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Introduction:  The Technology Working Group 

(TWG) of the International Space Exploration Coordi-

nation Group (ISECG) is a worldwide agency-level 

group that leads the task of identifying technology gaps 

and the associated potential actions for closure in the 

scope of current and optional architectures within the 

Global Exploration Roadmap. In 2019, the TWG es-

tablished a Gap Assessment Team (GAT) for the topic 

of In-Situ Resource Utilization (ISRU).  To perform 

the assessment, a team was put in place with the objec-

tive to establish international dialogue amongst subject 

matter experts and deliver a coordinated assessment of 

the global knowledge gaps and associated technology 

needs within the ISRU value chain. Due to the cost 

(especially for launch) of interplanetary travel and es-

pecially to planetary surfaces, sustainable exploration 

activities can be achieved through ISRU in areas such 

as life support, propulsion, energy storage, in-space 

manufacturing and construction, radiation protection, 

and waste management. Infusing ISRU technologies 

and capabilities in the current architectures within the 

Global Exploration Roadmap can enable overall mis-

sion efficiency, towards sustainability and the estab-

lishment of space commercialization. Ultimately, the 

ISRU Gap Assessment was intended to inform agency 

decisions when considering investments is specific 

exploration technologies, while identifying potential 

collaboration opportunities.  The final report was also 

intented to provide information to industry and aca-

demia on the current state of ISRU, areas of im-

portance for future missions, and knowledge on devel-

opment activities, facilities, and gaps that could help 

direct and focus future investments. 

Report Content:  The report provides a broad and 

comprehensive assessment of ISRU.  Starting with de-

fining the subject of ISRU, the report provides a tax-

onomy of the main ISRU areas (Consumable Produc-

tion, Construction, and Manufacturing with ISRU-

derived Feedstocks), and a functional flow diagram to 

allow readers to understand the content and intercon-

nectivity of the functions and technologies.  The report 

provides information on potential resources, products, 

and applications, strategic knowledge gaps, and how 

ISRU can be incorporated into mission phases for hu-

man exploration of the Moon and Mars.  The report 

provides detailed assessments of recent development 

activities, available facilities and simulants to support 

development, and areas of activity and interest for each 

space agency.  The report ends with an assessment of 

the gaps remaining, challenges, missions to address the 

challenges and implement ISRU, discussions on part-

nerships, public-puclic and public-private partnerships, 

private investment, policy and regulatory challenges, 

and key findings and recommendations. The full report 

can be found at:        

https://www.globalspaceexploration.org/wordpress/wp-

content/uploads/2021/04/ISECG-ISRU-Technology-

Gap-Assessment-Report-Apr-2021.pdf 

Key Findings:   

 ISRU is a disruptive capability and requires an ar-

chitecture-level integrated system design approach 

from the start. 

 The most significant impact ISRU has on missions 

and architectures is the ability to reduce launch mass, 

thereby reducing the size and/or number of the launch 

vehicles needed, or use the mass savings to allow other 

science and exploration hardware to be flown on the 

same launch vehicle.  The next significant impact is the 

ability to extend the life of assets or reuse assets multi-

ple times. 

 The highest impact ISRU products that can be used 

early in human lunar operations are mission consuma-

bles including propellants, fuel cell reactants, life sup-

port commodities from polar resources: highland rego-

lith and water/volatiles in permanently shadowed re-

gions (PSRs). 

 Evaluation of human Mars architecture studies sug-

gest that there is synergy between Moon and Mars 

ISRU with respect to water and mineral resources of 

interest, products and usage, and phasing into mission 

architectures. 

 A significant amount of work is underway or 

planned for ISRU development across all the coun-

tries/agencies involved in the study, particularly in the 

areas of resource assessment, robotics/mobility, and 

oxygen extraction from regolith  

 While it appears each country/space agency has 

access to research and component/subsystem size facil-

ities that can accommodate regolith/dust and lunar vac-

uum/temperatures, there are a limited number of large 

system-level facilities that exist or are planned.  

 While simulants are available for development and 

testing, greater quantities and higher fidelity simulants 

will be needed soon, especially for polar/highland-type 

regolith.  Also, selection and use proper simulants is 

https://www.globalspaceexploration.org/wordpress/wp-content/uploads/2021/04/ISECG-ISRU-Technology-Gap-Assessment-Report-Apr-2021.pdf
https://www.globalspaceexploration.org/wordpress/wp-content/uploads/2021/04/ISECG-ISRU-Technology-Gap-Assessment-Report-Apr-2021.pdf
https://www.globalspaceexploration.org/wordpress/wp-content/uploads/2021/04/ISECG-ISRU-Technology-Gap-Assessment-Report-Apr-2021.pdf
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critical for minimizing risks in development and flight 

operations. 

 Technology and instrument development for Moon 

and Mars resource assessment and operations are un-

derway, and several missions to begin surface and deep 

assessment of resources are in development, especially 

to obtain maps of minerals on the lunar surface, surface 

topography, and terrain features, or to understand the 

depth profile of water and volatiles.  

 While there is significant interest in terrestrial addi-

tive manufacturing/construction development, devel-

opment for space applications has been limited and 

primarily under Earth-ambient conditions. 

 Further research, analysis, and engagement are re-

quired to identify synergies between terrestrial and 

space mining. Throughout the mining cycle and ISRU 

architecture, key areas for investigation include; de-

pendence on remote, autonomous, and robotic opera-

tions; position, navigation, and timing systems; and 

energy technologies (e.g., small modular reactors and 

hydrogen technology). 

 Stakeholder engagement is required between the 

terrestrial mining and space sectors to drive collabora-

tion to identify and benefit from lessons learned from 

terrestrial innovations for harsh or remote operations. 

 Long-term (months/years) radiation exposure limits 

for crew currently do not exist to properly evaluate 

radiation shielding requirements.  These are needed to 

properly evaluate Earth-based and ISRU-based shield-

ing options. 

Key Recommendations 

 It is recommended that countries/agencies focus on 

the defined Strategic Knowledge Gaps that have been 

identified as high priority for each of the 3 human lunar 

exploration phases described.  Early emphasis should 

be placed on geotechnical properties and resource pro-

specting for regolith near and inside permanently shad-

owed regions. 

 Since the access and use of in-situ resources is a 

major objective for human lunar and Mars exploration 

and the commercialization of space, locating, charac-

terizing, and mapping potential resources are critical to 

achieving this objective.  A focused and coordinated 

lunar resource assessment effort is needed 

 While short-duration lunar surface crewed missions 

can be completed with acceptable radiation exposure 

risk, it is recommended that long-term exposure limits 

be established and radiation shielding options be ana-

lysed as soon as possible to mitigate risks for sustained 

operations by the end of the decade. 

 Long-term sustained operations will require a con-

tinuous flow of missions to the same location.  Dedi-

cated plume-surface interaction analysis and mitigation 

technique development are recommended, and estab-

lishment of landing/ascent pads be incorporated into 

human lunar architectures as early as possible 

 Wear and thermal issues associated with lunar rego-

lith/dust may be a significant risk to long-term surface 

operations.  Coordination and collaboration on dust 

properties/fundamentals, and mitigation techniques and 

lessons learned are highly recommended.  This effort 

should also involve coordination and collaboration on 

the development, characterization, and use of appropri-

ate lunar regolith simulants and thermal-vacuum facili-

ty test capabilities and operations for ground develop-

ment and flight certification. 

 To maximize the use of limited financial resources, 

it is recommended that the ISECG space agencies lev-

erage the information presented in the report as a start-

ing basis for further discussions on collaborations and 

partnerships related to resource assessment and ISRU 

development/operations. 

 Collaboration and public-private partnerships with 

terrestrial industry, especially mining, resource pro-

cessing, and robotics/autonomy are recommended to 

reduce the cost/risk of ISRU development and use.  

This includes establishment of an international regula-

tory framework for resource assessment, extraction, 

and operations, which are necessary to promote private 

capital investment and commercial space activities. 

 The sustainable development aspects of the ISRU 

activity are recommended to be taken into account 

from the start of activity planning for the surface explo-

ration of Moon and Mars. 

 Aspects of reusing and recycling hardware are rec-

ommended to be taken into account from the design 

and architecture phase of mission planning. This will 

contribute to minimizing the exploration footprint (e.g. 

abandoned hardware) and therefore key towards sus-

tainability.   

 To accelerate the development of key technologies, 

close knowledge gaps, and expedite testing/readiness, 

it has been seen that the use of unconventional models, 

such as government-sponsored prize challenges can be 

effective innovation catalysts operationalizing the 

above recommendations, and ultimately, bringing 

ISRU to the Moon and onwards to Mars.   

Acknowledgement: The authors of this abstract 

want to recognize and thank the members of the ISRU 

Gap Assessment Team for their hard work and dedica-

tion in supporting assessment and writing the final re-

port.  The study involved 49 members from 11 space 

agencies and 4 additional government agencies over a 

two year effort.   
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Introduction: In 2016, Luxembourg launched the 

Space Resources.lu initiative with the aim to promote 

the peaceful ex-ploration and sustainable utilisation of 

space resources for the benefit of humankind. The ini-

tiative puts a particular emphasis on economics, re-

search, education as well as legal aspects related to 

space resources.  

 

With the support of the Luxembourg Government, 

the Lux-embourg Space Agency (“LSA”) is committed 

to support research activities connected to the utilisa-

tion of space re-sources and develop new capabilities 

as well as critical tech-nologies in close collaboration 

with industry and public re-search.  

 

The European Space Agency (“ESA”) developed in 

2019 an innovation-driven Space Resources Strategy. 

It is following a mission-orientated innovation ap-

proach applied to the chal-lenge of sustained and sus-

tainable human presence in space. 

 

In line with the objectives of the SpaceResources.lu 

initiative, ESA’s Space Resources Strategy and consid-

ering the growing international interest in space re-

sources, LSA established in 2020 the European Space 

Resources Innovation Centre (“ESRIC”) in cooperation 

with the Luxembourg Institute of Science and Tech-

nology (LIST), and in a strategic partnership with ESA.  

 

LSA and ESA include R&D and technology matu-

ration, as well as partnership and business creation as 

part of their core strategic activities. ESRIC is thus 

conducting activities in the following four areas.   

 

Research – This includes the implementation of 

ground-based research and advancement of technolo-

gies used across the whole value chain of space re-

sources utilisation. The centre is hosting a Space Re-

sources laboratory that is open to academia and indus-

try from Europe and beyond.  

 

Business – This includes the setup of commercial 

partnerships and a specific support programme for 

start-ups targeting ac-tivities related to space resource 

utilization. 

 

Knowledge Management – This includes the moni-

toring of  progress in research, technology, economics 

and legal aspects related to space resources. 

 

Community Management – This includes the estab-

lishment of a network and broad collaborations with 

other relevant Euro-pean and international organiza-

tions with key expertise in space resources related  

fields.  

 

As the Moon is of global strategic interest, 

ESRIC’s activities will initially be centred around the 

use of lunar resources for the production of hydrogen, 

oxygen and metals as well as products and services 

relevant for sustainable lunar surface activities.  

 

From the scientific, technical and business activities 

running at the centre, ESRIC has the ambition to be-

come a central place in Europe, with international 

reputation, for advancing the field of space resources 

utilisation.  

 

Together with European space and terrestrial indus-

try, the centre will drive technology innovation and 

open new oppor-tunities in the short, medium and long 

term. 
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Introduction:  The National Aeronautics and 

Space Administration (NASA) has been directed to 

send astronauts back to the lunar surface and begin a 

sustainable human lunar exploration program in the 

2020’s, and to lead the first human exploration mission 

to the Mars surface in the 2030’s.  A major objective of 

NASA’s Moon to Mars exploration program is to un-

derstand and characterize the resources that exist at 

these destinations, and to learn how to utilize these re-

sources for sustained human exploration and the commer-

cialization of space.  This ability, commonly known as In 

Situ Resource Utilization (ISRU), involves any hard-

ware or operation that harnesses and utilizes local re-

sources to create products and services for robotic and 

human exploration.  A major focus of ISRU is the pro-

duction of mission critical consumables, such as rocket 

propellants, life support consumables, and fuel cell 

reactants. These ISRU-derived products make up a signif-

icant fraction of the mass launched from Earth, are 

critical to mission success, and can reduce the cost for 

reusable transportation.  Another major objective is the 

ability to perform construction and manufacturing from in 

situ-derived materials to create and expand on the infrastruc-

ture needed for sustained surface and space operations.  To 

achieve ISRU objectives, NASA is developing technol-

ogies and systems, and initiating missions that will 

find, measure, and harness the resources of the Moon 

and Mars for science, human exploration, and eventual-

ly commercial space advancement.  This endeavor is 

led by NASA’s Space Technology Mission Directorate 

(STMD) in coordination with the Science and Human Explo-

ration and Operations Mission Directorates (SMD and 

HEOMD).   

Lunar Resources for ISRU:  For simplicity, lunar 

resources under consideration for ISRU are divided 

into two broad categories: regolith and water/volatiles 

found in permanently shadowed regions (PSRs) of the 

lunar poles.  Lunar regolith can be divided into two 

broad categories as well: highland and mare types, with 

potential additional constituent resources such as pyro-

clastic glasses, KREEP (potassium, rare earth ele-

ments, and phosphorous), and solar wind implanted 

volatiles.  Regolith at the lunar polar regions is primari-

ly highland-type regolith, which is mostly anorthite 

minerals and extremely iron-poor.  Both highland and 

mare type regolith are great resources for oxygen and 

metals; oxygen is over 40% by weight (wt%) in lunar 

regolith minerals (mostly silicates).  While orbital data 

provides clues about the possible water and volatile 

resource content and distribution in the PSRs, the only 

‘ground-truth’ data that exists today is from the analy-

sis of the plume created by the Lunar Crater Observa-

tion and Sensing Satellite (LCROSS) impact in 2009.  

The LCROSS plume (analyzed by A. Colaprete) was 

estimated to have 5.5 wt% water and lower concentra-

tions of other volatiles such as hydrogen, carbon mon-

oxide, hydrogen sulfide, ammonia, and others.  Spec-

tral modeling by Li (2018) shows that some ice-bearing 

pixels may contain ∼30 wt % ice mixed with dry rego-

lith. 

ISRU in Human Lunar Exploration:  NASA’s 

human lunar exploration program, known as Artemis 

(the sister of Apollo in Greek mythology) and led by 

HEOMD, is a multi-phased robotic and human explo-

ration activity.  The initial phase is primarily aimed at 

sending the first women and next man to the lunar 

south pole, with the goal of achieving this by 2024.  

This phase of exploration also includes orbital and 

surface robotic missions for science, technology devel-

opment, and resource assessment.  The next phase of 

human lunar exploration is aimed at demonstrating and 

building capabilities for longer duration lunar surface 

exploration missions, and to demonstrate technologies, 

capabilities, and operations that will be needed for the 

first human mission to Mars.  This phase will include 

the use of unpressurized mobility platforms, robotic 

and human science tools and experiments, payload 

offloading and deployment systems, and initial surface 

power, habitat, and pressurized mobility assets.  

Throughout the initial phase and into the next, a major 

objective for ISRU is the assessment, characterization, 

and mapping of the lunar resources, especially the wa-

ter/volatile resources in the PSRs.  

Oxygen and Water Mining Strategies:  Oxygen 

(and metals) in lunar regolith and water and other vola-

tiles in PSRs provide both benefits and risks for devel-

oping and incorporating ISRU systems into future hu-

man missions.  

Water is an amazing resource and product.  On its 

own, water can be used for crew support, plant/food 

production, and is an excellent radiation shield materi-

al.  Water can also be converted into oxygen and hy-

drogen which can be used for propulsion and fuel cell 

power systems.  The oxygen can be used for crew 

breathing and the hydrogen can be used with other car-

bon resources to make plastics and other hydrocarbons.  

Water is also easily transportable to other locations for 

processing.  However, there is significant uncertainty 

in the form, concentration, and distribution of water in 

PSRs, and the technologies to locate and process mate-
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rial in PSRs to extract water are immature.  Also, the 

extremely low temperatures in the PSR and ability to 

generate or transfer energy into the PSR are significant 

challenges. 

Oxygen on its own is also a very good resource and 

product.  It can be used for crew breathing and pro-

vides 75 to 80% of the propellant mass needed for re-

usable chemical propulsion systems, so it still provides 

tremendous mass/cost savings compared to bringing 

oxygen for ascent vehicles and hoppers from Earth.  

Technologies for lunar excavation and oxygen extrac-

tion from mare regolith have also been demonstrated 

for short periods of time and subscale production rates 

under terrestrial environment conditions. However, 

significant work is required for operating under lunar 

conditions for months/years with abrasive lunar rego-

lith, and with highland-type regolith. 

Because of the significant benefits and advantages 

that water resources can provide for human mission 

architectures and future commercial activities in space, 

NASA’s strategy for developing ISRU is to ‘Lead’ 

with developing technologies and performing missions 

to find, characterize, and use water resources at the 

poles of the Moon, while ‘Following’ with develop-

ment of technologies and missions for excavating and 

extracting oxygen from lunar regolith.  Which path will 

eventually lead to ISRU utilization and commercial 

operations will depend on the results of ground devel-

opment and flight missions.   

ISRU Ground Development and Flight Missions:  

Technology development for ISRU is primarily the 

responsibility of the STMD in NASA.  Within STMD, 

ISRU resource processing technologies fall under the 

In-Situ Propellant and Consumable Production 

(ISPCP) project.  Excavation and surface construction 

technologies fall under the Advanced Materials, Struc-

tures, and Construction (AMSC) project.  To develop 

technologies and capabilities for future missions, 

STMD has a broad range of programs, known as the 

Technology Pipeline, which allow for requests for 

technology development from the extremely low Tech-

nology Readiness Level (TRL) all the way to flight 

demonstrations.  Each of these programs focus on dif-

ferent TRLs, areas of interest, and proposers (industry, 

academia, and/or government).  Since scientific and 

human exploration of the lunar surface involves multi-

ple technical disciplines and surface assets, the STMD 

initiated the Lunar Surface Innovation Initiative (LSII) 

and the Lunar Surface Innovation Consortium (LSIC) 

to help focus development activities across the Tech-

nology Pipeline, and with external participants and 

partnerships.  The LSII and LSIC covers technology 

development for six major surface exploration aspects:  

ISRU, Surface Excavation and Construction, Sustaina-

ble Power, Lunar Dust, Extreme Access, and Extreme 

Environments. 

As with any new technology, before it can be uti-

lized in a mission-critical role for human spaceflight, it 

needs to have undergone significant ground develop-

ment as well as demonstrated its performance in the 

actual flight environment.  To achieve the end goal of 

using ISRU products for mission-critical applications, 

STMD has initiated a conservative ground develop-

ment and flight demonstration strategy for ISRU. This 

strategy incorporates a four-stage approach:  

I. Extensive ground testing at mission-relevant 

scale under flight environmental conditions and 

analogue operation conditions, 

II. Direct measurement of resources and demon-

stration of critical technologies in flight,  

III. Demonstration and validation of ISRU systems 

and products at relevant mission scale to extend 

or enhance a robotic and/or crewed mission (i.e. 

pilot operation), and  

IV. Utilization of ISRU systems and products in a 

mission-critical role.  

In Stage I, NASA will fund develop and advance 

technologies, subsystems, and systems that will acquire 

and process lunar simulants into mission products at 

relevant mission scales and under lunar vacuum and 

thermal environments.  In Stage II, NASA will utilize 

orbital and lander missions to better understand the 

resources on the Moon, especially lunar polar water 

and volatile resources that are needed to support tech-

nology development and eventual site selection for 

long-term human surface operations. It is anticipated 

that early lander missions will be aimed at obtaining 

critical data on lunar regolith and environmental prop-

erties that were not obtained from the previous Apollo 

and Lunar Surveyor missions. Stage II will also per-

form proof-of-concept and risk reduction demonstra-

tions of critical ISRU technologies and concepts that 

are most dependent on interacting with lunar regolith 

and/or need to interact with large amounts of lunar 

regolith under lunar surface conditions to validate lon-

gevity and robustness.  The end-to-end demonstration 

in Stage III at relevant mission scale will be critical for 

full utilization of ISRU capabilities and products in 

mission critical roles and for commercial operations to 

be successful in Stage IV. 

Resource characterization and technology demon-

stration missions will be performed throughout the 

2020’s with the pilot plant demonstration aimed for 

operation by 2030.  Resource characterization missions 

have already started.  The Lunar Reconnaissance Or-

biter continues to provide critical lunar information.  

Several cubesats related to understand water/volatiles 

in PSRs are scheduled for the first Artemis I mission in 



2022.  Finally ground truth information will begin to be 

taken by the PRIME-1 technology demonstration mis-

sion in 2022 and the VIPER mobile resource assess-

ment mission in 2023. 
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Introduction:  Sustaining exploration of the solar 

system requires a large amount of material and an even 

larger amount of propellant to transport this material out 

of Earth’s gravity well and onwards to its destina-tion. 

Despite recent advances in lowering the launch costs by 

applying methods such as reusability of the launch sys-

tem, transferring material from Earth to space is still 

very costly with several thousand to tens of thousands 

Euro per kilogram into a low-earth orbit and transporta-

tion to Moon and Mars cost-ing a multitude of that. Alt-

hough, current predictions foresee a further reduction in 

launch costs in the near future to tens of Euro per kilo-

gram [1], each kilogram of material transported from 

Earth to LEO remains valuable and when transported to 

Moon or Mars the value is even higher. 

Human space exploration requires a significant 

amount of resources such as food, water and oxygen. 

Waste products such as metabolic waste, polluted water 

and carbon dioxide are produced by the as-tronauts. Life 

support engineers are developing systems and processes 

to recycle and to regenerate as many resources as possi-

ble, also known as ‘closing the loops’, in order to reduce 

the material supplied from Earth to enable sustainable 

human space exploration of the solar system. 

Our solar system is full of resources that potentially 

can be exploited to greatly reduce the material re-quired 

to be launched from Earth. Among these resources are 

water ice, hydrates, metals, regolith, rare earths, chemi-

cal compounds, volatiles and rare isotopes. Utilizing 

space resources would enable e.g. propellant produc-

tion, in-space manufacturing or the construction of large 

structures which would oth-erwise be very expensive or 

not possible at all with material launched from Earth. 

The concept of Synergetic Material Utilization 

(SMU) combines In-situ Space Resources Utilization 

(ISRU) and Environmental Control and Life Support 

System (ECLSS) engineering approaches to lower the 

material supply required from Earth. 

In 2021 a research group was founded at the German 

Aerospace Center’s Institute of Space Systems in Bre-

men, which focuses on the Synergetic Material Utiliza-

tion concept. 

Synergetic Material Utilization Concept: ECLSS 

and SRU are two space engineering fields with increas-

ing importance in the future to enable sustainable 

exploration of the solar system. In both fields processes 

and techniques are applied to ex-tract, produce, utilize, 

consume and regenerate resources albeit with different 

purposes. The goal of ECLSS engineering is to enable 

human survival in space with as little resources as pos-

sible in order to reduce cost for resupply from Earth. 

SRU on the other hand uses local resources to produce 

a wide range of materials for different applications, but 

also with the goal of reducing the cost of launching the 

material from Earth. 

Despite the similarities among both fields, ECLSS 

and SRU scientists and engineers often disregard the 

other research field. Almost all case studies of near-term 

SRU rely purely on robotics and automation without the 

assistance of humans on-site. Often the presence of hu-

mans is rejected with the argument regarding the costs 

involved of setting up the required ECLSS infrastruc-

ture. ECLSS case studies of fu-ture Moon or Mars space 

exploration systems, on the other hand, mostly neglect 

the utilization of local resources because of the fixation 

on regeneration and the ‘closing the loop’ principle, but 

also by using the cost argument for setting up a SRU 

infrastructure. 

Synergetic Material Utilization is the approach of 

combining ECLSS and SRU engineering in order to ex-

ploit the many synergies among both fields to enable 

sustainable exploration of the solar system. 

Synergies between ECLSS and SRU are: 

• Shared processes and technologies, 

• Common materials processed, 

• Common products generated, 

• Cross-utilization of products and resources, 

• Combination of materials from various 

sources. 

Planned Activities of the SMU Research Group 

at DLR: The SMU research group at the DLR Institute 

of Space Systems was established in 2021 with approval 

of the Director of Space Research of DLR. This research 

group focuses on the combination of SRU technologies 

with life support systems and processes in order to ex-

ploit synergies. Thus, a holistic approach for resources 

management during future space exploration missions 

is persecuted. 

Concrete activities for the next 3-4 years are tech-

nology developments for regolith beneficiation, oxygen 
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extraction from regolith and water extraction for in-situ 

propellant production. These developments are comple-

mented by a system study for a shared water-hydrogen-

oxygen infrastructure with ISRU and ECLSS elements 

for a future habitat and by concept studies for the in-situ 

production of new materials based on ISRU and ECLSS 

products. 

The schematic below illustrates how the different 

topics of the research group are connected to each other 

and also where the interfaces with the ECLSS and hab-

itat are. 

 

References:  

[1] Jones, H. W. (2018), ‘The Recent Large Reduc-

tion in Space Launch Cost’, 48th International Confer-

ence on Environmental Systems, 8-12 July, Albuquer-
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Introduction: The extraction and utilization of 

space resources is fast becoming a reality. The interna-

tional space law framework provides opportunities for 

the space mining sector, but the ambiguities inherent in 

this law also create key questions. This presentation 

will set out and examine three main ambiguities in 

international space law as it relates to space mining. 

First, it will consider the question of how international 

law addresses the extraction of space resources from 

their original location on a celestial body. Second, it 

will discuss whether mining activities on celestial bod-

ies can be carried out in accordance with the non-

appropriation principle in Article II of the Outer Space 

Treaty (OST). Finally, it will reflect on the applicabil-

ity of international environmental law norms to space 

mining. This presentation will conclude by examining  

the adequacy of current efforts to clarify international 

space law as it applies to space resource extraction.  

 

Extraction of Space Resources: The extraction of 

space resources for the purpose of terrestrial or in-

space utilization has been considered at domestic law 

but is unsettled as a matter of international space 

law.[1] The OST uses the phrase ‘exploration and use’ 

in its terms, for example in Article I with the reference 

to ‘free for exploration and use by all States’ and Arti-

cle II with ‘by means of use’. The word ‘use’ indicates 

that using space resources was within the contempla-

tion of the drafters of the OST, and thus not prohibit-

ed.[2] However, does ‘use’ include non-scientific 

commercial uses?[3] If so, what is the extent of use 

permitted? Space resource extraction on the scale cur-

rently under consideration raises some crucial ques-

tions, including the contrasting rights of the non-

mining countries to explore and use that area of space 

intact. 

 

Another central legal question is whether there are any 

rights to the resources extracted that vest in countries 

or private entities. The diplomatic history of the OST 

indicates that perhaps this point was deliberately left 

ambiguous during the drafting in order to gain support 

across countries. In the world of diplomacy, this is 

referred to as constructive ambiguity – constructive at 

the time of the treaty adoption so as to gain agreement, 

but ambiguous now in terms of legal application. 

 

The official position of the United States is that the 

removal of the space resources from being in situ al-

lows the granting of ownership rights. Under the US 

interpretation, the non-appropriation prohibition does 

not extend to governmental or private ownership of 

resources once they are removed from the celestial 

body.[4] The United States has adopted domestic legis-

lation to reflect this: the SPACE Act of 2015 indicates 

that private US companies have rights to all resources 

extracted and removed from the celestial body.[5] Oth-

er jurisdictions have subsequently adopted similar do-

mestic laws. However, there are contrary country 

views, leading to nongovernmental attempts to ascer-

tain or articulate the law on the removal and use of 

space resources.[6] 

 

Space Mining Activities and Non-

Appropriation: There is a legal tension in the simul-

taneous application of Article I of the Outer Space 

Treaty (OST), on the right of countries to freely ex-

plore and use space and to have free access to all areas 

of celestial bodies, and Article II of the OST when 

considering space mining. Article II states: ‘Outer 

space, including the Moon and other celestial bodies, is 

not subject to national appropriation by claim of sover-

eignty, by means of use or occupation, or by any other 

means’. No territorial claims are permitted in space by 

countries or non-governmental entities. During the 

drafting of the OST, all negotiating states felt that this 

was the best guarantee of the peaceful use of outer 

space, and a similar idea had been used several years 

earlier to resolve territorial disputes in Antarctica.[7]  

 

Article II raises, but does not answer, the issue of 

whether the extraction of space resources amounts to 

national appropriation. The United States has opined 

that space resource extraction from celestial bodies 

does not amount to national appropriation, reinforcing 

this view through section 10 of the 2020 Artemis Ac-

cords, which states that the ‘extraction of space re-

sources does not inherently constitute national appro-

priation under Article II of the Outer Space Treaty’. 

This appears to be a very careful compromise among 

the Artemis Accord states. Other countries are of the 

view that space resource exploitation may contravene 

Article II, particularly where title to the resources is 

granted through domestic law.[8] Given the differences 
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of opinion, this ambiguity in the OST requires urgent 

resolution at the international level. 

 

A related question is whether mining activities amount 

to national appropriation through the reality of opera-

tion. For example, the Artemis Accords recognize that 

national activities on the Moon will require close coor-

dination, including through the creation and honouring 

of safety zones. However, international law does not 

provide clear guidelines at present as to whether re-

quest-based entry to safety zones prevents them from 

being considered national appropriation through use, 

and whether there is a size or time limit on safety 

zones above which they will be considered as a form 

of appropriation. Additionally, there are live questions 

as to how safety zones fit with Article I of the OST to 

freely explore and use space. 

 

International Environmental Law Norms: The 

final question explored in this presentation is whether 

and how international environmental law norms apply 

to space resource extraction activities. Article III of the 

OST provides that ‘States Parties to the Treaty shall 

carry on activities in the exploration and use of outer 

space, including the moon and other celestial bodies, in 

accordance with international law’. When the OST was 

adopted, terrestrial international environmental law 

was relatively undeveloped. However, since then, this 

area of international law has significantly expanded. 

Certain aspects of international environmental law 

have already been applied in space law. For example, 

the ‘no harm’ principle is reflected in the aims of the 

space debris mitigation guidelines.[9] This is the obli-

gation of countries to ensure that activities within their 

control respect the environment of areas beyond na-

tional control, including space. However, there is no 

clear articulation of the scope of international envi-

ronmental law norms that apply to space resource ex-

traction.[10] This presentation will consider the over-

arching international environmental law norms that are 

likely to apply to these activities. 

 

Conclusion: The existing international space law 

framework created by the OST appears to provide 

some guidance for the legal extraction of resources in 

space, thereby creating opportunity for space mining. 

However, there are crucial ambiguities that require 

urgent international resolution in order to ensure cer-

tainty in the planning and operation of these activities. 
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Introduction:  In recent years, there has been a 

dramatic increase in investment in space mining activi-

ties, many of which are led by commercial space ac-

tors. The current international legal framework for 

space resource extraction and utilization is sadly lack-

ing, which leads to commercial uncertainty and in-

creases the risk associated with investment in such en-

deavours. The foundational space law treaty governing 

activities in outer space – Treaty on Principles Govern-

ing the Activities of States in the Exploration and Use 

of Outer Space, including the Moon and Other Celes-

tial Bodies (‘Outer Space Treaty’)[1] – applies to all 

space activities, whether carried out by a government 

space agency or private actor. Yet, the Outer Space 

Treaty contains no explicit mention of space resources 

or space mining. The Agreement Governing the Activi-

ties of States on the Moon and Other Celestial Bodies 

(‘Moon Agreement’)[2] does explicitly address space 

resources but is binding on very few States Parties and 

is not reflective of customary international law. In light 

of this gap in international space law, States have 

forged a path ahead by passing their own domestic 

legislation relating to space resources, and by entering 

into a series of bilateral agreements with other States 

that address space resources, such as the Artemis Ac-

cords. This paper explores the impact that these actions 

by States are having on the future evolution of interna-

tional space law relating to space resources, and calls 

for greater certainty in the law relating to space mining. 

 

International Space Law Framework: Interna-

tional space law is comprised of five treaties. The most 

significant of these is the Outer Space Treaty which 

entered into force in 1967. The other four treaties build 

upon the foundations of the Outer Space Treaty.  

Outer Space Treaty. This treaty was negotiated at 

the height of the Cold War and when only two space 

actors existed: the United States of America, and the 

Union of Soviet Socialist Republics. The Outer Space 

Treaty is silent on space resources – it neither explicit-

ly permits nor prohibits mining activities in space. 

However, several of its Articles are relevant for space 

mining activities. 

Under Article I, outer space, ‘including the Moon 

and other celestial bodies, shall be free for exploration 

and use….and there shall be free access to all areas of 

celestial bodies’. Article II of the Outer Space Treaty, 

which is sometimes simply referred to as the principle 

of non-appropriation, poses the biggest potential chal-

lenge to space  mining activities. Article II provides: 

‘Outer space, including the Moon and other celestial 

bodies, is not subject to national appropriation by 

claim of sovereignty, by means of use or occupation, or 

by any other means’. This is not in any way restricted 

to government space mining activities; the prohibition 

applies equally to commercial space mining activities. 

Through space mining activities, there can be no ap-

propriation of any celestial bodies. However, it is un-

clear whether a distinction can be drawn between ap-

propriation of the celestial body as a whole, and appro-

priation of resources once they have been extracted 

from the celestial body.  

Moon Agreement. For the 18 States Parties to the 

Moon Agreement there is an additional lawyer of inter-

national law to be navigated.  

Article 11 of the Moon Agreement is most signifi-

cant in this context. It restates the principle of non-

appropriation from the Outer Space Treaty, identifies 

the Moon and its natural resources as ‘common herit-

age’, and requires the establishment of an international 

regime ‘to govern the exploitation of the natural re-

sources of the Moon as such exploitation is about to 

become feasible’.  Article 11(7) provides that: ‘The 

main purposes of the international regime to be estab-

lished shall include: 

(a) The orderly and safe development of the natural 

resources of the Moon; 

(b) The rational management of those resources; 

(c) The expansion of opportunities in the use of those 

resources; 

(d) An equitable sharing by all States Parties in the 

benefits derived from those resources, whereby the 

interests and needs of the developing countries, as well 

as the efforts of those countries which have contributed 

either directly or indirectly to the exploration of the 

Moon, shall be given special consideration’.   

While the majority of the States who are party to 

this treaty have limited, or no, space capabilities, for 

others, being bound by the Moon Agreement has the 

potential to dramatically restrict the development of a 

domestic space resource industry. 

 

Domestic Legislation: The United States was the 

first country to introduce domestic legislation relating 

to space mining and the ownership of extracted space 

resources. The 2015 Space Resource Exploration and 
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Utilization Act, which forms Title IV of the Commer-

cial Space Launch Competitiveness Act, gives US citi-

zens engaged in commercial space mining the right to 

‘possess, own, transport, use, and sell the asteroid or 

space resource obtained in accordance with applicable 

law, including the international obligations of the Unit-

ed States’. The US laws essentially grant property 

rights over extracted space resources [3]. The United 

States is not a party to the Moon Agreement, and as 

such is under no international obligation in relation to 

the establishment of an international regime governing 

space resources.  

Luxembourg followed the lead set by the United 

States when it introduced similar legislation in 2017, 

with the United Arab Emirates close behind. 

 

Bilateral Agreements: The Artemis Accords are a 

series of bilateral agreements entered into between 

NASA and other countries as part of the US’ Artemis 

Program. While some of the principles in the Artemis 

Accords merely reflect obligations contained in the 

Outer Space Treaty, others reflect a particular US in-

terpretation of international space law and are far more 

controversial [4]. Among the more controversial prin-

ciples in the Accords are the right to extract and use 

celestial bodies’ resources for commercial purposes 

(section 10) and the right to establish ‘safety zones’ to 

avoid interference with nominal operations (section 

11).  The Artermis Accords pose a unique challenge to 

countries such as Australia, which have signed up to 

the Accords and are also States Parties to the Moon 

Agreement. 

 

Conclusion: Recent developments in domestic leg-

islation and bilateral agreements indicate a trend to-

wards increased freedom to engage in space resource 

extraction and utitlisation for commercial gain. The 

current international space law regime needs to evolve 

in order to keep up with this thriving industry to ensure 

that an appropriate balance can be struck between 

commercial interests, security of the space domain, and 

the preservation of space for all humanity. 
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Introduction:  Prize challenges—one of several 

open innovation tools—are catalysts for innovation. 
Here, teams of “solvers” compete to achieve, or beat, 
technology performance goals set by an organization—
the “seeker” [1]. These non-traditional participants 
often deliver novel solutions to the seeker, and some 
solutions surpass the state-of-the-art [2], [3]. In turn, 
the solvers compete for an attractive (monetary) 
prize—the incentive to participate and do well [4]. In 
short, a challenge can prompt a dedicated effort from a 
broad range of individuals, meet or surpass technical 
performance goals, and have a significant impact with-
in the focal domain. 

Technical organizations—both firms and govern-
ment agencies—want to reap these benefits in their 
domains. As such, they are increasingly using chal-
lenges to help address problems that are core to their 
mission(s) [5], [6]. With this increased popularity, 
scholars are calling for a better understanding of how 
the contest fits into the organization’s innovation ef-
forts [7]. Practitioners starting their own challenges 
echo this concern: they need this information to deploy 
this tool effectively [8]. 

We took a step in that direction by unpacking the 
life cycle of one prize challenge. Between 2015 and 
2019, we studied National Aeronautics and Space Ad-
ministration (NASA)’s 3D Printed Habitat Challenge 
(3DPH), part of NASA’s Centennial Challenges Pro-
gram (CCP)’s portfolio. In this work, we describe how 
the challenge benefited NASA’s planetary additive 
construction efforts in useful ways. From these case 
study data, we inductively construct a framework of 
what challenge benefits occur when. Our work aims to 
help seekers plan and execute future innovation con-
tests, fully taking advantage of this important innova-
tion tool. 

Setting, Data, and Method:  We studied the 
3DPH Challenge, considered one of NASA’s most 
complex—and successful—prize challenges run to 
date. Through a $2 million prize, it aimed to advance 
additive construction1 technology, moving NASA 
closer to producing viable habitats on planetary surfac-
es. We chose to study 3DPH because it encapsulated 

 
1 Additive construction uses additive manufacturing process-
es and knowledge as well as specialized feedstocks to con-
struct large-scale infrastructure: “3D printing” for e.g., roads, 
berms, or single story houses. 

several successes: it addressed important NASA priori-
ties; it connected NASA to large, non-aerospace firms 
interested in the subject matter; it allowed diverse 
SMEs to collaborate on shared interests; it resulted in 
useful solutions; and it infused outcomes into ongoing 
NASA projects. Understanding what made these suc-
cesses possible will allow us to build theory to support 
future challenge activities.  

We conducted a longitudinal field study of this 
challenge. This inductive approach gave us the tools to 
develop a strong understanding of the context and cap-
ture the relevant data [9]. We observed the challenge’s 
events, interviewed CCP staff and subject matter ex-
perts (SME) integral to the challenge, and drew on the 
relevant project documents. With these data in hand, 
we relied on qualitative research techniques to triangu-
late the challenge benefits among the different pieces 
of data and synthesize a framework that can apply out-
side of our research context [10]. 

3DPH’s Fit with NASA’s Existing Efforts:  The 
3DPH was not NASA’s first, or only, additive con-
struction effort. Teams at NASA’s Marshall Space 
Flight Center (MSFC) and NASA’s Kennedy Space 
Center (KSC) had been independently pursuing this 
capability for several years before the prize challenge 
started. These SMEs were crucial in shaping the direc-
tion and planned outcomes of the challenge, and their 
buy-in was important to its success within NASA. 

The two teams differed in printing methods and 
materials. At MSFC, the In-Space Manufacturing 
(ISM) team joined the U.S. Army Corps of Engineers 
(USACE) and other partners to form the Additive Con-
struction with Mobile Emplacement (ACME) project, a 
follow up to previous additive construction activities at 
MSFC. Here, the partners found an overlap between 
printing temporary housing for the U.S. Army and the 
planetary structures required by NASA. Their focus 
was on demonstrating large scale structures. To ac-
complish this, they used a gantry style robot that print-
ed with Portland cement. 

At KSC, the Swamp Works lab led a broad partner-
ship pursuing a variety of approaches that could work 
on a variety of planetary surfaces. One approach fo-
cused on polymer concrete feedstocks: using plastics to 
bind, extrude, and layer regolith into the desired 
shapes. SMEs thought this approach would be benefi-
cial for both Earth and planetary surface applications: 
recycling thermoplastics would support sustainability 
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efforts as well as cut down on the mass needed to es-
tablish a human presence on the Moon or Mars. Their 
printer architecture was a robotic arm. 

The MSFC and KSC teams integrated the most im-
portant areas for additive construction development 
based on the agency’s existing efforts. The challenge 
would address three technical priorities (see Table 1): 
new feedstock materials, autonomous operations, and 
robotic architecture required for large scale structures. 
Success for 3DPH, then, meant achieving technical 
outcomes that contributed to the teams’ additive con-
struction work. It also meant showing that the CCP 
could successfully accelerate early-stage technology 
development in areas relevant to NASA. 

Table 1: Focus areas addressed in the 3DPH Challenge [11] 

Preliminary Results:  We coded the challenge’s 
benefits to NASA’s additive construction SMEs along 
two categories: the network benefits strengthened the 
NASA’s links to relevant domains, and the technology 
benefits helped them make progress on areas of tech-
nical uncertainty. Network benefits included building 
connections to individuals and organizations in non-
traditional domains, raising the visibility of additive 
construction, and forming new partnerships after the 
challenge. Technology benefits included reducing the 
innovation costs through partnering, absorbing new 
solutions, and spurring non-domain development. We 
then coded these according to what challenge stage 
they occurred in: formulate, solve, review, or absorb.  

Conventional prize challenge wisdom would have 
expected these benefits to be realized when the solu-
tions are received and judged. Instead, the benefits of 
the challenge were realized across the 3DPH life cycle. 
In fact, we found that more kinds of benefits occurred 
outside of the solution review stage than within it. It 
indicates that NASA SMEs benefited from all stages of 
the challenge, and casts the importance of the other 
stages of the challenge in a new light.  

We also found that the source of the benefits was 
not always the solvers. During the formulation of the 
3DPH Challenge, all benefits stemmed from non-
solvers: companies and organizations that were inter-

ested in the problem, interacting with the NASA SMEs 
as sponsors and/or experts in related domains. It is 
only in later stages that the benefits stemmed from the 
connections to solvers and their solutions.  

Our results reinforce the challenge as a tool to 
broadly serve the organization’s needs. Here, our work 
recognizes the crucial role of the seeker in the chal-
lenge’s success in providing value for the organization. 
Our contribution to this discussion is a clearer picture 
of what benefits occur when. With this, future seekers 
can gear their organization to more fully take ad-
vantage of the benefits that the innovation contests can 
offer.    
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