the UK context)
might shape their priorities for developing
new markets, applications and use cases
relating to space out to 2050. In other
words, it will be necessary to decide
whether to exploit a strategic opportunity
to reconfigure the economy towards a new
growth area, increase the salience of space
activities in another sector of existing
national strength, or direct investment
towards shoring up an existing lead in
a particular field to prevent this market
position being disrupted by a new actor.

6.2. Understanding the complex
socio-technical environment in
which changes will take place
is essential to promoting new
markets
This research has emphasised that the degree
of alignment between supply and demand
– namely the specification of an end user’s
needs, wants and fears, the development of a
product or service that addresses them, and
the realistic assessment of how that value
proposition differs from alternative solutions
already on the market – and an appreciation of
barriers to implementation is what separates
credible visions of the future of space in 2050
from speculative science fiction (see Chapter
2). Importantly, understanding this distinction
also requires governments, investors,
commercial organisations and others to
maintain vigilance in interrogating the realism,
relevance, novelty and uncertainty associated
with any plan for the use of space. As such, it is
essential to consider that:
•

The space sector is certainly capable of
feats of dramatic technological innovation
and disruption, bringing new approaches
to address the physical demands of a
highly challenging space environment
and overcome the complex engineering
challenges that come with launching and
operating a spacecraft, satellite or station
in space.

•

At the same time, it is important to
caution against neophilia, i.e. (uncritical)
enthusiasm for that which is novel or
new. New ideas are not necessarily
improvements over existing approaches
and may not even necessarily be new –
lack of corporate memory or historical
awareness can mean revisiting old
suggestions that have previously been
investigated, iterated and discounted.
Certainly, many of the visions of today
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for how space may look out to 2050 do
not differ too radically from the ideas put
forward by physicists, astronomers and
science fiction writers in the late 19th or
early and mid-20th centuries. Some of
the more radical concepts advocated
in the 1950s, 1960s or 1970s – such
as interplanetary travel using nuclear
fission propulsion, or the construction of
megastructures such as O’Neill cylinders158
or Dyson spheres159 – may be old but
remain beyond the technical capacity of
the early 21st-century space economy. New
concepts and technological breakthroughs
may offer exciting possibilities, but novelty
is not a success criterion in and of itself,
and with each technological advance
or new product or service design, the
essential question remains: what does this
allow the user to do that cannot already be
done, and why should they care (e.g. due
to improved performance or greater value
for money over alternative products or
services)?
•

Exploiting the potential opportunities
offered by future developments in the use
of space therefore requires an appreciation
for the wider socio-technical context in
which innovation occurs. As discussed
in this study, many of the potentially
disruptive space use-cases posited out
to 2050 do not rely simply on some new
game-changing breakthrough in technology
or humanity’s understanding of the laws
of physics – the discovery of ‘dilithium
crystals’ or ‘unobtainium’.160 Rather,

realisation on many of the envisaged new
markets and applications is expected to be
dependent on addressing broader political,
legal, bureaucratic and other non-technical
barriers that might otherwise prevent a
novel idea being turned into a reality or
render the new product or service socially
unacceptable or commercially unviable
(see Chapter 5).

6.3. Space is not immune to wider
dynamics of global competition,
necessitating a strategic approach
to maximise the UK’s influence
In many respects, overcoming the nontechnical barriers may be more complex and
challenging than the technical aspects, given
the increasingly multi-stakeholder nature of
the space economy and the finite levers of
influence available to any single actor (be
it a government, commercial organisation,
research centre or other category of
institution). Furthermore, this report has noted
that evolutions in the use cases of space out to
2050 are likely to shape, and in turn be shaped
by, wider trends of cooperation, competition
and, sometimes, open or latent conflict
between different actors:
•

The increasing democratisation and use
of space not only introduces additional
complexity to this multi-stakeholder
environment, but also raises the need
for international legal, regulatory and
normative mechanisms to evolve to keep
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An O’Neill cylinder is a space settlement concept proposed by Dr Gerard O’Neill in the 1970s, using a mix of lunar and
asteroid resource extraction to construct two counter-rotating cylinders in space that would, through their rotation,
provide artificial gravity via centrifugal force, enabling habitation and other functions on their inner surfaces.

159

A Dyson sphere is a hypothetical megastructure – popularised by and named after Prof. Freeman Dyson following his
1960 paper exploring a series of thought experiments for future ambitious uses of space – that was first described in
the early science-fiction novel Star Maker (1937) by Olaf Stapledon. A Dyson sphere would completely encompass a
star to capture a large percentage of its total power output (e.g. by placing solar panels on the interior of the sphere).
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Ferguson et al. (2015).

59

pace with rapid changes in the types of
actors and activities operating in or through
the space domain to 2050. This ensures
maintaining a safe, stable, secure and
crucially sustainable space ecosystem for
all to avoid a ‘tragedy of the commons’;
securing political buy-in and collective
resources for such initiatives is essential,
if likely to remain an enduring challenge,
given divergent national and commercial
perspectives on how space should be
governed, by whom, and given the enduring
incentives for ‘free riding’ or a ‘race to the
bottom’ on standards to gain competitive
advantage.161
•

•
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Governments such as that of the UK
must understand the wider dynamics of
competition and collaboration in space
and on space-related matters, if they are to
target finite investments and interventions
in such a way as to maximise national
influence over the future direction of
the evolving cis-lunar econosphere. This
entails a need for a whole-of-government
approach (i.e., understood as Fusion
Doctrine in the contemporary UK policy
context), as well as mechanisms for
effective collaboration with industry,
academia, civil society, end users and
the public to ensure a coherent approach
from all participants in the national space
sector to pursuing strategic priorities in
competitive space markets.
This includes understanding the unique
value proposition of the UK as a partner
for other governments, commercial
organisations and research centres with
whom the government hopes to collaborate
to exploit the opportunities, or mitigate the
threats, posed by new uses of space to
2050. Different actors will seek and value

PwC (2019b).

different contributions from the UK as a
prospective partner, e.g. funding, market
access, political connections, or new and
relevant Intellectual Property. Ensuring
a coherent strategy for developing the
relationships, skills and capabilities that will
position the UK to enter into collaborative
arrangements on favourable terms and
ensure their successful contribution to
national goals, will be essential to help
maximise influence on future outcomes in
a complex and fast-changing space sector.

6.4. Creating the conditions for
innovation and investigating
different potential futures can
ensure a more ‘future proof’ space
strategy
Looking out to 2050 or beyond, it is clear that
there is deep uncertainty in the long-term
future of space and its role in supporting wider
hybrid and terrestrial markets. It is not possible
to predict the future (and it certainly would
be a ‘paradigm shifting’ new use for space if
it were). Instead, governments, commercial
organisations and other actors must adapt
themselves to plan, operate and thrive in
conditions of deep uncertainty, making robust
near-term decisions and investments that may
position them to exploit new opportunities or
mitigate threats in the long-term as they arise:
•

Promoting innovation and enhancing
the absorptive capacity of spacerelated organisations (e.g. governments,
industry) to identify, assess and embrace
new concepts or technologies may
play an important role by increasing
the agility, adaptability and, ultimately,
competitiveness and resilience of the
UK space sector. Existing research has
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Figure 6.1 Understanding innovation models and key criteria for success

Source: Freeman et al. (2015).

characterised the dynamics of innovation
and lessons for development of successful
models at the team, organisational,
sectoral or national levels (see Figure 6.1
for an example of an innovation model
developed for Dstl). Robust approaches
focus on all factors shaping the barriers
and enablers to innovation in a complex
ecosystem such as the space economy;
ensuring alignment between drivers, input
resources (talent, capital, knowledge
assets), enabling resources (infrastructure,
networks, connections) and context
(culture, structure) to promote successful
innovation in space-related products,
services and processes.
•

This futures study emphasises the
continuing need to invest in mechanisms
and techniques for anticipating future
developments in the space sector,

understanding their potential qualitative
and (where appropriate) quantitative
impact and timelines to realisation,
and identifying the necessary near- or
medium-term actions required to exploit
new opportunities or mitigate the costs,
risks and threats. Besides the targeted
literature review and use of the bespoke
RAND S&T Horizon Scanning Database
employed in this research, there is a variety
of other methods associated with futures
and foresight, and generating evidencebased insights to guide how governments,
industry and other organisations position
themselves to produce ‘future proof’ and
resilient strategies for long-term success.
Examples of methods include gaming
and table-top exercises, scenario analysis,
backcasting, horizon scanning, technology
watch, assumptions-based planning and
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both qualitative and computational Robust
Decision Making (RDM) techniques.162
Continuing to look to the future to understand
the shifting dynamics of actors and activities
operating in and through space should thereby
help position the UK to implement and adapt
the National Space Strategy; pursue its

162

key strategic priorities (prosperity, security,
environmental, scientific and international
collaboration); and position the UK space
sector to maximise its competitive advantage
and be ready to explore new opportunities and
challenges in the changing landscape of space
out to 2050.

For more examples, see the GO Science ‘Futures Toolkit’ (Government Office for Science, 2017) and the RAND CFFS
website (RAND Europe, n.d.).
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