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- *» Planetary preservation is important in responsibly using space

In-Situ Resource Utilization (ISRU)

Using space-based resoufces for deep space exploration

Traditional examples of ISRU

 Extracting volatiles from soil for consumption, hygiene,
propulsion

 Using soil/regolith for construction materials
Benefits of ISRU

* ISRU can reduce mission and architecture mass and costs;
Enables fewer launches to get supplies to our destination —
propellant, consumables, construction materials, etc.

» ISRU can increase safety for crew and enhance mission
capabilities, allowing us to explore farther from Earth with more
independence.

» Learning to use space resources can help us on Earth

resources.
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Lunar Surface Innovation Initiative (LSIl)

Works across industry, academia, and government to develop transformative capabilities for
lunar surface exploration. s :
*\“E“ Excavation and
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R (ISRU) Enables autonomous excavation of in-situ Technologies that can

AN materials for construction of structures provide continuous

The collection, processing & use of in-situ such as landing pads, habitats, etc. power throughout the

materials for production of consumables
such as oxygen or propellant.

Extreme
Environments

Enables operations across
the full range of lunar
surface conditions.

lunar day and night.

Lunar Surface Infrastructure
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Lunar Surface Technology Demonstration Strategy
ISRU, Power, Autonomy, Robotics, Excavation, Construction

‘ CT-1 Space Tech ‘ CT-2 Space Tech
CLPS Demo CLPS Demo
CT Candidate Technologies (in formulation):
* ISRU Subscale Demo « Autonomy & Robotics (e.g.
» Power (e.g. Vertical Solar Mobility, Navigation, etc.)
it Array, Power Beaming, » Excavation
Jémo (on CLPS IDIQ) Fuel Cells) « Construction
+ Dust Mitigation

Experiment (PRIME-1)
* Nokia 4G LTE Communications

: + Intuitive Machines (TP) Deployable/,/—;'é —:'  _' | . Fission
Oxygen Extraction Hopper (TP) — = 2 »f\f Surf
Ground Demo e - ourtace ‘
e - Power Demo _
RS N ISRU Pilot

— ~L R\ o
. ez HIE

% Volatiles Investigating Polar o3
~ Exploration Rover (VIPER)
<. (Science Mission Directorate)

TP Tipping Point 4



Lunar Surface Inhovat-ioannsortium.(LSI'C) :

%Yf' Bi-annual
A A meetings
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~80 0 Organizations working

s it toward one goal
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. Llunar Surface Innovation
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6 Focus groups

1 700 People attended 8

thematic workshops

For more information: www.lsic.jhuapl.edu
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» Monthly ISRU Focus Groups enable regular
communication across NASA and broad
external communities.

» Currently includes ~200 participants
from across industry, academia,
government, and international entities.

* |dentifies key objectives and sub-groups,
which include:
o 02 and Metal
o Water Ice-prospecting and Minining
o Value Networking
o Modular Interoperability

» APL synthesizes data and feedback from
NASA and external stakeholders for
inclusion in annual ISRU Technology
Assessment.

i, LSICISRU Focus Group

In Situ Resource Utitization

The ISRU focus area will advance technologies for the collection, processing, storing, and use
of material found or manufactured on other astronomical objects. This will require TRL
maturation of various applicable technologies. Examples of topics to be explored are
demonstrating systems for collecting and purifying water on the lunar surface, sorting granular
lunar regolith by size, and methods for measuring mineral properties / oxygen content before
and after processing.

APL Staff
Contact all staff

Jerry Sanders ) Karl Hibbitts
NASA ISRU Systems ISRU FOCUS AREA LEAD
Capability Lead

% Michael Nord

' Jodi Berdis
FOCUS GROUP FACILITATOR
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'LIVE: Develop exploration technologres L enable a wbrant space economy with

supporting utilities and commodities -
Scalable ISRU production/utilization capabilities including sustainable commodities* on the lunar & Mars surface

ComMmMODITIES FOR HABITATS & FOOD PRODUCTION

* Water, fertilizers, carbon dioxide,
and other crop growth support

* Crop production habitats and
processing systems

* Consumables for life support , EVAs,
and crew rovers/habitats for growing
human space activities

COMMERCIAL SCALE WATER, OXYGEN, METALS & COMMODITY PRODUCTION

* Lunar resources mapped at
meter scale for commercial
mining
10’s of metric tons of
commodities per year for
initial goal commercial usage

* Scalable to 100’s to 1000’s
metric tons per year

IN SiTU DERIVED FEEDSTOCK FOR CONSTRUCTION, MAANUFACTURING, CoMMODITIES FOR COMMERCIAL REUSABLE IN-SPACE AND SURFACE
& ENERGY TRANSPORTATION AND DEPOTS

!

“Enagpt

Initial goal of simple landing pads and -protect‘iv‘e structures
* 100’s to 1000’s metric tons of regolith based feedstock for construction projects

* 10’s to 100’s metric tons of metals, plastics, and binders * 30 to 60 metric tons per lander mission
* Elements and materials for multi megawatts of energy generation and storage * 100’s to 1000’s metric tons per year of for Cis lunar Space
* Recycle, repurpose, and reuse manufacturing and construction materials & waste * 100’s metric tons per year for human Mars transportation

All activities depicted not currently funded or approved. Depicts “notional future” to guide technology vision. *Commodities are items and consumables that can be eventually sold 8




P Provided to ISRU

ISRU Must Operate as Part of A Larger Archltecture eaic Gther Disciplines

= Architecture elements must be de3|gned with ISRU product usage in mind from the start to maximize benefits

= |nfrastructure capabilities and interdependencies must be established and evolve with ISRU product users and needs
— Transition from Earth-supplied to ISRU-supplied
— Guided by overarching Site Master Plan

Power: Transportation to/from Site: Communications Maintenance
» Generation, Storage, & Distribution (P) » Delivery (P) & Navigation (P) & Repair
» ISRU-derived electrical /thermal (S) * Propellants & Depots (S) « To/From Site
Advanced Power Systems Advanced Propulsion - Local Logistics
Entry Descent and Landing Adv. Communication Management

ISRU

& Navigation - - Replacement
= _ parts (P)
| » Feedstock (S)

In Space/Surface
Manufacturing

Living

Quarters &

5 Crew Support

& Services

» Water, O,, H,,
Gases (S)

* Trash/waste (P)

* Nutrients(S)

In situ Instruments/Sensors
Autonomous Systems
Adv. Thermal Management

Commodity Storage and Distribution:
» Water & Cryogenic Fluids (CFM)
» Manufacturing & Construction Feedstock
Cryogenic Fluid Management and structures (S

Autonomous Systems & Robotics Autonomous Excavation, Construction, & Outfitting
Autonomous Excavation, Construction, & Outfitting Autonomous Systems & Robotics 9



In Situ Resource Utilization (ISRU) Capablllty - ‘Prospect to Product’

ISRU involves any hardware or operation that harnesses and utilizes ‘in-situ’ resources
to create commodities® for robotic and human exploration and space commercialization

Destination Reconnaissance & Resource Assessment
Assessment and mapping of physical, mineral,

. . . Solar Electric/Thermal
chemical, and water/volatile resources, terrain

) ) Life Support
geology, and environment E /

Resource Acquisition, Isolation, & Preparation [ i ' g ‘ Regenerative  Nuclear
‘ ; . &F ' N uel Cell

Atmosphere constituent collection, and I Resource Acquisition
soil/material collection via drilling, excavation,
transfer, and/or manipulation before Processing

Regolith/Soil
Transport

Regolith Crushing
& Sortin

Resource Processing

Chemical, thermal, electrical, and or biological
conversion of acquired resources and intermediate
products into

= Mission Consumables
= Feedstock for Construction & Manufacturing

e e e o o o e o e e o o - -t

A - A - -

Water/Volatile Extraction ! M
A subset of both Resource Acquisition and : T o el WL Sl Lander/Ascent

Processing focused on water and other Storage & Lander/Ascent
volatiles that exist in extraterrestrial soils Distribution
N = Regolith
. g . - - . . - I - carbon, CO,
» ISRU is a capability involving multiple disciplines = Water, wolaies
. . e = © = Fuel (H;, CHy)
and elements to achieve final products ﬁ B -Ocgen
c|vu Englneermg Shleldmg &Construcuon Parts, Repair, & Assembly M == Aty ool PRt

> ISRU does not exist on its own. It must link to In Situ Construction In Space Manufacturing

users/customers of ISRU products 10

*Commodities are items and consumables that can be eventually sold



Time and Spatial Evolutior of Lunar Resd'Urc'eé and
Commodities for Commercial and Strategic Interests

» |[SRU starts with the easiest resources to mine, requiring the minimum infrastructure, and providing immediate local usage

= The initial focus is on the lunar South Pole region (highland regolith and water/volatiles in shadowed regions)
— ISRU will evolve to other locations, more specific minerals, more refined products, and delivery to other destinations

: . Commodities
1. Polar Highland Regolith 2. Polar Water/Volatiles
(Oxygen, Aluminum, Silicon) = Oxygen

Highland Regolith
(Apollo 16)

= Water/Hydrogen

= Bulk & Refined
Regolith

= Raw & Refined
Metals (Al, Fe, Ti)

=  Sijlicon and Ceramics

Ti

from Planetary and Space
Science, Vol. 74,

»0O =S »A uCa wFe sMg aT|

3. limenite and Pyroclastic Glass

(Iron, Titanium, Solar Wind Volatiles) = Construction

Feedstock

Clementine Iron Map of the Moon
Equal Area Projection

= Manufacturing
Feedstock

= Fuels, Plastics,
Indication of where KREEP is Hydrocarbons

(Procellerum KREEP Terrane)
= Food/Nutrient
Feedstock

11



Moon to Mars (M2M) Blueprmt Objectlves and ISRU -

NASA Moon to Mars (M2M) Blueprint Objectives officially released in Sept 2022 at IAC
= A significant number of objectives align with ISRU in three general areas (Resource Assessment, ISRU and

Usage, and Responsible ISRU)
= A significant number of Recuring Tenets are achieved with ISRU development and implementation

» Current Artemis Plan is focused on Human Lunar Return and Foundational Lunar Exploration phases

Resource Assessment ISRU and Usage

u-7+ Demonstrate industrial scale ISRU capabilities in support of continuous human ‘
4 ﬁ lunar presence and a robust lunar economy. A B i o

Characterize accessible resources, gather scientific research data, and analyze potential reserves L8t
to satisfy science and technology objectives and enable use of resources on successive missions.

Demonstrate technologies supporting cislunar orbital/surface depots, construction and
manufacturing maximizing the use of in-situ resources, and support systems needed for
continuous human/robotic presence.

MI-4™ | Develop Mars ISRU capabilities to support an initial human Mars exploration
ﬁ campaign.

op-11'™ Demonstrate the capability to use commeodities produced from planetary surface or in-space
f resources to reduce the mass required to be transported from Earth.

Responsible ISRU These are the Recurring Tenets; themes common across all blueprint objectives.

International Collaboration
Industry Collaboration: partner wit
Crew Return

¢  Crew Time

Establish procedures and systems that will minimize the disturbance to the local environment,
maximize the resources available to future explorers, and allow for reuse/recycling of material
transported from Earth (and from the lunar surface in the case of Mars) to be used during

Maintainability and Reuse: when practics

- - i - " Responsible Use: conduct all o
Responsible Use: conduct all activities for the exploration and use of outer space for R

peaceful purposes consistent with international obligations, and principles for

Interoperability: enable interopera v
responsible behavior in space elements, and

8 Leverage Low Earth Orbin erag frastructure

Superscript text indicates the applicability to Lunar (L), Martian (M) or both (LM). - Commeree and Space Developments foster the expent




Multiple Areas of ISRU under Development in Phases

SBIR/STTR TECHNOLOGY TECHNOLOGY
PROGRAMS MATURATION DEMONSTRATION

Time and Technology Readiness Level (TRL) Advancement

ISRU Oxygen Extraction from Regolith

EFP

(2022) Lunar Water/Volatile Resource Mapping and Mining
ISRU Metal Extraction from Regolith and Refining

EFP
Update <

(2023)

Waste Processing/Plastic Production

Food/Plant/Nutrient Support

= Utilize STMD solicitations and internal work to progress ISRU work areas as TRL progresses
» |nitial Focus was on Oxygen Extraction and Water Mining.
— Now that they have progressed, earlier TRL solicitations moved to next phase of work (Metals and
Construction Feedstock) and evaluate specific gaps or next gen high risk/high payoff concepts !



"ISRU Path to Full Implementat|on & Commermallzatlon e '

*Proposed missions and timeline are contingent on NASA appropnatlons technology advancement

and industry participation, partnerships, and objectives Full-scale implementation

Reconnaissance, Prospecting, Sampling Resource Acquisition & Processing Pilot Consumable Production & Commercial Operations

Flight demos close gaps,
reduce risk, and inform final
design of the ISRU Pilot Plant

ISRU O,

Dk

vemo

Beyond 2032 Not Defined

Surface Power

- : PR Requires transition and ‘Pull’ from
LI ERLTE] et &4 Bower STMD to ESDMD and Industry

» Dual Path that includes both Water Mining and Oxygen/Metal from Regolith
— Regolith Processing and O,/Metal Path supports Surface Construction activities and demonstrations as well

= Ground development of multiple critical technologies in both pathways underway to maximize success and industry involvement

= Resource assessment missions to obtain critical data on mineral and water/volatile resources have started
— Significant uncertainty if existing missions are sufficient to define resources for design and site selection 14




. Scalable ISRU production/utilization capabilities including
Plan to Achieve ISRU OUtCOme sustainable commadities on the lunar & Mars surface N(A\sﬁ

= Enable Industry to Implement ISRU for Artemis, Sustained Human Presence, and Space Commercialization
» Define Initial and Long-term Customer Needs for ISRU-derived Products
— Work inside and outside of NASA to define near-term needs and to lay the foundation for long-term lunar economic
development

» Advance ISRU technologies and systems for lunar missions by utilizing NASA solicitations, public private partnerships,
internal/external investments
— Perform and support extensive ground development, low/micro-g flights, and integration/testing of hardware and systems
— Coordinate requirements, development, and implementation of infrastructure required for ISRU operations (Power,
Product Storage, Comm & Nav., Excavation and Construction, etc.)

» Reduce Risk and Promote Investment in ISRU Systems and Products

— NASA/Government provide to industry key and enabling capabilities and resources to include:
» Perform fundamental research and technology development, both high TRL (near term) and low TRL (distant)
» Information, facilities, and technologies (technology transfer)
» Foster and support or lead system modeling/analysis, integration, and analog and environmental testing of diverse

technologies from multiple companies and partners
— Support data buys for lunar resource understanding and ISRU technologies/operations
— Perform and support lunar resource assessment and technology demonstrations (CLPS, HLS, Int'l Partner, Industry)

* Promote Industry-led ISRU Development thru End-to-End ISRU Production of Commodities (i.e. Pilot Plant)
- Production at sufficient scale to eliminate risk of Full-scale system
- Initially use ISRU-derived commodity in non-mission critical applications (life support, hopper propellant, etc.)

— Utilize lunar flight demonstrations and Pilot Plant operations to break ‘chicken and egg’ cycle
— Conduct prospecting missions to locate predicted water/ice reserves proximal to potential base camps. 15



Moon to -Mars FO'rward ISRU X ; ISRG Technology éynergy

» |dentify, characterize, and quantify environments and S — Polar Water Mining
resources for Science and ISRU
- Quantify concentration and lateral/vertical distribution of
resources/water/volatiles at multiple locations to provide geological
context for science-focused theories of resource placement and
initial mining assessments.

Regolith

Carbothermal ~ Benefaction
Reduction
Reactor

Solar
Concentration &
Beaming

H; Liquefaction
& Storage

— i 1 i Mineral Oxide Excavator
Test technologies and processes to reduce risk of future extraction/ Bercton Syatem
. Electrolysis Power i i
mining systems oo savater [ grotenns 0 ;.ng:l:rf:;m

Reactor

H, / CHs PEM & SOE Water Cleanup

= Demonstrate ISRU concepts, technologies, & hardware Separator Electrolysis & Storage |
System Regolith/Water
Mineral Oxide Removal
Condenser/Heat

Reactor

applicable to Mars
- ISRU for propellant production with modular/scalable hardware

(both Moon and Mars require similar production rates)

* Regolith excavation and delivery
« Water and CO, collection, separation, chemical processing, and

cleanup technologies
 Liquefy, store, transfer, and fill ascent vehicle propellant tanks

- Surface civil engineering and infrastructure emplacement for repeated are At e water 1SRU
landing/ascent at same location ars Almaosphere & Tater

Reduction for

Metals Exchanger (H,O/

Gas Separator)

) CHg
Atmospheric Liquefaction
Acquisition CO/CO, Subsurface & Storage
Separation/ |ce| jquid Water
Recycle Loop Extraction
Compressor

= Use Moon for operational experience and mission Lunar & Mars Production Synergy

validation for Mars Lunar Production Lunar ISRU Mars ISRU Mars Production
. . . Target *R isiti *R isit Target

— Pre-deployment & remote activation and operation of ISRU assets (225 - 1360 kg | day) (720 - 2660 Kg / day)

without crew; especially excavation 10me O, /yr | - owygen production * Oxygen production 23 mt O, only

. . . . or (2.0kg O, / hr) (22-2.7kg O,/ hr) or

- Making and transferring mission consumables (propellants, life 15 mt H,0 / yr | - Water electrolysis « Water electrolysis 28 mt O, & 7 mt CH,

support, power, etc.) (28 kg H,07hr) (3.0 kg H,0 /'hr) per mission (~26 months)
- Landing crew with ‘empty’ tanks with ISRU propellants alread : : _—

9 Pty prop y Will use modularity to ensure applicability of hardware to both Moon and Mars ISRU

made and waiting



Emphasize Industry Involvement
Mining Economics and Mining Phases*

» Define Initial and Long-term Customer Needs and ISRU-derived Products
» Advance ISRU Technologies/Systems (thru solicitations, Public - Private Partnerships, Challenges)

» Focus NASA Work to Reduce Risk and Promote Investment (fundamental research, technology development, facilities, etc.)
— Foster advancement of circular-economy and ‘responsible’ space mining practices

» Promote Industry-led development thru End-to-End Production of Commodities
— Lower barriers of entry and help close the business case

Exploration Phase Value of 4 Full Scal
" Reserve Definition compamt o SRUPilot Plant _ Operations
= Mining and Recovering Technol b
Readg]ess g ogy Mapping and SyStem and Started
Site Selection gperatIOer |
Development Phase: Feasibility study, contractual Complete Heeess /
and legal aspects, and financing \ \
Quality &
Production .
= Build-up Phase: Startup and initial production Business risk
= Plateau Phase: Production rate remains steady
= Decline Phase: Reserves begin to dwindle
Piscovery High
Remediation .
= Shutdown/removal of mining equipment i >
= Mine site reclamation EXPLORATION EVELOPMENT PRODUCTION REMEDIATION  Project
N J \ J Phases
A4 Y
Government support in Positive cash flow due to
Exploration Phase may be key - pI’OdUCtion and Se”ing of prOdUCt
to lunar commercial success Investment risk significantly reduced after

successful Pilot Plant demonstration
*Sommariva, A. et al, “The Economics of Moon Mining’, International Academy of Astronautics, Torino, Italy, June 17-19, 2019

17



University & Public Involvement -
ISRU Excavation, & Construction Related Challenges

Printed 3D Habitat Challenge Lunar PSR Challenge 2020 Moon Mars Ice Challenge

» Design, build habitat elements, — 8 university teams; mobility, power * Yearly, university, started in
and 3D print a subscale habitat beaming, tether, and wireless 2017 for Mars ice: added
* Phase lll completed 2019 AL c&4 charging, instrument, and tower Moon in 2019

el — Winner: MTU superconducting .
Space Robotics Challenge . ™ cable deployment Understand subsurface

« Software for autonomous multi- stratigraphy/hardness
agent ISRU activities: prospecting, Lunar Dust Challenge 2021 » Extract subsurface water

: L * Landing Dust Prevention and Mitigation s
excavating, and delivering . ) o * 10 teams compete in final 2
+ Phase Il completed 9/2021 Spacesuit Dust Tolerance and Mitigation

« External Dust Prevention, Tolerance and Mitigation day event at LaRC
-

CO, Conversion Challenge » Cabin Dust Tolerance and Mitigation

» Convert CO, into sugars Lunar Forge Challenge 2023

* Phase | completed » Producing Metal Products on the Moon
* Phase Il completed 8/2021

Lunabotlcs Robotic Mining

wees Watts on the Moon Challenge Competition
WATTS . . s .
I © Solutions for energy distribution, Lunar Surface Technology Research (LuSTR) l} - Started in 2007 following Lunar

| MENEEEE, MELEr HEEgE « 2020. Advanced techniques for extracting and Excavation Centennial challenge
» Phase | completed 5/2021 . . . : : : :
processing of water from lunar soil, or regolith; » Design/build robotic machines to
Break the Ice Challenge Methods for determining the distribution and excavate simulated lunar soil

« Excavate icy regolith in PSR properties of water-bearing regolith » Teams compete at KSC
+ Phase | completed 8/2021 — 3 teams selected
« Phase Il now open Over the Dusty Moon 2022

« 2021. Construction and Regolith beneficiation « Convey regolith 3 m high x 5 m
— 2 teams selected




ISRU EFP - Next Step Priorites -~~~ fw
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— Pursue oxygen and metal extraction demonstrations; delay water mining demonstration until better knowledge is obtaine

— Provide feedstock technologies and capabilities to support construction demonstrations
— Identify and pursue new options/approaches for utilizing significant mission mass/frequency capabilities with HLS providers

» Initiate Internal and Industry-led System-level integration of ISRU and infrastructure capabilities for Pilot/Full-Scale
— Expand ISRU system engineering, modeling, integration, and testing to enable technology and system selections
— Begin combining power, excavation, ISRU, storage & transfer, comm/nav, autonomy/avionics, maintenance/crew.

» Expand Development of Metal/Aluminum Extraction & other Feedstock for Manufacturing & Construction
— Continue and expand work on combined oxygen and metal extraction technologies;
— Initiate work focused on metal extraction and processes leading to more pure/refined metals

— Consider longer-term interests in mare regolith minerals and resources: limenite, Pyroclastic glasses, KREEP, Solar wind implanted volatiles

— Continue and expand construction feedstock/commodity development with in-space manufacturing and construction
— Evaluate synthetic biology technologies for bio-mining, bio-plastic, and some commodity feedstocks

» |Initiate Mars ISRU Technology and System Risk Reduction Development and Testing for M2M Objective MI-4
— Perform system Integration of existing/near-existing Mars human mission scale hardware and perform testing to reduce the risk for

architecture insertion
— Coordinate evaluation of Mars resources and mission insertion with SMD and ESDMD/SOMD

» Advance Lunar Polar Water/Volatile Prospecting/Mapping and Technology Development
— Coordinate Polar Resource Assessment and Mapping (M2M AS-3) with SMD, ESDMD/SOMD, and industry for mining site selection

— Continue evaluating/developing water mining technologies in parallel with polar resource assessment

» Initiate Closer-Ties and Coordination with Life Support Systems

— Develop needs/objectives, and perform technology assessment/development for nutrients/food/agriculture feedstocks for sustained presence

— Work with life support on oxygen and water cleanup technologies and requirements
— Work with life support on conversion of wastes into usable products; eliminate trash dumping

19
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https://techport.nasa.gov/framework
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‘Space Resource U

tilization ié-'Syn'ekgist'iJc':.wi'th 'I".érrestrial. Needs .

-

e Improve water cleanup
techniques

~

J

e Reduce or eliminate cement and asphalt
o CUELVCICRUEICHEIS
Alternative construction techniques
e Advance food/plant growth * Ve
techniques and nutrient -3-Dp ’I'f\)” ting, no P ortlgnd szen t
production e Remote _operatlon an
\_ automation

f- Increase safety
e Reduce maintenance
and logistics
e [ncrease mining and
processing efficiency
\. Improve environmental ¢

e More efficient power generatio,\
storage and distribution
Increase renewable energy: Use sun
thermal, trash, and alternative fuel
production
eduction of Carbon Dioxide emissions

ompatibility l e R

J

Promote Re
...fo

duction, Reuse, Recycle, Repair, Reclamation
r benefit of Earth, and living in Space.



IN SITU RESOURCE UTILIZATION ¢{ISRU) INTERFACES WITH MULTIPLE & NASA
STRATEGIC OUTCOMES AND REQUIRE SUPPORT FROM OTHER PT/SCLTS -

Scalable ISRU production/utilization capabilities including sustainable commodities on the lunar & Mars surface.

Thrusts Outcomes

Go * Develop nuclear technologies enabling fast in-space transits.
Rapid, Safe * Develop cryogenic storage, transport, and fluid management technologies for surface and in-space
and Efficient applications. _ _ _ e
Space * Develop advanced propulsion technologies that enable future science/exploration missions.
Transportation
Land * Enable Lunar/Mars global access with ~20t payloads to support human missions.
Expanded * Enable science missions entering/transiting planetary atmospheres and landing on planetary bodies.
P * Develop technologies to land payloads within 50 meters accuracy and avoid landing hazards.
Diverse Surface
Destinations
Live * Develop exploration technologies and enable a vibrant space economy with supporting utilities and
S commodities
Living and * Sustainable power sources and other surface utilities to enable continuous lunar and Mars surface
Working DpSESUGRT. - — — - - —
Eanther Froa * Scalable ISRU production/utilization capabilities including sustainable commodities on the lunar & Mars
[ surface.

* Technologies that enable surviving the extreme lunar and Mars environments.

* Autonomous excavation, construction & outfitting capabilities targeting landing

pads/structures/habitable buildings utilizing in situ resources.
* Enable long duration human exploration missions with Advanced Life Support & Human Performance

technologies.
E)CPIOI'E * Develop next generation high performance computing, communications, and navigation.
e * Develop advanced robotics and spacecraft autonomy technologies to enable and augment
N science/exploration missions.
Disc - * Develop technologies supporting emerging space industries including: Satellite Servicing & Assembly, In

Space/Surface Manufacturing, and Small Spacecraft technologies.
Develop vehicle platform technologies supporting new discoveries.
Develop transformative technologies that enable future NASA or commercial missions and discoveries

Cryogenic Fluid Management liquefaction, storage, and
transfer

Advanced Propulsion - Provide propellant to reduce landed
mass; increase ascent vehicle capability; reusability

Entry Descent and Landing - Ascent Vehicle design

Advanced Power Systems Receive power; provide fuel cell
consumables; alternative thermal storage; common technologies

Advanced Thermal Management 10’s KW thermal heat
rejection; shutdown or operation in lunar night and shadowed regions

Autonomous Excavation, Construction, & Outfitting
Receive/remove regolith; provide resource information and
manufacturing/construction commodities; common technologies

Advanced Habitation Systems Provide consumables;
receive waste & trash; common technologies

Autonomous Systems & Robotics Mobile platforms;

Receive control and monitoring of complex ISRU operations ’3



INn-Situ Resource Utilization Instruments and Vehicles

MOXIE - Oxygen from Mars

Atmosphere

Gateway Power and Propulsion Element} Artemis ISRU Demo Plant § Student 3D Printing Habitat ChaIIeAnge

y o BTN
VIPER — origin and - | '
distribution of lunar ISRU Pilot Excavator —
resources Digging up to 10 mT of lunar regolith

—
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