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> Space Technology Mission Directorate (STMD) — Game Changing Investments

v Nuclear Systems — Krusty/Kilopower (2012 — present)

v' Regenerative Fuel Cell Project (2018 — present)

v Extreme Environment Solar Power Project (2015 — present)

v Lunar Lander Fuel Cells ACO & Tipping Point [Blue Origin] (2020 — TBD)
v’ Flexible Solar Arrays qual Protocols ACO [Maxar] (2020 — TBD)

v' Adaptable Lunar Lander Solar Array Systems Study (2019 — 2020)

v Solar Arrays With Storage Seedling Study (2017)

v' Advanced Space Power Systems (2012-2015)

v %8%a5r)E|ectric Propulsion Solar Array Systems [MegaFlex, ROSA] (2012-

> Space Technology Science Mission Directorate (SMD) Investments
* NextGen RTGs
* Dynamic RPS

» Human Exploration and Operations Mission Directorate (HEOMD)
Investments

 Advanced Modular Power Systems
 Autonomous Power Control
e Non—-Flow-Thru Fuel Cell Advancement
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2010s 2020s
(1) Alternative l\ \
sgéapn Mars SEP
Funded ceco ¥ W ¢
12 KW AEPS prapcanl

Scale up
and adapt

(3) ARMD
electrified
aircraft

NEP for
robotic science

2030s

Technology
validation

1
I

200 MW NEP and chemical

NASA testbed

ﬂ Funded |

Westinghouse eVinci™
(one of several concepts)

(4) Terrestrial energy
* Microreactors

*» SCO Pele

* ARDP

* TRISO fuel

» Supercritical CO, Brayton

Advanced Reactor

Post-Mars nuclear applications:

» Commercial lunar mining

+ Commercial LEO-GEO transfers
* Ice giant science probes

*» Ocean world melt probes

* Interstellar missions

Demonstration Proaram

(1) Advanced Electric Propulsion System (AEPS) development by Space Technology Mission Directorate (STMD]

for solar electric propulsion (SEP) applications. PPE is power and propulsion el

ement and GCD is Game

Changing Development. (2) STMD Fission Surface Power (FSP) project; KRUSTY is Kilopower Reactor Using
Stirling Technology. (3) Aeronautics Research Mission Directorate (ARMD) Electrified Powertrain Flight

Demonstration (EPFD) project. (4) Department of Energy and Department of Defense terrestrial activities. SCC

Pele refers to Strategic Capabilities Office Project Pele, ARDP is Advanced Reactor Demonstration Program,

and TRISO is tristructural isotropic.
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Chemical propulsion Nuclear propulsion
= Mission times s Mission times
Outbound 234 days ; Outbound 160 days
Stay on 458 . Stay on 550
Depart Earth Return 237 days ) Return 155 days
Depart Earth
Depart Mars

Earth return Depart Mars .
/ * \ Earth return
”
-
~ o -
S— —

= Arrive Mars Arrive Mars =

2014 2014-Shortened transit time

Total mission length Total mission length
o 919 days 878 days ¥

Campbell et al. 2013
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Power (kWe)
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Credit: NASA

_ |
Jupiter Europa Orbiter  Neptune Systems Explorer  Kuiper Belt Object Orbiter Trojan Tour
~600 We (5 to 6 RPS) ~3 kWe (9 Large RPS) ~4 kWe (9 Large RPS) ~800 We (6 RPS)
Exploration:

Comm Relay

Teleoperated Stations

Rovers

Site Survey

Landers Remote Science

Packages

€ Concept for a “bimodal” rocket : chemical propellants to achieve orbit & nuclear-thermal engine for
propulsion

€ NASA's plans to explore Mars by allowing for the reliable delivery of high-mass automated payloads in

advance of manned missions.

o n..




Electrical power level (kW[e])

104_

103_

102_

Nuclear reactors

Power
(Typical applications)

100 MW (large lunar base)
‘- (including mining support)

‘_ 10 MW (small lunar base)
(including exploration support)

* 1 MW (deep space)
(including robotic support)

100 KW (advanced base)

10 KW (subsistence base)

107
100_
Solar or
Solar radioisotopes
10-1 ! | ! '
1 Hr 1 Day 1 Month 1Yr

Duration of use

* 1 KW (communications)
10 Yr

International Atomic Energy Agency (2005b)
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2217 2020 2022 Mid 2020s Mid 20305 N
| | L | | I
KRUSTY Mars Mars KP Mars Crewed
Reactor Test Power System ISRU Mars
(TRLS) Decision (TRL6) Pathfinder Surface

o,

OPTION: NEP Scale-up 5
* Pin-type Reactor Fuel :
« Refractory Alloy Cladding '

* High Capacity Heat :
___ Transport & Conversion
KP/ISRU Close-coupled KP/ISRU Engr Model Ground : OPTION: 1kWe Space Reactor Flight Demo ‘| Reactor

Integration ~ Demo (Non-nuclear) ' » Leverages KRUSTY test | Ops
Study * Electrical/Thermal/Structure Sharing . * e.g. Ocean Worlds Ice Surface Penetrator 1k
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ISECG Mission Scenario

Mars 2020
ExoMars

MARS SURFACE
Owsight 9

VARS ORBIT  EMM Hape O © fmotir @ Mo Moons
‘ ~ Deep Space Gateway Mars Transport Capabilities M
F‘} Buildup over series of flights Checkout at Gateway [
LUNAR ORBIT = (i e (] :
(uncrewed) ,, . (first crew)
+9; 7\ /N / \ et @'o . = D
O — Q 0 0 Al ot TR R Additional Crew &
Chandrayaan-2 = Luna 2@ E - % + % SmallCargoMissions
: E Human Lander|ta %:
: z Staged at Gateway : - YR
: ® - S
LUNAR SURFACE : STJIAXA’s Resource -
Chandrayaan-2 . Polar Sample Retum  Prospector . H R ]
O @ O @ O O . . @  Additional Crew
Chang’E-4 Chang’E-5 - Luna25 SLIM Luna27 Resource  ISRUDemo " : and Cargo Missions
3 Prospecting Mission : ]
: Lunar Polar Missions : : |Planetary Rovers
| . . . - 1" [Mobility & Habitation
NASA SLS | . Commercial ; Russian Crew " Robotic
& Orion | . Transportation | Transportation § Demonstrator f LEGEND )
; 5 Systems * System for Human Lander o
o i [ Sample Return Mission A Human Mission with Cargo
g 2 @ Cargo Missions
International Space Station N J o
China S Stati @®  Robotic Mission
ina Space Station | Commercial launchers not shown )
Future Platforms
S— : 14
T o =
—& = 2/ Sd® i}s‘v




Expanding the range
of surface exploration
and ISRU demonstrations

Testing landing and
ascent capabilities

’
{

75
i !

/ ‘1/1_,
gl 2

Lunar Terrain Vehicle

Foundation Surface Habitat
and Habitable Mobility Platform
delivered to complete

Artemis Base Camp

Gateway augmented
with international habitat
for increased capabilities

Foundation ,ll

Surface Habitat ~“fs
A
=

[

FEt

] Yy

Habitatable
Mobility Platform

Expanded habifation capability
added to Gateway to enable
Mars mission dress rehearsal
at the Moon

Mars mission

dress rehearsal with
longer in-space

and surface durations

SUSTAINABLE LUNAR ORBIT STAGING CAPABILITY AND SURFACE EXPLORATION

MULTIPLE SCIENCE AND CARGO PAYLOADS |

INTERNATIONAL PARTNERSHIP OPPORTUNITIES | TECHNOLOGY AND OPERATIONS DEMONSTRATIONS FOR MARS
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DIVINER
LCROSS /LRO (LAMP)
A T T T I Ll T 1§ 'I T L T [ LJ T T 'i 3 L T
i H Ca #/+*- LAMP Data |
100.0 B Sc == Smoothed LAMP Data -
= C V = ==<~=25 Error of Smoothed LAMP Data =
- -N Mn g
- 0 Fe ]
B Mg Co .
— —% -
— i
g 10.0k .
o : 1 % Relative to
@ N . Compound H,0(9)
g I ) H,0 100 %
L
o 1.0 - H,S 16.75 %
¢ 5 NH; 6.03 %
| : S0, 3.19%
|
01 l“: CH, 3.12%
1 co, 217 %
| | . | 14 CH;OH 1.55 %
100 200 CH, 0.65 %

OH 0.03 %
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(Prospecting)

" Gerald B. Sanders, NASA gerald.b.sanders@nasa.éo
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ISRU Resources & Processing

Power

o x o e -
> X" _||_'I _I_AI-/ I:IH o - Resource & Site | Regolith/Soil Excavation I Systems
> x_H'SI- N ' Characterization ' & Sorting Life Support
> EEO|S : |  zEva
> HE HZ| .

= 1

=V EREER ; | &

N e Regolith/Soil 4

> I Transport I Solar Electric/Thermal
. o=y | ey | s
> O|AISIEEA K 2|
> EXE Regolith o

ego R Beat arati
> 7%_'%: gf‘\—l- Crushing & V‘ : /l Eﬁ I'Cellve Nuclear
7 Processing i
> dl= H,0, CO, from| &
Soil/Regolith i
+ M@vlsdass corommars (LI IRd
> MM MY Atriosphere
> b, A HE
0|&

Lander/Ascent

Storage Lander/Ascent

In Situ Construction

o n..
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MEOI, HNOE ME i

LAND

Rapid, Safe, and Efficient Expanded Access to Diverse
Space Transportation Surface Destinations

Advanced Propulsion

*,
In-space Assembly/Manufacturing
In-space Refueling

Advanced . f
Navigation Commercial Lunar Payload Services ' '

LIVE

Sustainable Living and Working Transformative Missions
Farther from Earth and Discoveries

Advanced Landing
Communication Heavy Payloads

N

Autonomous Operations

Sustainable Power
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Phase 1 I Phase 2A | Phase 28
Boots on the Moon ' Exploration and Mobility I Mars Forward,
Habitation,

1

and ISRU

Mission Sequence

L Gateway Increasing habitation duration capabilities for Mars analogues
; Luna 26@ T e e = = = Lo 2035+

_Additional
elements for

o

.\1-" \“"“ _——

Lunar Surface

ISRU: Demonstrators/Small-scale Pmducﬂon, i Plant

Return to the Moon: SPR delivery ISRU Pilot Plant Enhanced Rovers for

Two crew land = Ivo.crow, Two to Four crew, Two to Four crew, 30 Rover elempnt delivery 14 day eclipse ~ Four crew Four crew, 42 day
Four crew, 30 day Y S i
Four crew, 30 day Four crew, 42 day ‘ surface mission

6.5 day surface S
6.5 day surface durvdt*ion 30 day day surface mission R S o
duration surface mission surface mission surface mission

South Pole Region

Credit : NASA




Location : Polar (near continuous light)

Power Source Suitability and Readiness
Application / Capability Power Level Radioisotope - _ _ 7
Pomier Fission Power Photovoltaics Batteries Primary Fuel Cells Regen Fuel Cells
<500W
Lander, Small Robotic, NET 2020
500W —1kw
Lander, Mid-size Robotic, NET 2022 1-3kw
S| Lander, Large Robotic, NET 2026 3-7KW
E? < 500W NesxtGen RPS
5} Mobile, Small Robotic Rover, NET 2022
500W — 1kW Dynamic RPS
Mobile, Large Robotic Rover, NET 2026 1-3kw Recharge Only ar nig
3-7kw ar nig
ISRU, NET 2027
7 — 20 kw
Lander, Advanced Exploration, NET 2026 2-7kw
Rover (unpressurized), NET 2023 1-3 kW
b
E Rover (small pressurized) 3-5kw Recharge Only ar nig 3 ISRU Reactants Station Recharge
e
o
Rover (pressurized), NET 2026 720 kW Recharge Only ISRU Reactants Station Recharge
Ascent Stage, NET 2024 3-7Tkw
Habitat, NET 2031 4-10 kW

Color key 50A adaptable Funded Development Dev started — more needed
Credit NASA GRC, 2019
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Location : Non-Polar (340 hrs sunlight, 340 hours darkness)

Power Source Suitability and Readiness
Application / Capability Power Level Radioisotope
Bower Fission Power Photovoltaics Batteries Primary Fuel Cells Regen Fuel Cells
“<500W
Lander, Small Robotic, NET 2020
500w — 1kw
Lander, Mid-size Robotic, NET 2022 1-3kw
@ | Lender, Large Robotic, NET 2026 3-7kw
z
g < 500W NextGen RPS
g Mobile, Small Robotic Rover, NET 2022
500W — 1kw Dynamic RPS
Mobile, Large Robotic Rover, NET 2026 1-3kw Recharge Only
3-TKkwW
ISRU, NET 2027
7 —20 kW
Lander, Advanced Exploration, NET 2026 3-7kw
Rover (unpressurized), NET 2023 1-3kw
v
% Rover (small pressurized) 3-5kw Recharge Only ISRU Reactants Station Recharge
o
Rover (pressurized), NET 2026 7-20kW Recharge Only ISRU Reactants Station Recharge
Ascent Stage, NET 2024 3-7kw
Habitat, NET 2021 4-10 kW

Calor key SOA adaptable Funded Development Dev started — more neaded
Credit NASA GRC, 2019
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' Bus
Battery ~ power Loads
SADA 3 Conditioning =
e’ Unit A @
1, Battery - z
! 1
- Power =
.SADAE.'—’ Conditioning
Battery - Unit B
ROSA
Gimbal __
de 52
= =
— 25 0 £
- =
Routing & 0
Xe COPV ; Pressure 2
—] lsciation Regulation Gimbal «
(2) Latch Valves egu mos -E-
L, 82— ~f
< &
XFC 2
~
-]
4

Refueling Port

Modified PPE SEPP system to include Kilo power Nuclear Reactor for a Lunar Base
Bueno et al. 2020




g 2 -2Uli(PMAD) 3

Sources

Charge/Discharge
Regulator

/Power Distribution \

Load
Converters

e

Load Leveling

Flywheel
Energy

Actuators

Bueno et al. 2020




Hypothetical Lunar Base Nuclear Power Systel zam

Power L
: PMAD unar Base Power Loads
Conversion e Life support
Habitat operation
Communications

L2
NHS i | I M.
- <+ e Laboratories
Power e Rover power supply
Conversion PMAD replenishment

e Engineering support

- Power Management and Distribution

‘ WHR ‘ PLR :NuclearHeatSource

Parasitic Load Radiator

- Waste Heat Radiators
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Brayton Power
Conversion System

Aclualors g —p Sensors

| |
| I
| |
| |
| |
| I
| |
| |
| |
| |
| |
1 Actuator Sensed |
| |
| I
1 |
| |
| |
1 |
1 |
| |
| |
| |
1 |

Commands ’ Feedback
Cont? ol Measurements
Unit
Control
Reconfiguration
Component . Diagnostics %
Supervisor & Prognostics
. Component
Earth-Based Information Health & Requested -
Management System, Status Ryousen s el
High-Fidelity Information To/From
Prognastics Calculations, Integrated Po“{er System = Human
olo. . Supervisor ) Supervisor
: / l Lo,
| Mission control —-vl_ _wl_ . | Heat Rejection |
| To/From | | To/From | | System |
| NHS Iy PMAD | WL _----——- =
——————————— - o
| To/From |

| Base Loads |




Low Temp e

'27-°28 "29-'30 "31-'32
LIFT-1 LIFT-2 LIFT-3

-

; g

Collect
Hydrogen

Al A7 SR 4S A
712t =2 ~ 713 67114 10)4/4 10014/4 oM g oM g oM g oMg b, by
Lo 1mtO, I YA -
ol 2/A A HZ | 10kgs~ 100kgs 13~25% 1400 ~ 2200 kg | 2400 ~ 3700 kg - - HolE|X| ¢S - HOIEX| S 41000k
AS K= ,000kg
ot ISICeating: 4ntin ~ ~ B 120,000 (NRHO)| 185,000~ 400,000 ~
0,¥% 2 kg ng: 10skg 1000 kg 4,000 ~ 6,000 kg |8,000 ~ 10000kg| 33400 q 32000kg  |30000~50,000kg| 46 000 (x| 267.000kg 2175000 kg
= 23,000~ 50,000~
% 10'S g ~kgs . ~ B ~ EH o ! !
H, 2 10'S g~kg 125kg 1400~ 1900kg | 7,000 kg GIEtE 5500 ~9100kg |  CiEH AR 33000kg 275,000 kg
NPS:0, & H¥ 100's W 5~6KW 20~32 KW 40 ~ 55 KW N/A N/A N/A
PSR:H,0 M3 100's W ~2 KW ~ 25KW 14~ 23 KW - 150~800 KW
NPS : 370~
2 0, 0,/H, - 6 KW - 48 KWe g - 55~ 100 K, - - 2,000 KWe
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‘NASA STMD Lunar Surface'TechnoIogy Demonstration Strategy

Early lunar surface demonstrations are required to increase technology readiness for 7 of the 9 Moon-to-Mars
Infrastructure Objectives and leverages collaboration with OGAs, industry, academia, and international partners

I
\.’l

W

KPL @ Peregrine 1

»_ Astrobotic Terrain
Relative Navigation (TP)

¢ CP-11
= Cooperative Autoremous
Distributed Robotic Explorers (CADRE)

écs3 .
» LUSEE Night
¢ 19-D
» Electrodynamic Dust Shield (EDS)

« Stereo Camera for Lunar Plume

Surface Studies (SCALPSS) | LB

‘ precision landing
Y. capabilities..
*im2
«» Polar Resources ice r
Mining Experiment (PRIME-1)
= Nokia 4G LTE
Communications (TP)
= Intuitive Machines Deployable
Hopper (TP)

+ Volatiles
] Investigating Polar
s Exploration#gover
. -

0 Demo Missions | i {-
TP = Tipping Point )

L1-2L: Develop a lun¢ r surface
communications

architecture. ...
@ VIPER (SML)) 114t Demonstrate advanced manufacturing and

LI-6- Demonstrate local, regional, and

@ LFT1 @ LFT2
{02 Extraction)” (Pilot Pre-cursor)’
LIFT-1 & 2 Candidate Technologies -

« ISRU * Dust Mitigation
« Power * Autonomy & Robotics

« Excavation * Construction ‘ ’

ISRU Pilot
Plant

Fissian
Surfade
Power Dmo

LI-1t: Develop an incremental lunar power
generation and distribution system. ..

.‘ -‘_'A - &l (> &

y - { -
= LI-7t- Demon: trate industrial scale
ISRU capabili ieSu..

LI-8-: Demon strate technologies
suppoi ting cislunar
orbital surface depols,
constriiction and
manuf icturing maximizing
the us: of in-situ resources,
and st pport systems. ..

2033

L ;;‘f -

autonomous construction capabilities ...

global surface transportation and mobility
capabilities...

=M &S Of2H|O| A 4~
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MOON AND MARS EXPLORATION

Operations on and around the Moon will help prepare for the first human mission to Mars

GATEWAY e Long Durations in Zero Gravity ® TRANSIT HABITAT
AND MARS TRANSIT

o, e Crew Size
ﬁ T T

Mobile Expedition Duration

Mobile Exploration Range

FOUNDATION
SURFACE HABITABLE

MOBILITY Surface Fission Power
HABITAT PLATFORM l

In-Situ Resource Utilization

—

= N

Partial Gravity Operations

-

et

Transportation

IEEE Aerospace Conference Panel'14.06, 9 March 2021
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Q Practice for Mars
Exploration Demo

N

Demo Exploration
Framework on Mars

o Human Presence
on Moon

Current Scope of
M2M Objectives

Human Presence | ' - & L Future
on Mars _— | " Destinations
Partial Scope

Identified goals and objectives are designed fo first achieve the Moon to Mars endeavor. which will strategically position space exploration to extend
beyond these destinations, reaching farther into the soiar sysiem io achieve the biueprint vision.
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Develop I lon _ Lunar Simulart
Lunar Simulant Implantation || Characterzaton

KIGAm l
Bectostatic |l Dust Mitigation/
Lunar Simulant Blectrostati
7@2 Independent
KICT Power
- 1 raaoSemenEton .,
1 i
((..: soil Surface 5___: Fuel Cell i
“asnmecs | Transportation Mobility : P :
: | polarEconcentraiony; - |  Bectrolyss ||
KIGAM Soil Beneficiation Atomic C— | | —
Energy !

Soil Insertion

Soil and Resource

- Propeliant (N ’ ]'\
i Hydrogen, Oxyen tmyvienvn
l H
]
:__ Life Support ' —. ’ K/i\m
Oxygen, Water ymyvienvn
Gas Collection
[}
o

Plant Growing '
— > e e
Standardization i
..... el e R > csan
National Research & Development Resource . 6

274 Separation
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https://medium.datadriveninvestor.con w—to—build-a;m%no y=70¥5E8d
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https://science.howstuffworks.com/imagining-colonized-mars-with-marshall- bram,h_\m
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Image credit : Dane-Spangle

jiant_petri_dish-137590




Campbell, Michael D., J . D. King, H. M. Wise, B. Handley, J. L. Conca, and M. David Campbell, 2013, Nuclear power and associated
environmental issues in the transition of exploration and mining on Earth to the development of off-world natural resources in the 21st
century, in Energy resources for human settlement in the solar system and Earth’s future in space:; (eds) W. A. Ambrose, J. F. Reilly I,
and D. C. Peters, AAPG Memoir 101, p. 163 -213.

Bueno et al. 2020. Bliss voic User Interface(VUI) NASA X-HAB Moon to Mars Academic Innovation Challenge College of Engineering Fall
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