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What is In Situ Resource Utilization (ISRU) and Lunar Interests?



Lunar In Situ Resource Utilization ‘Prospect to Product’ Mining Cycle

ISRU involves any hardware or operation that harnesses and utilizes ‘in-situ’ resources to
create commodities* for robotic and human exploration and space commercialization
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ISRU Functional Breakdown And Flow Diagram
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#* Instruments for Resource U
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= Functional Breakdown and Flow Diagram used to
understand:
— Technology State of the Art and gaps
— Connectivity Internally and with other disciplines
— Influence of technologies on complete system and
other functions

= |[SRU functions have shared interest w/ Autonomous
Excavation, Construction, & Outfitting (AECO)
— Destination Reconnaissance
— Resource Excavation & Delivery
— Construction Feedstock Production
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Lunar Resources for Commercial and Strategic Interests
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Time and Spatial Evolution of Lunar Resources 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

1. Polar Highland Regolith 2. Polar Water/Volatiles 1= g
(Oxygen, Aluminum, Silicon)
Highland Regolith JARRUNE S .
(Apollo 16)

from Planetary and Space
Science, Vol. 74,

®0O =Sl =Al wCa sFe wMg sTi

3. limenite and Pyroclastic Glass
(Iron, Titanium, Solar Wind Volatiles)
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Equat Area Projection
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Lunar ISRU Commodities

= Water (and Volatiles) from Polar Regolith
- Form, concentration, and distribution of Water in shadowed regions/craters is not known
« Technologies & missions in work to locate and characterize resources to reduce risk for mission incorporation
- Provides 100% of chemical propulsion propellant mass (O./H.)
» Polar water is “Game Changing” and enables long-term sustainability
« Strongly influences design and reuse of cargo and human landers and transportation elements
« Strongly influences location for sustained surface operations

= Oxygen/Metal from Regolith

- Lunar regolith is >40% oxygen (O,) by mass
» Polar highland regolith: mostly anorthosite rich in aluminum and silicon; poor in iron
« Equatorial mare regolith: regions of high iron/titanium, KREEP, and pyroclastic glasses

- Technologies and operations are moderate risk from past work and can be performed anywhere on the Moon

- Provides 75 to 80% of chemical propulsion propellant mass (fuel from Earth); O, for EVA, rovers, Habs.

> Experience from regolith excavation, beneficiation, and transfer applicable to mining Mars hydrated soil/minerals for water and in situ
manufacturing and constructions

» Propellants/Fuels and Life Support Consumables

= Manufacturing & Construction Feedstock
— Bulk or refined regolith (size sorted/mineral beneficiation) forms the bulk of the construction feedstock
- Metals and slag from oxygen extraction can be used or modified as feedstock
— Chemical and biological processing to produce binders and further refine construction materials
» Requires close ties to In Space Manufacturing (ISM) and Autonomous, Excavation, Construction and Outfitting (AECO)

— Bulk or refined regolith (size sorted, mineral beneficiation, milled, treated) for plant growth media
- Chemical and biological processing (esp. of carbon/water) of wastes and in situ resources to produce nutrient and food precursors
» Requires close ties to Life Support Systems



How Does ISRU Fit Into Plans for Artemis?



Overview of ISRU Involvement in Artemis

Artemis Architecture Segments Moon to Mars

g Architecture .
I r \ A
HUMAN LUNAR RETURN ‘I: L,/S/‘UOUVOJ,‘?’ g ‘:4,5'14 = » Organized by segments and sub-architectures in the Architecture O bJeCtlves
Initial capabilities, systems, and operations necessary to reestablish human €vo ‘”io‘ 7“:’.\' aﬂun:teczu, e Definition Document (ADD) to group similar features and express the
presence and initial utilization (e.g., science) on and around the Moon. gecomposition process. progression of capabilities over time
SEGMENTS £
Use Cases Characteristics
Demon*rate ISRU FOUNDATIONAL EXPLORATION & Needs
S " Expansion of lunar capabilities, systems, and operations supporting
- AR complex orbital and surface missions to conduct utilization (e.g., : Operations executed to
b i science) and Mars-forward precursor missions. Design Reference produce desired needs
4 - . = Missions / ConOps and/or characteristics. Features, activities, and
I capabilities necessary
SUSTAINED LUNAR EVOLUTION % salisly the gosls: and

objectives

Enabling capabilities, systems, and operations to support regional
and global utilization (e.g., science), economic opportunity, and a SUB-ARCHITECTURES
steady cadence of human presence on and around the Moon. Functions

HUMANS TO MARS Elements / | m: ?:;:::3:’:
Initial F:apabilities, systems, and_ qperati_o_ns necessary to Requirements ' desired use case.
Domonstrate & cience) on Mars and continued exploration. " <L
Resource Assessment and Mapping and Artemis Architecture Definition Document (ADD)
ISRU Involvement will Evolve with Each = Establishes the process, framework, and decomposition of
Artemis Architecture Segment objectives to empower the executing systems’, programs’, and

projects’ success in achieving human exploration of the cosmos.”
» |SRU Added as a ‘Sub-Architecture’ in Rev 1. in 2023

= Currently defining Characteristics & Needs, Use Cases, and
Functions for HLR and FE segments
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Overview of Why ISRU In Human Exploration

*NASA Moon to Mars (M2M) Blueprint Objectives officially released in Sept. 2022 at IAC; Updated 4/2023

Why Go?

Benefit to Citizens

Ties to Space Resource Utilization

Resources and Science

Biological

Human
Research  Astrophysi

Enhanced Mission Capabilities &
Becoming Self Sufficient in Space

Terrestrial & Environmental Benefits

> Renewable Energy/CO, Reduction,
Recycling/Repurposing, Water cleanup,
Environmentally-friendly Mining and
Construction

Space Commercialization: Propellants,
Metals, Construction, Power ...
> Spin-in/Spin-out w/ Terrestnal Industry

Preserve
Humanity

Human
Condition

NATIONAL US/NASA is charting the course in ISRU

POSTURE

Global Influence

Enhanced Radiation Shielding, Large
Internal Volume for constructed Habitats

Cultural Enrichment

C
areers Norms and Policy for Space Mining and

Commerce

International
Relationships

Requires Diverse Technical Disciplines

3 Pillars of Human Exploration of Space &
Ties to ISRU Development and Use

ISRU and Usage

-munwmmd“-ﬂ henar presence
a8 robust ke econoey. :

 Demorsirate Techiciopies APPOBNG Cisiunar OrialSurface Bepots, CONSTIUCLON and
me—anmnm

muwu&-m n iniad human Mars  campaign.

the capaditiny commodtiey
FeSCLITES 50 RGUKE Bhe murss reguited 1o be

0 across all Buepring ebjectives.

Moon to Mars Objectives Tied to 4 Major Items
= Resource Assessment

» |SRU and Usage

= Responsible Use of Space & Space Mining

= Recurring Tenants
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Regulatory: Aiming Toward Establishing Stable Legal and
Regulatory Frameworks

Overarching Legal Framework S
g -€9 Non-Binding Agreement on Conduct for Space Resources
for Space Resources
= Art. I: “Outer space, including the Moon v A
; \
and other celestial bodies, shall be free for é\ o ) SPECE Resources
exploration and use by all States ARTEMIS ACCTORDS % i -
T o ° Bl The ability to extract and utilize resources on the
» Art. |l: “Outer space, including the moon S o ; a2 | SN Moon, Mars, and asteroids will be critical to support
and other celestial bodies, is not subject to = = - 2 safe and sustainable space exploration and
national appropriation e conEEN eegm ecgmy e I OSSR development.
ivar | Inte Kt b [P ..Q‘iq
= Art. IX: State parties “shall conduct all their 3 E e h“: NG - s The Artemis Accords reinforce that space resource
activities in outer space . . . with due regard n - N T o = v extraction and utilization can and will be conducted
to the corresponding interests of all other “E "B “IB N am under the auspices of the Outer Space Treaty, with
States Parties to the Treaty.” ———————————  Unied i szl Explovalion of Coep Szasa — specific emphasis on Articles II, VI, and XI.
UN Activities on Methodology for Nati L for S R
- . ational Laws 10r ace resources
Space Resources Quantitative Lunar P
Resource Assessment
PR UN Workin 2%
gl 57~ CERESOURCES g Group 3 UsS
on Legal Aspects 35 RESERVE
of Space Resource 2 L T
Bm;.gg;g;:{g;{? gg!:;us Activities .g i z Luxembourg: Law on Use of Resources in Space Adopted Luxe m bO u rg
INTERNATIONAL FRAMEWORK ON g T
SPACE RESOURCE ACTIVITIES 8 =
Navember 2014 el - RESOURCE Japan passes space resources law
3 Japan
g
£ e
= Sreculatve| - inlarrad !""““"ﬁ jnit\Lﬂ'mt:]“ DETAILS ANNOUNCED TO FACILITATE SPACE SECTOR UAE

Knowledge and Confidence



How Will ISRU Be Developed and Demonstrated?
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Space Mining/ISRU Must Operate as Part of A Larger Architecture

» Elements and interdependencies must be designed with Space Mining product usage in mind from the start to maximize benefits
— Transition from Earth-supplied to ISRU-supplied

— Guided by overarching Site Master Plan and Concept of Operations

Transportation to/from Site: Power:

* Delivery (P) « Generation, Storage, & Distribution (P)
* Propellants & Depots (S)

Communications & Navigation (P)

» To/From Site
2 * ISRU-derived electrical /thermal (S) * Local

Maintenance & Repair
Logistics Management

« Replacement parts (P)
» Feedstock (S)

Living Quarters & Crew
Support Services

» Water, O,, H,, Gases (S)
 Trash/waste (P)

* Nutrients(S)

P = Provided to ISRU iu :W
S = Supplied by ISRU o :
Italic = Other Disciplines Wtﬁepemnmwm : &
Commodity Storage and Dlstnbutlon
» Water & Cryogenic Fluids (CFM)
* Manufacturing & Construction Feedstock

Construction and Outfitting

» Feedstock for roads and structures (S) ”



Lunar ISRU System and Concept of Operations

Highlighting Collaboration & Coordination Between Disciplines

. o L —_— L —_— L —_— L —_— L —_— L —_— L —_— L —_— L —_— L —_— L —_— L —_— L —_— L

’ 7  Communication & Resource
. . Preparation:
Navigation (PNT) @, size Soring &
) Beneficiation
Customers of ‘

Power Systems
ISRU Products

EINE N .,

I L Resource
Processor I

. Processing site
I Surface

» Thermal
= Cryogenic Fluid Management

\

Site & Master Planning

Two levels of Development, Integration, and Testing
= |SRU Technology/System level development and testing (internal to ISRU domain)

= |SRU Capability level development and testing (coordinate across domains)
ECO = Excavation, Construction & Outfitting
PNT = Position, Navigation & Timing 15



GO 4+ Adwanced Propulsion 4  Flight Vehicle Systems (including Ascent Systems)
/ Space Tranzportation %  Muclear Propulsion %  Cryogenic Fluid Management
LAND 4+ Deceleration Systems <4  Landing Systems & Environments
Space to Surface Operations 4+ Guidance & Nav Systems 4  Entry Maodeling & Instrumentation
- —— - T ————————————————————————————————————————————— \
/\ LIVE 4+ Surface Power 4  Dust Mitigation & Emvircnments & Surface |
@ Surface Infrastructure/ 4+  InSitu Resource LHilization 4+ Surface ility & Tran: ST i inability B 1
o Exploration 4  Surface Structures & Construction <  Surface Habitation Systems Logistics I
-

NASA Space Technology Mission Directorate (STMD) and ISRU N
Reorganizing and Prioritizing :

Tech Base Functional Domains

+ Capahility Fortfolio . CATALYm « NIAC/CIF/ECI * ESIC * FutureTools

Propulsion: Non-nudear
NASA Space Technology Mission Directorate NASA STMD Activity Priorities Based on Stakeholder Ranking
(STMD) Reorganizing around Domains & = 187 Shortfalls (covering over several hundred gaps) were
Capabilities created, ranked, and prioritized based on Customer &

» QOrganization previously organized around TRL Stakeholder inputs

programs
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Overview of ISRU Development Approach and Plans

—> Market
Transparency ILM

Technology
Innovation

Scale-up
Investment

Readiness for % ;
Disruption ®

¥ Define Initial and Long-term Customer Needs for ISRU-derived Products
— Work within NASA and International Partners
— Work with Industry: Utilize Lunar Surface Innovation Consortium

¥ Advance ISRU technologies and systems for lunar missions by utilizing NASA
solicitations, public private partnerships, internal/external investments
— Perform and support extensive development and integration/testing

¥* Reduce Risk and Promote Investment in ISRU Systems and Products
— Coordinate requirements, development, and implementation of infrastructure required
for ISRU operations
— Provide to industry key and enabling NASA capabilities and resources. 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 (j,e, Pilot Plant) and usage
— Production at sufficient scale to eliminate risk of Full-scale system
— Promote use of ISRU-dernived commodity initially in non-mission critical applications to
build market and trust

— Circular * Yy
LY » Promote tracking and usage of all product/waste streams
Economy — Minimize was’?e, prumotg recycling, refurbishment, and reuse
L] 4
ENVISIONED FUTURE TECHNOLOGY
PRIORITIES (EFP) GAP3

Document 1]’!3[ commumcalas an
ervisioned future for a capability
area, the current state of the art,
major gaps, aln-u:l how to close gaps

Technical I'Ill.ll'dlll that nead

o be overcome o enable an Proj

envisioned future tinda fﬁﬁﬁﬁ;" 0
| gap(s) in one or

Plan that mplements EFP,

schedules, and
objectives/metncs

r
defines key decision points, :

more capability areas |

...... L

TECHNOLOGY
- | INVESTMENTS

Development
Roadmap

Plan to Achieve ISRU Envisioned Future

= Enable Industry to Implement ISRU for
Artemis, Sustained Human Presence, and
Space Commercialization

= |SRU must be demonstrated on the Moon
before mission-critical applications are flown

Process Established to Continually Update Plan
= Envisioned Future only modified as needed

» Technology Gaps and Investments Tracked
Continuously and updated once or twice a year

= Development updated to reflect changes in
gap closures and investment success
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Space Resource Challenges

What resources exist at the site of exploration that can be
used?

What are the uncert
Form, amount, distributic

, contaminants, terrain
How to address planetary protection requirements?

F ontamination/sterilization, operating in a special region, creating a

ISRU Operation Challenges

How to operate in extreme environments?

Temperature, pressure/vacuum, dust, radiation, grounding/plasma charging
How to operate in low gravity or micro-gravity environments?
Drill/fexcavation force vs mass, soil/liquid motion, thermal convection/radiation

How to achieve long duration, autonomous operation and
failure recovery?

No crew, non-continuous monitoring, time delay

How to survive and operate after long duration dormancy or

repeated start/stop cycles with lunar sun/shadow cycles?
‘Stall’ water, lubricants, thermal cycles

How to operate responsibly with minimal impact to science
and the environment

ies associated with these resources?

ISRU Technical Challenges

Is it technically and economically feasible to collect, extract,

and process the resource?
Energy, Life, Performance
How to achieve high reliability and minimal maintenance

requirements?
Thermal cycles, mechanisms/pumps, sensors/ calibration, wear

ISRU Integration Challenges

How are other systems designed to incorporate ISRU
products?

How to optimize at the architectural level rather than the
system level?

How to manage the physical interfaces and interactions
between ISRU and other systems (esp. with International
Partners and multiple companies)?

How to ensure critical exploration and infrastructure
capabilities are delivered in the correct sequence and in a
timely manner?

How to grow a commercial ecosystem of supply-demand?

Operational

Integration

—

EEEE
M| =

'

T2

]

Q
(1]

Q0
o

o

ISRU Challenges

What resources exist at the site that can be used?

How to ac hieve high reliabilityminimal maintenace?

How to operate in extreme environments?

How to operate in low/micro gravity?

How to achieve long duration, autonom ous operation?
How to survive and operation after long duration dormancy

How other systems designed to incorporate ISRU products?
How fo optim ze at the arc hitec tural level with ISRU?

How to manage the interfac es/interactions with other systems?
How to deliver in the comect sequence and timely m anner?
How to grow a commercial ecosystem of supply-demand?

P = Primary Location, S = Support Location, V = Validation

How fo operate responsibly w/ minimum impact to sciencefenv.

Earth Orbital S

Needs to be
performed in lunar
environment with
actual lunar
regolith

Needs significant
integrated system
testing under analog
and lunar environment
simulation capabilities

What are the Challenges? - ISRU Development & Implementation

Most challenges and risks to ISRU
development and incorporation can be
eliminated through design and testing under
Earth analog or environmental chamber
testing at the component, subsystem, and
system level

» Adequate simulants are critical for valid

Earth based testing

Critical challenges/risks associated with fully
understanding the extraterrestrial resource
(form, concentrations, contaminants, etc.)
and ISRU system operation under actual
environmental conditions for extended
periods of time can only be performed on the
extraterrestrial surface

Product quality based on actual in situ
resource used should be validated at the
destination

ISRU precursors/demonstrations are

extremely beneficial for validation of Earth-
based testing and analysis



Define, Advertise, and Track

O, from Regolith Gaps o, s mae drecty
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R 1} copensant | b abese

'echnology Gaps and Efforts ~ me#

If O, iz made direcily

Common with Polar Water Mining

o
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1
R

365 Excavation of 562 RE@D'ilh - -
Instruments to Branubas (uaface} transfer 564 Oxygen 1280 Regenerative contaminant remaval 572 Long 577 )
measure zfﬂ::} material hardware for Extraction from systems for ISRU Product/Reagent Gas Duration Regenerative
Geotechnical consumahles long duration Lunar regolith Streams water gas dryers to

_ productian I5RU aperations Electrolysis remaove
regolth e o e = T T o wetane water before
properties in Er——— | 566 Metal | | 571 Methane | liquefaction
a . I
extreme lunar mn:?:ulmrf 563 Sensorsfor || E:ma,:tlcn from 1 | production with |
envirenment system evaluating ] F_Es.ilth_ __t |_5P-i 1
regolith flow

a0 286 Mechanksms during transfar 561 Sensors for

and mobility realtime
Instruments to

; companents far 565 Regolith itoring of

determine local — monitoring
regolith aperations with tolerant valves resource status
mineral/chemic abrasive regolith in for high for I5RU
T ition bunar ) temperatures processing

conditions operations

558 Size sorting of granular regolith 575 Sensors to monitor 1SAU process gases

over long duration dons for
13RU. 728 Solar

- ! - Thermal Power
558 Mineral separation/ for 1ISRU

benefidation methods for long term
ISRU operations

Sulfur and
Halide — TDA.

I 582 Lunar 02 System Integration & Testing

[ I Reduction — Faradsy Tech. g|

I 581 I5RU System modeling

» |SRU System Defined in Functional
Block Diagrams and Technology Gaps
Assigned to Functions

= On-going Activities tracked by ISRU
System functions and areas with
starting and ending TRLs

= Qver 50 projects in 2023 aimed at
ISRU gaps

| a MMOST — Pianeer Astranautics 8|

Calendar Year
Lunar Oxygen and Metal Production
- Mid to High TRL
> Carbothermal Reduction
» Carbotherm Risk Reduction Phase Il SBIR - Sierra Space
» Carbotherm Reduction Tipping Point - Sierra Space
» CaRD - Carbothermal Reduction Demonstration - GCD - JSC
» Carbothermal Reduction Reactor Design Phase Ill SBIR - Sierra Space
» Multi-dish concentrator w/ fiber optic delivery — SBIR - PSI
» Lightweight Low Stow Volume Solar Concentrator - SBIR - L'Garde
» Solar Concentrator System for Lunar ISRU Applications
> Molten Regolith Electrolysis (MRE)
» Gaseous Lunar Oxygen from Regolith Electrolysis - ECI - KSC
» Molten Regolith Electrolysis Tech Maturation - GCD - KSC & LR
» Molten Regolith Electrolysis - SBIR - Lunar Resources
» Protoflight Design of MRE for Lunar ISRU - NSF SBIR - Lunar Resources**
» Processing & Extraction of Metal Slag - SBIR - Lunar Resources
» Silicon and Iron Extraction on the Moon (SIRE) - SBIR Igite - Lunar Resources
» ISRU Based Power on the Moon (MRE) - TP - Blue Origin

> Hydrogen Reduction/Carbothermal Reduction - mare regolith
» MMOST — Moon to Mars O, & Steel Tech - SBIR Sequential - Pioneer Ast

" TILl]

Laser In-Situ
Dirty Water Alksline Electrolyzer - a Analysis o
13} Teledyna 4 || (URA) -JPLA

|4 Lunar Propellant Production Plant (PFEM based) - Skyre @

Lunar lce: Processing (SOE based; passive cooling)
— CEMIOxEon o




Lunar Polar Ice Resource Assessment — Prototype to Flight Hardware

*Not all funded efforts are designated as ISRU

= Acquire Regolith Samples s &g
— ColdARM — JPL — GCD* — S S g 8 ¢ Selected for CLPS
— LUNA: Lunar Under-actuated robotic Arm Maxar - TP g £ § E, 2 (by SMD and STMD)
— Trident Auger — Honeybee Robotics — PRIME-1 & VIPER ae, oSS gz 2 8 3
: ' . I Mineral Ch izati
— Honeybee PVEx Drill - SSEVI RESOURCE project* PEx . KSC ) |, Vineral Charaterization
— IPEx: ISRU Pilot Excavator — KSC — GCD* X L-CIRIS - Compact InfraRed Imaging System
— MEERCAT: Multifunction End Effector for Regolith Construction, Acquisition, & Transfer - KSC Dl Compact Imcing Spoatometor - Shoman
BECA - Gamma Ray Spectrometer w/ Pulsed Neutrons
" Instruments f_or Physmal/Geot_echnlcaI Characterlz_atlon Volatile - Direct Measurement
— Soil Properties Assessment Resistance & Thermal Analysis (SPARTA) — JPL — SMD* X X X MSolo - Mass Spectrometer
.. . X PITMS - lon-trap Mass Spectrometer
- SPARTA Blue Ol’lgln Fl|ght - JPL = FO CRATER - Laser-based Mass Spectrometer
X X X NIRVSS -InfraRed Spec (surface and bound H,O/OH)
= Instruments for Mineral/Elemental Characterization Ny
’ ydrogen Measurement
— SMD & CLPS Selections* X X NSS - Neutron Spectrometer
NMLS - Neutron Measurement at the Lunar Surface
» Instruments for Ice/Volatile Characterization Imager
— Polar Resources Ice Mining Experiment-1 — NASA KSC & Honeybee Robotics — GCD | iomde-DigtalVideo Recorderd Cameras
— Light Water Analysis & Volatile Extraction (Light WAVE) — NASA JSC — GCD - y Egﬁcil Ptrffpirtifs/Acquisition
= = = - SPARTA X RAC - Regolith Adherence Characterization
Science Components & Relevance X Electrodynamic Dust Shield (EDS)
X PlanetVac - Pneumatic Transfer
X SAMPLR - Arm Scoop
ColdARM - Arm Scoop
X X Trident - Auger Drill
PVEX - Coring Drill
MicroRovers/Hoppers
CubeRover (SBIR)
X MoonRanger with NS (LSIPT)
L-PUFFER/CADRE (JPL)
NeuRover (SBIR)
X Mobile Autonomous Prospecting Platform (Commercial)
X Micro-Nova

COLDArm - JPL LUNA - Maxar SPARTA - JPL



International ISRU — Water/Volatile Assessment & Processing

= Water/Volatile Resource Assessment Mining
— ESA Package for Resource Observation and in-Situ Prospecting for Exploration, Commercial exploitation and
Transportation (PROSPECT) instrument — CLPS 2026 mission
— JAXA Lunar Polar Exploration (LUPEX) rover mission
— JAXA water mining pilot to full scale system concept
— Korea/KIGAM Lunar Regolith Extraction Demonstrator (LUVED) mineral and solar wind volatile resource assessment

Polar Water Mining - JAXA Polar Water Mining — LSA & Offworld 51



Lunar Polar Ice/Water Mining — Current Development

1. Excavation/Acquisition and Processing Reactor

Loose
Regolith
Excavation — * Lunar Auger
KSC = Dryer — JSC

3. Subsurface Heating/Ablating and Volatile Release
Capture

' CL"
A ' \
by .

Thermal Lunar Microwave/RF
Mining — Colorado Lunar Mining —
School of Mines TransAstra

2. Subsurface Heating - Contained

Planetary Volatile Thermal Extraction w/
Excavator (PVEX) — PVEXx — Advanced
Honeybee Robotics Cooling Technology

4. Water/Volatile Capture and Cleanup under
development/consideration

Lunar water
collection&
Electrolysis —
CSM & OxEon

IHOP water cleanup
& electrolysis —

ICICLE water Paragon Space
collection — e _aw
Paragon Space )5




Lunar Oxygen (Metal) Extraction from Regolith - Current Development

Mid-TRL
= Carbothermal Reduction

» Carbothermal Reduction Reactor Design — Sierra Nevada Corp (SNC) — 2 SBIR Phase llIs, and COPR Tipping Point
+ CaRD - Carbothermal Reduction Demonstration — JSC — GCD

= Molten Regolith Electrolysis (MRE) for O,/Metals
* |ISRU Based Power on the Moon — Blue Origin — TP
* Molten Regolith Electrolysis Tech Maturation — KSC — GCD and ECI
* Molten Regolith Electrolysis - Lunar Resources — Several NASA SBIR Phase I/l and NSF SBIR Phase Il

= Moon to Mars Oxygen and Steel Technology (CO/H, Reduction) - Pioneer Astronautics - SBIR Sequential — Completed

Carbothermal Molten Regolith Molten Regolith Hydrogen/Carbothermal
Reduction — Electrolysis — Electrolysis — Reduction — Pioneer
Sierra Space Blue Origin Lunar Resources Astronautics
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Lunar Oxygen (Metal) Extraction from Regolith - Current Development sy

Low-TRL

= Carbothermal Reduction
« Lunar Magnesium from Beneficiated Regolith — Pioneer Astronautic — SBIR Phase |

Molten Reduction
« Domed MRE - Ethos Space — Non-NASA External Investment
* Novel Hollow Anode Design for Improved MRE — Northwestern Unv. — NSTGRO
« Silicon and Iron Extraction on the Moon (SIRE) — Lunar Resources — SBIR Phase |
« MAGMA: Molten Aluminum Generation for Manufacturing Additively — CSM - LUSTR

Acid Reduction
« Alkaline Low-Temp Aluminum from Waste Slag — Pioneer Astronautic — SBIR Phase | — Completed

lonic Liquid Reduction and Electrolysis reactors for O2/Metals
* RRILE — Resource Recovery with lonic Liquid for Exploration - MSFC — GCD - Completed
 lonic Liquid-Assisted Electrochemical Extraction of Oxygen - Faraday Technology - SBIR Phase | — Completed
» |L-Assisted Electrochemical Extraction of Metals and Oxygen from Lunar Regolith - Faraday Technology - SBIR Phase | — Completed
 In situ Recovery of High Purity Single Element Metals and Oxygen from Regolith using Task Specific lonic Liquid Facilitated Electrochemical
Solvent Extraction — University of Colorado-Boulder - NSTRF — Completed
* IL Reduction of Lunar Regolith — Diatomic Space — Non-NASA External Investment

Plasma Hydrogen Reduction
* Plasma Hydrogen Process — KSC — CIF — Completed

Vapor Pyrolysis
= Carbothermal/Vapor Pyrolysis with Solar Concentrator — Blueshift - SBIR Phase | — Completed
= High Purity O, Separation from Pyrolysis Gas — A-Terra — SBIR Phase Il
= Multi-stage O, & Regolith Extractor — Blueshift — SBIR Phase |

» Terraxis IR&D (TRL 2-3) — Non-NASA External Investment
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International ISRU — Regolith Processing

= Hydrogen (H,) & Hydrogen Plasma Reduction
— European Space Research Innovation Center (ESRIC) Europe (TRL 2) - Research with
conversion of existing Hydrogen Reduction breadboard

= Carbothermal Reduction (Hydrogen/Methane reduction below regolith melting point)
— Politecnico di Milano - Italian Space Agency (ASI)
— Canadian Space Mining Corp (CSMC) - Canadian space Agency (CSA)

= Molten Regolith Electrolysis (MRE)
— Helios — Israel
« 2 flight demos in work
« Working with terrestrial steel manufacturers on their technology which may be able
to produce steel with no carbon/CO, emissions
(https://www.fastcompany.com/90761860/a-space-tech-company-stumbled-on-a-
new-way-to-cut-emissions-on-earth).

= Molten Salt Electrolysis (MSE)
— European Space Research Innovation Center (ESRIC) Europe
— Thales Alenia-UK selected 9/22 for ESA O, Demonstration mission. In Phase B for
2027 — Europe (TRL 3/4)
(https://www.esa.int/Enabling_Support/Space_engineering_Technology/Team_chosen_t
o_make_first_oxygen_on_the Moon
— Airbus for DLR. Reactor concept for CLPS-class mission

ESRIC

Molten Regolith
Electrolysis -
Helios

Molten Salt
Electrolysis -
ESRIC

Regolith Inlet
7 Volatile removal

Molten Salt
Electrolysis -
IEIES

Molten Salt
Electrolysis -
Airbus
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New Shepard Lunar-G Flights
Flight Opportunities

Pl LGA Technology

=
St

Lockers | Latest Acceptable Date

v Lunar Regolith Cha
v' Oxygen Bubble

Notes

cterization, Excavation & Trans

Sumlin {1004k bot) Lowe- Transport of Dust Libersted from Spacesuit Fsbric 1

Erica M. staying on a= PM for Cloth Bot until eady spring.

Phillips (£ \zcerozatic Dust Lofting 1

v} Phillips

Oken Electrodynamic Con

VEYDr

lohn End of FY 23

Hermes Lunar-G

Erica Mo ntbachleaving for new role SMD PESTO office. Flexdble, but by end of FY 23 would be best Mew PM is Fothergill, Jenns [K5C-
UBGEOD) <jennafothergill@nasza sovr

Edmunson |p, o ocjo Flexiblz

Mantovani TBD/But Flexible

ibratory Lunar Regolith Conveyor

With the vacuum chamber, the mass budget is

Schuler |,cpy Filot Excavator

320|219(218| =7 [316(|315|322

End of FY 23
Lunar Resolith Probe, M echanical and Chemical [SPARTA Blue)

Anything past FY23 will h= impact on schedule and budset. Bob i

nd another 20K to pay for some of histime might be n

that 20K to get the
ant PL funds are burdensed,

50 50K iz likely

2 minimum.

Micmfluidic Processing for Life Detection End of FY 23

Aazron's interns and Andrew Berg will mest with Bob and Bob'sstudents so they cancollaborste as they build up their LGA payloads

Lunar Crew Fire Ssfety Research Observe flame front in lunar

regarding the schedule. This tachno lagy iswhat they werk on full time, so they fesl like they can recover

Maclerio |Root-Like Robots

=d willbe complete by the eriginal March 1=t delivery date. We can easily shelf this preject. The main challenge for us with
hat | will be leaving UCSB in June, however | can return for 2 few wesks whenever the lzunch ends up happening.

Financially it might cost us on the order of 55,000.

»
3
=
0
=
<
=

LG Asteroid Soil Strength Evaluation Tool [ASSET)

Honeybee was able to make POCCETT fit into a single locker, which allowed us to add ASSET

PUFFER-Criented Compact Cleanin

S

KrsZacny:

Willams

\ 4

Honey Bubble Excitation Experiment [H-BEE)

Brought in through TedhFlights

O
H| ﬁ‘hﬂantﬂuani BACKUP Vibratory Lunar Resolith Conveyar Flexible

ACKUP - The team had space parts and built up 2 single locker paylosd that could be substituted if 2 paylosd dropsout

E | Robinson Flow Boiling in M icrogap Coolers [FBMC)
n ™

ACKUP - REFLIGHT

We will check internally and Bernice will respond if this new schedule sho uld work [which | believe should not be 3 problem),



ISRU Path to Full Implementation & Usage* .

*Proposed missions and timeline are contingent on NASA appropriations, technology advancement,
and industry participation, partnerships, and objectives

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

Pilot Plant

Subscale End-to-End system:
= At scale to minimize/eliminate
risk of scale up (~1 year;

ISRU Subscale
—— 1/10t% scale for production)
' i — o .—,~_ o - S0
DX E N e T N ”’ = Demonstrate performance,

wear, and maintenance

= Demonstrate key support
infrastructure

» Understand processes and
operations for subsequent
responsible usage

= Dual Path that includes both Water Mining and Oxygen/Metal from Regolith

= 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
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Questions?




Program Overview Name

Idigctl
Participants

Utilize CATALYSTS to Develop ISRU Technologies in Phases

Cross-Cutting Activities (Inclusive Innovation, NASA I-Corps, Center Call) and Other Tools

STRG ACO T2
Announcement of
Space Technology Collaboration

Technology Transfer

Research Grants Opportunity

Ensures that
innovations developed
for exploration and
discovery are broadly
available to the public,

Accelerate the
development of low
TRL space
technologies to
support future space

Partners with U.S.

companies to help
advance industry
capabilities that

science and maximizing the benefit
. enable both .
exploration needs for Government and to the Nation, and
NASA, OGAs, and the . . enabling spinoffs and
. commercial missions. .
commercial space commercial
sector. opportunities.

Industry
NASA Centers

Industry
NASA Internal

- - — --

1-7

* FO is separate from
ESIP during transition
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