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The UK Space Agency plays a maj
National Space Strategy.

Our staff includscientists, engineers, commercial experts, project mang
and policy officials who help to:

i catalyse investmento support projects that drive investment a
generate contracts for the UK space sector

9 deliver missions and capabilitiisat meet public needs and advanc
our understanding of the Universe

1 champion the power of spade inspire people, offer greener, smar
solutions, and support a sustainable future

www.gov.uk/government/organisations/uspaceagency

www.gov.uk/government/organisations/departme#fibr-scienceinnovationand-technology



http://www.gov.uk/government/organisations/uk-space-agency
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The growing global ambition for space exploration will be realised through critical technology evolutions and
breakthroughs. The UK must decide its role in thedstions and set out its areas of focus for national technology
development to support future space exploration capabililiee objective of thE8paceExploration Technology
Roadmap ighereforeto identifyareas of existing strength andderdeveloped technologies to be used in future
space exploration missions. The identification of the technologies referenced in this document was founded on
the requirements needed to meet the ambitions of ESA Exploration Misgipostunitieswithin NASA
Exploratio Missiongnd the wider global space sector, including upcoming commeogpbrtunities

This roadmap will guide UK Space Agency decisiaking by focusing on technologies where U#sed
academia and industry are leading welkplaced to lead Theroadmap supporsthe aims of the National Space
Strategy to grow and levelp the space sector and put the UK at the forefront of pioneering research and
development and fits within the framework of civil capabilities announced in July 2023 as part of the National
Space Strategy in Actioifthe UK Space Agency hatlisedand buit upon information in various publications

and through consultation withakeholderin identifying theelected technologiashichare the most appropriate

for the UkKto focuson developingfor the purposes of spacexploration. A simplifiedlist ofthe recommended
technologies can be found ippendixll.

For the exploration technologies selected, the roadmap describes the overall role, benefits, current and planned
national competence and support requirement$is documentidentifes a numberof gaps thatshould be
addressedfor the UK tccapitalise onthe growing space economygatalysing investment angositioring our

space sector tgontinue tannovate andcompete internationa.

The UK Space Agency encourages the UK spaaor toreviewthis document and incorporate its messages
into their ambitiona/NVe welcome feedback on thepadmap and willregularlyreviewand revisethe document
as neededFeedback can be provided via email fmaceExploration@ukspaceagency.gov.uk

The Rosalind Franklin Rover
Image CreditESA/Mlabspace
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Commercial space services are
helping to transform space scien
and exploration, as companies |o

with national space agencies, as

well as working independently, t

build spacestations, and support

humani tyos retu
first steps on Mars.

UK Space Agency Corporate Plan 2622
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Space Exploration

The UK plays an important parttimee European Space AgencdESA dxploration programmes UK expertise
and capabilitesspanacross a larggange of exploration activitieSheTrace Gas OrbitefTGO) launched in
2016as part of the ExoMars programirie equipped withJK built irstrumentatiorusedin the search fqrand
characterisatiorof, trace gasses in the Martian atmosphdree TGO also acts as a communication satellite to
theRosalind FrankliRoverwhichwill explore and takeegolithsamplesrom up to two metres below tiserface

of Marsdsignificantlythe Rosalind Franklin roverdsu r o p e 8 s anfl was lwuitt in theoUke2015Tim Peake
became the firsBritishastronaut to visit the International Space Station.(ISS)

In the next decade, opportunities in exploration will only increszaging with Artemis |, the world is about to
demonstrate that the return to t heconhoedpresdance. Likeooh a
Earth, development requiraack-bone infrastructurthat isreliable, sustainable, availablend affordable. B
the midtol at e tRe@uh@Gatewaywillbe operational andorovide aspringboard fothe development of
a lunar base The Gateway and basprovidean unprecedentedpportunity to develop and test technologies
that facilitate offEarth living andsupporthumark i nd 6 s f itorMars. Thisoisuthencatalysthind the
numerous missions underway and planned by space agemrcidcommercial venture®r exploration.

The UK s seppdo@tion programmeovers human and robotic missions to places where humans may one
day live and workthisincludesmissions to the Moon, thienar vicinity, and Mars; and related activitietomw
Earth Orbit (LEO) though many technologies wilinevitablytranscendtheseboundaries There are countless
opportunities for the UK to capitalise on the growing global interest in disédnergs one player in large and
growinginternational sectothe UK wilheed to focustsresources strategically.

Non-US Government Space Budgets
$38.4bn

US Government Space Budget
$51.8bn

Global Space
Activities 2020
$446.88 Billion

Commercial Space Products and Services
$219.44bn

Commercial Infrastructure and Support Industries
$137.23bn

Data fromThe Space Report 2021 Q2



Thevalue ofthe global space economy is estimatdbe worth aroundE490 billionby 2030and $1 trillion by
2040.2 Encouraging signare already emerginghat such heights may bachieved agevenue reachedhearly

$447 billionin 202C and grewto $468 billion(approx. £385 billionin 202F This growth iseflectedin the UK
withcivil expenditure in spagamping from £300 million in 2014 to £700 million in ZOte UK Government is
alsoinvesing in initiatives such aglobal internet provisiotihroughOneWeband climate change monitoringia

the TRUTHS®nissionin addition to continuing to support the launch of small satellites from UK soil through
LaunchUKThe UKwill continue to build on its pioneering attitude to space technogl excellenresearch

and development facilitie® make the most of #hdiverseand growing spaceesconomy

RoadmapPurpose & Scope

The Space Exploration Technology Roadmap (SETR) is intended td&sigeahnologyinterestgor exploration

and the likely areas where supp@mom theUK SpaceAgencywill beconcentrated Through consultations with
academia, industry, and institutions across the sector, we have reflected a clear array of synergies with oth
sectors and interested partners abroad.

This information should be of interesthe UK space sector, to investors, and to those not yet involved in the
space sectarThiscoadmap will act like a brochure for the future: helping to catalyse investment and provide the
international space industry with a guide to UK capabilities and ambiti@isuld be read together with central
government publications including the National Space Strategy, and National Space Strategy in Action, which
together provide the strategic framework for our ambitionspace and the future of our strategic capability
needs

Theroadmap reflecs relevant national and international publicatiorte provide thecontextof the space
explorationumbrella the UK Space Agenapd most of the UK space commurdfyeratewithin The SETRrist
intended to be acomprehensive ligor everytechnology linked to space explorationstead, the roadmap
providesan overall analysis of UK capabilities which are assessed agaéast of opportunity in the global space
economy and exploration missionBhe result is a document which provides a solid groundingvtigrthe
identifiedtechnologieshould be prioritised

INational Space Strategy, HM Government, 2021

2 Morgan Stanley, 202Qyww.morganstanley.com/ideas/investidg-space

3 The Space Report, 202itps://www.thespacereport.org/topics/economy/

4 The Space Repr2022 https://www.thespacereport.org/resources/202flobakspaceeconomygrowsat-fastestatein-7-years/
5 National Space Strategy, HM Government, 2021
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Si1ZE & HEALTH OF THE

UK SPACE INDUSTRY 2022
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£17.5bn 1,590 48,800 2.5x

Total space industry income UK-based organisations with Direct employees UK average
in 2020/21 space-related activities in 2020/21 labour
productivity

 _ dl U B F

12% 9% 75% 4% 5.1% 1in4 £788m 3in4

Space Space Space Ancillary Income growth Employees are R&D expenditure Employees with

Manulacturing Operations  Applications  Services (y-0-y) female in 2020/21 a primary degree
or higher
Exports Northem America Rest of Europe Asla & Oceania Employment ‘fi:‘/
19% 55% 12% by region 2
£5.9bn JPE o
~
. n

28%

fieens om Siponz By ovr BB, - London
T 21%
INVESTMENT MONITOR South Enst
v o Ui-hmdnuwriomdspoin ozmpinng
()
2022 2012-2022 18%
Scotland

£635m 34 |£11.7bn 293 339%

Total funds invested  Investment deals Total funds invested Investment deals

Other

o £370bn

of UK GDP* is supported
£7.0bn by satellite services | 3in5

Direct contribution I Organisations
of the UK space @ @ @ expect income
industry growth over the
to UK GDP next three years

Earth Observation Meteorology Navigation Communications

= K SPACE
know.space (2023) Size & Health of the UK Space Industry 2022 -

k n o w S a ‘ e Based on analysis of 1,590 UK-based space-related organisations.
* UK non-financial business economy only. ( ‘ AG E N CY




InternationalObjectives

This section provides an overview of applicabtemational strategieand documentsby which the UKSpace
Agency is guidediue to our participatioim suchinstitutios or wherefuturecooperationcan be expected.

The International Space Exploration Coordination Group (ISECG)

The UK Space Agency is a member of ISECG along$id¢h2r space agencies around the globe. The group
was established in 2007 as a forum for agencies to discuss and strengthen their exploration ambitions, sharin
information in the spirit of cooperation. A key product of this association is the GlobahtiExpRoadmap

(GER) which provides a shared international vision for human and robotic space exploration, highlighting the
challenges of space activities which need to be overcome to achieve the goals of the participating states.

The Gobal Exploration Roadma(8 Edition) published in 201&and additional supplemers, published2020

and 2023 is the flagshipublication of the ISECG, to which the UK Space Agency contribatieseragency
working groups. The GER outlines the need for humanity to explore spadtehe necessityor cooperation to
achieve such ambitions/hile also explaiing the five common space exploration goals which provide the
overarching targets for the participating space agendies.e GER si gnal s inténetodenelamb e r
suchflagshipmissions atunarGateway,Reusable Lunar LandeiGrewed Lunar Roverand various stepy-
stepadvancesto one dayallow forhumans on MarsThis is important for the roadmap agribvides a holistic
picture of the technologicatnovationsneeded for the infrastructurdevices,and services that are required to
make each missiom succes®groundingour exploration technologiés tangible outcoms

human missions
living and
working around
and on Mars

potential human
destinations

with the private
sector

2 M 7 2

The five common space exploration goafg¢he Global Exploration Roadmap
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ISECG also produces a comprehendBréical Technology Portfoltbat specifies the innovations developed for

the ISS. The portfolio then outlines additional improvements needed to enable greater lunar activity and
ultimately, a sustained presence on Mdiise portfolicatalogueseach baselinetechnology based omwhyit is

needed for exploratio and the performance characteristics requi@echievetspurposewhileaccommodating
alternative technologies whidan providefor redundancy in baseline missiofm$ieitemslisted in the portfolio
providethe end goalfor the technologies required and are therefore a checklisthietUK Space Agenctp
reference against as we select and suppertainexploration technolags.



Global Exploration Roadmap
Critical Technologies
(Summary Table)

Propulsion, Landing, Return

In-Space Cryogenic Acquisition
& Propellant Slorage

Liquld Oxygen/Methane Cryogenic
Propulsion

Mars Entry, Desceont, and Landing (EDL)
Preclslon Landing & Hazard Avoldance

Electric Propulslon & Power Processing

Autonomous Systems
Autonomous Vehicle System Management

AR&D, Proximity Operations, Target
Relative Navigation

Beyond-LEO Crew Autonomy

Life Support
Enhanced Reliabllity Life Support

Closed-Loop Life Support

In-Flight Environmental Monltoring

Crew Health & Performance
Long-Duration Spaceflight Medical Care

Long-Duration Behavloral Health
& Performance

Microgravity Counter-Measures

Deep Space Misslon Human Factors
& Habltability

Infrastructure & Support Systems
High Data Rate (Forward & Return Links)

Adaptive, Internetworked Proximity
Communications

In-Space Timing & Navigation

Low Temperature & Long-Life Batterles
Comprehensive Dust Mitigation
Low-Temperature Mechatronics

ISRU: Mars In-Situ Resources

Fisslon Power (Surface Misslons)

EVA/Mobility/Robotic
Next Generation Surface Mobility

Tele-robotic Control of Robotic Systems
with Time Delay

Robots working side-by-side w/ crew

(ISECG) GERXxtract Technologies ointerest for UKapabilities

Today

ISS
& Spaceflight Heritage

Spacocraft: CPST/aCryo domo

Spacocraft: MSL clans (~900 kg)

Spacocralt Lunar & Mars
Landers Stato-of-tha-Art

Spncocraft: 2.5 kW thrunter
(Dawn)
ISS: Limitad On-Board Mgmt

funotiono, < 5 o comm dalay

ISS: Autonomoua docking

ISS: Limllod Aulonomy

ISS: MTBF <10 E-6,
Monitored/operaled by GC

1SS: 42% 0, Recovery from CO,,
90% H,0 Rocovery

ISS: Samplon to Eorth

ISS: Firot Aid+, return homo

I1SS: Monltoring by Ground

ISS: Larga troadmilin,
othor oxorcise equipmont

ISS: Lorga crow volumo, food &
conoumables regular resupply

Ground (DSN): 256 kbe Forword,
10 Mbs Return Link

1SS: Limited capabifities
1SS: Limited to GPS range

Spacecraft: DSN Ranging

1SS Lithium-lon (-156 C short
duration), ~167 Wh/Kg

Apolio: limited 3 day crew ops
Rovera: limited mitigation

ISS: +121 to -157 C

Spacecraft: Lunar and Mars
Rovars State-of-the-Art

1SS: <1-10 Sec dalay for GC Ops
Spacecraft Lunar/Mars Rovers

ISS: Limited (Robotic support to EVA)

Near-Future
Moon
Vicinity/Surface

u-G vapor froo liquid tank to propulsion tranafor, Efficlont low-power LOX & H, storago >1 Yr (Mars)

Throlllooble Regon Cooled Engina for Londing Throttlonble Rogon Cooled Engine for Landing

(Lunar Scalo) (Mars Scalo)
D of ) Lorge Robollca >1000 kg;
in doop ppnce environment Human ~40,000 kg

—~100 m acouracy, 10°a cm hazard recognition,
Support all lighting conditiona

—10 kW per thruntor, High lep (2000 )
(for soma misalon oplions)

~30-50 kW paor thruster
{for scoma mission optrons)

On-Boord gyulnmn Mgmt funclions
(handies > 6 8 comm doluy)

On-Board Systema Mgmt functiona
(handles > 40 min gomm dalay)

High-reliabllity, All-lighting conditions, Lolter w/ zoro relativa valocity

Aulomala 90% of nominal opa
Tools for crew real-lime off-nom deckolons

Mora robust & relinblo dop on Earth oupply loglatico)
Incronned nystoma fnilura i and in-fiight i
D ation of 0,/C0, Loop cloauro; H,0 Recavary further

in doop opace environmant closuro; Solid Wanlo, reduce volume/atoraga

On-Boord Analyata for Alr, Water, Contaminants

O of v
in doop spuce environmant

Trolning (pre & in-flight) for medical sopoecis
Continuous monitoring & doclsion support

Cognitivo porformance monttoring
Bohavioral henlth indicntora & oonsory stim.

of
in doop npnoe environment

D ation of ad Compact devices to assosa/fimit disorders
in doop apace environmont Rod: ight/vol. nerobla & rosk eqpt.
D ation of Assoss human cognltiva load, fatiguo, health

in deap spaco onvironmeont Optimized human sysloms faolora/intorfoces

D oo e
in deep space envirenmont

Forward: 10’s Mbps; Retum: Optical > 1Gb/s

D of ad: d technoll >10's of Mbps simultancously betwaen users
in deep space environment Multiple Modes; Store, Forward & Relay
D fon of b Provide high-spec Absolute & Relative pos'n

in deap space environment Space-Qualified clocks 10x-100x beyond SOA
Lunar night temporatures and duration

Multiple Active & Passive technologios required
Significant advances in Life cycle

Oporations to -230 C (cryo compatible); multi-year life

Polential Test-Bed for Mars Forward,
and enhance lunar missions

0,/CH, generation from atmosphore
LOX/LH, gonaration from soil

Potential Test-Bed for Mars Forward,

Fisslon Roactor (10’s of KWo)
and enhance lunar missions

Autonomous & Crewed capability, less Ground Control
Exlonded range, spoed, payload; navigate soft/stoep varying solls

Few seconds to 10's of seconds

Dynamlc environments w/varinblo dolays & LOC Up to 40 Minutes

EVA control robots w/ no refiance on Ground Control
Intornational standard & protocols



The European Space Agency (ESA)

As one of the 22 Member States of ESA, the UK plays an active role in determining and supporting key missio
planned by European nations on a scale similar to those pursued by other major international players such a
NASA and JAXA (Japan). In the spifitcooperation between member states and to align to the international
community of space agencies through leBebtCtidongtEr$A b s
ambition for a human presence on Mars.

The European Exploration Envelope Programme (E3P)
strategy. Th&3Porings together abf ES A6 s e x p | o r taa singlexprogranmie. vl h€eriaceNovae n
2030+ Strategy Roadmappublished in 2021, identifies the approach ESA will take towards space exploration,
intending to make Europe (and lextension the UK) a commercial and science and technology enabler, an end
to-end capabilities provider, and a reliable partfier.

The principal exploration objectives of the strategy are to create new opportunities in Low Earth Orbit for a
European presence in and utilisationposs S, t o enable a first Europea

prepare for the fitsEuropean to Mars by 2040, and all while delivering measurable benefits to society toda
[E3P] Terrae Novae 2030+ Strategy Roadmap

Terrae Novae 2030+ sets out the notional mission roadmap for ESA to which each member state can decide t
contribute as an interested party. These missions are summarised by the diagram below and indicate potentic
areas for UK participation in the nearcalongerterm future.

Mars Sample Return campalgn

Cadence of small and fast
. P/L on NASA Ice Mapper A "N4

$ISRU demo

¥ ) EL3 Mission-1 » 3  EL3 Mission-2/-3/-4
PEr——————————
el - | ey
~ e Continuous cadence of research p/|'s W=

ean commercial transportation service & partner missions

A
¥ ESMs for annual Artemis missions

Deep space exploration preparation

European LEO science & habitation

EXTENSION \ ‘ ; end-to-end services
O & .

(ESA) Terrae Novae 2030+ Strategy Roadmap: Notional Mission Roadm

UK participation inand financial contribution t&SA grogrammesis determined at thé&iennialESACouncil
Ministeial Meeting Atthe November 2022neetingthe UK committed £84brio ESAover five yearsyf which
£217maccounted foE SAGs Ex p | or dAfirthen 1R was commaittedite therosscutting General
Studies Technology Programr@STP) and £Lmto the Moonlightinitiativewhich isdelivered through the
AdvancedResearch in Telecommunications Systems (ARTES) programme

6 Terrae Novae 2030+ Strategy Roadmap, ESA, 2021
“HM Government, 202ttps://www.gov.uk/government/news/uksecuresl 84billioninvestmenforesaprogrammeswith-supportfor-earthobservatiossector
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https://www.gov.uk/government/news/uk-secures-184-billion-investment-for-esa-programmes-with-support-for-earth-observation-sector

As aresult, he UKhasnew or continuingoles in the following exploratioelatedactivities:

TheRosalind FrankliRover

Mars Sample Return

Argonaut European Large Logistics Lander)

Lunar Gateway

Moonlight (Lunar Communicatiohetwork)under the ARTES programme
ENDURERadioisotope Heating & Powender the GSTP programme

= =2 =4 =4 =4 =9

The technologies required for the realisation of these missions will guide UK Space Agency considerations in the
near future and will be flagship examples of UK capabilities and expertise in space exploration.

TheExploration Preparation, Research and Technolodyx Pe RT) i s part of ESA®O6s E
and manages the development of studies and technologies for future Exploration missiBas NMwon and
Mars destinations. ExPeRT is crucial for this roadrt

to result in a stephange or disruption to a field of technology which may subsequently facilitate exploration
capabilities, aling exploration missions. These broad categopieside a good basis for theoadmap to
determine which technologies to develop in the UK as they are expected to generate breakthroughs for space
exploration.

E S ATeéchnology Compendiupapproved by member states each year, outlines the technaeloEpsrelevant

for exploration activities which are either available or can be developed further. The development of the
technologies noted are then supported through ESA funding pillars, which receive funding from UK subscriptions,
allowing UK organisations smbmit applications

Advanced
Life A
Support . ,
Systems face Guidance,
Sampling/ Nawgatlon.
Deep and
Drilling Control

Artificial
Intelligence @
Applications

Systems

. ) Radiation
O In-Situ Protection &
v Manufacture Environmental
Effects

e Propulsion

Crew Health : v Space
Management ] “h) Resources

Utilisation Mission

Thermal »
Operations
Control Data

Systems £ (re-)Entry, Systems
Descent
and
Landina
[

(ESA) Exploration Technology Compendian2022

Space is currently undergoing a revolutionary change, comparable to the internet economy 20 yea
the consequences of which affect all domains of life. Europe cannot afford to miss a new potential

age with high multiplier effects across therewny. Europe should translate its future autonomy in hur
and robotic space exploration into an offer of strong and reliable partnerships covering all world reg
(ESARevol uti on Space: Europeds Mission for Sp
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The National Aeronautics and Space Administration (NASA)

As the leading investor in space exploration, the United States, plays a crucial role in shaping the future of spac
explorationfor the international community A$A is, and will continue to be, an important partner for the UK
Space Agencylt isnecessaryand mport ant to take account of NASAGB:
thelunar vicinity and surfacas well as missions kdéars for areas of further cooperation for the UK space sector.

NASAOs St daadilsete igaals Brithe Administration every four yeehislatest Stratedc Plan2022,
provides thecurrent vision for space exploration and missiom$erway, in preparation, and envisioned for the
future.There are aange of synergies betweehe objectives and interests of NA8#e UK Space Agen¢yand
the UK space sectpincluding:

Understand the Sun, solar system, and universe.

Explore the surface of tivdoon and deep space.

Develop capabilities and perform research to safeguard explorers.
Enhance space access and services.

Innovate and advance transformational space technologies.

= =4 =4 =4 A

ThePlanetary Sciencand AstrobiologyDecadal Surveyroducedfor NASA and the US Governmdny the
USAGs NReadearch Gaunhcil has, since its fitdilication in 2002, become staple ofthe space sectod
outlining wiat variousfields of researchare currently achieving and where they dikely to see further study

the solar systeniTke study proposes a series of recommendations to NABIBh reinforcegheir current
objectivesand providesa catalyst for future missianSubsequentlythis documenprovides a glimpse aome

of the potential areafor cooperation with NASA fdhe UK Space Agency and the UK space sector supplying
various instruments, devices, and expertise towards such operations.

There are too many technologies noted in the 2022 Decadal Survey (coverirg2@@de specifically noted in
this strategic contex&ome of the important technology areas for the UK to consider that are featured include,
but are not limited to:

In-Situ Resourceltilisation (ISRU)
Space Instrumentation

Autonomy

Challenging Environments
Communication Systems
Propulsion

Radiocisotope Power Systems (RPS)
Subsurface Access

The committee strongly supports internatior
efforts and encourages the expansion
international cooperation on planetary missions

accelerate technology maturation and share cos
Origins, Worlds, and Life: A Decadal Strategy
Planetary Science and Astrobiology 202332

egEeeeeeee

These areas already suit some of the capabilities of the UK space sector and where future growth is alreac
beginning to take shape. NASAOGs strong heritage i
innovations of UK academia and indysprovide unique opportunities for future collaboration. This is in line with
the UK Governmentds priority to enhance our comme
dynamic and emerging space economies as expressed in the NatippakStrategy.

12



UK Objectives

Tre National Space StrategfNSS) published in 2021 s t h e -evdrkdédgcatetl strateggnd vision for
space The strategysets a clear rationale fahe importance of space for the UK politically, economically,
scientifically, and for defenck July 2023, th&lational Space Strategy in Actigrovided further direction on
the UKOs pr i thestrategiegoalsdon avil space capahilitiéhe UK Space Agendydedicated

to ensuing that the ambitions set out in this strategy are factored into our, theskare therefore theessential
criteria forselecting thexploration technologie®r this roadmapThese essential principles are

1. Growing Existing Strengths
2. Leadership in High Growth Areas
3. Leadership ileEmerging Sectors

The roadmapalsoreflecs wider UK Government ambitiosach ad_evelling Umand Promoting Global Britain

A central teet of theNSSis togrow the UK as a science and technology superpolmesollaboration with other
partners the UK will seek $et longterm space science and exploration goals that maximise societal benefits
continuing to support NASlad Artemis programme for returning humans to the MobheUK Space Agency
willthereforeinvest inechnology developmentn relation toJK supported missions and where tharelonger

term UK ambitions whileclosedloop life support systenend regenerativdechnologies that can bdeployed
across international missswill alsobe a vital component to a successful and sustainable space industry

We will build one of the most innovative and attractive space economies in the world, and
the UK will grow as a space nation. We will protect and defend UK interests in space, shape
the space environment and use space to help solve challenges at home and overseas.
Through cutting edge research, we will inspire the next generation and sustain the UK's
competitive edge in space science and technology.

The UK's vision

Protect and

The UK's goals

Grow and level up
our space
economy

Promote the
values of Global
Britain

Lead pioneering
scientific
discovery and
inspire the nation

defend our
national interests
in and through
space

Use space to
deliver for UK
citizens and the
world

Unlocking growth in the space sector

How we will Growing the UK as a science and technology superpower

achieve the goals

|
|
Collaborating internationally ‘
|

Developing resilient space capabilities and services

The ten point plan Immediate key interventions in the highest impact opportunities and the critical cross-cutting

enablers

(HM Government) National Space Strategy 2021

The strategyallows theUK Space Agencio develop its internationabllaborationto boost access to missions,
scieriific data, and technology development througbw partners such as NASand the Japanese Space
Agency JAXAT he Agencyds ne whidghlightsoureesieeto dé’more gativétynbayend the work
we do through ESAproviding new avenues for technology developmdriie UK SpaceAgency isworking
through a renewed international plan which focuses more heavily on bilateral collaboration, and which will
effectively prioritise our engagemerggdablishing stronger bilateral relationships with+iikeded countries sits

& National Space Strategy, HM Government, 2021
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at the top of our international agendi time, the programmaevill allowfor funding directed towards new
partnersto enhance our commercial capabilities in emerging space econctiesexample of such intentions

is theUK-Canada Space Agencies MOU on Joining Activities and Information Steigngd in 2023providng

a clear impetus for collaboratiddyp ool i ng research and devel opment r
sectorsSimilarly,lte UK Space Agency will lookttke full advantage ofthe UK-Australia Space Bridgsigned

in 2021. The space bridge improves access to tradestmentand research opportunities

TheUK Innovation Strategyublished in 202%ets out how the UK Government intendsiédke the UK a globall

hub for innovation by 2035The strategyacknowledges the importance dhnovation andtechnology
developmentfor the benefit of science, the economy, and sociehotes seven keagchnologyd f a mwhere e s 6
it seegarticular strength and opportunity for the UK, namely:

EOIELERVEICHEISELRMIVEREWORRE  Domestically, facilitating collaboration betweedustry,
Al, Digital and Advanced Computing researchers and government will strengthen the brog
Bioinformatics and Genomics technological ecosystem, not least as government

Engineering Biology crucial customer for transformative technolo

Electronics, Photonics and Quantum

Internationally we should not hesitate to remind the w;
that the UK is a technologicabwerhouse that offer;
SUCI0) 2R RSO INCHIMIC UL LIESE  enormous value to collaborators and investors.
Robotics and Smart Machise UK Innovation Strategy 2021

g eeegeee

With strong synergies betwedrese familieand space exploratioriechnologies, the roadmap witerefore
bolsterareas already identified as UK assets and opportunities.

The Integrated Review publ i shed in 2021, puts science and t
national and international strategy with tBeo v e r n wisgon forGhe UK to be recognised as a Science and
Tech Superpower by 2030The roadmap will complementh e | nt e gr @& ¢ wallaboRaeaciessw 6 s

frameworldthrough its similaapproach in identifying areas of exploration technologyrthermoreThe UK
Science and Technology Framewopublished in 2023, sets out the strategic approach to identified critical
technologies to 2030. These technologies (Artificial Intelligence, Engineering Biology, Future Telecommunicatio
Semiconductors, Quantum) can be enabled by space activity asaweallipporting space exploration missions
themselves.

In 2020 the UK signed the&rtemis Accordsa shared international vision of human activity on the Moon and
Mars. The Artemis Accords, grounded in the Outer Space Tie8a#y(of which the UK is also a signatory), will
play a crucial role in the development of exploration technology dtieetimternationalisation of standards and

need forinteroperability of equipment in spacéhe UK is intent on taking a leading global role in civil space as
demonstrated by signing the Accords,s such the roadmap will take acc
principles as standard.

The Devolved Administrations

A Strategy for Space in Scotlaadd The Northern Ireland Space Stratef@pth published in 2021, aWiales:

A Sustainable Space Natigrpublished in 2022ar e t he devol ved administrat
respective space sectofhesestrategieoutlineaconcentratedi ew of t he UKOds space s
and ambitions of eacleountry of the United Kingdom. Scotland, Wales and Northern Ireland each have distinct
goals for their sectors over the coming decadésch the UK Space Agency will look to support smelso

benefit from the skills, expertise, and technological advatmagsvill grow in each country.

9 National Space Strategy, HM Government, 2021

|ntegrated Review, HM Government, 2021

1IHM Government, 2020ttps://www.gov.uk/government/news/uk-and-nasasigninternationatagreementahead-of-missioftothemoon
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CommercialSpace

Over the past decadethere has been a steghange incommercialactivity in outespace witha significantly
increasedand growing role for commercial actities. Commercialisation is lessdvanced in exploration
comparedto otherspace domaingsuch as telecommunicatiortsarthobservation, or launch) bwtill become
increasingly significant.

UK approach to commercialisation in exploration

There are diffenttypes and degrees of commercialisation in space exploration. For practical purpo

the UK Space Agency recognises three broad categories of exploration commercialisation in which

play a role:

1 Commercial delivery of institutional missionsing services provided on a commercial basis for t
delivery of institutionainissions,i.e., space agency mission requirements delivered throug
procurement of commercial services.

Capitalising on institutional investmeenabling and encouraging the commercial exploitation o
legacy assets of exploratioprogrammes,i.e., enabling industrial RD on the ISS or other
microgravity facilities.

Enabling 0 p u r activijie® enabino ma@mmerciadlyl driven exploration in whic
government or institutisrare notthe principal stakeholdesror customersi.e.,companies exploring
space for commercial goals. The UK government role here is noastgntlylimited topolicy,
legislationand regulation (see the Outer Space Act 1986; the Space Industry Act 2018; the
Industry Regulations 2021). We may consider some targeted investment wherétbaderpublic
(sociceconomic or strategic) benedis well asa commercial motive.

The SETR identifies technologies which can a#irspace exploration efforts, regardless of whether they are
commercially or institutionally driven. If, for example, a specific technology opens commercial opportunities for
UK companies, that will be taken into account as well as its utility on institstiemce missions

Low Earth Orbit

A greater role for private enterprise in LEO has been ceméntextent years. In 2020lASAawarded Axiom
Spacedocking access to the ISS, allowing the compangeteelop the first commerciatodule (Axiom Orbital
Segment)or the ISSIn 2021, the administrationventfurtherby awarding contracts tadhreeU.S. companies to
designnew space station'scommercial destinations in LEese includ Orbital Reef(Blue Origin& Sierra

Space, Starlab(Voyager Spacg and an as yet unnamed concept INorthrop Grummar?N A S Atatement

on the scheduledtermination of the IS@n its currentnstitutionally ledorm) by the early 2030$s a decisive
pronouncement olLEObecoming a primarily commercial realmAfter 21 years of scientific discovery and
technological advancements, the ISS has provided humanity with the necessary knowledge to set up bases
beyond LEO. This stepange in the makeup of the space economy provides three main opportunities for the
UK:

9 the ability to develop and provide technology for new space infrastruicture

new bases for further experimentation and innovation when they are funcéiodal

9 greater institutional activity beyond LBE@emanding even greater technological advances
to overcome the challenges of living in thear vicinity and putting a human on Mars.

=

2NASA, 202https://www.nasa.gov/pressrelease/nasaselectscompaniesto-developcommercialdestinationsn-space
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The Moon

Thenext phase of human activity in the solar sysiélirbereturningto, and establishing a human presence,on
the Moon.TheGatewaywill provide many of theesearchbenefits provided by the ISS today thelunar vicinity
in addition to facilitating further exploratiorthe polar regionf the Moon and into deep spack 2021 NASA
awarded SpaceXa contractto develop thefirst commercial human lander to the lunar surfdo#owingtheir
success as thfirst private spacecrafo deliver astronauts to the 1862020*NASA continued to demonstrate
the role othe commerciakector by a secondubsequent award tBlue Origin and their partnetfSCommercial
providers havesontinuallycontributed cruciaservices for institutional missiomgh programmes are only likely
to increase over theomingdecadesaslunar infrastructures established and undoubtedly grown

The Gateway will provide the base fonar surface activity where UK organisations are already developing
cuttingedge research and technology forrange of usesThe UK, through ESA, is supporting the development
of the proposedArgonaut(formerly EL3yhich will provide a payload landing system for the Mé@oosting

UK capabilities in therea as well as access to thenar surfaceThe UK Space Agency has alswested irthe
ESAMoonlight initiativebuilding asatellite constellation for the Motmallow for the necessanavigation and
communication services required fonar explorationMissions such as these will require a robust supply chain
that can provide the equipment and services needed to mairttagir purposeand offer opportunities for
upgrade and additional uses.

With 250 ormoremissions to the Modikelyoverthe nextl0 yearsit is estimated that a significant proportion of
those missions will be creweshile other missions will beboticsactivein reconnaissanceupport,and build-

up of the lunar ecosysterfihe scale of this ambition illustrates why permanent lunar infrastructure is necessary as
the core backbone of a sustainable return to the Moon.

GATEWAY INTEGRATED SPACECRAFT CONFIGURATION
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(NASA A full view of Gateway that includes elements from international partners

13NASA, 202, https://www.nasa.gov/pressrelease/nasaprovidesupdateto-astronaumoorlanderplansunderartemis
1NASA, 2023nttps://www.nasa.gov/pressrelease/nasaselectsblue-originassecondartemislunarlanderprovider
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Lunar Pathfinder

The Lunar Pathfinder spacecraft is an important step in
humani tyods r etluthis praect, EEA) end bo o n .
extension the UK, is the anchor customer for services from Lunar
Pathfinder while NASA would also receive services in exchange

for launching and delivering the spacecraftuoar orbit. Further
prospective customers can determine their requirements in
consultation with SSTL. The Lunar Pathfinder is also the first step L

towards achieving ESA0s Moonlight rdhj'"“‘e"w@ to creat
of communications and data relay satellites Wwheould also
provide navigation services fiomar exploration.

Designed ownedand operatedby Surrey Satellite Technology
Ltd (SSTL}he spacecrafwill offer commercial communication
services to lunar orbiters and surface assets such as rovers and &g
instruments, as well as a lunar navigation services demonstrator 3
and scientific experimentshis project is a direct example of the
growing commerciatealm of space exploration and the role of
institutions infacilitating and cooperating wittcommercial
entities to achieveharedambitions.

Image CreditSSTL
CLPMissions The Lunar Pathfind&pacecraft

NASAds Commerci al Lunar Payl oad Services (CLPS) mi:
payloads to the Moon and will open up access to a greater range of actors. The UK has unique technical
capabilities to offer such missidfer example the Open University with RAL Space are providing the Exospheric
Mass Spectrometer for the PITMS instrument which will be detivdred_unar surface on the first mission of US
companyAstrobotic Besides UK entities acting as supplier to largesions, the UK Space Agency is considering

how to leverage the new opportunities afforded by regular, lower cost access to the Moon for scientific and
commercial gain.
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Reflecting on deep space

Image Credit: Nathanial Bradford / GoonhilBarth Station
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A series oflialogueswere undertaken in the development o€ tloadmap. It was necessary to engage with
various stakeholders duriribe drafting of the document to ensutat the UK Space Agency hasfleced the
ambitions andatesthighleveltechnolodcal understanding ofepresentatives of tHeK space community.

The 28" June 2022 saw thepening of the communitgurvey(20™ Juned 33 August2022)which requested
associatedtechnology informationRespondents were asked to submit information on technoltiyaeshey

believed were vitato enabling future space exploratiomissions andvould require further investment and
supportfor theirdevelopmentThe survey also asked for supporting information, including:

I How the technology relates to other technology areas and UK priorities
1 The ability of the UK to develop and produce such technologies
1 How it will help keep the UK at the forefront of science

Not all of the suggested technologies agéerencedn this document, however, all the submitted information was
reviewed andhelped to inform the outcome®ted.On 7" July 2022 a free open access webinar was held to
further explain the intention of the UK Space Agency to develop the roadmap and how to complete the
community questionnaire to multiple representatives of the UK space sector.

Various teams across the UK Space Agency were continually involved in reviewing the roadmap as it developed
so as to pool all internal expertise and sector knowledge in the development of this document. The Department
of Science, Innovation and Technold@®SIT) was consulted due to its responsibilities for UK space policy and
their wider interests in the fields of energy technology. Other public bodies were given the opportunity to input
including the UK Research and Innovation (UKRI) Councils, thée&Apglications Catapult, and the High Value
Manufacturing Catapult. The Space Academics Network (SPAN) and Space Science and Exploration Committee
(SSEC) were also presented with a datimap for comment.

TheSpaceExploration Advisory Committee (SEA&formed anappraiser role during the drafting procesw

were prominent in the outcome of the roadmap desifine SEAC is responsible for advising the Agency on
matters relating to humaand robotic space exploration programmes. Membership of the SEAC consists of
representatives of the academic and industrial communities from across the breadth of relevant subject areas,
including biomedicine, fundamental physics, robotics and autonomy, and spaceediore information on

SEAC and active members can be found om th< Space Agency website.

The UK Space Agency would like to thank all partiessiamitted information and engaged with the roadmap
during its developmerfor their time and participation in this exercise
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As detailed in the conteghapter, there are a number &ctorsfor the UK Space Agendyp take into account
when determining the right exploration technologies to prioritséring these elements together tbadmap
hastakena sequentiabpproachwhichis summarisedn the schematic below:

No = Disqualified < No

What capabilities does theg i Is the UK a leader in this fiel
UK have in this technolog or could it be?

Selected < Yes

Does the technology have
gy Yes

role in space exploration?

Limitations

The roadmap cannot, and does not, show every opportunity that may exist for exploration
technologies aonly those where a strong UK capability is demonstrated . The roadmap also does not
go into granular detail asits purpose is to outline and influence later decisions on prioritisation and
support for the listed technologies. Further supplementary roadmaps may provide greater
granularity specific to the technology.

Criteria & Supplementary

Assessment Roadmaps

Technology Criteria Missions &

For any particulartechnolog to be viable fothe roadmapit NSS
must first meet the criteria of having a valid use in spe IESEUERZIRV[o] S

Scenarios

Launch UK
exploratioreither through specific missions or likely scenal Growing LEO
foritsuse in future. The technologies must #ls@an area ot :

. o Existing Commercial
where the UK can meet théessential Principlesf the Strengths Space Stations
National Space Strategy o o

Leadership in Lunar Vicinity
All the echnologiesassessedin this roadmap can be High Growth Lunar Surface
attributed back teelements othe Technology eria. Areas Mars
Leadership in ESA Missions
Emerging UK CMin
Sectors Contributions
Multipurpose
Components

and Services
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TechnologyAssessment

Technologies captured by the criteage outlinedto understand theicharacteristics

statusand role in space exploratiot® meetglobal space economy and exploratior e
ambitionsto the 2030s and beyond. UK CapabIIItIeS

Their presence in th&JKis understood at a highevel and  JEEHalale][e]o)WAN o[=l6 &5
used to considethe current capabilities &fKorganisations Mission Heritage

as well aswhat may be necessaryto develop the Current Sector
technology further Some technologies have specifi  Space Use Strength
characteristics that lend themselves well to UK capabili current TRL Regional Clusters

or unlock further technologies. Howevailt,the selected

Investment
technologiesin the roadmapare of equal consideration, End Goal

Manufacturing

there is no implied hierarchyor preferenceto one Future TRL

technology over anothén theroadmap. Requirements Testing Facilities
Commercial Research Centres

The areas identified are where the UK Space Ager Opportunities Dual Uses

believes the UK can maintain, grow, or achieve a positi _

of leadership based on its capabilities. Supplement: égigg?éﬁ

roadmaps will explore these Technology Aspects and UK

Capabilities further Skills & Expertise

Definitions

As a member of ESA, and to reduce the risk of duplication and confusion, the UK Space Agency will identify
technology subdomains (and, if necessary, groups) based on those fotn8 6 s T e c hAswofithegy T
time of writing, the roadmap refers to Version 4.0 (3TH), published in 2020. The ESA references and definition

for each subdomain and group selected have been given within @achnology Theme

Reading the Roadmap

The following pages will examine the exploration technolog@sitegrate Uldriorities, ie roadmap will select
an overarching@lechnology Themedfollowed bythe appropriate space exploration technologybdomairgs)
which correspongalthough theyare notintended to be exhaustiv@echnology groups may also béentifiedto
further breakdowrkey components of a particular exploration fifllle UK Space Agendasdetermine which
Technology Themis the most appropriate for eachtbie notedESA subdomainand groups

Due to the multifaceted nature of exploration missions and the interconnectedness of such technologies, many of
thetechnologies noted in this documérgve more than one home in the definiti@msl indeed the Technology
ThemesThe UK Space Agency has therefore chosen the applicable technology theme for each subdomain based
on where there ia particularUK capability,but this should not be understood as disregarding their applicability

to other areas
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Cloudfree Europe
Image Credit: ES£ontains modified Copernicus Sentinel data {Rqirocessed binergiseESA)
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Advanced Manufacturing

Novel Materials and Materials Technoldgg.A]
Materials not yet used in space but presenting poteintiafest.

Materials Process§24.B]
Materials manufacturing processes and fabrication techniques

Modelling of Materials Behaviour and ProperfiEsE]
Modelling, characterisation, analysis and testing of materials behaviour and praperties

Advanced Manufacturing Technologigs!.1]
Manufacturing technologies that bring added value compared to traditional manufacturing such asrlead
reduction, cost reduction, performance improvement, design freedom, or enable new capabilities.

Advanced manufacturing is a broad terooveringa range ofaspects.Ultimately, this technology wilkilitate
the production of materials and structufesandin spaceto enable a diverse range of applications and services
includingthe construction of space stations and energy systémeddition tohuman habitability beyondl EO
and eventually a base on the Moon

The manufacturing of advancedmponent partsuch ascruciblesceramics and coatings, particularly those
that are durable and dust mitigatingill benecessary for adding redundancy to structures and devides UK

has strong capabilities in component paesd extensive supply chains supporting sectors such as aergspace
automotive, and defencélaking tieseskilsto space exploratiois supported by the High Value Manufacturing
Catapult terrestriallgnd the Satellite Applications Catapfdt applicationoff-Earth.

Novel materials, alloys, and manufacturing processes arpanficularinterest to the UK Space Agen&or
instance, the additive manufacturipgocesq3D printingof material, layer upon laygallows theproduction of
precision and complex structures without the dependency on extensive prodaciiities\When combined with
recycle/reuse techniquesuch technologieaid the development ofa closedloop systemnin space Several UK
groups are already involved additive manufacturingn low/microgravity environmentghich will addefficiency

of material use a minimizedhuman footprintwhere installedremoving the need for direct involvement in
manufacturing) andeducethe risk of debrisThis technology will be applicable to multiple uses and missions
across the spectrum and hasaongcommercialapplication to space

With key strengths in material science and metallurgy, the UK has specific niche strengths in certain technologies
such as theCambridge IFC process which are attractive to partners across the international commanity.
temperaturesow comparedto traditional methodand throughonly a handful obtepsthe process enablebfe
purification ofmetal oxidesnto metals This can be applied to the Moon and Mars where materials in regolith

can be used to generate outpifor usein the building blocks of living effarth This technology overlaps many

of the themes in this roadmap and can be an excellent catalyst for developmerageihmaterials, robotics,
autonomy ISRy and space nuclear power.

The UK Space Agency will continue to work with our partnéne ihdvanced Manufacturing Research Centre
(UK AMRC) and Nuclear AMRte SatelliteApplications Catapulthe ResearciCouncilsand theirrespective
networksin the wider manufacturing secttr support the development of technologies in this themetheid
variedapplicatiors to the globalspaceeconomy.
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Autonomy & Atrtificial Intelligence

Machine Learning and Artificial Intelligence forlfdard Data Subsysten$.D]
Developments;haracterisationand evaluation techniques for @Goard Data Subsystems.

Software Technoloqgi¢8.A]
Advanced software development (requirements, design, verification, validaagrienanceand qualification)
methods/tools. Advanced functions to be implemented in software. Both ground and space application included.
Development of related standards.
Software Autonomy and Atrtificial Intelligen@eA.I]
Autonomy aspects of software and implementation of artificial intelligeralso Itoverssysterdevel
avionics aspects of dmoard autonomy.

For space exploratioand wider commercial activitiegutonomy and Alare important forenhancingthe
capability andefficiency of missions

Autonomous navigatioenablesexplorationof other planetary bodies without the need for direct controldy

on Earth or in orhiteducing resource pressures and mitigating the impalettehcy.Such softwarean alsoaid
scientists through its ability to scan lacgéestialsurfaceareas forobjectsof interestherebyslintlining data
caches for reviewMachine learning and Al have already proven us#fubughautomated algorithmsfds c r at er
c o u n wihichlga® been useds valuable base datato estimate the age of planetary bodidsurthermore,
autonomous systemsan compensatefor regions in spaceavith few or no fixed references for spacectaft
position themselves throughriousb | ocal i s.ati ond efforts

Autonomousactivityallows spacecraftto undertaketheir purpose or a range of objectivesth minimal orno
direction from Eartbr orbitingfacilities Planetary rovers and othgpacecraftand solutionsvill continue taneed

such autonomy toinitiate the right sequence of ste@nd mitigate/correct processeas needed Equally
commercial operations in LEO will depend heavily on the ability for Al and autonomous activities to suppor
robotic tasksTheyare a clear requirement for all activity in space in the futuith humans both present and
absent.

The UK has a strong heritage this fieldand is now ranked third in the world for private investment in Al
companies in 2020Al isfurthersupported by thé\l Sector Deal, the Al Council, and ttational Al Strategyo
continue tomaintain andgrow skills in thield and invest nearly £1BAThere is a clear opportunity for the UK
to lead in this area when applied to space exploration, exploiting this cap#bititaximise outputs where human
access is limitedxploration technology development for autonomy and Ahvaiinapplyingexisting learning
and capabilitiego spacecrafand missions.

1HM Government, National Al Strategy, 202
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Communicationg Mission Operations

Telecommunication Subsystems [6.A]
Telecommunication techniques aalfjorithms (coding, modulation, access, synchronisation, networking,
security etc.), subsystem tools and telecommunication equipment

Mission Operation®[B]

Aspects related to operation processes and mission control concepts, inautdingation, autonomy at

various levels and distribution/decentralisation, operations support processes (such as operation training) and
associated tools, dependability and security of operation systems and processes.

The UK has avorld leading communications sectmwveringa vast range of capabilitie¥he customer demand
for increasingly flexible satellites in LEO and G&tDbeyondis growing, opening further opportunities for new
technologies, services, and business modasimunicationgovers a vast range of technical aretherefore
any associated technologies that correlaiespace exploration in thaitline can be considered of interest

The UK hag healthyher i t age of space communication with Corn
being the largest of its kind in the wonidhile continuingo provide commercial servicesd deep space
communicationgoday. Present infrastructure initiatives such as the Internet of Things, autonomous vehicles,
transport, remote health, and network orchestration are growing UK capabilities. Subsequethttputitgout

and congestion in the RF spectruithever increasingemand for greatecapacity, is leading drive to develop
technologies that operate at higher and optical frequencies, includingsatfite links. There is significant
experience and thus opportunity for the UK in developingnextgeneration technologies anthitigatng the

impact of congestion fromrowing space access

The establishment inarcommunicatiors infrastructurand the relays required Bncompass the entiieelestial

bodywill be a crucial step in living and working on the Mddre UK, through its membership of ESA, is supporting

the creation of this system through its subscripfi@206m for telecommunications programmes, which includes
£5Im forE S Avibanlight ProgrammeReducing the cost and complexity of developing multiple bespoke systems,
the Moonlight Programme will be developed for both institutional and private customers, increasing access to the
Mo o n, and wil | J{eeestiautelecomsyséiesn Thisi coukl alsorserve as a proving ground for
deep space ad Mars missiond.unar and @&ep space communicatiorechnologies should haveethytolerant
networking integragd and be able to support multiple missions.

The UK Space Agency unveiled a new £15m fund for UK businesses to revolutionisecaieliitdcations
technology in October 2022. The competition supports the development of ambitious technologies across the
satellite communications ecosystem funded through
programme?® This supporénables the continued strength of the communications satellite sector and provides
the opportunig to develop technologies one step further for space exploration nBegend the support for LEO

and GEO communications, the UK Space Agency will look to support technologies with a clear bemadit for

use in space exploration, particularly those that may have additional benefitwédiiecommunications sector.

16UK Space Agency, £15 million investment in satellite communications from UK Space uentyyww.gov.uk/government/news/15millioninvestmenin-satellite
communicationgromuk-spaceagency
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In Situ Resource Utilisation

In Situ Resource Utilisation [22.B]

Technological aspects related to the use of indigenous materials at the site of an interplanetary mission for tt
production of resources such as propellants (e.g. methane, oxygen), reactants for fuel cells (e.g. carbon monoxid
oxygen) or fluids/gases fdife support.

In Situ Resource Utilisation (ISRU) is a broad and still growing area of exploration technology. There are multiy
roles for ISRU devices that can servaetyof uses for activity on tenar surfacethelunar vicinityand Mars.
Thesdanclucde fuel for spacecraft, construction of parts for bases,thadxygen and water needed for human
habitation. The generation of consumables from resources found on celestial bodies is cruciétfsitttiey

and ultimately cost effectiveness, of the futdiexploration.

Internationakxplorationefforts arecurrently at the early stage of development and testing of these technologies
with NASAO6s Mars 2020 Perseverance Rove proving t
oxide electrolyser cell was patdSnmildr bpportinities drdezhhologyh r o
demonstrations and future instrument development are on the horizon for the Moon as CLPS and Argonat
catalyse access tlonar resources.

The UK has a strong capability in this area through its ceitigg industrial science and chemical sectors, as
well as the strong skillset in fuel cells, batteries, and chemical crdeitddglements of ISRU devices. In addition,
analysis of missiodata from previous and current orbital spacecraft and rovers, as well as the integration of
machine learning to future spacecraft will aid global efforftsnar surface prospecting. UK scientistwiiltinue

to play a crucial endo-end role in this process; identifying where the requinear resources for ISRU activity

can be found, the methods for efficient exploitation and future material uses and monitoring. Furthermore, the
supplementary evolution and integration of ISRU technologies to achieveldopesystems and interoperability

will also need to be developed to ensure efficient and sensible use aise @ resources efarth.

The UK will build upon international work to identify end products and processes, utilising existing assets
contribute to the global effort of creating mechanisms deployable to a range of scenarios and an array of ISRL
applications. The UK Space Agenayl also look to support organisations to cooperate and share ISRU expertise
with other UK and global partners through both project funding opportunities and access to international
symposiums related to such technologies.

TYNASA, MOXIHttps://mars.nasa.gov/mars2020/spacecraft/instruments/moxie/
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Life Suppor& Crew Performance

Environmental Control & Life Support (EQ2EA]

All technologies for controllingaintainingand supporting human presence in ntarestrial environments, such

as regenerative (recycling) technologies for air, water and waste, food production and preparation, environmental
monitoring,and control, including habitability issues.

Applied Life Science Technology [14.C]
Application of advanced and new technologies of the life sciences to specific problems of planetary exploration,
planetary protection and human loAgrm presence in space.
Application of Human Physiology Technologie&C.I]
Application of human physiology technologies to human health monitoring/care and countermeasures
for long duration spaceflight and includes radiation monitoring.

Software Technologies [2.A]

Advanced software development (requirements, design, verification, validatiortenanceand qualification)
methods/tools. Advanced functions to be implemented in software. Both ground and space application included.
Development of related standards.

Space accessibility is increasiagan unprecedentedate, and, in a relatively short time, it is expected that
humans will be living and working &&rthin ever greater numbers. Consequentichnologies that specifically
address thenegativeimpacts ofsustained periods eHarthwill be a necessitylhere are many proficient UK
organisations active in thisoadfield which can apply their expertise in extreme physiologgith and medicine

to developlife supporsystemsand counter measures: exerciseedication,and nutrition.

Technologies that mitigate the effects of microgravity omtrszuloskeletal systemill be required for numerous
settings from space stations to evenfuabhr and Martian bases. These technologies will need to be designed
with interoperability, multifunctionality, and consolidation in mietemedicinewill likely be theonly option for
crews to access health servitespace for the considerable futus®, €chnologieghat monitor ital signswill
prolong crewed exploration missions witdehnologies thahtegrate sucltonsiderationsvilladd value to other
devicesand benefit their astronaut patienkdiniaturied devices particularly those usable by nepecialistawill
alsobe necessary textendand de-riskcrewed exploration missians

In addition isolationand communication latency wilredictablyhave psychological impacts angill require
sophisticated mitigatioechniquesthrough technologies that enable greater crew toleratiminexploration
conditions such asdelaytolerantnetworkingand device interfacesThis area will workloselytogetherwith
communicationsand have multiple terrestrial benefite communities in remote areas of the wantdl groups
such as the British Antarctic Survey team

TheUKO6s medical and sporting sectors ar e édilionpourel f or e
industries and have exceptional capabilities to apply their aptitudes to new ventures of research and development
in space.The UK Space Agencin collaboration with UKRWjlI prioritisehe development of these technologies

where they can also provide benefits on Earth to maximissottietal andcommercialgains.
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Navigation & Sensing

Radio Navigation Subsystems [6.B]

Radio navigation techniques and technologies, subsystems capable of generating, receiving, exploiting and
analysing the signals from current and upcoming radio navigation subsystems (GPS, Glonass, EGNOS, Galilec
including subsystem tools and navigatiaugment.

Optical Equipment and Instrument Technolffy.C]

All technigues and technologies for the design, manufacture and test of ag@igpmentand instruments for
imaging, spectroscopy, radiometry, sounding, remote sensing, metrology, ranging, illuminatgpadeseptical
communications for applications in Earth observation, science and planetary resel@bmmunicationand
navigation.

This theme has many interlinks with other technology themes rioatthisap. Advances made in multiple fields
may converge to enable the creation of novel navigation and sensing technolbgeetlK has a strorfgstory
and capabilityin scienceand Earth observatioprogrammes andhe subsequentlevelopment of associated
instrument$o advance science and commercial activity.

For exploration, there will inevitably be a strong neeslyfstems that provideutonomous navigationapabilities

in areas where there are rsatelliteconstellations and limitearbital infrastructure as more activity on the Moon
and Mars takes place. The further we travelgace;the more refined sensing abilities atsoneededfor efficient
autonomous decision makiregs communication latencwill impact ground operation contsol

One such example otJK capabilities in this theme ligght Detection and Rangin@.IDAR a method of
determining the distance of an object measuring the time of travel aflaser sourceo reflectfrom a target
LIDARnstrumentarean important optical sensing tdalexploration and are alstapable of analysinghemical
and physical composition @ targeted area The UK has heritage in the development of these sydtanas
range of uses, the data collected from which can be further utiisesgtientific stugwadding value to missions

UK abilitiesin this field can be applied to various missjgm®viding UK involvement and developmént
exploration as well as terrestrial improvemeRtgthermoreadvancements in this theme enhance capabilities
elsewhereas they adapt to suit theeed required of thend enabling further learning and development
opportunities.
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Propulsion

Chemical Propulsion Technologj#8.A]

Wide range of technologies for propulsion subsystems, based on the use of chemical energy, relevant to the
following majorapplications: (1) spacecraft -board propulsion (including micgropulsion); (2) reusable or
expendable launch vehicles/upper stage/space tugs propulsion; (3¥ntey manoeuvring propulsion
subsystems.

Electric Propulsion Technolodi&3.B]
Propulsion subsystems that use electrical energy (solar or nuclear), classified according to the following major
applications: (1) spacecraft-bonard propulsion (including micgmopulsion); (2) orbital stages/tugs propulsion.

Other Propulsion Technologies [19.C]
Wide range of nortlassical propulsion subsystems, for both spacecraft and launchers/sigugss, and the
technology field of breakthrough propulsion physics.
Nuclear Propulsion Subsystef@S.C.I1]
Technologies and techniques related to the useuafear engines to produce thrust such as Nuclear
Thermal Rocket (NTR), that uses a working fluid that is heated to a high temperature in a nuclear reactor,
or Nuclear Electrical Rocket (NER), that uses the thermal energy from a nuclear reactor conwerted i
electrical energy to drive an electrical thruster.

Supporting Propulsion Technologies and Td8ID]

Technologies and tools that are used in support of the development, qualificgtggnation and monitoring of
propulsion subsystems. These tools and technologies, although similar in scope and classification, might differ
substantially depending on their use for chemical, electrical or other propulsion.

From launch to orbito interplanetary travel, propulsion icmucialcomponent.The UK developed, built, and
launched its own space rocket propulsion systBtack Arrow in the last centuryln recent years British

i nnovat i on srespectedwiatiorsectorldkdéngine expertisehave delivered a range of novel and
disruptive capabilities ranging from Synergetic Air Breathing Rocket Engine (SABRE) to the LBE@S 2b
engine used on the Israeli Beresheet Lunar Lander.

In-space propulsion provides momentum, control, and positioning for spacecraft in addition to breaking for
landing craft.The UK isaking these capabilities to space exploratimpenhancing existing UK facilitiasd

investing in ESA missions where propulsion systems will be regoiregkamplethe UK National Space
Propulsion Test Facility based at Westcott Venture Park, Buckinghamshire was opened in 2021 as one of only thre
such sites in the world. The facility provides high altitude pumped test cells, for engines up to 3N, 22N;and a sea
leve (unpumped) test facility for engines up to 30¥Nhe UKbuilt Rosalind Franklin rov@ndE SAGs Ar g o n e
missionboth requirelanding propulsions y st ems and a ExloraionPegrammé thie KIS s
significantlysubscribed The UK Space Agency wilbntinueto promote and facilitate UK expertise and
development of these systems within ESA progranameésther exploration missiomghere it is applicable to

the wider space industry

18STFC, UK Space Facilitigsps.//www.ukspacefacilities.stfc.ac.uk/Pages/Namnrtdk--Westcott-Facilitiesat-Westcott.aspx
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Robotics

Robotic Applications and Concepiis3A]
System aspects ofnovative robotic concepts for missions.

Automation & Robotics Systems and Subsys&8B]
Detailed definition of robotic systems and subsystems, including technology developments dedicated to specif
applications.

Automation & Robotics Components and TechnolddigS]
General purpose and specific Automation & Robotics (A&R) components and methods.

LaunchersReentry Vehicles, Planetary Vehi¢&3G]
Includes all related technologies for the development of vehicle primary and secondary structures, contro
surfaces, shields, etc.

Mechanism Core Technologies [15.A]
Buildingblock technologies used individually or in combination to provide a mechanism function.

Roboticss adistinctiveerm that containsnany element$rom digital concepts to componentechanisms and
extendingthroughto full planetary roverspacecraftand othersystemsThe UK has skills in developgd
integratinga varied range of robotidacetsterrestriallyand in both low gravity and microgravifpr space
explorationas demonstrated with the recent fully UK Rilsalind Franklin Rover.

Component level items and broader enabling technologies both important to the wider development of
robotic systems. These technologies a valuable asset for the future of space exploration as welcles,
modules, andspace stations are developed aifior enablingin-space servicing, assembly, and manufacturing
(ISAM}to become more mainstream. ISAM facilities will rely heavily on raystiems for the various processes
that occur during the manufacturing of materials for space exploration or coiaieentures back to Earth

Thedesign and build of th&osalind Franklin Roveras UKled, the first of its kind to be buitt Ewope. As the
Rosalind Franklin missigets underway, UK organisations will be able to better understamqketfiermance of

the sibsystems and look towards next generation technologikelegacyof this mission will be the development

of the UK robotics sector yet furtidoreover the needfor reentry systems will only grow as teeurn oiSAM
material or resourceffom other bodies and experiments Earth as Artemis Missiencomplete and the
commercial space sector grewlrhe UK Space Agency will look to support technologies related in this area in
partnershipwith he devel opments needed for ESA®ds Argonaut

The UK Space Agency will focus devel opment of rob
to generate products eEarth for use in further exploration, particularly those technologies with clear commercial
opportunities. In additiompbotic elements gblanetaryand reentryvehiclesdevelopment will continue to be
supported where possible through our participation in ESA missions

The UK Space Agency does rmtrrentlyrecogniseLaunchergo be adirectarea of interestfor UK activity
regarding exploration however, elements of this technology will continue to apply to titberessuch as
propulsionand wil continue to bandirectly considered
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Sample Curation

Reliability andReusability Aspects of Materials [24.J]
Development of test and methods for materials characterisation and verification, addressing reliability and
reusability.
Advanced Physical & Chemical Characterisation and Analysis of Materials [24.J.1]
Advanced technologies and methods to characterise and analyse materials: electron microsegpy, X
diffraction, Raman spectroscopy etc.

Life & Physical Sciences [14]

All technological aspects related to instrumentation in support of life and physical sciences, and for ensuring
delivery of a complete instrument technology. The objective is an optimised scientific return, the emphasis being
rather on a consistent systerhilosophy than on the development of component technologies. All technologies
and techniques relating to planetary protection, both sterilisation methods and technologies, and also
technologies needed to monitor contaminants.

At the time of writing theteave been sisuccessfully operatadvers on MarsThe international community has
learned a lofrom tresemissionshut remote science instrumentation can only tell us so nmcimderstand the
complexities of Mar@nd other celestial bodi@sve must be able to analyse samples on EaMASA and ESA
are currentlyplanning ways to bring the first samples back to Eamtter the Mars Sample Return (MSR) mission
with thePerseverancBoveralready gathering andlepositingsamples to be collectedt is envisaged thdiy the
early2030s the first samplewill bereturned to Eartltreating an unprecedented opportunity for science.

The principles of planetary protection apply to Earth as well as other celestial bodies and humanity must ensure
the proper containment of athaterials that are obtained dfarth samples are thus treated as extreme
biohazards The Science and Technology Facilities Council (STFC) has overall responsibility-fasdearth
sample curation in the UK, including the development of associated science instruments

UK organisations are already involved in developing the Double Walled Isolator (DWI) for ESA which is required
for the safe handling of Mars samples in laboratories. To ensure materials are kepttpastewelopment of

the DWIwill includeworking cooperatively with the robotics sector to keep contaminatisafeand minimal

levels. Developing thesdevicesin the UK willextend our already fantastitaboratory capabilitiesand
astrobiology sectowrhilealsolikely tohave multiple terrestrial uses in sectors sualesronics, pharmaceuticals,

and defence

Development of the retrieveystemand curation facility(s) is shared between STFC and the UK Space Agency
and is being takerforward through our membership oESAdue to the bilateral relationship withASAthat
already existsin this areaCurrently there are plans forNMASAMars SampleReturn Receiving Faciland an

ESA European Sample Curation Faailitiiin whichJKorganisationsvill have access toonductsciencehrough

t he UK Space AgetheEgApsogrammb.scr i pti on t o

The UK Space Agency will continue tarkvclosely witlour sister organisationia the UK and internationaltg
position the UK to be involved in the return of samples from space andubs@guenanalysis.
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Science Instrumentation

Instrumentation in Support of Life ScienddsA]
Aspects of human physiology, biology, biotechnolegppiology/planetary exploration.

Instrumentation in Support of Physical Sciernbée8]
Aspects of fluid science, material science, crystal growth, applied physics, planetary exploration.

Applied Life Science Technolody[C]

Application of advanced and new technologies of the life sciences to specific problems of planetary exploration
planetary protection and human loAgrm presence in space.

UK scientists are amongst the highest regarded experts in the Whddskills andapabilitiesof the scientific
community lend themselves well to the development of new aneheagtation instrumentatidior exploration
activity.Science instrumentatids a broad theme thaencompasses mangevices each device performs a
specific function whiapenerates the scientificdata thatis the purpos®f most exploration missions

The UK hasobustexperiencén science and EO programmes and has heritage in the development of instruments
for exploration missiongK supplied Magnetometers can be found in numerous spacecraft across missions such
as CassiniBepiColumbqg and SolarOrbitef®. The UK, in partnership with other ESA member states, developed
the SeismometedSEISSPusedt o det e ct dowd toatenysizetiensossGNASA ImSightsnissior?®
Furthermore, the UK led the European consortium involved in building tiheffelidd InstrumerdMIR6 for the

James Webb Space Telescope, providing the scientific leadership, instrument design, and overall projec
management in addition to being responsible for the overall construction and quality &ariteoUK has further
examples of involvement Panoramic Camexs, Mass Spectrometsrand Infrared devicesas well as various
otherinstruments.

The UK is a dependable partner for numerous payloads on various missions and this will cooctinueersial
operationscome online alongsidestitutioal exploration activity, providingdditionalopportunities fogrowth
Terrestrial science instrumentation development will be necessary to find commercial avenueprtmuetsl

both on Earth and when applied to space exploratifum exampledevices will be needed for monitoring and
testing of the inputs and outputs of ISRU deviEesure sience instrumentsnd experimentsvill likewiseneed

to be designed foexperimentn limited andor uncrewed stationsminimising the need for humaperaton

and monitoringas canmercialstationstransition toa different operating modeRetaining and advancing the
UKO6s | eading position in this technology theme wil
life science experiments and planetary exploration missions.

9STFC, Space Magnetometer Calibration Fadilitys://www.ukspacefacilities.stfc.ac.uk/Pages/Imper@abllege-L ondor-SpaceMagnetometeiCalibrationFacility.aspx
20UK Space AgencMlar squakesd missi on s u,btme/ssv.goduk/govetnaanithsws/marsgRilesshisdobsacoeestuliandson-redplanet
21UK Space Agency, James Webb Space Telescope/MIRJs://www.gov.uk/government/casestudies/jameswebb-spacetelescope
jwst#:~:text=The%20UK%20led%20the %20European,newly%20forming%20stars%20and%20planets
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Space Nuclear Power

Power Generation Technologies [3.B]

Methods for generating power from different sources (e.g. solar, chemical, nuclear) as well as energy harvesting.
Nuclear Fission Reaction Technologies [3.B.111]
Power generation subsystems using fission reactors adapted for space use.

Radioisotope Power Technologies [3.B.IV]
Power generation subsystems using the natural decay heat of radioisotopes, eittwemial control
(Radioisotopes [Heater] Units) or converted into electricity (Radioisotopes-€leetnoGenerators).

Enerqgy Storage Technologies [3.C]

Technologies and methods of energy storage after generation from solar, chemical, or nuclear sources.
ElectreChemical Technologies for Energy Storage [3.C.I]
Technologies converting chemical energy to electricity for storage purposes (e.g. batteries, fuel cells).

Space Nuclear Power is a vital asset to any exploration mission as it provides a long durability for its user that is
not dependent on sunligtgnd thusmissions beyond LEO and wher e t he Swillkay | i gh
require a highdensity energy source such asiclear power.A reliable and lasting source of energy for
construction, power, heating etc., nuclear power is a necessity for aypahdf human habitability on the Moon

and for the infrastructure required to travel on to Mahge UK has strong capabilities in this field and is at the
forefront of the technology terrestriadilyd has an evolving capabilitin space explorationAlthough space
nuclearpower hadlimited mission heritage, such technologies have been understood terrestrially smak the
twentieth centyr, with the UK taking a lead role.

The wor |-stélesconimercia mucldarupbwer station, Calder Hall, opened i 49Sellafield, Cumbria
and was the precursor to a further 19 stations across the UK over time. Nuclear power currently constitutes around
15% of the UKOGs power supply &@2%hAdpait of this anmbigtiondteed)JKt o 1
Government is supporting the development of Advanced Nuclear Technologies:
1 Small Modular Reactor&hich are reduced in size anallow for off-site manufacturing for flexible
deployment; and,
1 Advanced Modular Reactomhich take advantage of novel fuels and other technological innovations
while usingsmall Modular Reactgrinciples.
The UK currently has a strong heritage of very small nuclear reactors thanks to their use in Royal Navy submarines
since the 1960s and a number of UK based businesses have invested in this technology in recent years as part of
the UK Governmentn@all Modular ReactorProgramme. Terrestrially, this Programme will unlock technologies for
more localised power generation while retaining and growing vital essential skills in this dbothinf which
can be applied to developing similar capabilities for spaée UK developed Micro Reactor will provide a
significant contribution to global Artemis ambitions and provide a valuable avenue for growth for the associated
UK supply chain.

Radioisotope Power Systems (RIRS)ssentialor planetary deep space exploration where solar energy is limited
or intermittentRP&ire used tomaintain operating temperatusdéor spacecraft instrumenis the extreme cold of
spacein the case oRadioisotopeéHeater Units (RHUsg)hile they mayalso provide electrical powén the case

of Radioisotope Thermaectric Generators (RTGRPS are essential for future space exploramshimportant
both as a standalone technology and as the power source for numerous other technoldgaf3erseverance
Rover currently exploring Mars, is fitted with an RTG capable of producing 110W of ekdbegigning of life
and is expected to provide a power supply for 14 y&8anilar variations dhis RT®ave been used for many

22HM GovernmentNuclear energy: What you need to kno2022,https://www.gov.uk/government/news/nucleaenergywhat-you-needto-know
23NASA, 2020https:/mars.nasa.gov/mars2020/spacecraft/rover/electricabower/
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other NASA missionsleanwhile,lte solap o wer ed Rosal i nd HRRosalinkHrankiimisfanv e r
will have anRHU componerib maintaininstrument temperatures during the Martian night

Most RPS usHutonium238 as the fuel source, however, since the 1980s, production has slowed and all but
ceased globallythislack of fuel supplys driving a global push for alternative fuelsmericiuni241(**Am) is
understood to be a viable fuel source for future RPS with a significantly londée Iltatbund 430 years
compared to 90 years)The Ukhasproved thecapabilityof 24Am by powering a lightbulb from heat generated

by a small amount of the fudliring a 2019 research projemtd has a large stoggile of 2Am as a byproduct

of the nuclear energy industigverseen by the Nuclear Decommissioning Authdilyere isovet 5 y e ar s 0
of research orthis conceptwith UK institutions ownirigeir own RSpatents.The combination of expertise in
understandingdeveloping and manufacturingsuch deviceslongsidea healthy supply od compatiblefuel
providesthe UK with a unique capability to lead in this field.

In December 2022the UK Space Agency and National Nuclear Laboratmmpounced the development of a

new £19m laboratory n Cumbr i a t o extend t andprdvidedasscalatdep@ductioni t i
of the fuef® Furthermorethe UK subscri bed A22m to ESAGShiCESEEKERE p
develop EuropeairPSThe UK Space Agency will look to support the development of RPS in the UK and the
further understanding and development8fm fuel source to provide a strategic advantage for UK participation

in global exploration efforts.

Fuel cell technologies aranamportantcomponent of any power generation actiyiigcluding Space Nuclear
Power and ISRUWFuel cells convettie energy of a&hemicalreaction into electrical powand providea steady
supply of powercompared to systems relying on solar enevgyich are time ororbitally/geographically
constrainedThe creation of powdroman inputfuel, as opposed to storing and rechargiatgoprovidesmore
durability andless decaycompared toa battery.As part of terrestrial and space nuclear power aidSRU
capabilities, the UK has valuable skills and knowledge in fuel cell technologies.

24NNL, 20190ttps://www.nnl.co.uk/2019/05/uk-scientistgienerateelectricitfromrare-elementto-powerfuturespacemissions/
UK Space AgencyJK Space Agency and NNL work on wor lhthé/swi.dorug/dovesimencnewshbkestateegenyyaplo we r e d b
nnkwork-on-worldsfirstspacebattery
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PULSE ELEVATOR

The University of Glasgow

A simple device tha
has an extremely
small footprint,
which does not

exploit friction, and
which does create

heavy torque
requirements, is an

attractive new
technology option.

PROVEN
CAPABILITIE:

The technology ha
already proven tha
it can uplift granula
materials in bott
drilling and bulk
transport context:
Although it is ¢
simple architecture
it appears to be

entirelynovel,and a
patent has beer
applied for.

An industrial PhL
supported o)
Schenck  Proce
UK, is currentl
getting underway.

The Problem

Subsurface exploration or ISRU requires the transpgranfilar materials, either as drilli
spoil or as regolith for further processing. For tasks like this, the auger has been
technology option for many thousands of years: a rotating scroll which exploits frictione
to drive the material upwas against gravity.

When drilling, however, this creates a requirement for a rotating drillstring. The power |
to auger the spoil out of the hole can far exceed the power required to break the materi
and the torque applied must be reacted to the planetaryfasmar This is challengin
particularly for smaller landers and when moving larger quantities of material, for IS!
power requirements may rise still further.

The differential friction technique creates an unavoidable loss of enbitgyalgo resulting i
heating of the material. In a terrestrial industrial setting this task might be tackle
vibratory conveyors or bucket systems, which are usually complex and bulky pit
equipment that would require considerable additionastcand time to translate into spa
applications.

UK Space Agency Support

The UK Space Agency supported the devi
includedd project. The A85,000 grant a
instead of an auger, had an internal pulse elevator. This snweadted dillbit was able tc
penetrate to its full design depth, more tliam-bit diameters, in rocky materials while the s
was for the first time ejected through, rather than around, the drillbit.
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1] Unuversity
W of Glasgow

TERRESTRIAL
Outlet APPLICATIONS

channel
The SOlUUOﬂ After bulk liquids, granula
The pulseslevator is a simpl / Top materials d
concept  whereby  vertici chamber second. most trade
oscillation is used to transp . commodity. This includes
granular material along th  One-way ¥ f Mined Materials
device. The pulselevator has ¢ ~ SCOOPS " A < 1 Foodstuffs
series of alternating ar il 9 Industrial Feedstock
opposing scoops, develope
from the fluidic Tfeslg vglve, SL s - They are also encountere
that. any material |r?3|de the : : fgiiald in process engineering
device can only easily move Granular $735eue Bt T o
one direction. material particularly in fields suc
as pharmaceuticals, whel
the pulsed nature of th
pulseelevator  delivery
Inlet lends itself to ne\
channel o ) :
applications in meterinc
A simple pulselevator architecture, when Each of these need to |
shaken, will quickly move all the particles in tf moved between shippin

bottom chamber into the top chamber. holds, silos, and delivel

vehicles.

The oscillation, combined with the inertia of the mate

tends to move the contents along (and usually up) JEE-STeIY R TS {ofo]ie]1 i

device with each excitation cycle. Because this C)E Ve B E e s e o).

Particle distribution, &.9 s movement is a simplearmonic, the torque is eliminate

after initialisation at 5 g. and careful damping can help tmanage any loads
that need to be reacted externally.

opportunity in which t
find new applications o
Earth.

Benefits

The auger has been used in every singlelazigled exploration mission ever flown, having b Contact
deployed to planets,the Moon, and comets. An alternative that can reduce James Watt (S) Building
electromechanical footprint of the devices required to meet these most challenging requi University of Glasgow
has the potential to deliver impactful change to future mission architectures. University Avenue

Glasgow, G12 8QQ

More Information
ResearchPaper(lAA): Acta Astronauticayolume 200, November 2022
Operating Principles YouTube Videgautube.com/shorts/tezBop xufc

Patrick.Harkness
@glasgow.ac.uk
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LEROS 4 MON/MMH 1kN Engine

Nammo (U.K.) Ltd.

This O6Apog
rocket provides ove
1000 Newtons of
thrust which makes
it ideal for moving
significant amounts
of equipment and
supplies to the
surface of the Moor
and, in future
missions, to Mars
and beyond.

SECTOR WIDE
APPLICATIONS

The spacecraft propulsic
experts at Nammo Ul
have a long history c
producing rocket engine
for both Earth orbit dutie
and deep space missions

Na mmo UKO s
family of engines an
thrusters have provide
the motive power for larg
numbers of spacecraf
They  have literall
hundreds of engines an
thrusters on Earth satellit
that supply us all wit
communications, satellit
navigation, weatherand
tidal information, globa
warming  data, anc
television services.

The LEROS 4 thrust chamber concept btasted.

The Problem

In order tocarry out deep space missions to far planets such as Jupiter, Venus and M
main spacecraft engine needs to be able to accelerate the vehicle to speeds up to ¥
miles per hour when it leaves Earth orbit. In addition to this early missitaratioe, the engin
also has to slow down the vehicle very rapidly to enable orbit insertion around the target

Spacecraft engines at the 1 kN and throttleable 7kN thrust class have not previous
available.Suchengines are now being considered for commercial misgibmarious output
shows that high efficiency (lower propellant mass needed on board) and high thrust
way forward fomanyfuture missions.

The ecent developments at Nammo for main satellite/spacecraft engines at higher thrus
than have previously been the norm, have been driven by ESA requirements for pr
efficiency on orbit insertion (in the case of the 1 kN engine) and for &ndarsl with greate
mission manouevring capability with higher payload capacity.

UK Space Agency Support

All Nammo apogee engines are hfite tested in the UK National Space Propulsion Test F
at Nammo WestcottThe UK Space Agendpvested £4 million in 2016 to develop
Buckinghamshire site to provide testing facilitiesatais UK companies and academics
fire up and test statef-the-art space propulsion engines at up to 1.5kN in-aitjtude vacuum
an equivalent test altitude of 140,000fhe site opened to users in 2021.



NAMMe

L eee—

The Solution

The LEROS 4 high thrust rocket engine has been developed by Nammo UK, the U
propulsion company based near Aylesbury, specifically for Moon anepiategtary mission:
The engine has a thrust range between 900N and 1100N.

LEROS 4 Design

The LEROS 4 engine has been developed using the proven Nammo UK apaggeengine
design methodology. The materials used and the injector configuration are largely an e»
of those used on lower thrust class LEROS engines. Therttbathich is thnterface betweel
the flow control valves, injector, and spacecraft mounting points uses similar principle
heritage LEROS main engine designs but sifitke-art methods of manufacture of k
components together with hnevaves $AEVGsWhave be
included in the design to optimise heat dissipation from the injector zone whilst keey
head-end at low temperatures which is vital for preservation of the integrity of the valve

Even though Nammo have taken heritage LEROS technology as the basis for the L
every part of this new engine is unique and has been optimised for the LEROS 4.

Benefits

This engine is a true mission enabler. The LEROS 4 provides twice the thrust of standal
class engines and can therefore carry out the deceleration much more efficiently in term:
time andpropellant consumption.

In the case of Jupiter, tll&JNOspacecraft had to decelerate from 235,000 mph to 16,000 |
in one continuous bumin this case the burn was 31 minutes to achieve successful orbit ir
LEROS 4 will enable higher mass spacecraft to perform similar planetary or Mcorsertiitr
burns with even more efficiency due to its abilityaiwy outthe completemanouevre fastel
Proteflight and Qualification testing is due 2024 whitROS 4 can be ordered now.

More Information
LEROS 4https://www.nammo.com/product/leros4
Westcott Space Clustentips://westcottspacecluster.org.uk
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FURTHER
INNOVATION

The Nammo test an
development teams ar
applying their extensiv
expertise and experienc
to the new RELIANC
throttleable and higt
thrust engine, currenth
under intense
development.

The engine has interna
liquid cooled channel
throughout theexpansion
cone and combustior
chamber to  ensur
temperature stabilit
during its operationa
lifetime. It has a uniqu
moveable pintle injectc
to maintain the fuel t
oxidiser mixture ratio ¢
whatever thrust it i
commanded to produce
The engine also carries
own propellant pump
and controller on board t
enable multiple engines
be run sideby-side from
the same share
propellant tanks.

Contact
Nammo (U.K.) Limited
Building 47
Westcott Venture Park
Westcott Buckinghamshire
HP18 0XB

Adam.Watts
@nammao.com


https://www.nammo.com/product/leros-4
https://westcottspacecluster.org.uk/

RFROVER: AUTONOMOUS NAVIGATION

Airbus Defence and Space Ltd.

The primary
purpose of the
Rosalind Franklin
mission is to
explore a Martian
terrain where there
is strong orbital
data indicating a
warm and wet
past, in order to
acquire and
examine sub
surface samples
for evidence of
past or extant life.

Adaptability

The mobility syste
can be modified to
function on any soli
planetary bodysuch
as the Moon.
Although  naturalh
illuminated  stere
cameras are the
primary sensors fi

Rosalind Franklin, tt
mobility architectur
is such that it can b
adapted to use

alternative  primar
sensing solutior
such as artificiall
illuminated cameras
LIDAR or RADAR

N\
1

AW
bus in Stevenage

Rosalind Franklin being inegted in the-Blean Fécility at Air

The Problem

The large distance to Mars leads to a round trip communication latency between 10
minutes depending on the relative orbital positions of Earth and Mars. Such late
combination with limited line of sight visibility between Earth and the Ruaeaam, that rea
time driving under operator control is not feasible.

Furthermore, orbital mapping resolution is insufficient to edlaie planning below a strateg
scale of many 10s of metrget mobility system constraints arising from the limited mas:
volume that can be landedecessitate a terrain knowledge resolutiojusta fewcentimeter:
to safely negotiate the topologically complex Martian terrain.

Thermally the Martian environment is extremely harsh and highly variable. The atmos
verythin causing dramati¢emperature variatios yet, itis thick enough to allow dust stor
that greatly reduce thpower that can be harvest by solar arrays

UK Space Agency Support

The Rosalind Franklin Rover is an ESA programme to which the UK is a major contri
the UK Space Agencyrhe UK sector providdtie Rovedesign and assembliput also the
landing platformwhich willsafely carry it to the surface of Mars.

The UK Space Agency continuechampion andsupport theRosalind Franklin mission n
due for launchin 2028
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. TERRESTRIAL
The Solution APPLICATIONS

Airbusin the Ukhas developed an autonomous mobility system that assesses the local
topologyfromwithin a few metres of the Rogkiwnto centimetre level resolutiofhe syster

plans and drives a safe traverse through local hazards (large rocks hidlep/s and steep The autonomous mobilit

slopes) towards apecified strategic target thaan be up to 100 metremaway. This i concepts implemented
accomplished by two broadly independent functions, Navigation (féagrrain assessme on Rosalind Franklin are
and Relative Localisation (RelLéa) determinng the position and heading of the Ro\ adaptable to terrestrial
relative to itstartingposition and heading. applications in which

robotic access is desirec
Nav is performed at regular drive distanc —%iﬁf‘ but communication
intervals. A mast mounted stereo came = maybe infrequent or
takes terrain image pairs to the front and | unreliable or autonomy i
each side of the Rover. Each of these ime beneficial, seh as

pairs is processed and stitched together =~
produce a map of the arc of terrain a fe' :
metres ahead. This map is stitched te f
previously mapped arcs and processed
identify nodraversable areas and to appl'
traverse costs to the traversable areas. Us
this data, the path planner identifies the be
path towards the target destination over tt
mapped terrain arc.

Agricultural soil
sampling surveys
Fpeline and sewer
inspectin

Disused mine
workings exploratin
Ocean floor
exploration
Undersea
infrastructure
inspection
Disaster site

Credit: Airbus

RelLoc provides regular estimates of the Rover position and heading using a fusion
frequency inertial measurement data and wheel odometry data, and lower frequency
localisation data. This allows progress along the planned path and whemggipn the
drive direction and lateral deviations from the target pathbe determined. This can b
corrected through adjustment of the individual wheel steering angles and drive speec exploration and
inertial measurement unit is provided by TASand visual lodisation SW is provided b inspection

CGl using algorithms developed by Oxbotica.

Benefits

The autonomous mobility concept and integrated thermal design concepts implemente
Rosalind Franklin Rover are adaptable to lunar use in support of exploration and uti Contact
The mobility concept allows for exploration in unmapped areas with esmpknown terrail
while lending itself to detailed mapping and characterisation of terrain considered for |
scientific instrumentation placement as well as autonomous conduct of those missic
integrated thermal design concept, in particula tise of radioisotope heaters in conjunc
with a well thermally isolated warm box, is essential for achieving lunar night survi
reliable exploration of permanently shadowed regions.

Airbus Defence and Space L
Gunnels Wood Road
Stevena@
SG1 2AS
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Achieving the development of the technologies in this Roadmap will not hapgtantly, instead, it will take
collaboration, dedication, and supporbi all organisations with an interesthis field. This section details some
of theassistanceawvailableat presentand where the UK Space Agency will seekudd-on current relationships
to unlock further opportunities.

UK Space Agency

Theoverallremitfor the development of tise technologies sits with the UK Space AgefttgAgencyroutinely
represents the interests of the UK space and space exploration sector at various intecoationiééesncluding
throughlSECGthe International Mars Exploration Working GrolilidEWG, E S APdogramme Board for Human
Spaceflight, Microgravity and ExploratigRBHME)and European Utilisation Boa{@UB)s well as nationally
through our collaboration and representations to other government departments.

The Exploration team also runs dedicated funding calls for the advancement of exploration teghmolodiyng

UK based organisationshé ability to conduct feasibility studies, industrial research, and technology
demonstrations through grant fundirfeurther information on the types of projects funded through this avenue
can be foundon thegov.uk websiteThe team will continue pyovide such opportunities for the space exploration
sector and seek out new opportunitiggh other funding providete maximise UK Space Agenogsources for

the benefit of technology development

The Exploration team also runs the Exploration Community Development Fund desgjdexddanisations to
participate and formulate activities that are of benefit to the wider UK exploration community with grants up to
£50,000, subject to budgeavailability This supporhelps foster connectior¥®etween organisationso that
expertisecan beshared,and collaboration opportunitiggromoted

Fol | owi n g dedirdh ® doNI8dged
bilateral activity beyonchat which is done
through ESAthe UK Space Agency has put
appropriate funding in place to support
joint activitieswith likeminded countries
The UK Space Agencis committed to
maximisingopportunities ofworking with
new partners and will seek to support
explorationcollaborations where possible

The UK Space Agency wilbr@tinue to
cooperateand align with DSIT and other
government departments involved the
strategicplanning that supporst he UK® !
space sectar

Further informatioabout UK Space Agency funding opportunitzs be foundon our website.

ISS backdropped by a blue and white part of Earth
Image Credit: NASA


https://www.gov.uk/government/news/new-space-funding-paves-the-way-for-pioneering-approaches-to-energy-communication-and-resources

UK Research and Innovation (UKRI)

UKRI brings together the seven Research Councils in England and
Innovate UK to invest in innovation across a broad range of
sectors. UKRI is an important facilitator in the developwient
space and space exploration technologies, particularly through
the work of thescience and Technology Facilities Cou(8TFC)
and the Engineering and Physical Sciences Rese&ohncil
(EPSRC) which specialise in areas applicable to this Fieid.
example, STFC are responsible for fRatherford Appleton
Laboratory(RAL)JUK Astronomy Technology Centeand Boulby
Underground Laboratoryfacilities where cuttirgdge space
science takes place.

UKRI is a catalyst for helping businesses to access technology
expertise and facilities in the research base, supportingsadyg
translation and scalap, and formulating academibusiness
partnership models that leverage private investment through the
expertise and grant funding opportuniti€&JKRI will therefore be
an important partner to the UK Space Agency, to whom we will
continue to collaborate and seek to expand funding opportunities
for the development dhesetechnologies

European Space AgendiESA)

In addition to the exploration missicasd fundingagreed at the
Council of Ministers, the UK and ESA support the development o
technology through th&eneral Support Technology Programme
(GSTP). The GSTP provides fundingganisationacross the UK

in developing innovative technologies to grow UK capahility
taking leadingedge technologies that are not ready to be sent
into space and develdpg them to be used in future missidhs.
Thisfunding is an additionamechanismthat the UK Space
Agency encourages the exploration community to utilifeUK
committeda further£71n to this programme at ES&Min2022.

Thr ough t he UKO®s , Britighhlrganisationspalsco f
have access to various ESA centres around Europe including
SpaceshipECSAT(the European Centre for Space Applications
and Telecommunicatiohsthe VULCANAnalogue Facilityand

ESA Business Incubation Cenithg which areall located atthe
HarwellSpace ClusterOxfordshire.

MoondWestern Near Side

Image Credit: NASA/JPL
26 UKRI Strategy 2022 to 2027, UKRI, 2022
2TESA, About the General Support Technology Programme (GSTP),
https://www.esa.int/Enabling_Support/Space_Engineering_Technology/Shaping_the Future/About the General Support Techn@omnnR¥roGSTP



https://www.esa.int/Enabling_Support/Space_Engineering_Technology/Shaping_the_Future/About_the_General_Support_Technology_Programme_GSTP
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This roadmap identifies the key exploration technology
areas where the UK Space Agency believes the UK has
strong capabilities. These areasdll be a focus for
development to allow the associated sectors to capitalise
on future missions and other uses in space.

The SETR will inform the future work of the UK Space
Agencyover the next decaden seeking to achieve the
goal of maintaining and growing UK capabilities in
exploration technologies. It serves as a brochure for the
UK space sector, highlighting technologies where the UK
has a high aptitude and therefore areas for growth and
investment

The UK Space Agency will champion areder tothe
roadmapat sector eventéy conversationg/ith strategic
partners to internationaland UK organisations, and
throughout widetJK Space Agencgonsiderations and
planning

To provide further analysis on each specific technology
area, the UK Space Agency intends to publish
supplementary roadmaps. These additional publications
will provide greater granularity and will outline key
information fotthe technolodges The UK Space Agency
will continue to consult UK industry and academia about
such capabilities in producing these additional
roadmaps.

To ensure the document remains appropriate for these
aims, it is the intention of the UK Space Agency that this
roadmap will be reviewed and revised as necessary.

The UK Space Agency will continue to welcome feedback on the roadmap, if you wish to provide a cc
on any aspect of the document then contact uSpaceExploration@ukspaceagency.gov.uk



mailto:SpaceExploration@ukspaceagency.gov.uk

Truecolour image of Mars seen by OSIRIS
Image Credit: ESA & MPS for OSIRIS Team MPS/UPD/LAM/IAA/RSSD/INTA/UPM/DASBABASA 3.0 IGO


https://www.esa.int/ESA_Multimedia/Terms_and_Conditions
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Appendixl: Glossary

Al
CLPS
CMin
DSIT

DWI

E3P

EL3

EPSRC

ESA
EUB

ExPeR’
GER

GSTP

IMEWG

ISAM

ISECG

ISRU
ISS

Artificial Intelligence

Commercial Lunar Payload
Services (NASA)

Council of Ministers (ESA)

Department of Science,
Innovation and Technology

Double Walled Isolator

European Exploration Envelope

Programme (ESA)

European Large Logistics Lande

(Argonaut)

Engineering and Physical
Sciences Research Council

European Space Agency

European Utilisation Board (ES/
Exploration Preparation, Resear

and Technology
Global Exploration Roadmap

General Support Technology
Programme

International Mars Exploration
Working Group

In-Space Servicing, Assembly,
and Manufacturing

International Space Exploration

Coordination Group
In-Situ Resource Utilisation

International Space Station
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UKRI

LEO

UK Research and Innovation

Low Earth Orbit

LIDAR Light Detection and Ranging

JAXA

MSR

NASA

NSS

PB
HME

R&D
RAL

RHU

RPS

RTG

SEAC

SETR

STFC

Japan Aerospace Exploration
Agency

Mars Sample Return

National Aeronautics and
Space Administration (USA)

National Space Strategy

Programme Board for Human
Spaceflight, Microgravity and
Exploration (ESA)

Research & Development

Rutherford Appleton Laboratoi
Radioisotope Heater Unit

Radioisotope Power Systems

Radioisotope Thermalectric
Generator

SpaceExploration Advisory
Committee

SpaceExploration Technology
Roadmap

Science and Technology
Facilities Council

TGO Trace Gas Orbiter



Appendixll: Roadmap Technologies

A simplified list of the exploration technologies featured in this roadmap, designated byldiespkce Agency
Technology Themand therelevantESA definedechnologysubdomansand groupswhere necessary

Advanced Manufacturing
Novel Materials and Materials Technology
Materials Processes

Propulsion

Chemical Propulsion Technologies
Electric Propulsion Technologies

Modelling of Materials Behaviour and PropertiesOther Propulsions Technologies

Advanced Manufacturing Technologies

Autonomy & Atrtificial Intelligence
Machine Learning and Atrtificial Intelligence for
On-board Data Subsystems

Software Technologies

1 Nuclear Propulsions Subsystems
Supporting Propulsion Technologies and Tools

Robotics
Robotic Applications and Concepts
Automation & Robotics Systems and Subsystems

1 Software Autonomy and Artificial Intelligence Automation & Robotics Components and

Communicationg Mission Operations
Telecommunication Subsystem
Mission Operations

In Situ Resource Utilisation

Life SIpport& Crew Performance
Environmental Control & Life Support (ECLS)
I Habitability Technologies
Applied Life Science Technology
1 Application of Human Physiology
Technologies
Software Technologies

Navigation & Sensing
Radio Navigation Subsystems
Optical Equipment and Instrument Technology
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Technologies
LaunchersReentry Vehicles, Planetary Vehicles
Mechanism Core Technologies

Sample Curation
Reliability and Reusability Aspects of Materials
1 Advanced Physical & Chemical
Characterisation and Analysis of Materials
Life & Physical Sciences

Science Instrumentation

Instrumentation in Support of Life Sciences
Instrumentation in Support of Physical Sciences
Applied Life Science Technology

Space Nuclear Power

Power Generation Technologies
1 Nuclear Fission Reaction Technologies
1 Radioisotope Power Technologies (RPS)
Energy Storage Technologies
1 ElectreChemicalTechnologies for Energy
Storage



Appendix IlIFurther Information

National Space Strategy
www.goVv.uk/government/publications/nationaspacestrateqy

Size & Health of the UK Space Industry 2022
www.gov.uk/government/publications/theizeand-healthof-the-uk-spaceindustry2022

UK Space Facilities
www.ukspacefacilities.stfc.ac.uk/Pages/home.aspx

ESA | Terrae Novae 2030+ Strategy Roadmap
www.youbenefit.spaceflight.esa.int/terraevae2030-explorationstrategyroadmap/

ESA |Revolution Space: Europe's Mission for Space Exploration
www.esa.int/ESA_Multimedia/Images/2023/03/Revolution_Space Europe s _Mission_for Space Exploration
ESA | Technology Tree (V4.0, STRT), 2020

www.esa.int/About_Us/ESA Publications/SPWI_ESA_Technology Tree

ESA | About the General Support Technology Programme (GSTP)
www.esa.int/Enabling_Support/Space_Engineering_Technology/Shaping_the Future/About_the General Su
pport_Technology Programme GSTP

ISEC{H Global Exploration Roadmap
www.globalspaceexploration.org/

NASA | Artemis Accords

www.nasa.gov/specials/artemiaccords/index.html

NASA | Commercial Space Statisn
www.nasa.gov/presselease/nasaselectscompanieso-developcommercialdestinationsn-space

UKSA | Corporate Plan 2022025
www.gov.uk/government/publications/ulspaceagencycorporateplan-202225
UKSA | Exploration Programme
www.gov.uk/government/collections/spacexplorationprogramme
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http://www.youbenefit.spaceflight.esa.int/terrae-novae-2030-exploration-strategy-roadmap/
http://www.esa.int/ESA_Multimedia/Images/2023/03/Revolution_Space_Europe_s_Mission_for_Space_Exploration
http://www.esa.int/About_Us/ESA_Publications/STM-277_ESA_Technology_Tree
http://www.esa.int/Enabling_Support/Space_Engineering_Technology/Shaping_the_Future/About_the_General_Support_Technology_Programme_GSTP
http://www.esa.int/Enabling_Support/Space_Engineering_Technology/Shaping_the_Future/About_the_General_Support_Technology_Programme_GSTP
http://www.globalspaceexploration.org/
http://www.nasa.gov/specials/artemis-accords/index.html
http://www.nasa.gov/press-release/nasa-selects-companies-to-develop-commercial-destinations-in-space
http://www.gov.uk/government/publications/uk-space-agency-corporate-plan-2022-25
http://www.gov.uk/government/collections/space-exploration-programme
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