
 

 1 

Chapter 6: Infrastructures and services for planetary exploration: report 

on Pillar 4 

 

Bernard Foing1, Jonathan Lewis2, Aurore Hutzler3, Michel Blanc4, Nicolas André4, Adriano 

Autino5, Ilaria Cinelli6, Christiane Heinicke7, Christina Plainaki8, Armin Wedler9 

1Leiden University, Leiden, & ILEWG EuroMoonMars, The Netherlands; 2NASA Johnson 

Space Center; 3ESA/ESTEC, Noordwijk, The Netherlands; 4IRAP, Toulouse, France; 5Space 

Renaissance International ; 6 SGAC Space Generation Advisory Council; 7ZARM, Bremen, 

Germany; 8ASI, Roma, Italy; 9 DLR Institute of Robotics and Mechatronics, Oberpfaffenhofen, 

Germany 

Abstract 

Flying space missions to the different destinations of the Solar System, and maximizing their 

science return, relies on the availability for generic technical infrastructures and services to 

provide support to groups of missions rather than specialized support systems tailored to 

individual missions. In this chapter, we present an overview of the different types of 

infrastructures and services that will be needed to support the group of representative 

missions identified in chapter 4 (Pillar 2 report, Lasue et al. 2021). We first review 

infrastructures and services that support robotic, sample return and human exploration 

missions: launch, telecommunication and navigation services, space stations and Moon 

outposts, and sample curation facilities. All these missions also require the support of Solar-

System-scale space weather services. Complementary to space missions, Earth-based 

telescopes, ground-based simulation facilities and laboratory experiments provide key 

scientific information to provide an in-depth understanding of our planetary system and its 

constituent objects. Finally, advanced data systems evolving towards a global Solar System 

Virtual Observatory (VO) will provide an integrated service to all scientific users, enabling 

access diverse data sources with the aim of producing new scientific knowledge. Virtual 

navigation in this VO will also offer a unique way for teachers, students and the public to 

develop their own experience of exploring the Solar System. Most importantly, the VO will 

contribute to the inspiration and training of the new generations of space scientists, 

engineers and managers who will turn the Horizon 2061 perspective presented in this book 

into reality.  
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1. Introduction  

This chapter describes and discusses the different types of future infrastructures and 

services that will be needed to support the exploration of the Solar System up to the 2061 

horizon, which constitute the “fourth pillar” of planetary exploration. The description of this 

“pillar” is one of the results of the science-driven approach to planetary exploration described 

in chapter 1 (Blanc et al. 2021). This approach starts from the analysis of the major science 

objectives driving Solar System exploration presented in chapter 3 (report on pillar 1, Dehant 

et al. 2061) to derive the notional science missions, chapter 4 (report on pillar 2, Lasue et al., 

2021), that will be needed to address these science questions. The primary result of this 

analysis is reproduced in Table 6.1 as a matrix of “mission types” vs “mission destinations”.  

The vertical dimension of this table encompasses the full spectrum of space missions serving 

planetary sciences: observations from Earth orbit; planetary and small body flybys; orbital 

exploration (with a single orbiter, a small satellite, a swarm, etc.); in-situ exploration (using 

descent probes, impactors, fixed stations, mobile elements, etc.); collection and return of 

samples to Earth; and human exploration (with orbital stations, lunar or martian outposts). 

As for its horizontal dimension, it encompasses all objects in the Solar System, from the 

closest (the Earth-Moon system) to the most distant (Trans-Neptunial Objects, heliopause 

boundaries, the very local interstellar medium and Oort cloud objects).   

The missions considered in this study, indicated in colored boxes, fully cover the two 

dimensions of the table, from the simplest to the most ambitious, and from the closest to the 

most distant. This is what is needed to undertake the quest for a better understanding of our 

Solar System as a planetary system, from its formation through its workings and to the 

search for alien life on habitable planets and moons.  
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Table 6.1: “Mission types vs destinations” matrix showing the green missions (missions 

already flown or in preparation) and the “blue missions” that need to be flown by 2061 to 

address the six key science questions guiding the Horizon 2061 exercise. These new “blue 

missions” generate new requirements on families of infrastructures and services that are 

reviewed in this chapter. From chapter 4, report on pillar 2 (Lasue et al. 2021).  

The green boxes correspond to planetary missions that have already been flown or are in 

preparation and are scheduled to fly by 2040; missions in the blue boxes, on the other hand, 

not yet in planning, should be flown by 2061. These “blue missions” generate a broad 

spectrum of technology requirements which have been reviewed in chapter 5 (report on pillar 

3, Grande et al. 2021). The “blue missions” also require the support of new generations of 

infrastructures and services to fly to their destinations, perform science operations, return 

data and possibly samples, and to maximize their scientific return. In the case of human 

missions, the heavy infrastructures needed to secure the life and activity of astronauts need 

to be added to the requirements.  

The main objective of this chapter is to review these critical support elements, which 

generally serve not a single mission, but a broad diversity of missions and destinations. Let 

us first describe the different types of infrastructures and services needed. A first group of 

infrastructures directly support the acquisition of new observations of Solar System objects;  

A second group of services monitor space hazards. A third group gathers ground-based 

facilities that produce scientific data needed for the interpretation of space data. A fourth 

group is composed of the data repositories and systems that give access to data and allow 

their scientific exploitation. They are briefly introduced here and described more substantially 

in the following sections. 



 

 6 

Infrastructures for scientific observations: Earth-based telescopes and observatories: the 

critical role that current and future Earth-based telescopes, observing in a variety of 

wavelengths from radio to X rays from the ground or from an Earth-Moon system orbit, will 

continue to play in planetary sciences, has already been reviewed in section 2 of chapter 4 

(Pillar 2 report, Lasue et al. 2021) and will not be repeated here. Access to the new emerging 

generation of giant telescopes, ground-based or space-based, will be extremely important for 

the planetary science community.   

Generic infrastructures for planetary mission operations are described in section 2. From the 

launch facilities through the communication and navigation support to mission operation 

centers, they will offer services of increasing quality and duration to support the “blue 

missions” of the future. 

Infrastructures for sample collection, curation and analysis are described in section 3. 

Sample return from a broad class of Solar System objects will likely increase its importance 

in the decades to come. To implement the processing chain linking the collection of samples 

to their return to Earth, their curation and their analysis under heavy planetary protection 

constraints, world-class facilities for the preservation, curation, analysis and finally 

dissemination of samples and related data will be needed.  

Infrastructures for long-term human exploration are described in section 4. Heavy launchers, 

orbital stations (including the Lunar gateway) and Moon or Mars outposts will be designed to 

support the long-term presence of astronauts conducting scientific experiments. 

A second group deals with the different types of natural space hazards encountered by 

spacecraft during their missions. These infrastructures for monitoring of space weather and 

other space-related hazards are described in section 5. Observing, monitoring, and when 

possible predicting space weather events will be a necessity for long-duration human flights, 

just like weather forecast today has to support airborne navigation. In return, observations of 

space weather and also of other space-related hazards, such as Earth-crossing asteroids, 

will directly benefit to the safety and protection of humans on Earth and their equipments.   

A third group of facilities produces scientific data and information that are needed as a 

complement to space observation data and contribute to optimize their interpretation: Earth-

based simulation facilities and laboratory experiments are described in section 6. 

Understanding how the diversity of planetary systems objects and their different layers work 

cannot be fully achieved solely by observing them. Earth-based simulation facilities and test 

fields are used to reproduce and study the conditions prevailing in specific planetary 

environments, or to measure their physical and chemical properties in laboratory 

experiments tailored to the need. These facilities can benefit from heavy and accurate 

measurement equipments that are not available in situ in space.  

All of the infrastructures and services previously mentioned produce scientific data 

contributing to address scientific questions concerning planetary systems and their objects. 

But most of the time, addressing a specific scientific question requires the combined use of 

several data sources among them. In addition, very often, when one starts investigating a 

question, one does not know yet which type of data can help addressing it, and where it can 

be found. Here comes the central role of facilities dedicated to providing the best possible 
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interface between the huge diversity of data and their scientific end-users: these data 

systems and virtual observatories are described in section 7. Continued progress in 

planetary research will rely even more in the decades to come on a simultaneous access to a 

diversity of sources of information and analysis mentioned above, to which one still has to 

add the huge data volumes produced by numerical simulations. 

Operating the diversity of facilities mentioned above will require the training of a new 

generation of young scientists, engineers, mission specialists, laboratory researchers and 

astronauts. It is this next generation of diverse “planetary explorers”, working together with 

their complementary skills, which will conduct scientific experiments from robotic probes to 

future lunar outposts, design new ways of operating planetary missions, or develop on Earth 

the tools required to ripe the scientific fruit of new planetary exploration missions up to the 

2061 horizon. Perspectives on education, training and inspiration for this future planetary 

exploration workforce are presented in section 8. 

Finally, section 9 summarizes the main conclusions of this chapter and some perspectives 

for the 2061 horizon.  

2. Generic infrastructures for planetary mission operations 

Space missions depend on launchers to inject them into a lunar or circumsolar orbit to initiate 

their journeys. Once in orbit, transportation is provided by lunar orbital or descent vehicles, or 

by interplanetary spacecraft buses to reach their destinations.  

Section 2.1 focuses on launch services, which are multi-mission by nature. As there was no 

specific discussion of launchers for exploration missions in the different Horizon 2061 

workshops, it is limited to two specific aspects: the development of the suite of European 

launchers used for ESA planetary missions, and a perspective on the use of heavy launchers 

for Lunar and Deep Space missions. 

Until now, interplanetary spacecraft bus have been developed on a case-by-case basis for 

the specific needs of each planetary mission, and thus cannot be regarded as infrastructures. 

Perspectives on the evolution of their on-board technologies have been presented in section 

4.5 of chapter 5 (Grande et al. 2021). So the only infrastructures supporting them until now 

are telecommunication and navigation services, which are reviewed in section 2.2 below.  

2.1. Launchers and launch services 

2.1.1. Europe’s launchers for deep space 

For many years, Ariane was Europe’s only launcher and was used to guarantee access to 

space for European governments. This market alone could not sustain the availability and 

reliability of the service, so Ariane has evolved to meet the needs of the worldwide 

commercial market, where it has been extremely successful. Launchers are the second 

largest area of space-manufacturing activity in Europe after commercial satellites, boosting 

European industry. A new launch site for Soyuz was built in French Guiana to complement 

the performance range offered by Ariane. In parallel, Vega was developed to cope with a 

wide range of missions and smaller payloads and is mainly used by institutional users. 
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The Ariane family rockets has been used to launch a number of deep space missions, 

starting with Giotto in 1985, SMART-1 in 2003, Rosetta in 2004, Bepi Colombo in 2018.  

Ariane rockets were also used to launch astronomy missions: ISO infrared space obervatory 

in 1995, XMM Newton in 1999, Herschel and Planck in 2009,  and continued with JWST in 

december 2021.  

Ariane 5, Soyuz and Vega fly from Europe’s Spaceport in French Guiana. Europe benefits 

from this family of launchers with the capability and flexibility to cover all European 

government and many commercial market needs, thus increasing the socio-economic 

benefits of access to space in Europe. 

The efforts of Member States in developing and sustaining Ariane and Vega have 

established well-recognized European industry competences that allow industry to participate 

in international tenders. 

It was at the ESA Council meeting at Ministerial level in December 2014 in Luxembourg that 

Member States decided to begin development of Ariane 6 and Vega-C. Ariane 6 will succeed 

Ariane 5 to enable Europe to maintain leadership in the fast-changing commercial launch 

service market while responding to the needs of European institutional missions. Its debut is 

scheduled for 2023. In parallel, a more powerful version of the Vega launcher is in 

development, the Vega-C. To maximise commonalities of technologies, a solid-rocket motor, 

P120C, derived from Vega, is being developed for use on both Ariane 6 and Vega-C. These 

decisions were accompanied by a change in the governance of the European launcher 

sector, which is now based on a balanced sharing of responsibility, cost and risk by ESA and 

industry. 

ESA proposed a new optional programme to its Member States in 1999, namely the Future 

Launchers Technologies Programme (FLTP), with the following primary objectives 

(Caporicci, 2000):  

– to confirm the interest of launcher reusability;  

– to identify, develop and validate the technologies required to make possible the 

development of a new generation of cost effective launchers;  

– to elaborate a plan for the ground and inflight experimentation and demonstrations required 

to achieve a sufficient level of confidence prior to the vehicle development phase and to 

progressively implement such demonstrations;  

– to provide elements through the analysis of candidate vehicle concepts and the synthesis 

of the technology activities.   

The technology developments represent the largest part of the activities in the first period of 

the FLTP. In particular, strong emphasis was placed on propulsion, large launcher structures 

and reusability aspects (e.g. health monitoring, inspections). The vehicle concept definition 

work is aimed at the definition of reference architectures and system concepts for future 

commercial operational vehicles. It deals more specifically with:  
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– the selection of dimensioning missions and the pre-design of a limited number of baseline 

configurations;  

– the identification of the technology requirements that must be met to make the concepts 

feasible;  

– the overall system architecture optimization, with emphasis on operability and on 

reusability assessment;  

– the performance of cost assessments, including technology development costs, launcher 

development costs and recurrent operating costs;  

– the technology-readiness assessment and the definition of the programmatic features for a 

potential future launcher development. 

There will be a significant  impact of these launcher developments on the services offered to  

missions, from the European planetary and astronomy space programmes and partner 

organisations.  

2.1.2. Future heavy-lift launchers for Deep Space 

The most demanding of planetary missions, such as robotic missions to giant planets and 

human exploration of the Moon and a fortiori of Mars, require very large launch capacities 

provided by heavy-lift launch vehicles. A heavy-lift launch vehicle, HLV or HLLV, is an orbital 

launch vehicle capable of lifting between 20-50 tons (NASA) or 20-100 tons (Russia) into low 

Earth orbit (LEO). 

Operational heavy-lift launch vehicles include the Ariane 5, the Long March 5, the Proton-M 

and the Delta IV Heavy. In addition, the Angara A5, the Falcon 9 Full Thrust, and the Falcon 

Heavy are designed to provide heavy-lift capabilities in at least some configurations. Several 

other heavy-lift rockets are in development. Some of these HLLV’s are shown in Figure 6.1. 

Falcon Heavy is rated to launch 63.8 ton to low Earth orbit (LEO) in a fully expendable 

configuration and an estimated 57 t  in a partially reusable configuration, in which only two of 

its three boosters are recovered, planned to fly in early 2022. The first test flight occurred on 

6 February 2018, in a configuration in which recovery of all three boosters was attempted, 

with Elon Musk's Tesla Roadster of 1,250 kg  sent to an orbit beyond Mars. 

Blue Origin has plans for a project following their New Glenn rocket, termed New Armstrong, 

which some media sources have speculated will be a larger launch vehicle. 

Three super heavy-lift launch vehicles are under development: the NASA Space Launch 

System, SpaceX Starship, and Chinese Long March 9. 

The Space Launch System (SLS) is a U.S. government super heavy-lift expendable launch 

vehicle, which has been under development by NASA in a well-funded program for nearly a 

decade, and is currently slated to make its first flight not earlier than March 2022.The SLS is 

a Space Shuttle-derived launch vehicle. The first stage of the rocket is powered by one 

central core stage and two outboard solid rocket boosters. All SLS Blocks share a common 
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core stage design, while they differ in their upper stages and boosters The first launch was 

originally scheduled for 2016, but it has been delayed at least eight times, adding more than 

five years to the original six-year schedule.  

The SpaceX Starship system is a two-stage-to-orbit fully reusable launch vehicle being 

privately developed by SpaceX, consisting of the Super Heavy booster as the first stage and 

a second stage, also called Starship. It is designed to be a long-duration cargo and 

passenger-carrying spacecraft. Testing of the second stage is underway, and an orbital test 

of the full rocket is planned for no earlier than March 2022 [R1]. 

 

Chinese Long March 9 rocket,  capable to carry a payload of 140 tonnes into low-Earth orbit, 

and 50 tonnes for Earth-Moon transfer orbit,  was proposed in 2018 by China, with plans to 

launch the rocket by 2028. The length of the Long March-9 will exceed 103 meters, and the 

rocket would have a core stage with a diameter of 10 meters. 

ISRO has confirmed to be conducting preliminary research for the development of a super 

heavy-lift launch vehicle which is planned to have a lifting capacity of over 50-60 tonnes 

(presumably into LEO). 

In 2018, the russian КРК СТК (space rocket complex of the super-heavy class) design was 

updated to lift at least 90 tonnes to LEO and 20 tonnes to lunar polar orbit, and to be 

launched from Vostochny Cosmodrome. The first flight is scheduled for 2028, with Moon 

landings starting in 2030. 
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Figure 6.1: Comparative sizes, configurations and LEO capabilities of Super heavy-lift launch vehicles 

(wikipedia commons) 

This suite of heavy launchers will address the needs of future human spaceflight and 

planetary missions. For instance SLS and Space-X Falcon rockets are considered for the 

NASA-led  international Artemis lunar programme. Heavy launchers are considered for 

elements of China and Russia International Lunar Research Station. 

2.2. Communication and navigation infrastructures  

This section first reviews the networks of ground stations for deep space communication and 

navigation which developed in support to the first waves of lunar and deep space missions. It 

then describes the progressive extension of interplanetary communication networks to new 

nodes or networks that will progressively spread to other Solar System bodies, starting with 

the Moon. The emergence of multiple nodes interconnected with the Earth node will 

progressively lead to the deployment of an “interplanetary internet,” whose evolving 

architecture, technologies and capacities are qualitatively described in conclusion.  
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2.2.1. Communication via Earth ground stations  

The first ground-based elements of a global infrastructure for communication and navigation 

in support of Solar System exploration were developed to support the first planetary 

exploration missions, and these facilities have been regularly upgraded since then. Among 

the increasing number of ground-based deep space communication infrastructures, NASA’s 

Deep Space Network (DSN) and ESA’s European Space Tracking (Estrak) network are the 

largest. 

According to NASA: 

The Deep Space Network - or DSN - is NASA’s international array of giant radio antennas 

that supports interplanetary spacecraft missions, plus a few that orbit Earth. The DSN also 

provides radar and radio astronomy observations that improve our understanding of the solar 

system and the larger universe. The DSN is operated by NASA's Jet Propulsion Laboratory 

(JPL), which also operates many of the agency's interplanetary robotic space missions. The 

DSN consists of three facilities spaced equidistant from each other – approximately 120 

degrees apart in longitude – around the world. These sites are at Goldstone, near Barstow, 

California; near Madrid, Spain; and near Canberra, Australia. The strategic placement of 

these sites permits constant communication with spacecraft as our planet rotates – before a 

distant spacecraft sinks below the horizon at one DSN site, another site can pick up the 

signal and carry on communicating. The antennas of the Deep Space Network are the 

indispensable link to explorers venturing beyond Earth. They provide the crucial connection 

for commanding NASA’s spacecraft and receiving their never before seen images and 

scientific information on Earth, propelling our understanding of the universe, our solar system 

and ultimately, our place within it [R2]. 

According to ESA: 

ESA's tracking station network – Estrack – is a global system of ground stations 

providing links between satellites in orbit and ESOC, the European Space Operations 

Centre, located in Darmstadt, Germany. The core Estrack network comprises seven 

stations in seven countries. The essential task of all ESA ground tracking stations is 

to communicate with spacecraft, transmitting commands and receiving scientific data 

and spacecraft status information. ESTRACK technically advanced stations can track 

spacecraft almost anywhere – circling Earth, watching the Sun, orbiting at the 

scientifically crucial Sun-Earth Lagrange points or voyaging deep into our Solar 

System. The Estrack network was established in 1975, with the first 15 m-diameter 

station located at Villafranca del Castillo, Spain, for the International Ultraviolet 

Explorer mission. Since then, the original Villafranca location has expanded to 

become ESAC, the European Space Astronomy Centre, ESA’s major establishment 

in Spain. In a typical year, the Estrack network provides over 15 000 hours of tracking 

support to 20 or more missions, with an enviable service availability rate above 99% 

[R3].  

Other major spacefaring nations, like Russia, China, India and Japan, have also developed 

ground communication infrastructures for their own missions. Collaboration between these 

networks to optimize the coverage of each nation’s deep space missions are frequent and 
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very fruitful, as the coverage offered by all networks taken altogether surpasses the coverage 

offered by a single network.  

2.2.2. Towards an interplanetary communication and navigation system 

The ambitious fleet of green and blue missions described in the introduction to this chapter 

will have increasingly distant Solar System objects as their destinations. The closest 

destinations, the Moon, Mars, and asteroids, are becoming the focus of an unprecedented 

series of missions spanning many years, involving numerous nations and evolving from 

robotics to humans. Operations of this exploratory fleet cannot rely solely on Earth ground 

stations. They will require the implementation of a new communications and navigation 

architecture, satisfying the needs of robotic landers, rovers, ascent vehicles, sample return 

canisters, balloons and airplanes, as well as eventual human explorers, beyond existing 

Earth-based assets. Space agencies and stakeholders have begun development of this 

architecture, which will comprise Moon, Mars and interplanetary orbiting communications and 

navigation satellites, linked to traditional Earth-based telecom facilites such as the DSN 

(Cesarone et al., 1999). One can anticipate that this extension from an Earth-based network 

to a truely interplanetary communication and navitation network will be progressive, following 

the expanding needs of missions and programs. 

This interplanetary communication system will materialize as an extension of the Earth-

based node, initiating the deployment of an interplanetary internet that will bring planetary 

exploration right into our homes (Cesarone et al., 1999). Its deployment will be supported by 

two major evolutions in the underlying technologies (see chapter 5, section 5.4), among 

others. The first evolution is the progressive use of higher frequency links, first from X to Ka 

band and possibly beyond in the radio spectrum, possibly going into the IR and optical 

ranges of the spectrum. This will necessitate increasingly higher pointing performance from 

space platforms and communication antennas, but will result in increasingly larger data rates 

for the downlink of scientific data. 

The second evolution is the progressive emergence of more autonomous and intelligent 

spacecraft. As progress in the knowledge of their locations and orbital characteristics 

continuously improves, it will become possible for interplanetary spacecraft, planetary and 

moon orbiters and other platforms to directly use all observable objects in the sky (stars, 

planets, small bodies and giant planet moons) as natural “geodesy” beacons, thus 

decreasing their dependence on Earth-based assets and complementing the role of artificial 

radio and optical beacons deployed on different objects of the Solar System.  

3. Infrastructures for sample collection, curation and analysis 

Returning samples from space crucially relies on dedicated facilities. The art of caring after 

the samples, called curation, has two main goals: preserving the collection, while enabling its 

efficient use by the research, artistic, educational, and diplomatic communities (McCubbin et 

al., 2019). To achieve these goals, curation starts even before mission launch, with close 

collaboration between the mission team and the curation team, to design and test the 

sampling mechanism and ensure that it can maintain the required level of cleanliness 

throughout the mission. The role of the curation team is then to design and prepare a 

curation facility to support the following activities: acquisition and receiving of the capsule 
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after landing, accessing the samples by opening successive layers of the sample capsule, 

characterizing and creating a catalogue of the collection, preparing the samples for 

allocation, and storing the samples for the indefinite future. The diversity of these tasks is 

illustrated in Figure 6.2 (top panel). 

3.1. Design characteristics of a curation facility 

To conduct these activities, a curation infrastructure comprises a mobile or temporary facility 

near the returned sample landing site, a main facility for handling, cataloguing and storage 

activities, as well as a remote storage facility to limit the risk of losing the entire collection. 

The main facility has been historically a single-sited facility, with all equipment and analytical 

instrumentation necessary to conduct curation activities. However, it could be envisioned to 

have a distributed facility, to take advantage of an existing state-of-the-art analytical 

laboratories network. A distributed facility would also remove the need to choose one 

location only, in the case of a multinational effort, and bring benefits to more partners (see 

chapter 7, Perino et al. 2021). However, preserving the collection and keeping the sample 

pristine should be the main drivers for infrastructure design.  

To limit contamination by many potential sources (figure 6.2, bottom panel), laboratories are 

built as cleanrooms, with clean filtered air keeping the rooms at positive pressure relative to 

the outside. The air can be filtered for particles down to micrometer sizes, but also scrubbed 

for organic molecular contamination. The samples are usually kept and processed in 

isolators or gloveboxes under inert atmosphere (high-purity gaseous nitrogen, or less 

commonly helium) to limit moisture and oxidation from the terrestrial atmosphere. The variety 

of materials directly in contact with the samples is low, usually simple, low-shedding 

materials, typically stainless steel 304 or 316, aluminum, glass or Teflon. The building 

materials used for the cleanroom itself (outside of the isolators) must also be carefully 

chosen to keep the level of contamination to a minimum. Housekeeping and gowning 

protocols complete the effort for general contamination.  

Despite these precautions, it is nonetheless important to monitor the levels of contamination, 

including overall contamination (particular or molecular, airborne or on surfaces) or targeted 

contamination, depending on what would particularly degrade the science return of a specific 

sample. For example, while Apollo lunar samples mostly require particulate and inorganic 

contamination control, samples from a carbonaceous asteroid such as Bennu or Ryugu need 

an environment that is extremely low in organic contamination. To ensure any contamination 

issues that could arise are understood and addressed, a live contamination knowledge 

database is maintained. This database includes building materials references, spacecraft 

spare parts, and contamination data collected during mission assembly and throughout the 

life of the collection.  

Another type of contamination is biological in nature. Biological contamination is usually not 

an issue for samples collections from bodies that are deemed by scientific opinion to be 

unlikely to host indigenous life forms. Such bodies, such as the Moon and asteroids, are 

termed unrestricted under the COSPAR Planetary Protection policies. However, in the case 

of restricted bodies, such as Mars, where indigenous life may be present, Planetary 

Protection policies dictate that the samples must be protected from terrestrial biological 

contamination (to avoid having false-positive during life detection activities) and contained to 
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protect the Earth from the potential threat of hazardous alien life. Protecting the samples 

from terrestrial life follows the same principles as described above: use of cleanroom and 

contamination control protocols adapted to minimize microbial contamination. To contain the 

samples, however, an approach that uses the highest level of containment for biosafety, 

BSL-4, is used. In terms of infrastructure, a BSL-4 is a laboratory kept at negative pressure 

compared to the outside, the exhaust air is filtered, and various sterilization protocols are 

followed for anything going outside of the laboratory. Building a facility that can include both 

aspects of a cleanroom and a BSL-4 will require some technological innovation, most 

certainly based on the concept of Russian dolls, either at the room level or with a specific 

double-walled isolator (Holt et al., 2019). Because of the complexity of handling potentially 

biohazardous samples while keeping them clean, robotic manipulation might be needed. The 

analytical instrumentation will also be increased to include some aspects of research that 

cannot be done on sterilized samples, or that must be accomplished soon after the samples 

are received on Earth.  

Several space agencies have dedicated curation facilities, and more facilities are being 

planned and built for upcoming sample return missions. After a gap of more than a decade in 

pristine sample return missions, many returns have occurred in 2020 (Hayabusa2, Chang’e 

5), will happen in 2023 (OSIRIS-Rex), and are planned for the late 2020’s and 2030’s. These 

missions are returning materials that will push our ways of handling and curation samples 

forward. The OSIRIS-Rex and Hayabusa2 collections will need organic contamination 

control. Samples from the Moon through the Artemis and Chang’e programs will need cold or 

even cryogenic temperatures for handling, storing and analyzing. Gas samples from Mars, or 

possibly from Venus, will need novel approaches developed to curate gases. Mars Sample 

Return will be the first restricted return since the first Apollo missions and will require both 

restricted and contained facilities. Overall, infrastructures will need to adapt to advanced 

curation protocols, for smaller samples, new types of samples, with new cleanliness and 

contamination requirements. 
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Figure 6.2: (top) Notional workflow of curation activities throughout the lifetime of a sample return 

mission, and (bottom) typical sources of contamination in cleanroom environments (Credit: Aurore 

Hutzler, Horizon 2061 synthesis workshop, 2019). 

3.2. Towards non-terrestrial curation of extraterrestrial materials 

As described above, the curation of extraterrestrial materials is concerned with maximizing 

the scientific usefulness of samples that originate from beyond the Earth while preserving a 

subset of those samples for future generations. Among the many tasks that fall under the 

vital umbrella of curation, some of the most important involve preliminary examination, 

cataloging, distribution, storage, and transport. These tasks have typically been 

accomplished as part of national or university museums systems, in the case of meteorites, 

or through dedicated government curation facilities for the samples acquired during 

government-funded exploration programs such as sample return missions. Samples obtained 

during sample return missions benefit significantly from careful curation as the sample sizes 

are typically small and the mission costs are high. 

The advantage of having these samples on Earth is clear: it enables the use of any current or 

future analytical technique or curation practice to the samples. However, as sample return 

missions increase in frequency, capability, and diversity, and as human presence in space 

begins to grow, it is worth considering the benefit of developing curation facilities based 

beyond the Earth. Non-terrestrial facilities for the curation of extraterrestrial materials 

considered here include all facilities existing beyond the surface of the Earth that undertake, 

wholly or in part, the activities of curation discussed above. These facilities necessarily aim to 

accomplish the same goals as their terrestrial counterparts and would work in coordination 

with Earth-based facilities in several capacities. They could enhance the capabilities of 

extraterrestrial materials curation, expand the types and abundances of materials available 

for study, and help to maximize productive science on the most important samples while 

streamlining the exploration of the Solar System. 
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Historically, Moon-based curation has been considered in studies of long-term lunar human 

exploration and habitation. In the 1980s and 1990s, NASA conducted a series of workshops 

that produced reports detailing the infrastructure and activities of potential human lunar 

bases. Some of these reports, summarized by Treiman (1993), describe research and 

curatorial facilities aimed at streamlining the collection and return of the most important 

samples obtained during lunar geologic expeditions. The need for these facilities came from 

the general recognition that it is possible, and indeed likely, for astronauts to collect more 

samples than are practical to return to Earth. In contrast to the “bring everything back” 

method of the Apollo program, samples retrieved during the hypothetical extended lunar 

expeditions would need to undergo a degree of characterization and prioritization to 

determine the most important samples for Earth-based analysis and curation. Samples not 

taken to Earth could be curated on the moon for future reference. 

More recently, NASA’s plans for activities in cis-lunar space, including the Lunar Gateway, 

have sparked some interest in using such crewed orbital platforms for activities related to 

sample return missions (Lewis et al., 2017) and as a test bed for activities related to 

advanced concepts in extraterrestrial materials curation (Regberg et al., 2018). The Lunar 

Gateway is also intended to help facilitate exploration and habitation of the moon through the 

Artemis program. Artemis III will be the first human presence on the moon since Apollo and 

is planned to execute a simple, Apollo-style “return all samples” program with the added 

complication of including volatile samples to the mix (NASA, 2020a). A later planned Artemis 

Base Camp (NASA, 2020b) is tentatively planned to include facilities reminiscent of previous 

iterations of lunar bases. While not specifically detailed yet, these activities will also need to 

consider the curation of lunar materials on the moon. 

One can extend the reasoning behind moon-based curation facilities to advances in space 

exploration in general and demonstrate that sample return missions from a variety of 

extraterrestrial environments, not just the moon, can benefit from extraterrestrial curation. 

The advantages of having curatorial facilities in space include: reduced restrictions on the 

volume and mass of returned samples, long term storage of large samples and/or large 

sample collections, the possibility for sample analysis and storage in cold and/or vacuum 

conditions, the ability to select and return to Earth the most appropriate 

samples/subsamples, increased safety when handling potentially hazardous samples, the 

ability to run a truly international curation facility, and the ability to take advantage of human 

transportation networks for transferring samples to Earth for more extensive characterization. 

Space-based curation facilities need to serve the same basic functions as Earth-based 

curation: enabling science while preserving the samples for the future. Thus, the basic needs 

of such a facility are to examine the collected samples, create a catalog, produce adequate 

subsamples, safely transport a subset of them to Earth and store the remaining samples in 

as near a pristine state as possible for future access.  

Analytical facilities can vary significantly in their capabilities, ranging from simple inspection 

in the field and subsampling during collection to more extensive facilities involving equipment 

for more detailed inspection and more precise subsampling, as Illustrated in Figure 6.3. The 

nature of analytical facilities also depends on the nature of the samples being examined, the 

type of data required for an accurate assessment, and the peculiarities of their handling 

requirements. For example, geologic material such as lunar soils and rocks have different 

handing and analytical requirements compared to ices or gases. Analytical facilities can be 
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operated either in person or via remote manipulation. Curation of samples collected during 

crewed expeditions on the Moon or Mars may simply rely on the field team to carry out the 

curatorial duties themselves. However, facilities designed to receive samples from robotic 

missions may be run in combination of remote operations, either by people on the station or 

on Earth, and directly by curation personnel. Storage facilities need to be able to preserve 

samples in a minimally altered state for long durations, but still allow for retrieval of those 

samples for future investigations.  

 

Figure 6.3: Lunar base concept from 1989 illustrating notional sample curation on the moon including 
sample handling glovebox (top left) and sample analysis and storage facilities (top right). Modified 
from S89-20084, NASA, Kitmacher, Ciccora artists (Wikimedia Commons). 

The location of space-based curation facilities is purely a matter of practicality. Treiman 

(1993) argues that storage facilities associated with lunar habitation need to be conveniently 

located near the habitation for easy access, but not so close that it risks contamination from 

human activities. Curatorial facilities in association with Mars exploration could follow a 

similar model. Orbital curation facilities in the Earth-Moon system would be useful for 

samples returned from elsewhere in the Solar System, including samples from asteroids and 

comets. An orbital facility can take advantage of existing infrastructure used for the transport 
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of people and cargo to and from the Moon and other destinations. Further in the future, 

curation facilities in the asteroid belt or outer Solar System may also become advantageous. 

Despite its many advantages, there are several important limitations for non-terrestrial 

curation facilities. First, their samples are not as easily available for study on Earth. Fulfilling 

sample requests for non-terrestrially located samples would require considerable time, and 

possibly effort, depending on the robustness of transportation networks. A second potential 

limitation concerns contamination. Contamination can come from many sources including 

humans, habitat components and equipment, and from propellant exhaust used during 

transport. Contamination can also come from local environmental sources such as the ever-

present lunar or Martian dust. In orbit, or on the surface of airless bodies, contamination can 

also come in the form of radiation. A third important limitation in space-based curation 

facilities lies in their cost. Currently, spaced-based construction is extremely expensive 

relative to the well-established terrestrial construction industry. Curation facilities in orbit or 

on the moon or Mars need, at least initially, to be extremely simple and utilitarian for them to 

function without burdening the cost of the missions they support.  

In summary, the need to curate extraterrestrial materials in non-terrestrial environments is 

the logical consequence of an increased efficiency in the geologic exploration of the Solar 

System. Extended human and robotic exploration of planetary bodies has the potential to 

collect samples in greater numbers and overall mass than has been obtained to date. To 

accomplish this, curation in non-terrestrial environments needs to be implemented to ensure 

careful handling, informed subsampling and safe storage of extraterrestrial materials. While 

these capabilities are initially utilitarian in nature, they also offer unique opportunities to 

expand and enhance traditional Earth-based curation beyond what is currently feasible or 

practical on Earth. 

4. Infrastructures for long-term human exploration 

The Horizon 2061 planetary science rationale for the scientific investigation of nearby 

destinations potentially accessible to human exploration, i.e. the Moon, Mars and Near-Earth 

asteroids, has been presented extensively in chapter 3 (Dehant et al., 2021) and 

summarized in section 2 of chapter 4 (Lasue et al., 2021), which also identified the missions 

that will likely be flying by 2040 (the “green missions”) and those that are recommended for 

flight after 2040 (the “blue missions”) to meet the remaining science objectives of Horizon 

2061 foresight.  

The infrastructures supporting human exploration that can be reasonably described here 

correspond to the first period, missions likely to fly by 2040. These missions have been 

designed with an extensive international dialogue which has led to the Global Exploration 

Roadmap, published in 2018, with support and contributions from 14 different space 

agencies. This section first introduces this major reference for the development of human 

exploration up to 2040. It then focuses on one of its most important elements, the Lunar 

Gateway, by summarizing its historical development and current status. This is followed by a 

discussion about the establishment of future permanent robotic and human scientific 

research laboratories on the Moon and Mars and considerations of the supporting medical 

infrastructure. 
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4.1. The Global Exploration Roadmap (2018) 

The scientific community has been proactive throughout the space age by contributing to 

visions and roadmaps of the expansion of humans in space in which scientific motivations 

and objectives play an important, even if not major, role. Several international bodies, with 

prominent roles in COSPAR, IAA, IAC and inter-agency coordination groups, played key 

roles in the progressive build-up of a consensus on a Global Exploration Roadmap (GER), 

which is still today as the reference for the international coordination of human exploration.  

This process was fed by a constructive dialogue with the science community by regular and 

diverse workshops. International organizations such as COSPAR, ILEWG [R4], ISECG, 

NRC, and LEAG [R5] as well as various space agencies regularly organized lunar symposia 

and community workshops. They produced diverse roadmaps that outlined fundamental and 

applied science concepts for Moon missions.  

A few key milestones along this walk towards a GER are summarized here. 

At COSPAR assemblies since 1992, the community has discussed what science can be 

done from the lunar surface and orbit [5]. Since 1994, the International Lunar Exploration 

Working Group (ILEWG) has organized International Conferences on Exploration and 

Utilisation of the Moon (ICEUM1-14) during which participants discussed their work 

concerning science, technology, missions, programmes towards Moon Villages, and issued 

Lunar declarations [6]. The science questions put forward broadly encompassed the science 

of the solar system, while also opening to other scientific disciplines that will also directly 

benefit for a Lunar exploration programme. They included questions such as: What does the 

Moon tell us on processes that are shaping Earth-like planets (tectonics, volcanism, impact 

craters, erosion, space weathering, volatiles)? What is the present structure, composition 

and past evolution of the lunar interior? Did the Moon form in a giant impact and how? How 

was the Earth evolution and habitability affected by this violent event, and by lunar tidal 

forcing? How can we return samples from large impact basins as windows to the lunar 

interior, and as records of the early and late heavy bombardment? What can we learn on the 

delivery of water and organics by comets and asteroids from sampling cores of the lunar 

polar ice deposits? Are there prebiotic ingredients in lunar soil or ice? How to find and return 

samples ejected from the early Earth (and possibly the oldest fossils) now buried within the 

few meters of lunar regolith? How to use most effectively the Moon as a platform for 

astrophysics, cosmology and fundamental physics, compared to Earth or space-based 

laboratories? How to use a Global Moon Village? 

ICEUM Specific recommendations on: Technologies, resources; Infrastructures, services and 

human aspects (Arvidson et al 2011), can be found summarised in Annex 1. 

In 2004, the International Academy of Astronautics (IAA) Cosmic Study “The Next Steps In 

Exploring Deep Space” (Huntress et al. 2004) outlined:  

compelling scientific and cultural imperatives that provide the context for a vigorous 

programme of robotic science missions and for a systematic and at that time 

evolutionary architecture for human expansion into the solar system. The resulting 
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architecture represented a new approach towards establishing a permanent human 

presence in the solar system beyond low Earth orbit [R6]. 

The report defined: 

scientific objectives for deep space exploration that were in turn used to determine 

the destinations for human explorers. Robotic missions continued to play a key role in 

achieving the science objectives, while also preparing for and assisting human 

exploration.  

This integrated robotic-human exploration programme identified four key destinations as the 

most important targets: the Moon, Earth-Moon system Lagrangian points (ideal for 

maintaining spacecraft, telescopes, experiments, human modules, as for the Lunar 

Gateway), Near Earth Objects (NEO’s) and the planet Mars. 

In 2012, the COSPAR Panel on Exploration proposed a stepwise approach to creating 

effective and efficient partnerships for future space exploration (Ehrenfreund et al., 2012) 

synthesized highlights from science roadmaps and recommendations for planetary 

exploration from the International Academy of Astronautics (IAA) Cosmic Study “Next Steps 

in Exploring Deep Space,” National Research Council (NRC) reports, the International Lunar 

Exploration Working Group (ILEWG), NASA’s Lunar Exploration Analysis Group (LEAG) and 

the Mars Exploration Program Analysis Group (MEPAG) to create and exploit synergies 

between similar programs of national and international science working groups. 

The 2018 Global Exploration Roadmap (Figure 6.4) expresses: 

the interest of 14 space agencies to expand human presence into the Solar System, with the 

surface of Mars as a common driving goal. It reflects a coordinated international effort to 

prepare for space exploration missions beginning with the International Space Station (ISS) 

and continuing to the lunar vicinity, the lunar surface, then on to Mars. The expanded group 

of agencies demonstrates the growing interest in space exploration and the importance of 

cooperation to realize individual and common goals and objectives. This third edition of the 

Global Exploration Roadmap reflected a consensus about the importance of the Moon on the 

pathway to Mars and added refinements in each step along this path as agencies continued 

to make individual and collective progress. The roadmap demonstrates how capabilities 

under development or study around the world could enable a sustainable future of human 

and robotic space exploration [R7].  
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Figure 6.4: Global Exploration Roadmap (Credit: ISECG, 2018). 

4.2. The Lunar Gateway 

As figure 6.4 shows, the Global Exploration Roadmap includes a human station in lunar orbit, 

the “Deep Space Gateway”, as a key orbital infrastructure on the way to the lunar surface 

and later to Mars. It will be occupied by humans for only one month of the year. 

Renamed the “Lunar Gateway,” this space station in lunar orbit is a critical component of 

NASA’s Artemis program [R8,R9]. This new outpost, although much smaller in size than the 

International Space Station, will host a science laboratory and living quarters for crews of 

four astronauts. Astronauts will be able to occupy it for up to 90 days at a time. Crewed 

flights to the Gateway are expected to use Orion and SLS, while other missions are expected 

to be conducted by commercial launch providers. The Lunar Gateway will be operating 

autonomously most of the time in its early years. It is planned to be deployed in a highly 

elliptical (3,000-70,000 km from poles) near-rectilinear halo orbit (NRHO) around the Moon 

that would allow lunar expeditions from the Gateway to reach a low polar orbit with a delta-v 

of 730 m/s and a half day of transit time. Minimal orbital station-keeping would be required, 

and the orbital inclination could be shifted. The total travel time would be about 5 days to and 

from Gateway. 

The Lunar Gateway is going to be a science laboratory, a testbed for innovative technologies 

and represents a steppingstone to journeys into deep space, especially toward Mars [R10]. 

Led by NASA, the Lunar Gateway will be developed, serviced and utilized in collaboration 

with a number of international space agencies including ESA, JAXA and CSA as well as 

commercial partners. Canada intends to contribute advanced external robotics, such as the 

Canadarm3 as an artificial intelligence-based robotic system. The Canadarm3 will be able to 

tend to the Gateway when no humans are on board, including operating science experiments 

aboard the lunar outpost. Japan will contribute elements for the habitation module and 

logistics resupply. ESA agreed to contribute to the habitation and refueling modules and 
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enhanced lunar communications to the Gateway. Orion will be powered by the European 

Service Module, which will give the crewed vehicle a final push to inject it into translunar orbit  

4.2.1. Gateway current status 

To support the first crewed mission to the station (Artemis 3) planned for 2024, the initial 

configuration of the Gateway will be a minimalistic mini-space station composed of only two 

modules: the Power and Propulsion Element (PPE) and the Habitation and Logistics Outpost 

(HALO). Both PPE and HALO will be assembled on Earth, launched together on a Falcon 

Heavy in late 2024, and are expected to reach lunar orbit nine to ten months later.  

The Power and Propulsion Element (PPE) [R11abc] is a high-power, 60-kilowatt solar 

electric propulsion spacecraft that will provide power, high-rate communications, attitude 

control, and orbital transfer capabilities for the Gateway. The Power and Propulsion Element 

(PPE) will allow access to the entire lunar surface and act as a space tug for visiting craft. It 

will also serve as the command and communications center of the Gateway [R11abc]. The 

PPE is intended to have a mass of 8-9 tons and to generate 50 kW [R12] of solar electric 

power for its ion thrusters, which can be supplemented by chemical propulsion. Its expected 

service time is about 15 years. 

The Habitation and Logistics Outpost (HALO) [R13] will be the initial crew cabin for 

astronauts visiting the Gateway. Its primary purpose is to provide basic life support needs for 

the visiting astronauts after they arrive in the Orion and prepare for their trip to the lunar 

surface. It will provide command, control, and data handling capabilities, energy storage and 

power distribution, thermal control, communications and tracking capabilities, as well as 

environmental control and life support systems to augment the Orion spacecraft and support 

crew members. It also will have several docking ports for visiting vehicles and future 

modules, as well as space for science and stowage. The HALO is being developed by 

Northrop Grumman and is managed out of NASA’s Johnson Space Center in Houston. The 

HALO will be a scaled-down habitation module [R13], yet it will still feature a functional 

pressurized volume providing sufficient command, control and data handling capabilities, 

energy storage and power distribution, thermal control, communications and tracking 

capabilities, two axial and up to two radial docking ports, stowage volume, environmental 

control and life support systems to augment the Orion spacecraft and support a crew of four 

for at least 30 days. 

The future structure of the Lunar Gateway (figure 6.5) with an estimated mass of 40 tons will 

include the following Modules: Power and Propulsion Element; Communications module and 

connecting module (ESPRIT); Science and airlock module; Habitat with robotic arm; 

Logistics module [R14].  

The European System Providing Refueling, Infrastructure and Telecommunications 

(ESPRIT) service module [R15] will provide additional xenon and hydrazine capacity, 

additional communications equipment, and an airlock for science packages. It will have a 

mass of approximately 4,000 kg and a length of 3.91 m. The ESPRIT module will consist of 

two parts. The first part, called the Halo Lunar Communication System (HLCS) will provide 

the communications for the mini-station Gateway. The second part, called the ESPRIT 
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Refueling Module (ERM), will contain the pressurized fuel tanks, docking ports and small 

windowed habitation corridor and launch in 2027. 

The International Habitation Module (I-HAB) [R16,R17] will be an additional habitation 

module built by ESA in collaboration with Japan. Together with the HALO module, they will 

provide a combined 125 m3 of habitable volume to the station, after 2024. The module is 

slated to launch in 2026 on the Artemis 4 mission along with a crewed Orion spacecraft. 

As astronauts prepare for missions to the lunar surface, they will need deliveries of critical 

pressurized and unpressurized cargo, science experiments and supplies, such as sample 

collection materials and other items. In March 2020, NASA announced SpaceX as the first 

U.S. commercial provider under the Gateway Logistics Services contract to deliver cargo and 

other supplies to the Gateway. One logistics services delivery is anticipated for each crewed 

Artemis mission to the Gateway. This has been integrated in NASA budget requests [R18]. 

4.2.2. Gateway science and technology 

Several workshops and reports of the science and engineering community have summarized 

possible science experiments to be conducted on the Lunar Gateway outpost. The science 

disciplines to be studied on the Gateway are expected to include planetary science, 

astrophysics, Earth observation, heliophysics, fundamental space biology, fundamental 

physics, interplanetary materials collection, and human health and performance.  

The presence of humans in the lunar vicinity will enable the development of technologies and 

procedures that reduce risk to human missions deeper into the Solar System. We can 

explore the lunar surface, including regions too difficult to explore with humans, with robots 

tele-operated from a gateway, yielding significant scientific benefits across multiple 

disciplines. We can learn efficient low-latency human/robotic operations in a planetary 

environment with relevance to future Mars missions. 

Understanding the effects of deep space environment’s radiation and reduced gravity effects 

on human physiological systems is essential to keeping humans safe and healthy as we 

venture further into the Solar System. The gateway could add the ability to study the interplay 

of radiation, microgravity, fractional gravity, and isolation. The value of data obtained under 

these circumstances to future mission planning cannot be overstated. It is also important to 

learn how the effectiveness of drugs, and the nutritional value of foods, degrade with time in 

this deep space environment. The infrastructure of a gateway in the lunar vicinity could also 

be leveraged for a wealth of opportunistic science. 
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Figure 6.5. Overview of Lunar Gateway Modules and Functions (Credit: NASA). 

4.3. Future Moon and Mars robotic and human research outposts 

After precursor robotic science and exploration missions, advanced research will be obtained 

through human research outposts on the Moon and Mars. The International Lunar 

Exploration Working Group (ILEWG) has developed a roadmap towards future lunar 

settlements, with a phased approach including orbital reconnaissance, permanent robotic 

presence (robotic village), human outpost, permanent and sustainable human settlement 

presence (Fig. 6.6). 
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Figure 6.6. ILEWG roadmap towards robotic village and human permanent settlements (Credit: 

Bernard Foing, ILEWG) 

This Moon Village roadmap was developed to be inclusive of multiple stakeholders, in 

addition to poltitical, technology and scientific actors. The goals of the Moon Village include 

planetary sciences, life sciences, astronomy, fundamental research, resources utilization, 

human spaceflight, peaceful cooperation, economic development, inspiration, training and 

capacity building. The Moon Village (see an artist’s view in figure 6.7) will rely both on 

automatic, robotic and human-tendered structures to achieve sustainable moon surface 

operations serving multiple purposes on an open-architecture basis. This initiative aims to 

rally all communities (across disciplines, nations, and industries) and to reach the top of 

political agendas, not only as an important scientific and technological undertaking, but also 

as an inspirational endeavor (Foing et al. 2017; Messina and Haigneré, 2017). 

 

Figure 6.7. Concept view of Moon Village Outpost with connected habitat, laboratory and food 

production modules, enhanced with inflatable elements, using 3D printed regolith shield protection 

emplaced by rovers (Credit: ESA). 

On 16 June 2021, Roscosmos and the China National Space Administration (CNSA) held a 

joint session in St. Petersburg on the auspices of the Global Space Exploration Conference 

(IAF GLEX 2021), dedicated to the presentation of the roadmap for the creation of the 

International Lunar Research Station (ILRS). According to CNSA: 

ILRS is a complex experimental research facility to be constructed with a possible 

attraction of partners on the surface and/or in the orbit of the moon designed for multi-

discipline and multi-purpose scientific research activities, including exploration and 

use of the moon, moon-based observation, fundamental research experiments, and 

technology verification with the capability of long-term unmanned operation with the 

prospect of subsequent human presence [R19].  
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CNSA officials emphasized that ILRS would be inclusive, adding that discussions with 

various countries were in the early stages.  

In the spirit of the Moon Village initiative, it will be interesting to see the possibility of 

collaborations and interoperability between ILRS, the Artemis programme and Gateway and 

other future lunar missions. 

4.4. Medical aspects and services for deep space, Moon and Mars bases  

The primary objective of human space exploration for the last few decades has been to have 

a continuous human presence in outer space. More recently, the aim is to have a permanent 

human presence in deep space and on celestial bodies. Such objectives come with the 

growth and support of the commercial space sector. Yet, unknown and open questions about 

health management and safety may have dramatic consequences. Uncontrolled growth of 

the commercial space sector may lead to unforeseen events, including medical emergencies 

in space, that could affect current progress. 

Medical emergencies beyond Low Earth Orbit (LEO) are of great concern for three reasons. 

First, the astronomical distance separating the ground crew from the flight crew leads to 

delayed communications and difficulty in returning to Earth in the case of an emergency. 

Second, only a few hazards to human health are quantifiable and allow for mitigation 

strategies while many hazards have not yet identified or quantified. Third, there could be a 

significant gap in medical standards and engineering requirements between the commercial 

sector with government agencies.  

Medical technology needs to be designed based on the standards and levels of care required 

for the mission. Care levels depend on the destination and the duration of the mission. Space 

flight health standards identify acceptable medical risks and, in turn, help setting priorities in 

medical research and technological development (NASA, 2015). Here, standards of care are 

the benchmark for providing care, while the amount and type of care depend on care level on 

a scale of 0 to 5 (NASA, 2015). Planetary missions beyond LEO lasting more than 30 days 

have a level of care of 4 or 5 (NASA, 2015). The derived requirements show that part of the 

technology is either emerging or not existing yet. Also, emerging technology might not be 

assessed for use in the space environment and human activities in space, like for artificial 

intelligence (AI) (Cinelli et al. 2020). For example, current capabilities cannot protect 

astronauts from the extreme environmental conditions occurring during the 14-day lunar 

night. Validating such technologies may take decades to account for the time required to 

align them with international regulations where future crews may include travelers with a 

broader range of physical and mental performance, namely commercial astronauts, 

spaceflight participants, and tourists. 

To date, the knowledge of human body adaptation builds on the astronaut population only. 

As such, there is little clinical evidence about the consequences of exposure with a more 

diverse medical history. Medical hazards cannot always be quantifiable and, consequently, 

risks are virtually unknown. In this context, there is a priority toward adapting existing 

technologies to new end-users and limiting the duration of exposure to microgravity. 

Examples of promising fields of expansions are in-flight pharmaceutical drug productions, AI-

driven diagnostic tools and bioelectronic medicine. As long as there is little clarity about how 
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medical conditions that can arise in a general population are affected by space travel, former 

astronauts will likely be part of the first crews travelling to the Moon and Mars. In contrast, 

travel to LEO and the Moon is a more realistic scenarios for any type of traveler in the short-

term future.  

5. Monitoring space weather and near-Earth objects 

Space weather refers to the changing state of the space environment, including its fields, 

particles and radiation components, in which all types of spacecraft fly and operate. 

Monitoring and understanding space weather is critical for a spacecraft design and the 

functionality of their on-board equipment. In the case of long-duration human flight, predicting 

the most severe space weather events with sufficient warning to ensure the safety of 

astronauts is an important requirement for interplanetary travel. Furthermore, improvement in 

space weather monitoring and forecasting also has benefits for the safety and protection of 

humans on Earth and the Earth-based equipment that are sensitive to space weather events. 

Near-Earth objects (NEOs) are another space-related hazard that can pose a major threat to 

humankind. These objects are small bodies (asteroids and comets) that are characterized by 

orbits close to the orbit of Earth. With the development of space exploration capabilities, 

increasingly efficient approaches to the monitoring and mitigation of NEOs are emerging. 

By 2061, powerful techniques should have emerged for the mitigation of these two types of 

hazards, implemented by efficient operational services. 

 

5.1. Towards Solar-System-wide planetary space weather services 

Planetary space weather is strongly determined by the physical interactions between 

different Solar System objects and their local space environment. The Sun, the solar wind, 

and the magnetospheric plasmas within giant planetary systems can influence the 

performance and reliability of space-borne technological systems throughout the Solar 

System and endanger the health of astronauts. In the context of a global space situational 

awareness strategy, the improvement of existing Planetary Space Weather Services (André 

et al., 2018) and the development of new space weather applications can contribute 

significantly to the proper operation of payload instruments, the improvement in the longevity 

of electronic components and systems onboard spacecraft, the most efficient planning of 

space-based observations and the safe travel and residence of humans in space. From an 

operational point of view, the development of a monitoring system of Solar System space 

weather will have a significant impact on a mission development, allowing one to evaluate 

the hardness of spacecraft and electronic components under a variety of conditions, in 

particular the dynamic radiation environment. Obtaining such knowledge will also have a 

strong impact on terrestrial applications, since the effects of radiation represent the major 

technological impact of space weather (Plainaki et al., 2016; André et al., 2018).  

The key to developing a global space weather service responding to these needs will be the 

combination of an observation system expanding with time to the whole Solar System, and of 

adequate modelling tools fed by observations. 
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5.1.1. Current efforts as precursors of a solar-system-wide space weather service 

An effort to extend the concepts of space weather and space situational awareness from the 

Earth to other planets in our Solar System and, in particular, to spacecraft that travel through 

it, was recently brought forward under the “Europlanet 2020 Research Infrastructure” in the 

Framework Programme of the European Commission (André et al., 2018). The services, 

illustrated in Figure 6.8, were dedicated to key planetary environments, such as the ones of 

Mars (in support of the NASA MAVEN and ESA Mars Express and ExoMars missions), 

comets (building on the outstanding success of the ESA Rosetta mission), and outer planets 

(in preparation for the ESA JUpiter ICy moon Explorer (JUICE) mission). This project 

integrated a series of pre-existing tools and scientific models dedicated to the tracing of 

planetary and/or solar events and to the investigation of the response of planetary 

environments (surfaces, atmospheres, ionospheres, and magnetospheres) to those events.  

 

Figure 6.8: Logical tree describing the diversity of services offered by the Planetary Space Weather 

Service (PSWS) developed by the Europlanet Research Infrastructure Project under the Horizon 2020 

programme of the European Commission. The upper branch shows services offered for the prediction 

of the space environment (plasmas, particles and radiations) which the lower branch shows for the 

detection and prediction of dust small bodies interactions with Solar System objects. Note that all the 

data bases involved are Virtual Observatory compatible and will contribute to the broader perspective 

of building a global Virtual Observatory for planetary sciences (see section 7). From André et al. 

(2018). 

At the international level, the International Space Weather Action Team (ISWAT) H4 of the 

COSPAR Panel on Space Weather (https://www.iswat-cospar.org/h4) also led an ongoing 

effort to provide a scientific framework for the comparative study of different space weather 

phenomena at a variety of planetary bodies within our Solar System (e.g., the Earth-like 

planets in the inner-heliosphere and the gas and ice giants in the outer-heliosphere, including 

their moons). This comparative approach will help reach a more global understanding of the 

physical mechanisms at large. Future synergies between solar physics, heliophysics, 

planetary science, and stellar physics communities will help in improving our ability to predict 

extreme space weather in the Solar System or beyond. 
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5.1.2. Towards a solar-system-wide observation system 

In the decades to come, the development of the observation system required to feed an 

efficient space weather service will take advantage of the enormous quantity of new, space-

based data coming from the Earth space environment, planetary exploration and/or Earth 

observation missions, illustrated in Fig. 6.9. With the spectacular development of planetary 

exploration missions during the coming decades described in chapter 4, this observation 

system, while keeping its focus on the Earth’s space environment, will naturally expand to 

the whole Solar System. 

 

Figure 6.9: An illustration of the fleet of current and future heliophysics missions delivering unique data 

that can contribute to the emergence of a global space weather observation system. Using all science 

and exploration missions to the different Solar System objects, this fleet represents an asset which will 

naturally expand to the whole Solar System over time.  

To take advantage of this expanding fleet, a dedicated and standardized space Weather 

payload should be placed on board each mission. This payload could include, for example, a 

magnetometer, a plasma analyzer, and an energetic charged particle detector, that will return 

key information on the physical parameters characterizing the space environment at different 

locations. Long-term planetary space weather prediction is likely to integrate the information 

provided by space-based assets throughout the Solar System at different distances from the 
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Sun. Where possible, ground-based observations (at Earth, or elsewhere) may integrate the 

modeling efforts and stimulate the development of a more global tool. 

In addition to these dedicated payloads on planetary missions, space missions fully 

dedicated to the monitoring of space weather phenomena and events, such as the Solar 

flAre Monitoring Explorer (SAME) concept of a 3D multi-wavelength monitoring of solar 

activity proposed by Du (2019) at the Horizon 2061 synthesis workshop could also valuably 

contribute. 

5.1.3. The key role of scientific models of the space environment 

Theoretical models are of crucial importance for circum-terrestrial and planetary space 

weather. Modeling aims to describe and predict the physical response of the environments 

around planets and moons to disturbances in the plasma flow of solar or non-solar origin. 

Several efforts in the past have increased our knowledge on the environment variability both 

for bodies of the inner Solar System (e.g., Witasse et al., 2017) and outer Solar System (e.g., 

Achileos et al., 2019; Plainaki et al., 2020). A comparative approach in planetary sciences 

has been crucial for a global understanding of both the phenomena driving planetary space 

weather and their impacts. 

Building on the host of new data that the coming decades will bring, it will be possible to 

revisit and refine current scientific models of the space environment with the objective of 

achieving accurate monitoring of space weather at each specific location in the Solar System 

and predicting events and their impacts on in-flight technology. This major effort, combining 

advanced modelling and assimilation of data in models, should be the result of a global effort 

of the international space weather community, combining expertise and experience in space 

weather that goes beyond a single discipline (see Schrijver et al., 2015). Ideally, this new 

generation of data-fed models should be designed to deliver space weather services through 

a set of standard parameters describing the state of the space environment at each location 

in the Solar System in a concise and usable way.  

5.1.4. Towards solar-system-wide planetary space weather services 

Building on this new generation of observing systems and modelling capabilities, planetary 

space weather services will be able to provide multi-parametric information on the 

environment where a spacecraft orbits to support the expanding program of Solar System 

exploration. Future risk mitigation services, functioning in near real-time to respond to the 

needs, will only be possible if such space weather services provide high-quality data 

products based on key observations by dedicated payloads, potentially integrated within 

models. These data products should be accessible to research communities and space 

agencies worldwide as well as to industrial partners planning for space missions and building 

new payloads.  

5.2. Towards the monitoring and mitigation of asteroid collision risks 

Near-Earth Objects (NEOs) are asteroids or comets with sizes ranging from one meter to 

tens of kilometers that orbit the Sun and whose orbital paths come close to that of Earth's 

orbit. Of the more than 700,000 known asteroids in our Solar System, about 17,000 are 
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known to be NEOs. Dramatic proof that any of these can strike Earth came on 15 February 

2013, when an unknown object travelling at 66,000 km/h and thought to be 17-20 m in 

diameter exploded high above Chelyabinsk, Russia, with 20-30 times the energy of the 

Hiroshima atomic bomb. The resulting shock wave caused widespread damage and injuries, 

making it the largest known natural object to have entered Earth's atmosphere since the 

1908 Tunguska event, which destroyed a remote forest area of Siberia. Near-Earth object 

collisions therefore represent a major threat both to humans and to planetary environments, 

as described in section 5.6 of chapter 3 (Dehant et al. 2021). For reference, a collision with 

Earth of a 10-km size asteroid (the size at which they can induce a mass species extinction) 

statistically occurs once every 100 million years, while collisions with a 150-m size asteroid, 

capable of damaging a whole region, occur once every 10 thousand years. Given the 

importance of this threat, and the emergence of possible solutions to its mitigation, 

development of operational services dedicated to this objective has become a strong 

requirement, as written in chapter 3: 

In complement to the scientific study of asteroids and other potential Earth-grazing 

small bodies, deployment, maintenance and operation of a combined Earth-based 

and space-based observation system capable of identifying long in advance collisions 

with these near-Earth bodies is mandatory. Even more, studies of potential space-

based techniques dedicated to the mitigation of small-body threats need to be 

pursued. By 2061, one should expect the full deployment of a space-based 

monitoring and mitigation system. (chapter 3, Dehant et al. 2021) 

The major space agencies are coordinating their efforts to address this major challenge. In 

Europe, ESA has been developing a Space Situational Awareness program since 2009 

which focuses on three main areas: space weather; the detection and monitoring of 

potentially dangerous near-Earth objects; and the space surveillance and tracking of active 

and inactive satellites, discarded launch stages and fragmentation debris orbiting Earth. The 

first two are relevant to the subject of this book. Each of these activities is being developed 

as an independent ‘segment’ with its sets of capabilities and services, supported detection 

and measurement systems, data processing, data centers and end-user support with 

contributions from existing European infrastructure. The NEO segment is tasked, among 

other objectives, to expand knowledge of the current and future position of NEOs relative to 

Earth, to estimate the likelihood of Earth impacts, to assess the consequences of any 

possible impact and to develop NEO deflection methods. On the NASA side, similar 

objectives are assigned to the Planetary Defense Office, which reports to the agency’s 

Planetary Science Division.  

To address the mitigation objective, NASA and ESA are jointly undertaking a precursor 

mission, the ESA-NASA Asteroid Impact and Deflection Assessment (AIDA) mission, which 

consists in a pair of space probes: NASA DART and ESA Hera (Cheng et al. 2018; Michel et 

al. 2018). The mission is intended to test and validate impact models of whether a spacecraft 

could successfully deflect an asteroid on a collision course with Earth (see chapter 4, Lasue 

et al. 2021, section 3.5). AIDA will target binary near-Earth asteroid 65803 Didymos. The 

primary asteroid is about 800 km in diameter whereas its moon Dimorphos is about 150 

meters in diameter. It is expected that the impact of the 300 kg DART spacecraft at 6.25 

km/s will produce a velocity change on the order of 0.4 mm/s. Such impact will only induce a 

minimal change in the heliocentric orbit of the system. Hera will measure the DART impact 
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crater and subsequent changes in the binary system orbit. The NASA DART mission, 

launched in 2021, is due to collide with the Didymos system in 2022, and the ESA Hera 

mission will be launched in 2024 and reach Didymos in 2026. 

Beyond this challenging precursor mission, and building on its results, the long-term 

objectives of a global infrastructure in charge of addressing the NEO collision risk will be to 

operate an integrated observation system capable of significantly lowering the detection 

threshold of potentially hazardous NEOs and a space segment capable of actively mitigating 

the risk of collision, most likely via a deflection technique such as the one to be tested by 

AIDA.  

6. Earth-based simulation facilities and laboratory experiments 

Progress in our understanding of how planetary objects, systems and environments work do 

not rest solely on in-situ space observations and Earth-based telescope observations 

described in chapter 4 (Lasue et al. 2021). Understanding of the physical processes at work 

in the diverse and sometimes extreme conditions prevailing in Solar System objects also 

requires specific laboratory measurements and numerical simulations. They help reproduce 

physical and chemical processes prevailing in these objects and determine key parameters 

of these processes: chemical reaction rates, equations of state and phase transition 

diagrams for complex mixtures in special pressure and temperature conditions, 

spectroscopic properties of planetary atmospheres and surfaces, and many other types of 

parameters.  

In addition, realistic terrestrial geological-geomorphological analogues can be found in the 

diversity of Earth’s volcanic, dry- and humid-cold, hot, highly saline and metalliferous 

terrains, where studies in support of current and forthcoming space missions to these 

environments can be studied in situ for the understanding of conditions prevailing in extreme 

environments such as at the surfaces of the Moon and Mars and in the surfaces and interiors 

of icy moons.  

 

6.1. The example of Europlanet Transnational Access facilities 

Since its foundation, Europlanet Research Infrastructure has recognized the key importance 

of ground-based research tools in the development of planetary sciences, and progressively 

built an impressive capacity providing access to these unique tools for the European 

planetary science community and beyond. In its latest contract with the European Union, the 

Europlanet 2024 Research Infrastructure (https://www.europlanet-society.org/europlanet-

2024-ri/) provides access to 7 unique analogue sites via its Transnational Access 

activity TA1 “Planetary Field Analogues” (PFA) and to 24 facilities within 13 research centers 

in Europe and 11 facilities in South Korea via its Transnational Access action TA2 

“Distributed Planetary Laboratory Facility” (DPLF). Taken together, this suite of facilities 

enables the simulation or characterization of a broad diversity of planetary conditions and 

materials. They allow validation of instrument design and performance, studies of physical 

and geological processes that form specific planetary environments, evaluation of 

biogeochemical processes that control whether life could evolve or survive and detailed 

mineralogical, (bio) geochemical and isotopic characterization of extra-terrestrial sample 

materials. The development of this impressive, world-scale network of facilities supporting 

https://www.europlanet-society.org/europlanet-2024-ri/
https://www.europlanet-society.org/europlanet-2024-ri/
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planetary sciences will no doubt continue in the decades to come under the guidance of the 

Europlanet Society and its world partners.  

6.2. Two other examples of ground-based infrastructures supporting 

planetary exploration 

Many other ground-based infrastructures contribute, and will continue to contribute, to Solar 

System research in the coming decades. We limit ourselves here to two examples taken 

from the Horizon 2061 foresight discussions.  

An example of Ground based telerobotic simulations is given by ROBEX/ARCHES 

campaigns (Wedler et al., 2021) which test and validate the use of robots for future 

operations on planetary surfaces. Robots have great potential to realize future planetary 

exploration missions. They help enlarge the potential of operations in space without putting 

human lives at risk. The use of this technology also helps to speed up mission cycles. 

However, with the use of robotics, new challenges emerge. While it is possible to remotely 

operate robotic systems if they are in Earth orbit or on the surface of Earth's Moon, it 

becomes more difficult if the robots are deployed further away. In such situations, long 

communication delays are introduced. Furthermore, due to radiation and low-communication 

bandwidth, directly controlling a robot becomes impossible. The Robotic Exploration of 

Extreme Environments mission was a Helmholtz Alliance research project from 2012 until 

2017 with the aim of enhancing Germany's strength in robotics for extreme environments 

such as deep sea and space exploration.  

The main technical goals of this project were to increase autonomous robotic capabilities for 

both application domains, to bring research into operation, increase technology readiness 

and show the functionalities during test demonstrations in realistic environments. The major 

scientific goal is the feasibility demonstration of deploying, through a network of autonomous 

or semi-autonomous robotic agents, a low-frequency antenna array (LOFAR) on a Moon-like 

surface. Aside from this major task, the robotic network will cooperate towards the 

autonomous exploration of an unknown environment with the purpose of detecting and 

analyzing rock samples to determine their chemical composition. 

6.3. Human MoonMars base simulations  

Terrestrial simulation of the development and operation of future Lunar habitats where 

science operations will be conducted is a major step in the preparation of human exploration. 

Simulation campaigns, such as those organized by the ILEWG EuroMoonMars project, 

provide an initial input on how astronomy, for example, could be incorporated into a future 

Moon Village, and how the presence of humans and robots on the Moon could help deploy 

and maintain astronomical hardware. 

The Hawai’i Space Exploration Analog and Simulation (HI-SEAS) habitat is a lunar and 

martian analog research station located on the active volcano Mauna Loa in Hawai’i 

(Musilova et al., 2020), shown in figure 6.10. Missions that take place at HI-SEAS are open 

to space agencies, organizations and companies worldwide, provided their research and 

technology testing will help contribute to the exploration of the Moon and Mars. The 

International MoonBase Alliance (IMA) has been organizing regular simulated missions to 
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the Moon and Mars at the HI-SEAS habitat since 2018. A series of EuroMoonMars IMA HI-

SEAS (EMMIHS) missions have been taking place at HI-SEAS since 2019. These missions 

bring together researchers from the European Space Agency (ESA), IMA, the International 

Lunar Exploration Working Group (ILEWG), European Space Research and Technology 

Centre (ESTEC), VU Amsterdam and many other international organizations [R20,R21]. The 

EMMIHS missions typically last for two weeks each. During this time, the crew is isolated 

within the HI-SEAS habitat, which they cannot leave without performing EVAs (Extra-

Vehicular Activities) in analog spacesuits and with the permission of Mission Control, also 

based in Hawai’i. 

 

Figure 6.10.  View of International MoonBase Alliance HI-SEAS habitat facility deployed on Mauna 

Loa volcano, Hawai’i as analogue to the Moon and Mars (Credit: EMMIHS, ILEWG EuroMoonMars-Intl 

Moonbase Alliance-HI-SEAS). 

Several other Moon analogue experiments have taken place in the context of EuroMoonMars 

campaigns. 

The main objective of the CHILL-ICE campaign (Heemskerk et al., 2021) was to deploy an 

affordable, efficient, and reliable habitat concept in an Icelandic lava tube within the eight 

hours allowed by the limited amount of oxygen astronauts will have during an EVA. This 

campaign took place in July-August 2021 in the Surtshellir-Stefanshellir cave system in the 

Hallmundarhraun lava flow, located in the Western part of Iceland. It allowed to test 

instruments and equipment (rovers, drones, robots, etc.) in a lunar analogue field terrain, and 

to study lava tube structures, their geochemical compositions and stratigraphic mineralogy.  

In Chile, the environmental conditions of the Atacama Desert and the neighboring Arid 

Central Andes make it a good Mars analogue [6-8]. A scout Chile MoonMars campaign was 

organized in February 2021, and a large Atacama Ojos del Salado campaign is planned for 

January 2022 (Tavernier et al. 2021). A telerobotic campaign was organized by DLR at Etna 

in 2017 (ROBEX), and one planned for June 2022 (ARCHES collaboration) [15]. A 
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EuroMoonMars Etna scouting campaign was organized in July 2021 in preparation for 

ARCHES and ExoMars 2022 mission.  

Finally, EuroMoonMars Poland EMMPOL missions were focused on studies of the 

habitability conditions on the Moon and on conducting experiments in lunar simulation 

habitat, supported remotely by a mission control team and science support. The Analog 

Astronaut Training Center facility in Poland allowed for testing of experiments in 5 different 

isolation campaigns between October 2020 and October 2021. The preliminary results from 

EMMPOL crew campaigns provide lessons learned for ARTEMIS habitat, astronaut 

operations, mission control and science support (Perrier et al. 2021).  

7. Data systems and Virtual Observatories 

7.1. Missions and challenges of data systems for planetary sciences 

The previous sections and chapters showed that many different sources of information can 

contribute to addressing science questions challenging our understanding of the Solar 

System and of planetary systems at large: first, the contributions of telescope and space 

mission observations, which have been reviewed in chapter 4 (Lasue et al., 2021), but also 

the information provided by “material” data, such as meteorite collections and extra-terrestrial 

samples returned from solar system objects (section 3), by laboratory measurements and by 

physical or numerical simulations (section 6). In their quest for a better understanding of the 

Solar System and its objects, planetary scientists need to find and assemble the “pieces of 

the puzzle” in an exponentially increasing volume of heterogeneous information. To respond 

to this need, data systems and Virtual Observatories need to provide, not only the service of 

archiving and preserving all information sources for future users, but also the adequate 

working environment and specific data analysis tools their users need.  

The diversity of information sources has many different dimensions: diversity of the 

originators of the different data sets (space missions data from different agencies, telescope 

institutes, research laboratories and institutions, up to the amateur astronomy community); 

diversity of the scientific disciplines contributing to planetary sciences (astronomy, 

cosmochemistry, geosciences, material sciences, space plasma physics, planetary 

atmospheres, astrochemistry, astrobiology…); diversity of the instruments and measurement 

techniques used in the production of data; diversity of the Solar System objects observed or 

simulated... The way towards an integrated data system, or rather a connected set of inter-

operable data systems, that can offer scientists access to all these dimensions as their 

scientific quest will require is a long one. But, taken as a whole, the planetary science 

community and its supporting institutions are moving forward together in this direction.  

We first provide a few significant examples of data systems covering a fraction of this 

diversity, and then describe a development currently made to lay the foundations of  a future 

integrated Planetary Science Virtual Observatory. 

7.2. A few examples of data systems serving planetary sciences.  

The Planetary Data System (PDS). 
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The Planetary Data System (PDS) [R22], established and funded by NASA, is primarily a 

long-term archive of digital data products returned from NASA's many planetary missions. It 

also hosts other kinds of flight and ground-based data relevant to planetary sciences, 

including laboratory experiments. The archive is actively managed by planetary scientists to 

help ensure its usefulness and usability by the worldwide planetary science community. 

Archive submissions are prepared by researchers under the guidance of PDS personnel. All 

products are peer-reviewed, well documented, and easily accessible via a system of online 

catalogs. The classification of data products used by these catalogs has become a standard 

shared by many data producers. The latest standard, PDS4, currently co-exists with the 

previous version (PDS3). 

The two main dimensions explored by the PDS are space missions and disciplines. For this 

reason, the architecture of the PDS (figure 6.11) is based on six thematic nodes and two 

additional technical support nodes (blue boxes), hosted by various institutions offering the 

expertise required to manage their node: Atmospheres (ATM), Cartography and Imaging 

Sciences (IMG), Geosciences (GEO), Planetary Plasma Interactions (PPI), Ring-Moon 

Systems (RMS), Small Bodies (SBN), complemented by the two support nodes Navigational 

& Ancillary Information Facility (NAIF) and Engineering hosted by JPL. 

 
Figure 6.11: Architecture of NASA’s Planetary Data System (PDS), with its project office at 

Goddard Space Flight Center and its eight thematic nodes managed by major universities 

and research institutes (pink boxes) with contributions from partner institutions (green 

boxes).  

 

The DARTS data base of JAXA. 

DARTS (Data Archives and Transmission System) is the archive of all JAXA space science 

missions [R23]. The archive is divided into five fields: astrophysics, solar physics, solar-terrestrial 

physics, lunar and planetary science and micro-gravity. So it covers far more than planetary 

sciences, and focuses mainly on providing access to all data from JAXA space science missions. 
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Like PDS and PSA, it offers many applications to support users on-line data analysis and data 

analysis across missions based on science theme searches.  

 

The Planetary Science Archive (PSA). 

ESA's Planetary Science Archive (PSA) [R24] mainly explores the “space missions” 

dimension. It is the central repository for all scientific and engineering data returned by ESA's 

Solar System missions (see Besse et al. 2018). The PDS currently hosts data from ExoMars 

2016, Giotto, Huygens, Mars Express, Rosetta, SMART-1 and Venus Express, as well as 

several ground-based cometary observations. Along its development with time, this science-

oriented archive and data system has offered to its users increasingly sophisticated on-line 

functionalities to query and process data across all ESA planetary missions in response to a 

specific scientific problem. Figure 6.12 shows the entry portal of this web service.  

 

Figure 6.12: Entry portal of ESA’s  Planetary Science Archive (PSA)  

The CDPP 

The CDPP [R25] (French national data centre for natural plasmas of the solar system) was 

created in 1998 with the initial motivation of ensuring the long term preservation of data on 

natural space plasmas, from the Earth space environment to the heliosphere, planetary 

magnetospheres and small body plasma interactions, obtained primarily from instruments 

built using French resources. With time, the CDPP developed a diversity of on-line tools, for 

instance to enable on-line analysis of time series of data (AMDA), or to provide 3D data 

visualization in context (3Dview). It also offers a new interactive Propagation Tool accessible 

to the solar, heliospheric and planetary science communities to track solar storms, streams 

and energetic particles in the heliosphere and help establish connections between solar 

perturbations and in-situ measurements of the space environment. The AMDA and 

Propagation Tool services will be soon integrated in the Heliospheric Expert Service Centre 
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of the ESA space weather initiative, the Space Situational Awareness (SSA) program (see 

section 5). The CDPP is involved in the development of interoperability, participates in 

several Virtual Observatory projects, and directly supports data distribution for several ESA 

scientific missions (Solar Orbiter, JUICE).  

7.3. Towards an integrated Virtual Observatory for planetary sciences. 

All four data systems (PDS, DARTS, PSA, CDPP) are the subject of regular reviews 

involving operators and users which produce reports and recommendations that drive their 

evolution and the development of their services. All of them evolve from mere data 

repositories ensuring the preservation of data for future users, to web services designed to 

facilitate the on-line production of new scientific knowledge by planetary scientists. For 

instance, the 2018 edition of the “ESA Science archives long-term strategy” (de Marchi et al., 

2018) emphasizes two directions for future evolutions: 

- Integration of the analysis tools in the archive: on line data mining, cross-mission data 

selection based on space energy and time and on science themes; 

- Implementation of the concept of a SEPP (Science Exploitation and Preservation 

Platform) offering an on-line collaborative research environment, the ability for users 

to upload their own analysis codes to that platform, and the inclusion of calibrated 

data and community-generated high-level science products.  

The emerging philosophy is clearly one of making data archives a shared research tool for 

the science community, with the capacity of feeding its development by high-level data 

products and software analysis tools produced by the science community itself.  

The diverse individuals, research institutions, teams and space players involved in planetary 

exploration have created with time an increasingly diverse set of data systems of interest to 

planetary sciences, including the three ones just described. To cite but one example, the 

unique set of observations of Solar System objects provided by the amateur astronomy 

community is archived and accessible in the PVOL (Planetary virtual Observatory and 

Laboratory, Hueso et al. (2018).  

Providing an integrated access to this diversity of data sources is a huge and ambitious task. 

It requires the development of a portal or a set of interoperable portals providing data from 

different disciplines, from different space missions, observatory facilities or sample 

repositories, and from different research methods (observation, laboratory experimentation, 

simulations…). Development of a sustainable service of this kind meets major managerial 

challenges, such as providing access to data systems managed by independent institutions, 

and securing the resources required for its operation over a long period of time. Despite all 

challenges, building such a tool bset corresponds to the needs of scientific users.  

This idea of a “universal” data system for planetary sciences corresponds rather closely to 

the concept of “Integrated and Distributed Information System” (IDIS) developed by the 

Europlanet Resarch infrastructure project under the seventh Framework programme of the 

European Community for research and technological developments. With the support of the 

Horizon 2020 program, this concept has recently evolved into a mature operational system 

which, we believe, lays the foundations for the future integrated data systems that will 
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support the ambitious future planetary missions described in this book. The Virtual European 

Solar and Planetary Access (VESPA) portal (Erard et al., 2018; 2020) is the result of this 

long-term effort of the Europlanet community. The development of its services, which are 

fully compliant with the most advanced VO standards, has started under the Europlanet 2020 

contract with the EU and will continue until the end of the Europlanet 2024 project.  

Figure 6.13 shows the entry portal of VESPA. A key characteristics of VESTA is that it 

provides access through its portal to a broad diversity of data repositories, from big archives 

(such as the PSA and more recently the PDS) to sparse data bases (see the different green 

lines on the portal entry page). It also enables data analysis via simple access and 

visualization tools. Thanks to its distributed structure and tools, it also expands its data offer 

by allowing research teams to published their own derived data (high-level data products 

from space missions or telescopes, simulation results…) in a interoperable environment. A 

key element in the success and efficiency of VESPA is its new data access protocol, named 

EPN-TAP for Table Access Protocol, which allows the query of “granules” (or elementary 

components of data sets) based on a set of designation characteristics (objects observed, 

missions, facilities, physical type of data, structure of data sets and corresponding 

geometry…) which allows VESPA to cover the broad diversity of data sources used by the 

different disciplinary branches of planetary scientists.  

VESPA makes maximum use of VO protocols developed by the International Virtual 

Observatories Alliance (IVOA) to which it belongs. At the same time, it also provides access 

to data repositories using very different protocols, such as the Geographic Information 

Systems (GIS) developed for the cartography of planetary and moon surfaces, or the time 

series tools (like AMDA at the CDPP) developed for the analysis of space environment data.  
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Figure 6.13: The VESPA main portal [R26]. From Erard et al., 2020.  

7.4. Perspectives for the 2061 horizon 

The path followed in the development of VESPA likely shows the general trend in the future  

developments of data systems for the planetary science community. This kind of integrated 

and distributed multi-mission, pluri-disciplinary, multi-objects tool is what this community 

needs to secure the best possible science return from the space program in the coming 

decades.  

Beyond the development of tools for professional planetary scientists and engineers, an 

equally exciting challenge is to provide education institutions and the public with their own 

access tools to navigate virtually by themselves through the Solar System and beyond, 

taking advantage of the latest discoveries, and to make their own “hands-on” experience of 

exploring our planetary system and the many diverse worlds it offers to our curiosity. The 

sky-rocketing development of AI, 3-D visualization tools and Augmented Reality in the years 

and decades to come should make it possible for teachers, students and all interested 

people on our planet to live their own, virtual but personal and unique, experience of 

exploring the Solar System. In that sense, “virtual exploration” will no doubt add its 

contribution to the two ways of exploring the solar system, robotic and “human”, extensively 

described in this book, and will allow the broadest possible community of “planetary 

explorers” to take part in the adventure.  

8. Capacity building and future workforce for planetary science and 

exploration  

The main purpose of this section is to present the young generation’s view of Horizon 2061. 

It goes without saying that the objectives described in the Horizon 2061 foresight exercise 

will be accomplished by future generations of scientists, engineers and managers who will 

work for space programs in academia, industry and space agencies in the decades to come. 

Engaging the young generation towards space exploration should be done, not only to train a 

new workforce, but also to encourage critical and creative thinking aimed at fostering 

continued innovation, an essential ingredient of the space adventure. This can be done 

through several channels, presented below with examples.  

8.1. University and knowledge curriculum towards planetary exploration 

Developing higher education in planetary sciences and planetary exploration technologies in 

universities, colleges and engineering schools is the key to engaging and training a new 

generation of planetary exploration players. Training programs in this domain should bring to 

young minds a 21st century vision of the Solar System as their home in the galaxy. They 

should also teach the current and future technologies that can and will bring the different 

provinces of the Solar System into their reach. Young students of all ages and curricula 

(science, technologies, management, humanities and social sciences) should be exposed to 

three key ideas: our Solar System is there to be explored; this exploration represents today’s 

frontier for all of humankind; technology developments, serving both robotic and human 

exploration, make this exploration possible as never before.  
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Over the world and particularly in spacefaring nations, a significant number of universities 

and aerospace engineering schools, such as Stanford University (USA) and ISAE-Supaéro 

(France) (see figure 6.14) to cite only two, are renowned for imparting high quality education 

and training in the field of aeronautics and space. They should serve as examples, sources 

of inspiration and resources for a much broader effort of training and education in planetary 

sciences, involving a large number of higher education institutions throughout the world.  

 

Figure 6.14: Young students and engineers attending dedicated ISAE H2061 outreach presentations 
during the September 2019 Horizon 2061 workshop in Toulouse. Space and planetary explorers 
(Credit: Bernard Foing H2061). 

In addition, there is also an urgent need to expand the interdisciplinary and cross-cultural 

aspects of education in this field. In Europe, institutes such as the International Space 

University (ISU) in Strasbourg, the upcoming European Space University for Earth and 

Humanity (UNIVERSEH) in Toulouse, and the SpacE Exploration and Development Systems 

(SEEDS) program are some excellent examples of institutes that are working towards this 

goal. Organizations such as ILEWG, which collaborate extensively with these institutes, 

provide project ideas to students and young professionals, bridging the gap between 

academia and industry and contribute tremendously to workforce development. 

8.2. Workshops, events and youth community engagement 

There is also a need to provide a voice to the youth in the planetary exploration adventure. At 

the international level, the Space Generation Advisory Council (SGAC) is an example of a 

successful organization working towards this goal (figure 6.15). In support of the United 

Nations Programme on Space Applications, this non-governmental organization and 
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professional network, founded in 1999, brings the views of students and young space 

professionals between the ages of 18 and 35 to the United Nations and to the different 

stakeholders of space activities, via various events and workshops. These events, such as 

the “Our Giant Leap” initiative and the Space Generation Congress (SGC) provide platforms 

for discussions, access to industry experts and opportunities for sharing knowledge and 

ideas and for brainstorming about current issues. The IAC and COSPAR also organize world 

events which have proven to be great platforms for bringing young professionals together. 

Other important events include SpaceConnect, the International Space Education Board 

(ISEB) events and ILEWG. EuroMoonMars workshops and campaigns, described in section 

6, simulate and test research work in future lunar and Mars habitats and offer opportunities 

for hands-on capacity building for students and young professionals.  

8.3. Bridging planetary science, society and arts  

Some of these events specifically address the development of art and culture for future 

human societies. The IAF Committee for the Cultural Utilization of Space (ITACCUS, created 

in 2006) seeks to promote and facilitate the innovative utilization of space (data, systems, 

applications) by organizations in the cultural sectors in all areas of the arts and humanities, 

including the fine arts, entertainment, popular culture and tourism. In a cultural context, it 

may include the production, preservation, representation, education, and development of 

culture.  

The ArtMoonMars programme of cultural and artistic activities was started by ILEWG in 

collaboration with ESA ESTEC and a number of partner institutions. ILEWG organized 

ArtMoonMars workshops and artist residencies at ESA ESTEC. ArtMoonMars also organized 

a MoonLife Academy symposium at ESTEC and SMART Space Amsterdam with scientists, 

architects, designers and artists on their ideas, visions for daily life on the Moon. A Moon Life 

Concept Store was opened as the first shop on Earth with items for future human life on the 

Moon. ArtMoonMars participated in Sonic Acts Dark Universe festivals. This led to the 

organization of classes of ArtScience and Space at the Royal Academy of Fine Arts (KABK) 

in the Hague. ArtScience students participated to workshops at ESTEC & KABK and 

developed projects inspired by space and the Moon. One ArtMoonMars pilot project is  the 

Moon Gallery (Moongallery.eu), an international collaborative artwork and a gallery of ideas 

worth sending to the Moon. Moon Gallery aims to set up the first permanent museum on the 

Moon. It plans to launch 100 artefacts to the Moon within the compact format of a 10 x 10 x 

1cm plate on a lunar lander exterior paneling as early as 2023.  
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Figure 6.15: Ready for planetary exploration: young space and planetary explorers gathered with 
astronaut Thomas Pesquet and experts at international air and space salon du Bourget after SGAC 
Europe lunar and planetary workshop in Paris (Credit: Bernard Foing ILEWG/SGAC). 

9. Conclusions and perspectives 

To conclude the short description of the different types of infrastructures and services 

presented in this chapter, let us tentatively draw a synthetic picture of the suite of equipment 

that will support planetary missions by the 2061 horizon. From the specific viewpoint of 

planetary sciences, a first group of infrastructures will directly support the production of the 

different types of new scientific data needed to address our “key questions” on planetary 

systems.  

Earth-based telescopes (on the ground or in Earth-Moon orbit) are research infrastructures 

by themselves. The spectacular increase of their imaging and spectroscopic resolution with 

time offered by the next generation of these telescopes, including ELTs on Earth and JWST 

and its larger successors in space, will provide planetary scientists with unprecedented 

information on the faintest and most distant of Solar System objects and small body 

populations, as well as on the surfaces and atmospheres of planets and their moons. Their 

observation capabilities will also open new insight into extrasolar planetary systems and their 

planets that will provide a broader context for the interpretation of Solar System 

observations.  

Space missions, on the other hand, will provide unique close-in and in-situ data on planets, 

moons and small bodies. They will be supported by several types of critical infrastructures 

providing launch, telecommunications, navigation and space weather services to 

interplanetary carriers and planetary probes. With the expected progress in AI and robotics, 

interplanetary spacecraft will likely reach an increasing level of autonomy for their navigation 
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in the Solar System, using Solar System objects as natural beacons for navigation. In 

parallel, telecommunication, positioning and space weather monitoring systems will see their 

base progressively expand with time from their current Earth base to networks extending into 

the Solar System. Earth-Moon orbits, Moon surface, spacecraft in solar orbit and finally some 

of the closest planets and small bodies will offer adequate bases for this expansion. 

For human missions, heavy equipment will have to be progressively deployed to enable a 

regular or permanent astronaut presence and to support their activities. Human outposts in 

Earth-Moon orbit, on the surface of the Moon and perhaps later on Mars and asteroids will be 

progressively deployed and operated by 2061. The sustainability of human residence in 

these outposts will first require the demonstration of in-situ resource utilization (ISRU) 

technologies (see chapter 5, Grande et al. 2021), and then the implantation of operational 

ISRU equipment to provide the raw material and resources needed to sustain astronaut life. 

ISRU will have socio-economical implications (see Beldavs, annex 2). Human space 

expansion will deal with a number of challenges of opportunities beyond science, technology 

and including socio-economics, philosophy, humanism and Space Renaissance (see annex 

3).  

In complement to numerical data, samples returned by the expanding fleet of planetary 

missions from an increasing number of Solar System objects will play a key role in the 

production of new scientific knowledge. To maximize the scientific return of these sample 

return missions while complying with planetary protection regulations, end-to-end curation 

facilities of increasing complexity will have to be designed and deployed to manage samples 

from their site of collection to the most advanced earth-based analytical laboratories. 

Rationalization of the processing chains together with the practicalities of international 

collaboration may drive the development of these curation infrastructures towards a network 

of distributed facilities rather than a central one. Furthermore, selection and archiving of an 

expanding collection of samples may also push for expanding this network beyond its current 

Earth base: the development of permanent Lunar outposts will make a very good case for 

deploying a fraction of this equipment on the Lunar surface or in Earth-Moon orbit. 

Finally, in addition to telescopes, planetary missions and curation facilities, several types of 

ground-based activities and equipment will provide key scientific data to prepare future 

missions and to optimize the interpretation of the data they will return. Earth-based analogs 

of some of the extreme environments of planets and their moons, facilities simulating the 

operation of future Moon and Mars bases, laboratory experiments measuring key parameters 

of planetary atmospheres, surfaces and interiors, and finally numerical simulations and 

theory will all provide critical information on planetary systems and their objects. 

Downstream of the operation of these diverse sources of scientific data, a “second circle” of 

infrastructures and services will have to develop fast and to offer a broad spectrum of 

services to scientific users. The different types of data bases and information systems 

currently developed to process and archive scientific data should progressively evolve 

towards a “solar-system-scale” Virtual Observatory allowing users to navigate virtually 

throughout the Solar System and through the diverse sources of data characterizing its 

objects.  
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Following the spectacular progress of information technologies, there is little doubt that the 

Solar System virtual observatory, or observatories, that will emerge in the decades to come 

will offer to a broad audience of virtual visitors, including education systems for the general 

public, a brand new way of accomplishing their own dream of discovering the Solar System, 

up to its boundaries and beyond. These virtual journeys into the mysteries of the Solar 

System, directly fed by the data and images returned by robotic and human exploration 

missions, will offer teachers, students and the public alike their chance of a personal 

experience of planetary exploration. Among them, representing a diversity of scientific, 

technical and managerial talents, will emerge a new generation of “Horizon 2061 young 

explorers”. They are the ones who will accomplish the dreamy voyages into “our home in the 

Galaxy” this book has attempted to describe. 
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Annex 1: Planned launches of deep space and planetary missions for the 

2021-2030 decade 

2021 Oct16 - Lucy – Launch of NASA flyby mission to multiple Trojan asteroids 

2021 Nov 24 - Double Asteroid Redirection Test (DART) - to asteroids Didymos and 

Dimorphos 

2021 Dec 25 - James Webb Space Telescope -  Infrared Observatory 

NET 2022 March - CAPSTONE - NASA lunar halo orbiter, precursor for lunar Gateway 

 

NET 2022 March   – Artemis-1 CUBESATS LunaH-Map - Lunar Flashlight - Lunar Ice 

Cube - NEA Scout - OMOTENASHI - EQUULEUS - Launch of JAXA CubeSat L2 orbiter 

lunar mission 

2022  - Smart Lander for Investigating Moon (SLIM) - Launch of JAXA lunar 

lander mission 

2022 December  - IM-1 – Intuitive Machine-1, Falcon Launch of NASA 

CLPS lunar lander 

2022 July - Luna 25 - Launch of Russian lunar lander 

2022 August 1 - Korea Pathfinder Lunar Orbiter (KPLO) - Launch of South 

Korean mission to the Moon 

2022 August - Psyche - Launch of orbiter mission to main belt asteroid 16 

Psyche 

2022 August - Janus - Launch (with Psyche) of dual smallsats to binary 

asteroids 

2022 September 3 - Solar Orbiter - ESA solar mission makes third Venus 

flyby 

2022 August-October - ExoMars 2022 - Launch of ESA Mars rover and 

Russian surface platform 

2022 December - XL-1 Lander - Launch of NASA CLPS lunar lander 

2022 December - Prime 1 - Launch of NASA CLPS lunar lander 

2022 - Peregrine Mission 1 - Launch of NASA CLPS lunar lander 

2023 (date t.b.d.) - JUpiter ICy moons Explorer (JUICE) - Launch of ESA 

mission to the Jupiter system 

2023 August 21 - Parker Solar Probe - NASA solar mission makes sixth 

Venus flyby 

2023 September - OSIRIS-Rex - Returns to Earth with sample of asteroid 

Bennu 

2023-2025 - Europa Clipper - Launch of NASA Jupiter Orbiter to study 

Europa 

https://nssdc.gsfc.nasa.gov/nmc/spacecraft/display.action?id=LUCY
https://nssdc.gsfc.nasa.gov/nmc/spacecraft/display.action?id=DART
http://nssdc.gsfc.nasa.gov/nmc/spacecraft/display.action?id=JWST
http://nssdc.gsfc.nasa.gov/nmc/spacecraft/display.action?id=CAPSTONE
http://nssdc.gsfc.nasa.gov/nmc/spacecraft/display.action?id=LUNAH-MAP
http://nssdc.gsfc.nasa.gov/nmc/spacecraft/display.action?id=L-FLASHLT
http://nssdc.gsfc.nasa.gov/nmc/spacecraft/display.action?id=L-ICECUBE
http://nssdc.gsfc.nasa.gov/nmc/spacecraft/display.action?id=L-ICECUBE
http://nssdc.gsfc.nasa.gov/nmc/spacecraft/display.action?id=NEA-SCOUT
http://nssdc.gsfc.nasa.gov/nmc/spacecraft/display.action?id=OMOTENASH
http://nssdc.gsfc.nasa.gov/nmc/spacecraft/display.action?id=EQUULEUS
http://nssdc.gsfc.nasa.gov/nmc/spacecraft/display.action?id=SLIM
http://nssdc.gsfc.nasa.gov/nmc/spacecraft/display.action?id=IM-1-NOVA
https://nssdc.gsfc.nasa.gov/nmc/spacecraft/display.action?id=LUNA-25
http://nssdc.gsfc.nasa.gov/nmc/spacecraft/display.action?id=KPLO
http://nssdc.gsfc.nasa.gov/nmc/spacecraftDisplay.do?id=PSYCHE
http://nssdc.gsfc.nasa.gov/nmc/spacecraftDisplay.do?id=JANUS
http://nssdc.gsfc.nasa.gov/nmc/spacecraft/display.action?id=2020-010A
http://nssdc.gsfc.nasa.gov/nmc/spacecraft/display.action?id=EXOMARS22
http://nssdc.gsfc.nasa.gov/nmc/spacecraft/display.action?id=XL1-LANDR
http://nssdc.gsfc.nasa.gov/nmc/spacecraft/display.action?id=PRIME-1
http://nssdc.gsfc.nasa.gov/nmc/spacecraft/display.action?id=PEREGRN-1
http://nssdc.gsfc.nasa.gov/nmc/spacecraft/display.action?id=JUICE
http://nssdc.gsfc.nasa.gov/nmc/spacecraft/display.action?id=2018-065A
http://nssdc.gsfc.nasa.gov/nmc/spacecraft/display.action?id=2016-055A
http://nssdc.gsfc.nasa.gov/nmc/spacecraft/display.action?id=EUROPA-CL
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2024 September - Martian Moon eXploration (MMX) - JAXA mission to 

return sample from Phobos 

2024 - Hera - Launch of ESA mission to asteroids Didymos and Dimorphos 

2024 - EscaPADE - Dual smallsat Mars orbiters 

2024 - Chang'e 7 - Launch of Chinese lunar survey mission 

2024 - Chang'e 6 - Launch of Chinese lunar sample return mission 

2025 February 1 - Lunar Trailblazer - Launch of NASA SmallSat mission to 

study lunar water 

2026 - Dragonfly - Launch of NASA quadcopter drone mission to Titan 

TBD (2027?) - Chang'e 8 - Launch of Chinese lunar technology test 

2028 - 2029 - VERITAS - Launch of NASA Venus orbiter 

2029 April 13 - Asteroid Apophis passes Earth at an altitude of 32,000 km 

2029 - 2030 - DAVINCI+ - Launch of NASA Venus orbiter and atmospheric 

probe 

 

Annexes:  

A1) Extract from ICEUM11 Global Lunar Conference 

(Arvidson & ICEUM11 participants) 

Recommendations from community have been agreed during ICEUM International 

Conferences on Exploration and Utilisation of the Moon.  Arvidson & ICEUM11 report on the 

Beijing Lunar Declaration endorsed by the delegates of the Global Lunar Conference/11th 

ILEWG Conference on Exploration and Utilisation of the Moon, held at Beijing on 30 May- 3 

June 2010: “Specifically we focus on Part B:Technologies and resources; Infrastructures and 

human aspects; Moon, Space, Society and Young Explorers. We recommend continued and 

enhanced development and implementation of sessions about lunar exploration, manned 

and robotic, at key scientific and engineering meetings. A number of robotic missions to the 

Moon are now undertaken independently by various nations, with a degree of exchange of 

information and coordination. That should increase towards real cooperation, still allowing 

areas of competition for keeping the process active, cost-effective and faster. - Lunar 

landers, pressurized lunar rover projects as presented from Europe, Asia and America are 

important steps that can create opportunities for international collaboration, within a 

coordinated village of robotic precursors and assistants to crew missions. - We have to think 

about development, modernization of existing navigation capabilities, and provision of lunar 

positioning, navigation and data relay assets to support future robotic and human 

exploration. New concepts and new methods for transportation have attracted much attention 

and are of great potential”. 

http://nssdc.gsfc.nasa.gov/nmc/spacecraft/display.action?id=MMX-MARS
http://nssdc.gsfc.nasa.gov/nmc/spacecraft/display.action?id=HERA
http://nssdc.gsfc.nasa.gov/nmc/spacecraft/display.action?id=ESCAPADE
http://nssdc.gsfc.nasa.gov/planetary/lunar/cnsa_moon_future.html
http://nssdc.gsfc.nasa.gov/planetary/lunar/cnsa_moon_future.html
http://nssdc.gsfc.nasa.gov/nmc/spacecraft/display.action?id=L-TRLBLZR
http://nssdc.gsfc.nasa.gov/nmc/spacecraft/display.action?id=DRAGONFLY
http://nssdc.gsfc.nasa.gov/planetary/lunar/cnsa_moon_future.html
http://nssdc.gsfc.nasa.gov/nmc/spacecraft/display.action?id=VERITAS
http://nssdc.gsfc.nasa.gov/nmc/spacecraft/display.action?id=DAVINCI-P


 

 55 

 

 

A2) Resource Utilization and Planetary Socio-economic services 

(Extract from Vid Beldavs, International Lunar Decade)  

Resource utilization, manufacturing in situ will play a key role in planetary socio economic 

services. Among the proponents of this vision,  Vid Beldavs says: “ In the coming decades a 

framework for development of a rules-based order can have an impact comparable to the 

future creating transformational impact of IGY. A rules-based order is necessary for 

sustainable development. A rules-based order enables effective conflict resolution. Poor 

conflict resolution leads to the development of weapons, fielding of militaries, hostilities and 

war - the most wasteful, costly and destructive human activity. One needs to open 

opportunities for small and developing countries to take part in creating the space-resources 

economy building upon the lunar exploration activities initiated by the U.S. and larger 

spacefaring powers including Russia, China, ESA, India, Japan, and others that are already 

actively involved in lunar exploration. A rules-based order enables shared infrastructures and 

international financing mechanism that enable infrastructure financing and the cooperation 

that enables knowledge sharing and that can accelerate adoption of innovations. We should 

enable the rules-based order in outer space that opens the possibility for sustainable 

development for centuries to come while strengthening the international cooperation 

necessary to avert global catastrophe in the decade ahead. We need a framework to enable 

a rules-based order necessary for success in meeting UN Space 2030 goals, and beyond 

towards 2060. The specific goal of ILD International Lunar Decade is to achieve sustainable 

presence on the Moon by 2030. The framework will enable the development of policies for 

use of lunar resources as well as to govern operations on the Moon by multiple parties. We 

need  the opportunity to advance a rules-based order to govern humankind"s expansion into 

the Solar System to fulfill the intent of space treaties that have been negotiated thus far thru 

the United Nations whose aspiration is summarized in Article I of the Outer Space Treaty: 

The exploration and use of outer space, including the moon and other celestial bodies, shall 

be carried out for the benefit and in the interests of all countries, irrespective of their degree 

of economic or scientific development, and shall be the province of all mankind”. 

A3) Extract from Report from the Space Renaissance congress 2021. 

Space Renaissance and Social aspects of human robotic expansion in the solar system  

The 3rd World Congress of the Space Renaissance International "Civilian Space Development" 

took place since June 26th to 30th: five days of intense discussions, which were preceded by 7 

webinars, since October 2020. The congress saw 10 keynote speakers, 80 submitted papers, 66 

live presentations, 15 symposium sessions, and a poster session.  The whole congress was done 

on Zoom, attended and broadcasted live on the Youtube Space Renaissance channel. The last 

day, Day 5, the Congress approved a final resolution, and two motions on thesis 1 and thesis 2  

on "threats to civilization and opportunities through expansion" to consolidate the Space 

Renaissance Credo and the rationale for future actions, during next 5 years. Here is the final 

resolution:  

https://www.youtube.com/c/spacerenaissance
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“Space Renaissance International "Civilian Space Development": Final Resolution of 3rd 
world Congress 
 
We, the Space Renaissance International, during the 3rd World Congress of our association, 
discussed the status of civilization, the perspectives of expansion into outer space, and the best 
strategy to kick-off the civilian space development during next years, towards 2025. After our five 
days discussion, we are proposing the following recommendations to the good willing people of 
Planet Earth. 

The most relevant fact, since our 2nd World Congress, held in 2016, is the development and 
consolidation of reusable rockets, now leading to fully reusable space vehicles, like Starship. 
Such an epochal development will reduce the cost of a seat to orbit under $1 million, opening the 
way to industrial space settlement, and civilian space development. Besides continuing to support 
and promote in all means this effort, we are focusing the next key milestones on such an 
evolutionary road. 

As our association maintained since its beginning, in the Space Renaissance Manifesto, the 
expansion of civilization into outer space is the only way to overcome the current global multiple 
crises in the so far philosophically closed world, and to restart a vigorous growth, in the realm of 
the Solar System. 

Such a glorious future is not automatic nor guaranteed. Evolution works by trial and error. And we 
don't know, yet, whether our species will be a success or a failure, on the history of life in the 
Universe. The stake is to evolve into a solar system civilization, or to be thrown back to a stone 
age, should we remain closed within the boundaries of our mother planet. 

The above situation delivers to our association – Space Renaissance International, the sole 
philosophical space advocacy, working in all continents – a huge responsibility: to clearly indicate 
the priorities, to support the evolutionary effort of humanity, that shall absolutely move the first 
essential steps before 2030, in order to open the high frontier to civilians, and to keep the door 
well open for next centuries to come. 

To allow a smooth transition from the space exploration to the space settlement paradigm, there 
are scientific works to be done with more energy and investments, technologies to be 
consolidated and enhanced, collaborations to be agreed and pursued, in a spirit of a global 
support to the greatest enterprise of all times: the sustainable renaissance of our civilization in the 
outer space. 

These are our priorities for the next five years, that we recommend to all the people of Planet 
Earth. We call all space advocacy organizations to join with us and speak with a louder voice. 

• Not going back, but going forward to the Moon: develop proper industrial 
infrastructure to produce fuel in space, from lunar and asteroidal materials, also mining 
resources such as water, rare earths, precious metals & Helium-3. 

• Space debris recovery and reuse. It is not only a necessary and overdue cleaning 
action. Starting the reuse of space debris is a bootstrapping point for Earth orbit industry, 
signaling the transition from a worthy public environmental initiative to the first orbital 
industrial business. 

• Enhance life protection in space. Radiation from our sun and deep galactic cosmic rays 
represent a big threat to health and reproduction. Humans cannot travel and live in space 
for long time and distances without proper protection. 

• Start experimenting with simulated gravity. It can be done by rotating connected 
modules, as an initial method: we need to learn a great deal about the effects of different 
diameters and rotation speeds on human perception, psychology and physical conditions. 

• Target younger generations to empower their growth and inspire them on their path to 
space. 
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• Keep on supporting the development of 100% reusable space vehicles. Low cost, 
safe and reliable passenger space transportation vehicles. 

• Produce food in space. Boost exo-agriculture study and experimentation. Start 
experimenting with large space habitats and lunar habitats, cultivating food and producing 
oxygen. 

• Space Safety. Protection from asteroids impacts and strong solar storms. Develop 
radiation protection shields for space vehicles and habitats, in space, on the Moon and 
Mars. The same concept could apply to Earth protection. 

• Support the space tourism industries and their effort to develop civilian space travel 
and accommodations (hotels), turning the aeronautic experience into profit. 

• Space Based Solar Power. Inexhaustible energy collected in space, to feed the space 
industrial infrastructures and to study how to supply energy to Earth surface, as a 
contribution to clean energy. 

• Support space related art and bring art into space. We want to develop cooperation 
and call for competitions and to promote dialog between artists, scientists and all 
interested people. 

• To add an 18th SDG, “bootstrap the civilian space development,” to UN 17 
Sustainable Development Goals. In order to make the 17 SDG feasible and sustainable. 

All of the above points are preliminary to civilian space travel and settlement, and quite urgent to 
be inserted into a general space settlement agenda. They are not just scientific research items, 
and not just subject for private industry investment. All of these items require collaboration among 
agencies and private space industries. 

We warmly invite all of the Planet Earth's visionary entrepreneurs, governments, space agencies, 
UN, universities, and all interested parties, institutions and individuals, to adopt the above 
recommended agenda. 

We also warmly invite all of our sister space advocacy organizations, to join us promoting this 
agenda, to raise our voice loud and clear, for the benefit of humanity. 

Motion approved unanimously, June 30th 2021     
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