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The 2022 Global
Space Economy
at a Glance

= H‘Y/I:E

TECH

Space Tourism

Satellite Servicing
Lunar activity

In-space manufacturing
Asteroid mining

Global Space
Economy ~ .
~$1.5B Sw%gm%w R, , & i .v ¢ c%%:'%o.,,,

Commercial Human

R
%h
Spaceflight s"m,,g
Satellite TV, Radio,
Broadband, and e -
Mobile Equipment human
ists of d services, and mobile voice/data spacefiight, and launch services revenues counte:
P g g g 3

in year of launch
'* Space Sustainability Activities consist of debris removal, moving satellites, spacecraft life

ion, space , satellite servicing, and in-orbit assembly Numbers may not add up due fo rounding



CURRENT STATE OF AFFAIRS ([ ——

UNIVERSITY OF COLORADO BOULDER

Artemis SDA Svst
ystems Proliferated
LEO
Photo credit: NASA
Commercial International
Gateway )
. Lunar Space Station
Cislunar
Program
Commercial
Stations

Photo credit: Boeing Photo credit: NASA
Hlustration 4



VISION-CISLUNAR SPACE ([ ——
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Photo credit: NASA Photo credit: NASA

Artemis & Commercial Station & Looking Forward
Gateway cis-Lunar
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Flexibility Interoperability Resilience Sustainability
Enabling connectivity Enabling Enabling a resilient Enabling innovative
across orbits (LEO, interconnectivity and space infrastructure, technology for
GEO, MEO) agile networks for the with protections climate risk

future against modern cyber mitigation and
threats environmental

monitoring



CURRENT BARRIERS

Heritage

Development
Practices

Credible Space

Technology
Infusion

How to Buy

Sustainability
Challenges

Lockheed Martin
@]’ Engineering Management Program

UNIVERSITY OF COLORADO BOULDER

Workforce Infrastructure
Challenges
Ground System Cyber Security

Development



HERITAGE

Barrier

* Heritage designs used in

different environments can
result in challenges and
unplanned non-recurring
engineering

e Perhaps, also impair infusion of

new technology.

How to overcome?

Use smartly and move to modular
systems

Lockheed Martin
@]’ Engineering Management Program

UNIVERSITY OF COLORADO BOULDER
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A PROJECT MANAGER'S LESSONS LEARNED
Jerry Madden
Retired Associate Director (400)

None of these are original--It's just that we don't know where they were stolen from!

o os w

There is no such thing as previously-flown hardware, i.e., the people who build the next unit
probably never saw the previous unit; there are probably minor changes; the operational
environment has probably changed; and the people who check the unit out will in most

igner pi
the design, poor understandlng on the designer's part, or pooc underslandmg of component
specifications.
The source of most problems is people but damned if they will admit it. Know the people
working on your project, so you know what the real weak spots are.
Most managers succeed on the strength and skill of their staff,
A manager who is his own systems engineer or financial manager is one who will probably
try to do open heart surgery on himself.
One must pay attention to workaholics~if they get going in the wrong direction, they can do
a lot of damage in a short time — it is pessible to overload them, causing premature
burnout, but hard to determine if the load is too much, since much of it is seif-generated. It
is important to make sure such people take enough time off and that the workioad does not
exceed 1-1/4 to 1-1/2 times what is normal,
NASA programs compete for budget funds--they do not compete with each other, Le., you
never attack any other program or NASA work with the dea you should get their funding.
Sell what you have on its own merit.
Contractors respond well to the customer who pays attention to what they are doing, but
not too well to the customer thal continually second-guesses their activity. The basic rule is:

oo I

Credit: Jerry Madden, NASA
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@0
AN @ Barrier

e Learn from successes
 Failures can slow us all down

« Watch the oversell

How to overcome?

Build credible systems, build off

Left: Air Pollution tester TEMPO Credit:
each other’s successes Maxar; Top Right: Ball technician

works on The Green Propellant
Infusion Mission satellite
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DEPARTMENT OF THE AIR FORCE Build smaller satellites, smoller ground systems and minimi; g engi ing. Use
L4 WASHNOTON 05 existing tochnelogy and designs. Acquire ground and software intensive systems in smaller more
a r r I e r manageable picces that can be delivered faster
N 2 .
onta ‘:_" THE ASSSTANT SECRETANY Get the acquisition strategy correct, including contract type and contract incentives for both
M speed and performance, Have clear, specific, unambiguous statements of work, minimize and avoid
- Mount t h e e -
O u n I n re SS u re O u rc a S e 31 Octobes 202 | government fursished equipment and avoid putting the government in the middle of multiple
MEMORANDUM FOR THE DEPARTMENT OF AIR FORCE SPACE ACQUISITION contracts as the uuzralm Do not be afraid to use fixed price (umu;lax

a n d d e I |Ve r O n a Cce | e rate d o Enable teamwork between contracting officers and program managers, and they preferably should

SURJECT: Space Acyuisition Tesets he collocated

. .
t I m e I I n e S At theeats & ipaca aysems contiaus © evelve, sad M space becames even mare Award contracts with realistic cost and schedule targets to avoid low bids and buy-ins.

manctans b raiassinm aad sivias ma adisetsn ba nse doinns Hennhi delivme: af snans

Ensure companies bave the correet skills to seccessfully execute the contract. Undesstand what

companies are capable of doing or ot doing.

Maintai bility in prog; . Push back on year-to-year budget changes that drive
ope . mms rebaselining and slow down ions. Avoid accepting new after going on contract
* OTA Utilizat 15X , nthe sec :
I I Za l 0 n u Avoid over-classifying. Putting programs in the “special access program”™ category hinders the
New guidance from Space Force acquisition boss: The integration of space capabilities across other domains and can hinder getting ideas from a broader
' d od

pool of industry. Avoid classifying systems 8s "ro foreign” to cnable future sharing with allies,

(2015-2021, McKinsey & Company) e —

Deliver ground before launch. Ensure ground systems are leted and ready for
befare launch of a new capabilaty.

Post-Shuttle NASA: The Dawn of the
Services Era

e Cis-lunar and LEO will be

developed via service-based
contracts

October 18, 2022

Michael J. Gazarik, Ph.D

£ an Ot 0 meeso, Calvelll lisd ot nine “space acquisition tenees” intended

2 o o e
HOW to overcome: » Reinvention of NASA: -~

e b

— The traditional model (from 1960s ' . i : ‘
* Develop paths through our FAR-based to 1990s) The Reinvention of NASA e reinventon of uasA

. . . *by Loizos Heracleous,
organizations & partner - jhzeogg)nsntlonal model (from 1993 o Dolialas TATTler

¢ Develop trust Wlth buyers Co‘leaming — The network model (from 2006 to . an.cli Svtevﬁn Gonzalez
April 23, 2018
along the way present)

Credit: NASA 2018, Air Force, 2022, Space 10
News, 2022




WORKFORCE CHALLENGES

00 _
() Barrier
* Aerospace workforce
shortage

* Need to broaden reach to
attract tomorrow’s talent

How to overcome?

* Double down on Diversity and
Inclusion efforts and strategy

* Form regional hubs

Lockheed Martin
@]’ Engineering Management Program

UNIVERSITY OF COLORADO BOULDER

SW‘GENEWS SRS

Spaz industry CEOs pledge to create more inclusive sremen oy, e
workforce 3 3 o .
g FACT SHEET: Vice President

Harris Announces Commitments to
Inspire, Prepare, and Employ the
Space Workforce

T'he Deloitte diversity and inclusion masurity model
Mandate Transition point Mavement
Lowed 4
| Leval 3
Leved 2 v
Level 1
Companies said they will ‘significantly increase the number of women and
employees from underrepresented groups’ COMPLIANCE PROGRAMMATIC LEADER-LED INTEGRATED

COLORADO SPRINGS - To mxrcatives frum the space indurtry on April 5 sgned n pledge to advanos

versity actuss the workforce

Focus

Center of

strative characteristics

[

Credit: Triangle DEI Blog, 2020, White House, 1

2022, SpaceNews 2022, EY 2022
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P

» Barrier

* Space assets expected to
grow, need infrastructure
to keep pace

e Lack of standard interfaces
& protocols

How to overcome?

e Standards and sharing

e Develop with space and
infrastructure in-mind

* Build off each other’s capabilities

* Work with partners to build
future groundwork

Credit: Aerospace Defense Forum, 2015

12
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m. Barrier

How to execute non-FAR in a
FAR based organization?

e Where to take risks?

* Flight rules serves us well
until now

How to overcome?

* Tailoring doesn’t work
* Embrace new flight rules for
. Left: WSF-M Microwave Imager (MWSI)
d eve I (0] p me nt p ra Ct Ices Integration and Test; Top Right: Ball Aerospace

developed an ESPA-class standard interface e
vehicle for the U.S. Air Force Space Test Program

Credit: NASA 2021 13



TECHNOLOGY INFUSION

@ Barrier

—= * Canbechallengingto
address issues & risks
from mission owners and
gain their buy-in

* Embrace new technology
from partners

How to overcome?

 Demonstrate and infuse
technology development — fly
early and often

* Include mission stakeholders

Lockheed Martin
@]’ Engineering Management Program

UNIVERSITY OF COLORADO BOULDER

Left: Technology Infusion Credit: Via
Satellite archives Top Right: Ball
Aerospace’s Rideshare launching on a
SpaceX Falcon 9 Credit: Kinesis
14
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@ Barrier
* Infrastructure challenges

currently exist

e Standards still needed to
address orbital debris

* What is the paradigm to service
and clean?

How to overcome?

* Technology not the barrier anymore.

1 Left: Orbital debris Credit: Smithsonian
Re g u I d to ry & owners h I p Magazine; Top Right: ESA active debris
° BU||d products W|th re-use and removal Credit: European Space

Agency
infrastructure in-mind

15



GROUND SYSTEM DEVELOPMENT

Barrier
Space assets expected to grow,
ground system architecture
needs to scale and integrate

Ground systems still often
remain a challenge post-launch

How to overcome?

Modern software architectures
and practices

Double-down on workforce &
training

Lockheed Martin
@]’ Engineering Management Program

UNIVERSITY OF COLORADO BOULDER

Left: Ball Aerospace ground systems;
Top Right: Near Field Range

16



CYBER SECURITY

Barrier
e Cyber security is a rising
challenge, will need trust in
the supply chain

How to overcome?

* Double down on knowledge
transfer and standards

 Workforce development &
human resource considerations

Lockheed Martin
QI' Engineering Management Program
UNIVERSITY OF COLORADO BOULDER

POLICY

Here's the Pentagon's New Plan to Woo
and Retain Cyber Workers

The 2023-27 strategy aims to improve identification, recruitment,
development, and retention of civilians in IT and related jobs.

FACT SHEET: Biden-Harris 8 %

Administration Delivers on

Strengthening America’s
Cybersecurity

Credit: Defense News, 2023, White House, 2022



SHUTTLE RETIREMENT

* Decision made in 2004 under
President Bush Vision for Space
Exploration

* Constellation Program era begins

— Ares | and Ares V rockets based on re-use of
shuttle subsystems: main engines, boosters
and external tank

— Altair Lunar Lander
— Orion crewed vehicle

* Atlantis flew last flight in July 2011

 Complete reliance on Russian
partners to reach International
Space Station — no US capability

Lockheed Martin
@]’ Engineering Management Program

UNIVERSITY OF COLORADO BOULDER

NEWS

BUSH'S NASA PLAN CALLS FOR SHUTTLE'S RETIREMENT

{ Journey to Inspire,
Innovarte, and Discover

CONSTELLATION




COMMERCIAL SERVICES BEGIN 8y Engneenng Management Program

UNIVERSITY OF COLORADO BOULDER

* Commercial Orbital Transportation Services
(COTS) starts in January 2006, ends Sept 2013

— Orbital Sciences

\ N85 SpaceX COTS System ? e oA
— SpaceX - after a protest; $396M Descriptilidl FontieiY
. . i d Falcon 9 Lainch Vehitle "
— $800M investment results in two new US oragoncrewGrgospacsgals) L.
crel . . { ; Flexible crew and cargo configufations 4
capabilities: launch and vehicle -, QP recomaielauncnvence andsoceat

Cape Canaveral 0Launch Site

1SS Flight Demo

 Commercial Resupply Services (CRS) in
2008

— Purchase of a service vs managed development of
a vehicle and rocket

— 8 flights from Orbital $1.9B
— 12 flights from SpaceX for $1.6B
— First commercial vehicle to fly to the ISS in
October 2012
* Radical concept from previous historic
achievements at NASA — use of Space Act
Agreements
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SSSSSSSSSSSSS

* Augustine Report Phased Out: Obama's NASA
recommended cancelation Budget Would Cancel
Constellation Moon Program,
largely because of cost Privatize Manned Launches
CO n Ce r n S The president wants to scrap NASA's space shuttle successor, now in development, and relax

the agency's focus on returning to the moon

Dbama Made

e 2011 President Budget
Request released in

February 2010 proposed AUGUSTINE COMMITTEE:
_ CURRENT NASA HUMAN SPACE
cancelation of the program FLIGHT PROGRAM ON

"UNSUSTAINABLE TRAJECTORY"
By Marcia Smith | Posted:
September 8,2009 12:00 am ET |
Last Updated: December 5, 2011

* The stage was set... 612 pm ET
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2011 Budget Request: Stalemate — After years of setbacks,
no funds for Commercial Cargo NASA’s SLS moon rocket
and Crew and Space Technology is ready to fly

By Christian Davenport
The Sept 2011 “SLS” Deal

— Brokered by Senator Nelson and
Senator Kay Bailey Hutchinson

August 27, 2022 at 6:00 a.m. EDT

— Orion and Space Launch System in
parallel with Commercial approach

— Space Technology receives inaugural
funding

TOday —launched Nov 16’ The SLS rocket is the worst thing to happen

2022 to NASA—but maybe also the best?

— About $50B invested "This has been a really tough thing."
ERIC BERGER - 8/23/2022,5:30 AM



https://www.washingtonpost.com/people/christian-davenport/
https://arstechnica.com/author/ericberger/

SPACEX CHANGES EVERYTHING

* SpaceX has revolutionized the launch
industry and access to space

e Falcon 1 story (4 attempts)
* Falcon 9 and Falcon 9 Heavy
e Starship

* Many non-believers in the beginning
(and some still today)

 Demonstrated the viability of re-use

* Reduced cost per kg substantially

° ELON MUSK, AND

Lockheed Martin
@]’ Engineering Management Program

UNIVERSITY OF COLORADO BOULDER

L

Cost .t Space Flighty®

SPACEX,

THE REUSABLE
ROCKETS
ol
THAT LAUNCHED A <



DRIVING FACTORS FORCING CULTURE CHANGE (T85 Engrearng Managerent Prograr
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° Ch a ngl ng Of cu |tU re fro m After space shuttle program, NASA's future still bright
Progress in technology, national security requires
ove rSIght/l n Slght Of d eve | 0o p ment to continued investment in space program
iciti i Waleed Abdalati & Robert Braun - Baltimore Sun
d Cq uisition Of Services (Abdalati is NASA's chief scientist & Braun is NASA's chief
technologist)

With the Shuttle Program Ending, Fears of

° i Decline at NASA .
Space community has changed e S oy York Times CiFca July 2011

 Can the Agency adapt and leverage
| mocemcsceawoneor
Continuous

the space industrial base and
T Improvement  The Reinvention of NASA
commun |ty r OFNASH'S | o Lotos extoou osgiae T, temn G

Innovation

Changs Merageeset

Ecosystem

 Reinvention of NASA:

— The traditional model (from 1960s to 1990s)
— The transitional model (from 1993 — 2006)
— The network model (from 2006 to present)




COMMERCIAL STATION AND LEO

* |International Space
Station set to retire in
2031

* The commercial services
construct continues

e Axiom also developing
commercial station
leveraging the current
1SS

Lockheed Martin
@]’ Engineering Management Program
UNIVERSITY OF COLORADO BOULDER

NASA Selects Companies to Develop
Commercial Destinations in Space
December 2021

NASA has signed agreements with three U.S.
companies to develop designs of space stations
and other commercial destinations in space. The
agreements are part of the agency’s efforts to
enable a robust, American-led commercial
economy in low-Earth orbit.

*Blue Origin of Kent, Washington, for $130 million

*Nanoracks LLC, of Houston for $160 million

*Northrop Grumman Systems Corporation of > Merged
Dulles, Virginia, for $125.6 million
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Apr 16, 2021

° Lunar Lander RELEASE 21-042
As Artemis Moves Forward, NASA Picks

— SpaceX Human Landing Systems SpaceX to Land Next Americans on Moon

(HLS) selected as sole provider to

land crews on moon for $2.9B Nov 4, 2021
] RELEASE 21-146
¢ CO mMmmercia | LU nar NASA Statement on Artemis Lunar Lander
Payload Services Court Decision
Program

— ...beginning in 2022 will perform science
experiments, test technologies and
demonstrate capabilities to help NASA explore
the Moon and prepare for human missions.

— CLPS contracts are indefinite delivery,
indefinite quantity contracts with a cumulative
maximum contract value of $2.6 billion
through 2028
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* Will commercial station
developments mature as
expected?

— Will the business case hold?
e Will the services model
succeed in LEO and cis-lunar?

e When and how often will SLS
fly?

e Will Starship change
everything?




A NASA PERSPECTIVE

Thoughts on culture

How to handle engaging the 10 centers and
18,000 civil servants

« Opportunity!

Executing Missions

Executing Roadmaps

Public Private Partnerships
Shifting to Services

- Commercial Cargo

- Commercial Crew

- Commercial LEO stations
- Commercial Lunar

NASA Partnerships are found in every
state and many other countries

Y AMES RESEARCH CENTER

< ARMSTRONG FLIGHT RESEARCH CENTER
JET PROPULSION LABORATORY

White Sands
Test Facility

Lockheed Martin
@]‘ Engineering Management Program

UNIVERSITY OF COLORADO BOULDER

Goddard Institute
for Space Studies
NSt Facitty GLENN RESEARCH CENTER

GODDARD SPACE FLIGHT CENTER *
Katherine Johnson O
LANGLEY
IV&V Facility L * LANGLEY,
nER) H“e’hd?l(l;la ons| CENTER

MARSHALL SPACE FLIGHT CENTER

Michoud
Assembly Facility|

JOHNSON SPACE CENTER *

* STENNIS SPACE CENTER
$r KENNEDY SPACE
CENTER



NASA MISSION DIRECTORATES
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Aeronautics

$966M

Space Technology
$1182M

Space Launch

System (SLS)

Space Operations
$4390M

Exploration

Ground
Orion 2 Systems
Spacecraft Overview

Exploration Systems
Development

$7618M

Extravehicular
Activity and "
Human Surface

Mobility

Science
S7566M



NASA'’s FY 2025 Budget Request NASA

FY 2023 oo | FY 2025 Request
: Operating EY 22,24
Budget Authority ($M) Plant/ CR FY 2026 FY 2027 FY 2028 FY 2029
Deep Space Exploration Systems 7.447.6 s 7,803.7 7,959.8 8,119.0 8,281.4
Moon to Mars Transportation System 4,716.6 1 4,254.0 4,267.3 3,880.9 3,713.6
Moon To Mars Lunar Systems Development 26305 | 32857 3,389.5 3,868.8 3,712.3
Human Exploration Requirements & Architecture 100.5 N 264.1 303.0 369.3 8555
Space Operations 4,266.7 g 4,497.6 4,587.6 4,679.4 4,773.0
International Space Station 1,286.2 5 : 1,267.8 1,262.8 1,259.4 1,259.4
Space Transportation 1,759.6 ) ¢ 1,876.2 1,840.9 1,895.7 1,804 1
Space and Flight Support 983.4 ,088. 1,051.3 1,048.7 1,059.0 1,080.2
Commercial LEO Development 2243 : 302.3 435.2 465.2 629.3
Exploration Operations 13.2 O 0.0 0.0 0.0 00
Space Technology 1,193.0 ; 1,205.4 1.229.5 1,254 1 12792
Science 7,791.5 : 7,717.0 78713 8,028.7 8,189.3
Earth Science 2175.0 : 2,396.3 2,446 1 24897 25434
Planetary Science 3,216.5 3158 28505 29116 2,976.8 3,042.5
Astrophysics 1,510.0 ,578.1 1,587.0 1,613.6 1,647 1 16734
Heliophysics 805.0 ; 791.9 807.0 820.3 833.4
Biological and Physical Sciences 85.0 8 91.3 93.0 94.8 96.6
Aeronautics 935.0 . 3 985.1 1,004 8 1,024 9 10454
STEM Engagement 143.5 : 146.4 149.3 152.3 155.3
Safety, Security, and Mission Services 3,136.5 4 | 3,105.3 3,167 .4 3,230.7 3,2953
Mission Services & Capabilities 2,067 4 2,058.1 2,099.2 21413 2,184 1 2,227 .6
Engineering, Safety, & Operations 1,069.1 ‘ 986.3 | 1,006.1 1,026.1 1,046.6 1,067.7
Construction and Environmental Compliance & Restoration 4224 4241 3793 386.9 394 6 402.5
Construction of Facilities 346.2 344.7 | 298.3 304.3 3104 316.6
Environmental Compliance and Restoration 76.2 ! 79.4 | 81.0 82.6 84.2 85.9
Inspector General 47.6 476, 50.5| 51.5 52.5 53.6 547

NASA Total 253837 25383.7|_253837) 258913 264091 269373 27,476.1
1/ - FY 2023 reflects amounts in Public Law 117-328, Consolidated Appropriations Act, 2023, adjusted by NASA's September 2023 Operating Plan, plus $8M for IT Modemization Working Capital Fund.
2/ - FY 2024 reflects annualized funding amounts based on funding specified in Public Law 117-328, Consolidated Appropriations Act, 2023.
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- Organized into major areas A e -
e _— e R =
« Planetary
« Astrophysics
« Heliophysics

Biological and Physical Sciences

RASALIND FRANKLIN
3 Earaae

« Missions

OPERATING & FUTURE

. Research Opportunities in Space and [N s SCIENGE FLEET
Earth Sciences 2024 (ROSES-2024) '

Updated October 2023

https://nspires.nasaprs.com/external/solicitations/summar
y.do?solld=%7B600EE5E5-E9D5-FF55-0CAD-
764F6D4ABEEA9%7D&path=&method=init



Decadal Surveys

? x * Each Mission Directorate commissions
. ‘# Worlds, the National Academy of Science’s

e

(NAS) National Research Council to
construct Decadal Surveys

* Provides guidance, not prescription:
e Asynchronous
* Mid-term updates
* Sometimes overtaken by events

* Lots of subcommittees, White Papers,
academic campaigning

* NASA relies heavily on content L3
* Provides “North Star” o
* Provides science-based “top-cover” ' SOLAR AND
* Externalizes strategic planning : SPAGE PHYSICS

* See also

EARTH SCIENGE o * NAS Space Studies Board
. ﬂPPUl}ﬂ"ﬂﬂs FROM SPM_:E * Int’l Committee on Space Research (COSPAR)

r
|
4




SPACE TECHNOLOGY PORTFOLIO

-« Early Stage Innovation

Space Tech Research Grants

Center Innovation Fund

Early Career Initiative

Prizes, Challenges & Crowdsourcing

NASA Innovation Advanced Concepts
Technology Transfer

* “Small Business
Innovation Research

+ Small Business
Technology Transfer

TECHNOLOGY

MATURATION

» Game Changing
Development

* Lunar Surface
Innovation Initiative

A\

TECHNOLOGY
DEMONSTRATION

* Technology Demonstration Missions
+ Small Spacecraft Technology
* Flight Opportunities

HIGH




2024-06-28

Tech Base Functional Domains

GO

Space Transportation

Advanced Propulsion
Nuclear Propulsion

Flight Vehicle Systems (including Ascent Systems)
Cryogenic Fluid Management

WAVN[D

Space to Surface Operations

Deceleration Systems
Guidance & Nav Systems

Landing Systems & Environments
Entry Modeling & Instrumentation

LIVE

Surface Infrastructure/
Exploration

Surface Power %
In Situ Resource Utilization %
Surface Structures & Construction <«

Surface
Sustainability
& Logistics

Dust Mitigation & Environments ~ «
Surface Mobility & Transportation
Surface Habitation Systems

EXPAND

In-Space Infrastructure/
Discovery

Observation Systems
In-Space Sustainability

Communications, Positioning, Navigation, & Timing
In-Space Servicing Assembly & Manufacturing
Small Spacecraft & Distributed Systems

ENABLE

Foundational Capabilities

Avionics & Sensors
Robotics & Autonomy

Advanced Materials, Structures & Manufacturing
Advanced Power & Thermal

< Capability Portfolio

CATALYSTS * NIAC/CIF/ECI

Innovative Mechanisms * STRG

e Tech Transfer

PCC * SBIR/STTR * TP/ACO

* Flight Opportunities * Inclusive Innovation




ARMO

BN N

Project 2
Project 1
Project 21
Project 13
Project 9
Project 18
Project 20
Project 11
Project 4
Project 24
Project 8
Project 23
Project 17
Project 16
Project 10
Project 15
Project 6
Project 5
Project 19
Project 14
Project 22
Project 3 d < d0di
Project 12
Project 7

B EA R BOERE e N

NB---.--B ...




Integrated Top 30 Shortfalls Compared
to Stakeholder Group Rank

Integrated Small Large NASA
hortfall ID A ]
EET] Shortfa Category cademia Industry Industry Other Centers

S~ 0N

1618: Survive and operate through the lunar night
1596: High Power Energy Generation on Moon and Mars Surfaces
1554: High Performance Onboard Computing to Enable Increasingly Complex Operations

1557: Position, Navigation, and Timing (PNT) for In-Orbit and Surface Applications
1545: Robotic Actuation, Subsystem Components, and System Architectures for Long-
Duration and Extreme Environment Operation

1552: Extreme Environment Avionics

1519: Environmental Monitoring for Habitation

709: Nuclear Electric Propulsion for Human Exploration

1304: Robust, High-Progress-Rate, and Long-Distance Autonomous Surface Mobility
1520: Fire Safety for Habitation

1531: Autonomous Guidance and Navigation for Deep Space Missions

1591: Power Management Systems for Long Duration Lunar and Martian Missions

702: Nuclear Thermal Propulsion for Human Exploration
1559: Deep Space Autonomous Navigation

1527: Radiation Countermeasures (Crew and Habitat)

1526: Radiation Monitoring and Modeling (Crew and Habitat)

879: In-space and On-surface, Long-duration Storage of Cryogenic Propellant
1548: Sensing for Autonomous Robotic Operations in Challenging Environmental Conditions
1558: High-Rate Communications Across The Lunar Surface

1626: Advanced Sensor Components: Imaging

792: In-space and On-surface Transfer of Cryogenic Fluids

1569: High-Mass Mars Entry and Descent Systems

1525: Food and Nutrition for Mars and Sustained Lunar

1571: Navigation Sensors for Precision Landing

1573: Terrain Mapping Capabilities for Precision Landing and Hazard Avoidance
1562: Advanced Algorithms and Computing for Precision Landing

1597: Power for Non-Solar-llluminated Small Systems

1568: Entry Modeling and Simulation for EDL Missions

1516: Water and Dormancy Management for Habitation

1524: Crew Medical Care for Mars and Sustained Lunar

Thermal Management Systems
Power

Avionics

Communication and Navigation
Autonomous Systems and
Robotics

Avionics

Advanced Habitation Systems
Propulsion: Nuclear
Autonomous Systems & Robotics
Advanced Habitation Systems
Autonomous Systems & Robotics
Power

Propulsion: Nuclear
Communication and Navigation
Advanced Habitation Systems
Advanced Habitation Systems
Cryogenic Fluid Management
Autonomous Systems & Robotics
Communication and Navigation
Sensors and Instruments
Cryogenic Fluid Management
Entry Descent and Landing
Advanced Habitation Systems
Entry Descent and Landing
Entry Descent and Landing
Entry Descent and Landing
Power

Entry Descent and Landing
Advanced Habitation Systems
Advanced Habitation Systems

Higher Ranking Shortfalls > Lower Ranking Shortfalls

B -« -~

o i [

Stakeholder Group Rank
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ESDMD and SMD provided ranked lists (numbers shown above) in addition to shortfall scores (used for integrated list).
ESDMD and SMD did not score all shortfalls. Unscored shortfalls were also not ranked.
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As the current Administrator of NASA has

NATIONAL
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R observed, “When we look at technology it is the

essence of NASA.”
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Preeminence in the Coming Decades
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Acronautics and Space Engineering Board
Space Studies Board

Division on Engineering and Physical Sciences

J
Technology Survey Papers

CRITICAL TECHNOLOGY APPENDIX METHODS

The following appendixes are hiterature reviews based on the 10 entical techaologies identified n
the 2014 National Resesrch Council report Patinenys to Exploration: Rationales and Approaches for a
075, Program of Human Space Explorarion (hereafter Pathways fo Exploration). The technologies
wdentsfied as “hsgh-prionty capabilities” by the commuttee were described and assessed on the basss of
technical challenges, capability gap, regulstory challenges, and cost and schadule challenges. Mars was
the particular destination of wterest for each of these assessments

The fellowing sections mtend to provide 2 status update on the tachnologes a dacade later. Each
tachnology was evaluated basad on its state m 2014, its advancements in the dacade since, and the cusrent
or near future prospects for development. While Mars remains the long-term destmation of interest
discussion of technologes that support the Artenms program was ofien necessary. The Mooa 10 Mars
program intends to use lunar missions to support future Mars mussions, so technologies that fit within that
framewark were discussed as appropnate.

The commuttes conductad research p: 1y using d and resources produced by NASA
The Space Technology Mission Darectorate mamdains an online database called TechPort, & portfolio of
active and completed fechnology projects. The comamittes used this resource to find assocanted
technologies and then technology readiness levels (TRLs), an wternal NASA scale that appeoximates
how advanced a technology 15 m its development. The NASA Techmcal Reports Server was also a
vahsble resource that offersd a reposstory of scientific and fechnical mformation published by NASA
researchers. Additional information was collacted through press releases from NASA or industry
acadennc journal articles. other government reports, and general Internet searchng

Additronally, each technology has an associated plul that visuahzes mentions and nulestones
from NASA's Presidential Budget Raquests (PBRs) since the 2014 Parkwa)s ro Explorarion repart. A
project was included mn these charts of st related to the technology named in the 2014 report and bad a
dhrect mentson of apphicability (o a future erewed massion to Mars

NASA at a
Crossroads:

saimaining Werkorce. 4 48

TABLE 3-2 2014 National Research Council Report Versus 2024 Budget Breakdowns and Technology
Topics

2014 National Research Council Report

2024 Budget Breakdown and Technology
Topics

Mars Entry Descent and Landing (EDL)

Radiation safety

In-space propulsion and power

Heavy lift launch vehicles

Planetary ascent propulsion

Environmental control and life support systems
Habitats

Extravehicular activity (EVA) suits

Crew health

In situ resource utilization (ISRU) (Mars atmosphere)

Human Landing System
Mars Entry, Descent, and Landing

Crew health (radiation)

In-space Propulsion and Power
Nuclear Propulsion

Orion
Space Launch Systems (SLS)
Exploration Ground Systems

Gateway
On-orbit Servicing
Cryogenics

Environmental control and life support
Habitats

EVA. Suits and Human Surface Mobility
Crew health (in-space)

ISRU (gas and solids)

SOURCE: Based on data from Section 4.2.6.1, “High-Priority Capabilities.” in National R
Pathways to Exploration: Rationales and Approaches for a U.S. Program of Human Space Exploration.
Washington, DC: The National Academies Press. https://doi.org/10.17226/18801.

h Council. 2014,
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