National Aeronautics and Space Administration

Budget Estimates




National Aeronautics and Space Administration

FY 2022 PRESIDENT'S BUDGET REQUEST SUMMARY

Fiscal Year

Op Plan | Enacted | Request

Budget Authority ($ in millions) 2020 2021 2022 2023 2024 2025 2026
NASA Total 22,629.0 23,271.3 24,801.5 | 25,3149 25,869.3 26,441.0 27,027.9
Deep Space Exploration Systems 5,959.8 6,517.4 6,880.4 7,014.1 7,263.7 7,514.9 7,772.8
Exploration Systems Development 4,512.8 4,544.6 4,483.7 4,384.0 4,219.0 3,888.0 3,867.0

Exploration Research & Development 1,447.0‘ 1,972.8‘ 2,396.7’ 2,630.1  3,0447  3,626.9  3,905.8

Space Technology 1,100.0 1,100.0 1,425.0 1,454.5 1,486.4 1,519.2 1,552.9

Space Operations 4,134.7 3,988.2 4,017.4 4,109.3 4,103.3 4,103.3 4,103.3
International Space Station 1,516.1 1,321.6 1,327.6 1,309.7 1,279.4 1,284.5 1,284.5
Space Transportation 1,746.2 1,872.9 1,771.7 1,827.1 1,849.0 1,843.7 1,843.7
Space and Flight Support (SFS) 8574 776.6 817.0 786.4 788.8 789.0 789.0
Commercial LEO Development 15.0 17.0 101.1 186.1 186.1 186.1 186.1

Science 7,143.1 7,300.8 7,931.4 8,095.6 8,272.9 8,455.7 8,643.4
Earth Science 1,971.8 2,000.0 2,250.0 2,343.5 2,398.3 2,573.0 2,702.3
Planetary Science 2,712.6 2,699.8 3,200.0 3,196.3 3,266.5 3,226.9 3,168.7
James Webb Space Telescope 423.0 414.7 1754 172.5 172.0 172.0 172.0
Astrophysics 1,306.2 1,356.2 1,400.2 1,461.8 1,491.5 1,512.3 1,594.1
Heliophysics 724.5 751.0 796.7 803.3 816.6 833.6 858.5
Biological and Physical Sciences 5.0 79.1 109.1 118.1 128.0 137.9 147.8

Aeronautics 783.9 828.7 933.7 954.1

STEM Engagement 120.0 127.0

Safety, Security, and Mission Services 2,913.3 2,936.5 3,049.2 3,112.3 3,180.5 3,250.8 RIRYRN)
Mission Services & Capabilities 1,849.7 1,918.3 2,028.8 2,070.8 2,113.7 2,157.6 2,202.4
Engineering, Safety, & Operations 1,063.6 1,018.2 1,020.4 1,041.5 1,066.8 1,093.2 1,120.6

Construction and Environmental

Compliance and Restoration 432.5 428.5 390.3 398.4 407.1 416.1 425.3
Construction of Facilities 357.8 370.4 315.6 322.2 329.3 336.7 344.2
Environmental Compliance and
Restoration 74.7 58.1 74.7 76.2 77.8 79.4 81.1

41.7
22,629.0

44.2
23,271.3

46.0 47.0 48.0 49.1 50.2
24,801.5 | 25,3149 25,869.3 26,441.0 27,027.9

Inspector General
NASA Total

FY 2020 reflects funding amounts specified in Public Law 116-93, Consolidated Appropriations Act, 2020, as adjusted in NASA's FY
2021 Initial Operating Plan, except Exploration Ground System Development and Exploration CoF. Table does not reflect
emergency supplemental funding provided for NASA and included in the Safety, Security, and Mission Services account, as specified
in Public Law 116-136, the Coronavirus Aid, Relief, and Economic Security Act, totaling $60.0 million.

FY 2021 reflects funding amounts specified in Public Law 116-260, Consolidated Appropriations Act, 2021, as adjusted by NASA's
FY 2021 Initial Operating Plan.
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National Aeronautics and Space Administration

FY 2022 PRESIDENT'S BUDGET REQUEST SUMMARY

Fiscal Year

Enacted | Request
Budget Authority ($ in millions) 2021 2022 2023 2024 2025 2026
NASA Total 22,629.0 23,2713 24,801.5 | 25,3149 25,869.3 26,441.0 27,027.9

6,517.4

6,880.4 7,014.1 7,263.7 7,514.9 7,772.8

Deep Space Exploration Systems 5,959.8

Orion Program 1,406.7 1,403.7 1,406.7 1,340.0 1,239.0 1,084.0 1,084.0
Crew Vehicle Development 1,396.2 1,387.8 1,388.3 1,321.4 1,230.0 1,065.0 1,065.0
Orion Program Integration and
Support 10.5 15.9 18.4 18.6 9.0 19.0 19.0

Space Launch System 2,528.1 2,560.9 2,487.0 2,486.0 2,466.0 2,290.0 2,270.0
Launch Vehicle Development 2,468.0 2,494.3 2,413.6 2,413.3 2,408.9 2,202.9 2,182.9
SLS Program Integration and
Support 60.1 66.6 73.4 72.7 57.1 87.1 87.1

Exploration Ground Systems 578.0 580.0 590.0 558.0 514.0 514.0 513.0
Exploration Ground Systems
Development 558.7 569.2 583.7 552.4 514.0 494.0 493.0
EGS Program Integration and
Support 19.3 10.8 6.3 5.6 -- 20.0 20.0

 Exploration Research & Development | 1447.0 | 1,972.8 | 2,397 | 2,630.1 30447 3,269 39058

Advanced Exploration Systems 208.9 176.2 195.0 195.0 195.0 195.0 195.0

Advanced Cislunar and Surface

Capabilities 38.0 54.5 91.5 217.9 360.2 627.9 1,088.6

Gateway 421.0 698.8 785.0 810.5 765.0 670.0 670.0

Human Landing System 654.1 928.3 1,195.0 1,266.7 1,579.5 1,989.0 1,807.2

Human Research Program 125.0 115.0 130.2 140.0 145.0 145.0 145.0

Space Technology 1,425.0 1,454.5 1,486.4 1,519.2 1,552.9

Early Stage Innovation and

Partnerships 119.8 117.5 145.0 147.9 150.8 153.9 157.0
Agency Technology and
Innovation 9.4 8.4 9.4 9.6 9.8 10.0 10.2
Early Stage Innovation 90.8 89.2 115.6 117.9 120.2 122.7 125.2
Technology Transfer 19.6 19.9 20.0 20.4 20.8 21.2 21.6

Technology Maturation 179.2 227.1 491.2 501.0 511.1 521.3 531.7

Technology Demonstration 575.5 528.4 501.8 512.9 525.9 539.4 553.5
Laser Comm Relay Demo
(LCRD) 28.5 15.1 -- -- -- -- --
Solar Electric Propulsion (SEP) 67.0 26.2 24.2 18.5 15.9 17.8 5.8
Restore & SPIDER (OSAM-1) 227.2 227.0 227.0 227.0 227.0 103.6 25.4

Small Spacecraft, Flight
Opportunities & Other Tech

Demo 252.9 260.1 250.6 267.4 283.0 418.0 5223
SBIR and STTR 225.5 227.0 287.0 292.7 298.6 304.6 310.7
Space Operations 4,134.7 3,988.2 4,017.4 4,109.3 4,103.3 4,103.3 4,103.3
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National Aeronautics and Space Administration

FY 2022 PRESIDENT'S BUDGET REQUEST SUMMARY

Budget Authority ($ in millions)

Science

International Space Station
Program
ISS Systems Operations and
Maintenance
ISS Research

Crew and Cargo Program
Commercial Crew Program

Space Communications and
Navigation

Space Communications

Networks

Space Communications Support
Human Space Flight Operations
Launch Services
Rocket Propulsion Test
Communications Services
Program

Earth Science Research
Earth Science Research and
Analysis
Computing and Management
Earth Systematic Missions
Surface Water and Ocean
Topography Mission (SWOT)
NASA-ISRO Synthetic Aperture
Radar (NISAR)
Landsat 9
Sentinel-6
PACE
Other Missions and Data
Analysis
Earth System Explorers
Earth System Science Pathfinder
Venture Class Missions
Other Missions and Data
Analysis
Earth Science Data Systems
Earth Science Technology
Applied Sciences

Fiscal Year

Op Plan
2020

1,516.1

1,056.0
460.1

1,511.3
234.9

598.7

478.1
120.7
99.9
94.4
46.7

321.2
151.7
858.9

98.2

201.6
37.9
13.4

131.0

376.8

273.6
2225

51.1
243.5
69.6
53.3

Enacted
2021

1,321.6

1,013.8
307.8

1,573.2
299.7

506.0

398.3
107.7
97.8
91.9
47.6

344.4
135.3
780.5

63.9

75.5
86.5
8.0
145.1

401.6

316.1
263.6

52.5
278.6
82.2
62.9

Request
2022

1,327.6

1,048.2
279.4

1,617.2
154.5

522.6

390.5
132.1
101.8
102.7

47.8

537.5

363.8
173.6
836.1

32.8

73.3
2.8
22.8
119.4

585.0

6.6
375.3
326.9

48.4
330.7
91.1
72.7

8,095.6

535.9

359.9
176.0
1,004.8

47.5

58.6
2.9
403
100.3

755.2

234
273.9
225.4

48.4
338.0
93.3
74.2

8,272.9

551.6

365.6
186.0
988.8

10.5

28.9

3.0
63.9
67.0

815.6

34.3
282.1
242.1

39.9
368.4
95.9
71.3

2023 2024 2025 2026
1,309.7 1,279.4 1,284.5 1,284.5
1,043.9 1,013.5 1,013.5 1,013.5
265.8 265.9 271.0 271.0
1,763.6 1,784.1 1,778.7 1,778.7
63.5 64.9 64.9 64.9
489.8 483.8 483.8 483.8
378.6 374.2 374.0 373.8
111.2 109.6 109.9 110.1
104.8 105.3 105.4 105.4
92.7 92.9 92.9 92.9
47.8 48.0 48.0 48.0
51.2 58.9 58.9 58.9

8,455.7

588.0

384.7
203.3
1,068.7

10.6

242

3.0
55.2
20.1

955.5

92.0
238.0
198.1

39.9
371.5
108.1
100.8

600.1

393.2
206.8
1,120.0

6.5

15.7

3.1
25.6
12.0

1,057.2
150.2
225.2
184.7

40.5
392.8
110.2
103.7
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National Aeronautics and Space Administration

FY 2022 PRESIDENT'S BUDGET REQUEST SUMMARY

Fiscal Year

Op Plan | Enacted | Request
Budget Authority ($ in millions) 2020 2021 2022 2023 2024

Planetary Science Research 286.0 304.1 306.9 290.1 300.1

Planetary Science Research and

Analysis 209.8 223.2 2219 203.6 206.3

Other Missions and Data

Analysis 76.2 80.9 85.0 86.5 93.8
Planetary Defense 150.0 151.0 197.2 220.7 226.5

DART 72.4 66.4 11.1 4.0 --

Other Missions and Data

Analysis 77.6 84.6 186.1 216.7 226.5
Lunar Discovery and Exploration 300.0 443.5 497.3 501.3 458.3

VIPER 54.9 99.1 107.2 102.0 30.6
Discovery 508.7 451.3 364.8 227.6 303.8

Lucy 208.6 143.6 77.3 18.0 20.2

Psyche 214.0 169.6 139.7 28.7 29.0

Other Missions and Data

Analysis 86.1 138.1 147.8 180.8 254.6
New Frontiers 136.8 160.0 271.7 446.8 500.4

Dragonfly 41.0 86.0 201.1 370.3 411.4

Other Missions and Data

Analysis 95.8 74.0 70.6 76.5 89.0
Mars Exploration 565.7 334.8 267.8 251.9 249.1

Other Missions and Data

Analysis 565.7 334.8 267.8 251.9 249.1
Mars Sample Return - 246.3 653.2 772.3 800.0
Outer Planets and Ocean Worlds 632.0 462.5 494.8 331.2 265.5

Jupiter Europa 592.6 434.8 472.1 305.0 240.0

Other Missions and Data

Analysis 39.4 27.7 22.7 26.2 25.5
Radioisotope Power 133.5 146.3 146.4 154.6 162.8
Astrophysics Research 231.2 249.3 285.5 328.0 339.0

Astrophysics Research and

Analysis 86.6 91.1 107.4 94.9 95.2

Balloon Project 44.8 44.8 45.8 45.7 46.3

Science Activation 45.6 45.6 55.6 55.6 55.6

Other Missions and Data

Analysis 54.3 67.8 76.7 131.8 141.9
Cosmic Origins 202.7 203.8 115.0 126.3 114.7

Hubble Space Telescope 90.8 93.3 98.3 98.3 98.3

Other Missions and Data

Analysis 111.9 110.5 16.7 28.0 16.4
Physics of the Cosmos 132.8 146.4 156.0 160.0 169.1
Exoplanet Exploration 554.2 552.4 543.3 547.6 525.8

Nancy Roman Space Telescope 510.7 505.2 501.6 501.8 485.1

2025

301.9

203.6

98.4
224.2

224.2
458.3

529.4
24.5
32.0

472.9
494.9
3323

162.6
228.1

228.1
700.0
135.7
110.1

25.6
154.4

344.1

95.2
46.3
55.6

147.0
115.1
98.3

16.8
159.8
489.2
448.5

2026

301.2

203.6

97.7
170.6

170.6
458.3

750.5
41.7
32.0

676.8
372.3
257.2

115.1
229.8

229.8
600.0
115.7

90.1

25.6
170.4

345.3

95.2
46.3
55.6

148.2
126.9
98.3

28.6
167.6
431.5
385.7
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National Aeronautics and Space Administration

FY 2022 PRESIDENT'S BUDGET REQUEST SUMMARY

Fiscal Year

Op Plan | Enacted | Request
Budget Authority ($ in millions) 2020 2021 2022 2023 2024 2025 2026

Other Missions and Data

Analysis 435 472 41.7 45.8 40.7 40.7 45.8
Astrophysics Explorer 185.3 204.4 300.4 300.0 3429 404.1 522.9

SPHEREXx 66.6 68.5 89.9 96.7 75.0 24.0 6.0
Heliophysics Research 251.7 280.8 210.6 213.2 212.0 219.5 221.5

Heliophysics Research and

Analysis 66.6 77.0 52.0 52.6 52.6 54.6 56.6

Sounding Rockets 69.7 73.6 60.1 60.1 60.1 65.1 65.1

Research Range 31.0 32.0 26.4 26.8 26.9 26.9 26.9

Other Missions and Data

Analysis 84.4 98.2 72.0 73.7 72.4 72.9 72.9
Living with a Star 146.0 148.2 115.3 146.1 170.2 235.8 278.9

Other Missions and Data

Analysis 146.0 148.2 115.3 146.1 170.2 235.8 278.9
Solar Terrestrial Probes 126.8 132.2 253.3 252.6 228.8 197.6 120.4

Interstellar Mapping and

Acceleration Probe (IMAP) 52.0 66.2 169.6 151.6 112.2 67.4 15.2

Other Missions and Data

Analysis 74.7 66.0 83.8 101.0 116.6 130.3 105.2
Heliophysics Explorer Program 184.1 170.7 189.2 151.6 157.9 162.9 226.3

Other Missions and Data

Analysis 184.1 170.7 189.2 151.6 157.9 162.9 226.3
Heliophysics Technology 15.9 19.2 28.3 39.8 47.7 17.8 114

783.9 828.7 933.7 954.1 975.2

Aeronautics

Airspace Operations and Safety
Program 96.2 92.0 104.5 106.3 108.1 108.1 108.1
Advanced Air Vehicles Program 188.1 2114 243.7 254.6 270.9 288.5 269.5
Integrated Aviation Systems
Program 261.5 278.7 301.5 305.5 310.7 309.2 349.9
Low Boom Flight Demonstrator 126.5 97.3 74.6 36.8 15.3 - --
Electrified Powertrain Flight
Demonstration 25.0 76.9 91.2 128.6 98.6 25.0 --
Integrated Aviation Systems
Program 110.0 104.5 135.7 140.1 196.8 284.2 349.9
Transformative Aero Concepts
Program 121.1 129.7 148.0 150.3 147.4 152.4 152.4
Aerosciences Evaluation and Test
Capabilities 117.0 116.9 117.0 117.0 117.0 117.0 117.0

120.0 127.0 y 153.3 156.7

2,913.3 2,936.5 3,049.2 3,112.3 3,180.5 3,250.8 3,323.0

STEM Engagement

Safety, Security, and Mission Services
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National Aeronautics and Space Administration

FY 2022 PRESIDENT'S BUDGET REQUEST SUMMARY

Fiscal Year

Op Plan | Enacted | Request
Budget Authority ($ in millions) 2020 2021 2022 2023 2024 2025 2026

Information Technology (IT) 475.0 548.6 612.2 624.9 637.8 651.0 664.6
Mission Enabling Services 697.0 702.5 731.5 746.5 761.9 777.6 793.7
Infrastructure & Technical

Capabilities 677.8 667.2 685.1 699.4 714.0 728.9 744.1
Agency Technical Authority 184.0 182.8 186.8 190.6 194.6 198.6 202.8
Center Engineering, Safety, &

Operations 879.6 835.4 833.7 850.9 872.2 894.6 917.8

Construction and Environmental

Compliance and Restoration 432.5 428.5 390.3 398.4 407.1 416.1

Institutional CoF
Exploration CoF
Space Operations CoF
Science CoF

41.7
22,629.0

44.2
23,271.3

46.0 47.0 48.0 49.1 50.2
24,801.5 | 25,3149 25,869.3 26,441.0 27,027.9

Inspector General
NASA Total

FY 2020 reflects funding amounts specified in Public Law 116-93, Consolidated Appropriations Act, 2020, as adjusted in NASA's FY
2021 Initial Operating Plan, except Exploration Ground System Development and Exploration CoF. Table does not reflect
emergency supplemental funding provided for NASA and included in the Safety, Security, and Mission Services account, as specified
in Public Law 116-136, the Coronavirus Aid, Relief, and Economic Security Act, totaling $60.0 million.

FY 2021 reflects funding amounts specified in Public Law 116-260, Consolidated Appropriations Act, 2021, as adjusted by NASA's
FY 2021 Initial Operating Plan.
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National Aeronautics and Space Administration

MESSAGE FROM THE ADMINISTRATOR

President Biden’s Fiscal Year (FY) 2022 Budget for NASA demonstrates the Administration’s commitment
to the Agency and the role NASA plays in combating climate change, inspiring science and engineering
innovation, strengthening the United States’ standing around the world, and expanding economic
opportunities in the aviation and space fields. The President’s FY 2022 Budget for NASA will help ensure
American leadership in space, while also equipping us to better protect our home planet.

NASA’s budget truly is an investment in America’s future. In fiscal year 2019 alone, Agency activities
contributed to economies local and national, helped small businesses grow, and supported good-paying jobs
nationwide. These economic benefits were driven by the Agency’s many accomplishments that advanced our
knowledge and capabilities, improved life on Earth, and inspired the next generation of engineers and
scientists. And there’s so much more to do.

Addressing climate change is a top priority of the Biden Administration and is reflected in the President’s
funding request for NASA Earth science activities. Given the dangers to humanity posed by climate change,
including the economic and national security impacts of this threat, this budget increases our ability to better
understand our own planet and how it works as an integrated system, from our oceans to our atmosphere.

NASA is uniquely positioned to help address the climate crisis as a global leader in Earth system science,
with our first space-based observations of our planet starting in the 1960s. Since that time, much of what
scientists have learned about our changing climate is built on NASA’s satellite observations and research.
Today, NASA’s Earth science expertise provides the leading-edge observations that help us understand and
adapt to our changing planet. This funding request allows NASA to go further and build the next generation
platform: the Earth System Observatory, an array of space-based satellites, instruments, and missions that will
deliver the highest priority data to create a 3D view of our Earth, from atmosphere to bedrock, helping us
better understand Earth as a system.

The President’s funding request also gives us the resources to advance America’s bipartisan Moon to Mars
space exploration plan, keeping us on the path to landing the first woman and first person of color on the
Moon under the Artemis program. With this goal, America sets an example for the world of the power of
diversity; how, as human beings, there always will be more that unites us than divides us.

With NASA's Space Launch System rocket and Orion spacecraft and U.S. commercial partnerships for a
human landing system and Gateway lunar outpost, the United States will return to the Moon not just to visit
but to live and work sustainably, allowing NASA and our partners to do the research necessary to eventually
land Americans on Mars.

This funding request furthers the development of cutting-edge space technologies, as well as robotic
exploration of the universe, allowing America to remain at the forefront of discovery. NASA also will
continue to be a catalyst for the growth of a healthy and vibrant commercial space industry, expanding
opportunities in low-Earth orbit. We are investing in aviation to make our skies safer and our fuels cleaner,
and to get you to your destination faster than ever before. Taken together, all these efforts feed the economy
and create good paying American jobs.

The President’s request includes new funding for NASA’s STEM engagement, investing in and inspiring the
next generation of scientists, engineers, mathematicians, and explorers and helping equip our Nation with the
workforce of the future.

With continued support for the International Space Station and the Artemis program, the President also
welcomes the international community to join us as we push human exploration deeper into space.
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National Aeronautics and Space Administration

MESSAGE FROM THE ADMINISTRATOR

I am confident that this FY 2022 budget, along with continued bipartisan support for our mission, will
empower NASA and the United States to lead humanity into the next era in exploration — an era in which
government and the private sector partner to take us farther than ever before: to the Moon, to Mars, and
beyond.... and to expand science, economic growth, and prosperity.

Biat Noieon_

Bill Nelson
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FY 2022 Budget Request Executive Summary
NOTES ON THE BUDGET

Despite the COVID-19 pandemic creating difficult circumstances across NASA’s portfolio of missions,
the Agency’s workforce and its partners have proven they will overcome any trial. With the resources
provided last fiscal year, NASA achieved success by: launching three crews of American astronauts from
American soil on American rockets to the International Space Station; successfully completing the
construction of the Orion spacecraft and hot fire test of the Space Launch System for the Artemis I
mission; contracting with commercial industry to build a Human Landing System; successfully landing
the Perseverance Rover on the surface of Mars, and completing the first powered flight on another
planetary body; and continuing work on groundbreaking science research missions expected to expand
humanity’s knowledge of the Earth.

NASA is a unique and powerful source of national inspiration and international leadership, and the
Agency stands ready to bring its expertise and capability to meet the challenges and opportunities facing
our Nation: conducting research utilizing key data from our climate observation missions to understand
and mitigate climate change; supporting innovation and technology development in aviation and space;
expanding key sectors of the economy while creating STEM jobs and inspiring students to pursue STEM
careers; and providing American leadership and global engagement through the Artemis program with a
growing set of international partners. As we expand exploration of the Moon, Mars, and the universe
beyond, we strengthen U.S leadership for a new age of human and robotic exploration and discovery.

The Administration’s strong support and vision for NASA are reflected in the FY 2022 President’s
Budget. NASA’s historic and enduring purpose is captured in four major strategic thrusts outlined in our
Strategic Plan: Discover, Explore, Develop, and Enable. These correspond to our missions of scientific
discovery of our world, of other worlds, and of the cosmos as a whole; missions of exploration in our
solar system with humans and robotic probes that expand the frontiers of human experience; and missions
that develop and advance new technologies in exploration and aeronautics that allow American industry
to increase market share and create new markets, on Earth, and in the near-Earth region ofspace.

Discover

NASA’s Science program epitomizes the Agency’s history of momentous discovery and funds on-going
discovery and exploration of our planet, other planets and planetary bodies, our star system, our galaxy,
and the universe beyond. Through the development of space observatories and probes, NASA will
continue to conduct groundbreaking research that inspires the next generation of scientists, engineers, and
explorers; provide U.S. leadership in space; and expand human knowledge. NASA Science includes over
100 missions, many of which involve collaboration with international partners or other U.S. agencies.

NASA Earth Science missions continue to collect data enhancing our understanding of the Earth’s
changing climate, and NASA makes this detailed climate data available to the global community to
inform policies and actions to address the threat climate change poses to our economic prosperity and our
national security. This budget requests an increase of $250 million from the FY 2021 enacted level for FY
2022, providing $2.25 billion for a robust Earth science portfolio. With this budget, NASA increases our
ability to understand Earth and how it works as an integrated system, from our oceans to our atmosphere
and how it is changing over time. The budget supports a robust Venture Class mission cadence and the
launch of several upcoming missions, including Landsat-9, NASA-ISRO Synthetic Aperture Radar
(NISAR), and Surface Water and Ocean Topography (SWOT). This budget requests funding for the
PACE and CLARREO Pathfinder missions, and provides funding for Earth System Explorer class
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missions. With the Earth Systems Observatory, NASA will design a new set of Earth-focused
missions to provide key information to guide efforts related to climate change, disaster mitigation,
fighting forest fires, and improving real-time agricultural processes.

This budget continues to reinvigorate robotic exploration of the solar system by providing $3.2 billion for
Planetary Science. Following the successful landing of the Perseverance Rover, this budget funds a Mars
Sample Return mission, plans for a future Mars Ice Mapper mission, and supports continued work on
Europa Clipper, which will explore a moon of Jupiter. This budget supports Discovery projects such as
Lucy and Psyche, New Frontiers projects such as Dragonfly, as well as planetary defense measures to
detect objects near Earth. These Planetary missions will continue to inspire the next generation of
explorers while aiding and informing a future sustained human presence in the solar system.

This budget reflects a transition from development to operations for the James Webb Space Telescope,
planned for launch in Fall of 2021. Providing $1.4 billion for Astrophysics, the budget continues such
projects as IXPE, SPHEREx, GUSTO, SunRISE and XRISM, each exploring aspects of the cosmos. The
budget proposed includes funding for the Nancy Grace Roman Space telescope (formerly WFIRST), and
proposes to conclude the SOFIA mission in order to focus resources on missions with higher scientific
return. The next Decadal Survey on Astronomy and Astrophysics, Astro 2020, is currently underway and
is scheduled for release by the National Academies of Science, Engineering and Medicine in 2021.
NASA looks forward to the final recommendations and working to implement them.

The budget provides $796 million for Heliophysics, supporting the IMAP mission, balloon explorers, and
increased funding for Heliophysics Technology. The Heliophysics Space Weather Science and
Applications project continues to coordinate with other agencies to enhance space weather prediction
capabilities. In order to support science in the Artemis program, Heliophysics is developing a space
weather instrument suite for the Gateway.

Explore

The FY 2022 budget request includes nearly $9 billion for Exploration, Space Technology, and the Lunar
Discovery and Exploration (LDEP) program in Science to implement the Artemis program that will land
the first woman and the first person of color on the Moon. The Artemis program will develop a
sustainable lunar exploration program to prepare for the ultimate goal of crewed flights to Mars. NASA
looks forward to these historic moments and advancing equity for all of humanity on the Moon and in
cislunar space. NASA will evolve its core capabilities through continued technical advancements, and
new approaches to industrial partnerships to maintain U.S. leadership in human spaceflight. This effort
spurs the development of systems and assets, ensuring a strategic and sustainable American presence on
the Moon. The technologies, systems, and operational capabilities proved around and on the Moon will
support NASA in an eventual human mission to Mars.

NASA continues to follow a consistent technical strategy for the Artemis program. That strategy includes
mission planning and flight testing of the Space Launch Sysetem (SLS), Orion, Exploration Ground
Systems (EGS), and Human Landing System (HLS) to support preparations for the first lunar landing;
development of the Gateway to provide a platform in lunar orbit to sustain surface operations;
implementing a regular cadence of crewed missions to the lunar surface; and developing the surface
systems with commercial and international partners necessary to conduct science and demonstrate
technologies and operations in preparation for crewed missions to Mars. As part of the Artemis effort,
NASA will also leverage interagency partnerships, expanding relationships with other U.S. Government
agencies to take advantage of their expertise, create mutually beneficial synergies, and ensure ongoing
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coordination in the pursuit and achievement of the Nation’s space goals. NASA will maintain and grow
mutually beneficial international partnerships to lead a global community dedicated to expanding peaceful
exploration and use of the Moon and then ultimately to Mars.

The Exploration Systems Development programs are creating transportation systems for human
exploration beyond low Earth orbit. Orion (with a Service Module developed in partnership with the
European Space Agency) will take humans to cislunar space atop the SLS, the heavy-lift rocket that is
supported by EGS for integration and launch. With these NASA systems, we will send astronauts to the
Moon, building our capabilities and gaining needed experience for future missions.

This budget supports development of both the Gateway lunar outpost and the HLS. Gateway will be an
outpost in orbit around the Moon and a platform for sustainable human space exploration, science, and
technology development. U.S. leadership on the Gateway program has inspired Canada, Europe, and
Japan to expand their partnerships with NASA to extend human presence from low-Earth orbit to the
Moon. NASA’s HLS contract award, with a goal of a human demonstration mission to the lunar surface
by 2024, is under protest as of this publication. Through this award, NASA intends to work with a
commercial partner to develop an integrated landing system that will transport crew to and from the lunar
surface. Subsequent to that first lunar landing in 50 years, the Artemis program will support a regular
cadence of crewed missions — using the HLS, SLS, Orion, and Gateway systems — to the lunar surface,
and the capabilities developed will enable a sustainable long-term presence on the lunar surface in
preparation for human missions to Mars.

To enable the Artemis program, Advanced Exploration System funding focuses on reducing operational
risk, validating operational concepts, leveraging partner capabilities, and lowering lifecycle costs to help
enable lunar and deep space missions. AES is employing a stepping-stone approach by testing on the
ground, in low-Earth orbit (LEO), and in cislunar space, with the goal of validating the entire habitation
capability for long-duration exploration missions. NASA will conduct lunar missions to test systems and
concepts, paving the way for long-duration human space exploration. Opening the space frontier requires
expansion of technical and scientific knowledge to tackle complex problems and create new solutions for
meeting demands never before encountered by humans.

NASA’s Lunar Discovery and Exploration Program is working with several American companies to
deliver science and technology to the lunar surface through the Commercial Lunar Payload Services
(CLPS) initiative. Under the Artemis program, early commercial delivery missions will perform science
experiments, test technologies, and demonstrate capabilities to help NASA explore the Moon and
prepare for human missions. The first two CLPS launches are targeted for late 2021, and in 2023 NASA
will deliver the Volatiles Investigating Polar Exploration Rover (VIPER) payload to the Moon’s South
Pole. By searching for water ice and other potential resources, VIPER will help pave the way for
astronaut missions to the lunar surface and will bring NASA a step closer to developing a sustainable,
long-term presence on the Moon as part of the Agency’s Artemis program.

The International Space Station (ISS) is the world’s most technologically complex and visible example of
multinational cooperation in space. NASA will continue to leverage its mission aboard the ISS in LEO to
identify risks to human health, develop countermeasures, and test technologies that protect astronauts,
with a continued focus on reducing operations and maintenance costs. NASA is making technological
advances aboard ISS in autonomous rendezvous and docking, advanced communications systems, human
health and behavior in space, life support systems for habitats, and space suit systems, as well as
biological and physical sciences research. NASA is also laying the groundwork for continuous access to a
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crewed space station in the decades to come. Through the Commercial LEO Development program,
NASA is supporting the development of commercially-owned and operated LEO destinations to enable
continuous American presence in LEO and yield numerous benefits here on Earth. As these new space
stations are being developed, NASA will be working with the ISS National Laboratory and private
companies to accelerate the growth of the commercial space industries that will use the ISS today and will
join NASA in using commercial destinations in the future.

After multiple successful Commercial Crew flights in FY 2021, NASA will continue its partnership with
the U.S. commercial space industry to operate safe, reliable, and affordable transportation to and from
ISS, and any future commercial space stations in low Earth orbit. NASA requests $1.8 billion to continue
to purchase commercial crew and commercial cargo services in FY 2022; provide stability to NASA, ISS,
our international partners, and the U.S. space transportation industry, and ensure NASA’s continued
ability to launch astronauts and cargo from U.S. soil on American rockets.

Develop

Through its missions and sponsored research, NASA provides access to the farthest reaches of space and
time, and helps generate essential information about our home planet. NASA’s cutting-edge
developments have a direct impact on our quality of life and the economy here on Earth. From scientific
discovery and expanding human presence in space, to improving the quality of life, NASA and the nation
benefit from developing new technologies that propel this exploration.

With this budget, the Aeronautics Research Mission Directorate (ARMD) will increase investments in
research and development to enhance U.S. competitiveness in the global aviation industry while making
aviation safer, more efficient, and more environmentally friendly. To meet aggressive climate goals,
ARMD will establish a new Sustainable Flight National Partnership (SFNP) with U.S. industry to enable
the next generation single-aisle transport to be a game-changing, ultra-efficient, and low-carbon emitting
design at least 25 percent more fuel-efficient than today’s airliners. Under the SFNP, ARMD will
demonstrate the first-ever high-power hybrid electric propulsion for large transport aircraft and ultra-high-
efficiency long and slender wings, as well as advanced composite structures produced four to six times
faster than current state-of-the-art advanced engine technologies. The iconic centerpiece of SFNP will be
a full-scale technology demonstrator X-plane to test and validate integrated systems and their benefits.
This partnership is a strong response to international challenges to U.S. technological leadership for next-
generation subsonic transports and ensures the U.S. remains at the forefront of the transition to
sustainability, supporting good paying jobs.

NASA is leading transformation in other aspects of the civil aviation enterprise. The Agency is
connecting the world through high-speed commercial flight, demonstrating quiet supersonic flight with
NASA’s X-59 Low Boom Flight Demonstrator. Through Advanced Air Mobility (AAM), Unmanned
Aircraft Systems, and use of electric vertical takeoff and landing vehicles, NASA is working to enable a
transformation of the way people and goods move around the Nation’s communities and regions. NASA
is establishing partnerships with industry to mature AAM concepts and technologies for safe operations,
and preparing for AAM National Campaign demonstrations of new air vehicles and airspace management
technologies. Early in FY 2022, NASA will be flying the all-electric X-57 Maxwell aircraft to better
inform standards development for small electric aircraft that will be common in an AAM environment.
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The budget supports development of the next evolution of the global air traffic management system to
safely increase operational efficiency at the vehicle, fleet, and system-wide levels while reducing fuel
burn, CO2 emissions, contrail formation, and ozone impact. NASA will expand our partnership with the
Nation’s universities to develop technologies to achieve the industry’s long-term climate goals while
training and inspiring our future aerospace workforce. NASA will also continue to invest in critical
fundamental technologies for hypersonic flight.

The Space Technology Mission Directorate (STMD) rapidly develops, demonstrates, and infuses
revolutionary, high-payoff, cross-cutting technologies that lead to technology breakthroughs to enable
NASA’s missions while also supporting commercial and other Government agencies’ needs. This budget
supports the Administration’s priorities of developing new technologies to enable human and robotic
exploration of the Moon, Mars and beyond, and enhances research and development at NASA to maintain
and enhance U.S. leadership in space technology. STMD's investment decisions advance development
and demonstration of transformative capabilities for space transportation and propulsion; entry, descent
and landing, including return of robots, crew and cargo; sustainable resource utilization and
manufacturing; and robotic mobility systems.

STMD will continue demonstrating the foundational capabilities of on-orbit servicing, assembly, and
manufacturing and take the next step in optical communications using infrared lasers to send data to and
from space, enabling NASA to collect more science data and explore farther into the universe than ever
before. STMD will also continue investments in In-Situ Resource Utilization (ISRU), Sustainable Power
systems, lunar robotic mobility systems, research in Lunar Dust Mitigation, and small spacecraft
technologies that are more rapid, affordable, and capable than previously achievable.

STMD will continue to develop technologies that have broad application and address multiple stakeholder
needs. NASA’s investments will continue to target technologies that benefit both human and robotic
exploration, actively engaging with NASA Centers, industry, academia, and other Federal Government
agencies to help define program content. STMD contributes to growing the U.S. industrial and academic
base, continuing the Nation’s economic leadership, and strengthening our national security. The Early
Stage Innovation portfolio will lead innovation by sourcing ideas from a broad, diverse base of
organizations and transferring space technology into the space economy. Efforts include expanding the
number of NASA Innovative Advance Concepts awards and exploring innovation pilots to enable
breakthrough technology R&D in support of U.S. competitiveness. These areas are part of a
comprehensive approach to efficiently support innovative discovery, progress toward important goals, and
the development of transformative new capabilities.

Technological leadership remains vital to our national security, economic prosperity, and global
competitiveness. The Nation's continued economic leadership is, in part, due to the technological
investments made in earlier years, through the work of the engineers, scientists, and policy makers who
had the wisdom and foresight to make investments our country required to emerge as a global
technological leader. That commitment accelerated the economy with the creation of new industries,
products, and services that yielded lasting benefits. A technology-driven NASA will continue to help fuel
our Nation’s economic engine for decades to come, while also providing valuable breakthroughs for
NASA’s missions and the commercial industry.
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Enable

NASA’s workforce continues to be its greatest asset for enabling missions in space and on Earth. The
civil service staffing levels proposed in the FY 2022 Budget support NASA’s scientists, engineers,
researchers, managers, technicians, and business professionals. NASA’s workforce includes civil service
personnel at NASA Centers, Headquarters, and NASA-operated facilities. The Agency will apply the
valued civil service workforce to high priority and enduring mission work, adjusting the mix of skills
where appropriate. Centers will use a range of tools available to reshape the workforce, and to identify,
recruit, and retain a multi-generational workforce of employees who possess skills critical to the Agency.

Building on the addition of Inclusion as one of NASA’s five Core Values, the funding requested in FY
2022 will help NASA focus on strengthening our diversity, equity and inclusion policies and practices.
NASA will leverage existing grant programs, small business and university partnerships, and its STEM
Engagement efforts to empower underserved populations to participate in NASA research, training, and
programming. NASA will examine its hiring practices to ensure equitable access in everything from
applying for internships through executive positions. NASA has long understood that diversity and
inclusion is not only a matter of justice or fairness, but also a source of strength, innovation and critical
thinking.

NASA’s Office of STEM Engagement continues to create unique opportunities for a diverse set of
students, and engage students in unique, authentic learning experiences that contribute to building a
diverse future STEM workforce. NASA will expand initiatives to attract and retain underserved and
underrepresented students in engineering and other STEM fields, in partnership with minority serving
institutions and other higher education institutions. This request expands funding for NASA’s STEM
engagement efforts to equip our Nation for the future, by investing in and engaging the next generation of
scientists, engineers, mathematicians, and explorers.

NASA’s Mission Support Directorate enables the agency’s portfolio of missions in space exploration,
science, technology and aecronautics. With installations in 14 states, NASA manages $43 billion in assets
with an inventory of over 5,000 buildings and structures. Over 80 percent of NASA facilities are beyond
their constructed design life and NASA faces a challenging deferred maintenance backlog of over $2.6
billion. The Safety, Security, and Mission Services (SSMS) account funds the essential day-to-day
technical and business operations required to safely operate and maintain NASA centers and facilities and
the independent technical authorities required to reduce risk to life and program objectives for all
missions. These mission support activities provide the essential services, tools, and equipment to
complete essential tasks, protect and maintain the security and integrity of information and assets, and
ensure that personnel work under safe and healthy conditions.

Planning, operating, and sustaining our missions, our infrastructure, and our essential services requires a
number of critical institutional capabilities including management of: human capital; finance; information
technology; infrastructure; acquisitions; security; real and personnel property; occupational health and
safety; equal employment opportunity and diversity; small business programs; external relations; strategic
internal and external communications; stakeholder engagement; and other essential corporate functions.
Across this array of infrastructure and essential functions, NASA continuously seeks opportunities to
improve effectiveness and increase efficiency while sharing information with NASA’s labor unions to
ensure their voice in the workplace. NASA will continue to provide strategic and operational planning
and management over a wide range of services to help NASA operate in a more efficient and sustainable
manner.

Additionally, the programs in HEO’s Space and Flight Support theme provide essential services to
missions from any part of NASA, and many partner organizations as well. Data uplinks and downlinks,
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unified launch service procurements that take full advantage of NASA’s collective buying power to
secure the best price for the government, and other support programs represent important national
capabilities that maintain NASA’s leadership in space exploration and discovery.

The Construction and Environmental Compliance and Restoration (CECR) account enables NASA to
manage the Agency’s facilities with a focus on reducing infrastructure burdens, implementing high
performance upgrades to increase efficiency, and prioritizing necessary repairs. In FY 2022, NASA will
continue to consolidate facilities via institutional construction projects to achieve greater operational
efficiency, replacing old, obsolete, costly facilities with fewer, higher performance facilities.
Programmatic construction of facilities projects provide the specialized technical facilities required by the
missions. To protect human health and the environment, and to preserve natural resources for future
missions, environmental compliance and restoration projects will clean up pollutants released into the
environment during prior NASA activities.
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FY 2020 reflects funding amounts specified in Public Law 116-93, Consolidated Appropriations Act,
2020, as adjusted in NASA's FY 2021 Initial Operating Plan, except Exploration Ground System
Development and Exploration CoF. Table does not reflect emergency supplemental funding provided for
NASA and included in the Safety, Security, and Mission Services account, as specified in Public Law
116-136, the Coronavirus Aid, Relief, and Economic Security Act, totaling $60.0 million.

FY 2021 reflects funding amounts specified in Public Law 116-260, Consolidated Appropriations Act,
2021, as adjusted by NASA’s FY 2021 Operating Plan.
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EXPLANATION OF PROJECT SCHEDULE COMMITMENTS AND KEY MILESTONES

Programs and projects follow their appropriate life cycle. The life cycle is divided into phases. Transition
from one phase to another requires management approval at Key Decision Points (KDPs). The phases in
program and project life cycles include one or more life-cycle reviews, which are considered major
milestone events.

¢ Phase A: concept and technology development; and
¢ Phase B: preliminary design and technology completion.

Formulation
¢ Phase C: final design and fabrication;
* Phase D: system assembly, integration, test, launch andcheckout;
» Phase E: operations and sustainment; and
Implementation * Phase F: closeout.

A life-cycle review is designed to provide the program or project with an opportunity to ensure that it has
completed the work of that phase and an independent assessment of a program’s or project’s technical and
programmatic status and health. The final life-cycle review in a given life-cycle phase provides essential
information for the KDP that marks the end of that life-cycle phase and transition to the next phase if
successfully passed. As such, KDPs serve as gates through which programs and projects must pass to
continue.

The KDP decision to authorize a program or project’s transition to the next life-cycle phase is based on a
number of factors, including technical maturity; continued relevance to Agency strategic goals; adequacy
of cost and schedule estimates; associated probabilities of meeting those estimates (confidence levels);
continued affordability with respect to the Agency’s resources; maturity and the readiness to proceed to
the next phase; and remaining program or project risk (safety, cost, schedule, technical, management, and
programmatic). At the KDP, the key program or project cost, schedule, and content parameters that
govern the remaining life-cycle activities are established.

For reference, a description of schedule commitments and milestones is listed below for projects in
Formulation and Implementation. A list of common terms used in mission planning is also included.
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Formulation

NASA places significant emphasis on project Formulation to ensure adequate preparation of project
concepts and plans and mitigation of high-risk aspects of the project essential to position the project for
the highest probability of mission success. During Formulation, the project explores the full range of
implementation options, defines an affordable project concept to meet requirements, and develops needed
technologies. The activities in these phases include developing the system architecture; completing
mission and preliminary system designs; acquisition planning; conducting safety, technical, cost, and
schedule risk trades; developing time-phased cost and schedule estimates and documenting the basis of
these estimates; and preparing the Project Plan for Implementation.

Formulation
Milestone Explanation
The lifecycle gate at which the decision authority determines the readiness of a program or
project to transition into Phase A and authorizes Formulation of the project. Phase A is the
first phase of Formulation and means that:
KDP-A e The project addresses a critical NASA need;
e  The proposed mission concept(s) is feasible;
¢ The associated planning is sufficiently mature to begin activities defined for
formulation; and
e The mission can likely be achieved as conceived.
System The lifecycle review in which the decision authority evaluates whether the functional and
Requirements performance requirements defined for the system are responsive to the program’s
Review (SRR) requirements on the project and represent achievable capabilities
System Definition | The lifecycle review in which the decision authority evaluates the credibility and
Review or responsiveness of the proposed mission/system architecture to the program requirements
Mission and constraints on the project, including available resources, and determines whether the
Definition maturity of the project’s mission/system definition and associated plans are sufficient to
Review begin the next phase, Phase B.
The lifecycle gate at which the decision authority determines the readiness of a program or
project to transition from Phase A to Phase B. Phase B is the second phase of Formulation
and means that:
KDP-B e  The proposed mission/system architecture is credible and responsive toprogram
requirements and constraints, including resources;
e  The maturity of the project’s mission/system definition and associated plansis
sufficient to begin Phase B; and
e  The mission can likely be achieved within available resources with acceptablerisk.
. The lifecycle review in which the decision authority evaluates the completeness/consistency
Preliminary . . : . . .
Design Review of the planning, technical, cpst, and schedul'e 1pasehnes flevelgped dupng Fonnqlatlon. This
review also assesses compliance of the preliminary design with applicable requirements and
(PDR) S S . )
determines if the project is sufficiently mature to begin Phase C.
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Implementation

Implementation occurs when Agency management establishes baseline cost and schedule commitments
for projects at KDP-C. The projects maintain the baseline commitment through the end of the mission.
Projects are baselined for cost, schedule, and programmatic and technical parameters. Under
Implementation, projects are able to execute approved plans development and operations.

Implementation

Milestone Explanation
The lifecycle gate at which the decision authority determines the readiness of a program or
project to begin the first stage of development and transition to Phase C and authorizes the
Implementation of the project. Phase C is first stage of development and means that:

KDP-C o  The project’s planning, technical, cost, and schedule baselines developed during

formulation are complete and consistent;
e The preliminary design complies with mission requirements;
e The project is sufficiently mature to begin Phase C; and
e  The cost and schedule are adequate to enable mission success with acceptablerisk.

Critical Design

The lifecycle review in which the decision authority evaluates the integrity of the project
design and its ability to meet mission requirements with appropriate margins and acceptable
risk within defined project constraints, including available resources. This review also

Review (CDR) determines if the design is appropriately mature to continue with the final design and
fabrication phase.
The lifecycle review in which the decision authority evaluates the readiness of the project
System and associated supporting infrastructure to begin system assembly, integration, and test. The
Integration lifecycle review also evaluates whether the remaining project development can be
Review (SIR) completed within available resources, and determine if the project is sufficiently mature to
begin Phase D.
The lifecycle gate at which the decision authority determines the readiness of a project to
continue in Implementation and transition from Phase C to Phase D. Phase D is a second
phase in Implementation; the project continues in development and means that:
KDP-D

e The project is still on plan;

e  The risk is commensurate with the project’s payload classification; and

e The project is ready for assembly, integration and test with acceptable risk within
its Agency baseline commitment.

Date (LRD)

Launch Readiness

The date at which the project and its ground, hardware, and software systems are ready for
launch.
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Other Common Terms for Mission Planning

Term Definition

Decision Authority Thg individual aut'horlzed by the Agency to make important decisions on programs and
projects under their authority.

Formulation The document that authorizes the formulation of a program whose goals will fulfill part of

Authorization the Agency’s Strategic Plan and Mission Directorate strategies. This document establishes

Document the expectations and constraints for activity in the Formulation phase.

Key Decision Point
(KDP)

The lifecycle gate at which the decision authority determines the readiness of a program or
project to progress to the next phase of the life cycle. The KDP also establishes the
content, cost, and schedule commitments for the ensuing phase(s).

Launch Manifest

A list that NASA publishes (the “NASA Flight Planning Board launch manifest”)
periodically, which includes the expected launch dates for NASA missions. The launch
dates in the manifest are the desired launch dates approved by the NASA Flight Planning
Board, and are not typically the same as the Agency Baseline Commitment schedule dates.
A launch manifest is a dynamic schedule that is affected by real world operational
activities conducted by NASA and multiple other entities. It reflects the results of a
complex process that requires the coordination and cooperation by multiple users for the
use of launch range and launch contractor assets. Moreover, the launch dates are a mixture
of “confirmed” range dates for missions launching within approximately six months, and
contractual/planning dates for the missions beyond six months from launch. The NASA
Flight Planning Board launch manifest date is typically earlier than the Agency Baseline
Commitment schedule date to allow for the operationally driven delays to the launch
schedule that may be outside of the project’s control.

Operational
Readiness Review

The lifecycle review in which the decision authority evaluates the readiness of the project,
including its ground systems, personnel, procedures, and user documentation, to operate
the flight system and associated ground system(s), in compliance with defined project
requirements and constraints during the operations phase.

Mission Readiness
Review or Flight
Readiness Review
(FRR)

The lifecycle review in which the decision authority evaluates the readiness of the project,
ground systems, personnel and procedures for a safe and successful launch and
flight/mission.

The lifecycle gate at which the decision authority determines the readiness of a project to
continue in Implementation and transition from Phase D to Phase E. Phase E is a third

KDP-E phase in Implementation and means that the project and all supporting systems are ready
for safe, successful launch and early operations with acceptable risk.

L The lifecycle review in which the decision authority evaluates the readiness of the project
Decommissioning s S . . .
Review to conduct closeout activities. The review includes final delivery of all remaining project

deliverables and safe decommissioning of space flight systems and other project assets.
The lifecycle gate at which the decision authority determines the readiness of the project’s
KDP-F decommissioning. Passage through this gate means the project has met its program

objectives and is ready for safe decommissioning of its assets and closeout of activities.
Scientific data analysis may continue after this period.
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For further details, go to:

e NASA Procedural Requirement 7102.5E NASA Space Flight Program and Project Management
Requirements: http://nodis3.gsfc.nasa.gov/displayDir.cfm?t=NPR&c=7120&s=5E.

e NASA Procedural Requirement NPR 7123.1B - NASA Systems Engineering Processes and
Requirements:_
http://nodis3.gsfc.nasa.gov/npg_img/N_PR 7123 001B_/N_PR 7123 001B_.pdf.

e NASA Launch Services Web site:_
http://www.nasa.gov/directorates/heo/launch_services/index.html.
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NASA AND COVID-19

Since March 2020, NASA (along with the rest of the world) has adapted to the historic challenges of the
COVID-19 pandemic. As COVID-19 cases surged across the country, most NASA activities pivoted to
telework operations, with minimal impact to products and services. NASA converted numerous
workshops, peer-review panels, and other essential collaborative sessions with external scientific and
technical stakeholders into virtual events, minimizing interruptions while maintaining high standards. For
personnel who needed on-site access to NASA facilities to ensure safety of personnel, flight hardware,
and critical mission operations, NASA prioritized safety by utilizing the best available science and public
health safeguards. Similar procedures were implemented at NASA contractor facilities consistent with
state and Federal mandates.

Throughout the pandemic, NASA and its partners have demonstrated remarkable innovation and
adaptability. NASA has accomplished extraordinary things under extraordinary circumstances over the
past fifteen months, including the first launches of the commercial crew program, the launch and
successful landing of the Mars Perseverance mission (including the first flight of a helicopter and the first
production of oxygen on another world), and the successful hot fire test of the SLS core stage.

In response to the pandemic, Congress passed the Coronavirus Aid, Relief, and Economic Security
(CARES) Act (P.L. 116-136) in March 2020. As part of the CARES Act, NASA received $60 million to
support continued Agency operations. This supplemental funding is being used to support activities
related to contractor impact claims, operational information technology services, operational cleaning and
supplies, personal protective equipment, operational surge support, and restarts within the Safety,
Security, and Mission Services (SSMS) account. CARES Act supplemental funding is not intended,
planned, or used to support programmatic impacts.

Although the CARES Act support provided important funding for certain mission support activities
during COVID-19, the most significant cost and schedule impacts from the pandemic in the long term
will likely be to the Agency’s projects and missions. Specifically, the COVID-19 pandemic created
unprecedented pressure on most of NASA’s projects and missions, including through: facility shutdowns,
restarts, and reduced on-site access due to social distancing and cleaning protocols; carrying workforce
and other resources in response to schedule delays; interruptions to test and construction efforts;
disruptions in travel to both domestic and international partners locations; and pressures on the overall
aerospace supply chain.

It is difficult to project a specific estimate of the total long term impact of COVID-19 on Agency
programs and missions at this time. NASA has experienced increased pressure on cost reserves and
schedule margins as projects utilize some of those resources to offset COVID-19-related impacts. These
pandemic-related pressures, in turn, leave fewer reserves and margins to address other risks that are
expected in development of NASA’s complex missions. As a result, there is increased overall risk to the
Agency’s cost and schedule commitments for the foreseeable future.

While the NASA Office of the Inspector General noted that the total Agency impact due to COVID-19
could be nearly $3 billion', that estimate did not take into account flexibilities that projects and the
Agency are exercising to offset these costs, including use of project and Headquarters-held cost and
schedule margin. A final accounting of the full impact of the COVID-19 pandemic on Agency activities
will not be available until well after the Agency and its contractors have resumed normal operations.

V' COVID-19 Impacts on NASA’s Major Programs and Projects, 1G-20-016, March 31, 2021
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DEEP SPACE EXPLORATION SYSTEMS

Op Plan Enacted Request
Budget Authority (in $ millions) FY 2020 FY 2021 FY2022 FY2023 FY2024 FY2025 FY 2026
Exploration Systems Development 4,512.8 4,544.6 4,483.7 4,384.0 4,219.0 3,888.0 3,867.0
Exploration Research & Development 1,447.0 1,972.8 2,396.7 2,630.1 3,044.7 3,626.9 3,905.8
Total Budget 5,959.8 6,517.4 6,880.4 7,014.1 7,263.7 7,514.9 7,772.8

FY 2020 reflects funding amounts specified in Public Law 116-93, Consolidated Appropriations Act, 2020, as
adjusted in NASA's FY 2021 Initial Operating Plan, except Exploration Ground System Development and
Exploration CoF. Table does not reflect emergency supplemental funding provided for NASA and included in the
Safety, Security, and Mission Services account, as specified in Public Law 116-136, the Coronavirus Aid, Relief, and
Economic Security Act, totaling $60.0 million.

FY 2021 reflects funding amounts specified in Public Law 116-260, Consolidated Appropriations Act, 2021, as
adjusted by NASA's FY 2021 Initial Operating Plan.

Deep Space Exploration Systems ........ccccccoeirieciiiiecnnnnn. DEXP-2
Exploration Systems Development...........oomcciiiiiiiiinreec s DEXP-4
ORION PROGRAM ...ttt e et e e e e e e e e ees DEXP-6
Crew Vehicle Development [Development]...........ccoooiiciiiiiiiee i DEXP-8
SPACE LAUNCH SYSTEM.....cooiiiiiiiiiiiiiieeeieeeeeeeeeeeeeeeeeeeeeeeveeeaeeseeeesseesnssnnsennnennne DEXP-23
Launch Vehicle Development [Development] ..o DEXP-25
EXPLORATION GROUND SYSTEMS ... ..o DEXP-35
Exploration Ground Systems Development [Development]............ccccoviieiiiinennnnn. DEXP-37
Exploration Research & Development...........ooociiiiiiiiinnneeecccnnneeeeeeee DEXP-49
ADVANCED EXPLORATION SYSTEMS ... DEXP-51
ADVANCED CISLUNAR AND SURFACE CAPABILITIES. ... DEXP-58
GAT EW A ettt e e e e e et e e e e e e e e e e e e e e e e e e nnnnees DEXP-63
HUMAN LANDING SYSTEM ...ttt e e DEXP-71
HUMAN RESEARCH PROGRAM .....ccooiiiitieiee ettt e e e e e e DEXP-76
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DEEP SPACE EXPLORATION SYSTEMS

FY 2022 Budget

Op Plan Enacted| Request
Budget Authority (in $ millions) FY 2020 FY 2021 FY2022 FY2023 FY2024 FY2025 FY20206
Exploration Systems Development 4,512.8 4,544.6 4,483.7 4,384.0 4,219.0 3,888.0 3,867.0
Exploration Research & Development 1,447.0 1,972.8 2,396.7 2,630.1 3,044.7 3,626.9 3,905.8
Total Budget 5,959.8 6,517.4 6,880.4 7,014.1 7,263.7 7,514.9 7,772.8
Change from FY 2021 363.0
Percentage change from FY 2021 5.6%

FY 2020 reflects funding amounts specified in Public Law 116-93, Consolidated Appropriations Act, 2020, as
adjusted in NASA's FY 2021 Initial Operating Plan, except Exploration Ground System Development and
Exploration CoF. Table does not reflect emergency supplemental funding provided for NASA and included in the
Safety, Security, and Mission Services account, as specified in Public Law 116-136, the Coronavirus Aid, Relief, and
Economic Security Act, totaling $60.0 million.

FY 2021 reflects funding amounts specified in Public Law 116-260, Consolidated Appropriations Act, 2021, as
adjusted by NASA's FY 2021 Initial Operating Plan.

The FY 2022 budget request includes $6,880.4 million for Deep Space Exploration Systems to pursue the
Artemis Program, which is focused on returning humans to the Moon and enabling eventual missions to
Mars and beyond. In a series of Artemis missions, NASA will land the first woman and first person of
color on the Moon and will explore more of the lunar surface than ever before. In collaboration with our
commercial and international partners, NASA will create the capabilities necessary to sustainably explore
the Moon. The operational knowledge, technological advances, and scientific discoveries we gain from
exploring the Moon in collaboration with international and commercial partners will position us to take
the next giant leap - sending astronauts to Mars.

Deep Space Exploration Systems will leverage the Science Mission Directorate's development of smaller
landers for capabilities such as navigation and precision landing as well as for the data about the lunar
surface that they will provide. It will also leverage investments through the Space Technology Mission
Directorate's lunar exploration activities.

The Deep Space Exploration Systems account consists of two themes, Exploration Systems Development
(ESD) and Exploration Research and Development (ERD), which provide for the development of systems
and capabilities needed for human exploration of space.

ESD's mission is to develop a launch vehicle, spacecraft, and ground support systems necessary to send
crew beyond low-Earth orbit (LEO). ESD consists of three programs: Orion, Space Launch System
(SLS), and Exploration Ground Systems (EGS). The Orion spacecraft will carry humans beyond LEO,
provide emergency abort capability, sustain the crew during space travel, and provide safe re-entry from
deep space. The SLS will safely launch crew in Orion to an orbit around the Moon. EGS develops and
operates the systems and facilities needed to process and launch rockets and spacecraft during assembly,
transport, and launch. This space transportation system supports NASA's strategy for exploration in
cislunar space, and it will have its first un-crewed test flight (Artemis 1) and crewed test flight (Artemis
II) in the near future; launch dates are currently under review.

ERD is comprised of five programs: Advanced Cislunar and Surface Capabilities (ACSC), Advanced
Exploration Systems (AES), Gateway, the Human Landing System (HLS) and the Human Research
Program (HRP). The overarching goal of ERD is to develop human exploration technologies, capabilities,
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and missions that enable the return of humans to the Moon for long-term exploration and utilization and
help prepare for eventual human missions to Mars. ERD programs pursue these goals using a
combination of unique in-house activities and public-private partnerships.

ACSC funding focuses on utilizing innovative procurement approaches to develop strategies and systems
for future missions to the lunar surface and beyond.

HLS funding focuses on establishing commercial partnerships to develop and deploy the integrated
systems that will transport humans to and from the surface of the Moon and stay sustainably.

Gateway funding focuses on developing a small platform that will orbit the Moon and enable lunar
landers and surface activities, to include a Power and Propulsion Element and Habitation and Logistics
Outpost (HALO).

AES funding focuses on reducing operational risk, validating operational concepts, leveraging partner
capabilities, and lowering lifecycle costs of technologies such as deep space habitation and environmental
control and life support systems that enable lunar and deep space missions.

HRP funding focuses on discovering the best methods and technologies to support safe, productive
human space travel. From the challenges of managing the environmental risks posed by radiation and
lunar dust, to providing appetizing food and optimal nutrition, HRP scientists and engineers work to
predict, assess, and solve the problems that humans encounter in space. Artemis missions will
dramatically increase the scope of the challenges and demands that face NASA's astronauts. HRP is
working to improve astronauts' ability to collect data, solve problems, respond to emergencies, and
remain healthy during and after extended space travel.

For more information, go to: http://www.nasa.gov/directorates/heo/home/index.html
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EXPLORATION SYSTEMS DEVELOPMENT

FY 2022 Budget

Op Plan Enacted Request

Budget Authority (in $ millions)

Orion Program 1,406.7
Crew Vehicle Development 1,396.2
Orion Program Integration and Support 10.5

Space Launch System 2,528.1
Launch Vehicle Development 2,468.0
SLS Program Integration and Support 60.1

Exploration Ground Systems 578.0
Exploration Ground Systems Development 558.7
EGS Program Integration and Support 19.3

Construction & Envrmtl Compl Restoration 109.9
Exploration CoF 109.9

Total Budget 4,622.7

Change from FY 2021

Percentage change from FY 2021

FY 2020 FY 2021 FY 2022 FY 2023 FY 2024 FY 2025 FY 2026
1,403.7  1,406.7 13400 1239.0 1,084.0 1,084.0
1,387.8  1,3883 13214 12300 1,065.0 1,065.0

15.9 18.4 18.6 9.0 19.0 19.0
2,560.9 2487.0 24860 2466.0 2290.0 2,270.0
24943 2413.6 24133 24089 22029 2,182.9

66.6 73.4 72.7 57.1 87.1 87.1

580.0  590.0 5580 5140 5140  513.0
569.2 5837 5524 5140 4940  493.0

10.8 6.3 5.6 0.0 20.0 20.0

60.3 89.3 0.0 0.0 0.0 0.0

60.3 89.3 0.0 0.0 0.0 0.0
4,604.9 4,573.0 4384.0 4,219.0 3,888.0 3,867.0

319
-0.7%

FY 2020 reflects funding amounts specified in Public Law 116-93, Consolidated Appropriations Act, 2020, as
adjusted in NASA's FY 2021 Initial Operating Plan, except Exploration Ground System Development and
Exploration CoF. Table does not reflect emergency supplemental funding provided for NASA and included in the
Safety, Security, and Mission Services account, as specified in Public Law 116-136, the Coronavirus Aid, Relief, and

Economic Security Act, totaling $60.0 million.

FY 2021 reflects funding amounts specified in Public Law 116-260, Consolidated Appropriations Act, 2021, as

adjusted by NASA's FY 2021 Initial Operating Plan.

The core stage for the first flight of NASA’s Space
Launch System rocket is seen in the B-2 Test Stand
during a second hot fire test, Thursday, March 18, 2021,
at NASA’s Stennis Space Center near Bay St. Louis,
Mississippi. The four RS-25 engines fired for the full-
duration of eight minutes during the test and generated
1.6 million pounds of thrust. The hot fire test is the final
stage of the Green Run test series, a comprehensive
assessment of the Space Launch System’s core stage
prior to launching the Artemis I mission.

NASA's Exploration Systems Development (ESD)
programs are working together to build the space
transportation system made up of the Orion crew
vehicle, the Space Launch System (SLS) rocket,
and the Exploration Ground Systems (EGS). This
system will enable the Agency's Artemis missions,
extending human presence into the solar system by
transporting crews to the Gateway or to the
Moon's surface in the Human Landing System for
long-term exploration and in preparation for future
missions to Mars. These program objectives
support Agency Strategic Goal 2, which seeks to
extend human presence deeper into space and to
the Moon for sustainable, long-term exploration
and utilization.

NASA's Orion spacecraft is designed to support
human exploration missions to deep space, with a
crew of four, with habitation and life support on-
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EXPLORATION SYSTEMS DEVELOPMENT

board for missions up to 21 days. Building upon more than 50 years of spaceflight research and
development, Orion's versatile design will not only carry crew to space, but also provide emergency abort
capability, sustain crew during space travel, and provide safe reentry at deep space return velocities. The
Orion systems are designed to operate in a contingency mode to augment life support systems in other
space transport systems.

The SLS rocket is a heavy-lift launch vehicle that will launch astronauts in the Orion spacecraft on
missions to cislunar space so they can return to the surface of the Moon and visit other destinations. The
Block 1 configuration, which is the configuration for Artemis I, stands at 322 feet and features a lift
capability of 95 metric tons to low-Earth orbit (LEO), with 8.8 million pounds of maximum thrust. The
evolution of the architecture, currently planned for first use on Artemis IV, will include an Exploration
Upper Stage (EUS), associated Universal Stage Adapter (USA) and Payload Adapter (PLA) which
provides space for co-manifested payloads (CPLs). This Block 1B configuration will be capable of
delivering at least 37.3 metric tons of net payloads to Trans-Lunar Injection (TLI) on crewed missions.
The 37.3 metric ton total includes Orion, which weighs 27 metric tons.

The objective of EGS is to enable Kennedy Space Center (KSC) to process and launch Orion and SLS in
support of the Artemis missions. To achieve this transformation, NASA is developing new ground
systems while refurbishing and upgrading infrastructure and facilities to meet tomorrow's demands.

The Artemis Program is the next step in human exploration of our solar system. It is a part of NASA’s
Moon to Mars exploration approach, in which we will pursue our next giant leap, sustained human
exploration of the Moon to develop the skills, systems, and operational capabilities to enable a human
mission to Mars. As NASA works towards a sustainable Moon to Mars campaign, it is essential the
Agency and its contractors reduce production and operations costs for ESD systems and NASA is
examining options to achieve this goal. Through a reduction in ESD program costs, the Agency can focus
on the many other capabilities needed for future deep space systems and successful exploration missions.
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ORION PROGRAM

FY 2022 Budget

Op Plan Enacted Request

Budget Authority (in $ millions) FY 2020 FY 2021 FY2022 FY2023 FY2024 FY2025 FY2026
Crew Vehicle Development 1,396.2 1,387.8 1,388.3 1,321.4 1,230.0 1,065.0 1,065.0
Orion Program Integration and Support 10.5 15.9 18.4 18.6 9.0 19.0 19.0
Total Budget 1,406.7 1,403.7 1,406.7 1,340.0 1,239.0 1,084.0 1,084.0
Change from FY 2021 3.0
Percentage change from FY 2021 0.2%

FY 2020 reflects funding amounts specified in Public Law 116-93, Consolidated Appropriations Act, 2020, as
adjusted in NASA's FY 2021 Initial Operating Plan, except Exploration Ground System Development and
Exploration CoF. Table does not reflect emergency supplemental funding provided for NASA and included in the
Safety, Security, and Mission Services account, as specified in Public Law 116-136, the Coronavirus Aid, Relief, and

Economic Security Act, totaling $60.0 million.

FY 2021 reflects funding amounts specified in Public Law 116-260, Consolidated Appropriations Act, 2021, as
adjusted by NASA's FY 2021 Initial Operating Plan.

Artemis II crew module's capsule being
moved from KSC's Operations and
Closeout (O&C) clean room to external
work stand for assembling the
environmental control and life support and
propulsion system.

Program Elements

The Orion spacecraft will play an integral role in the Artemis
Program, serving as an exploration vehicle that will carry
crew to space, sustain crew during space travel, provide
emergency abort capability, and provide safe re-entry from
deep space return velocities for Artemis This capsule-shaped
vehicle has a familiar look, but it incorporates numerous
technology advancements and innovations. The spacecraft
will enable extended duration missions beyond Earth's orbit
and to the Moon.

Orion's design, development, testing (including the flight
tests), and evaluation (DDT&E) will have the spacecraft
ready to carry crew on Artemis II with a current launch date
of no earlier than (NET) September 2023 and ready to
support subsequent Artemis missions. The budget request
supports launches at the earliest technically feasible date.

For more information, go to: http://www.nasa.gov/orion

ORION PROGRAM INTEGRATION AND SUPPORT

Orion Program Integration and Support activities manage the program interfaces between the Space
Launch System (SLS) and the Exploration Ground System (EGS). This effort is critical to ensuring
Orion’s performance meets technical and safety specifications, and it supports programmatic assessments
key to achieving integrated technical, cost, and schedule management. In addition, the Orion integration
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Deep Space Exploration Systems: Exploration Systems Development

ORION PROGRAM

effort is vital to managing interfaces with other Human Exploration and Operations Mission Directorate
(HEOMD) activities, including strategic studies, feasibility studies, and small-scale research tasks that

feed into future human exploration. Coordination and timely integration across the programs is aimed at
mitigating the impacts of potential design overlaps, schedule disconnects and delays, and cost overruns.

CREW VEHICLE DEVELOPMENT

Orion will be capable of transporting humans to orbit around the Moon, sustaining them for longer
durations than ever before, providing emergency abort capability, and returning them safely to Earth. See
the Crew Vehicle Development section starting on the next page for additional details.
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CREW VEHICLE DEVELOPMENT

FY 2022 Budget

Op Plan Enacted Request
[Budget Authority (in $ millions) Prior FY 2020 FY 2021 FY2022 FY 2023 FY 2024 FY 2025 FY 2026 | BTC _ Total
Formulation 4,502.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4,502.4
Development/Implementation 54984 9778 702.2 3352 1353 3.4 0.0 0.0 0.0 7,652.3
Operations/Close-out 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2021 MPAR LCC Estimate 10,000.8 977.8 702.2 3352 1353 34 0.0 0.0 0.0 12,154.7
Total Budget 10,209.0 1,396.2 1,387.8 1,388.3 1,3214  1,230.0 1,065.0 1,065.0 0.0 19,062.7
Change from FY 2021 0.5
Percentage change from FY 2021 0.0%

FY 2020 reflects funding amounts specified in Public Law 116-93, Consolidated Appropriations Act, 2020, as
adjusted in NASA's FY 2021 Initial Operating Plan, except Exploration Ground System Development and
Exploration CoF. Table does not reflect emergency supplemental funding provided for NASA and included in the
Safety, Security, and Mission Services account, as specified in Public Law 116-136, the Coronavirus Aid, Relief, and
Economic Security Act, totaling $60.0 million.

FY 2021 reflects funding amounts specified in Public Law 116-260, Consolidated Appropriations Act, 2021, as
adjusted by NASA's FY 2021 Initial Operating Plan.

The difference between the total budget and the MPAR LCC estimate is the total budget includes content outside of
Artemis Il and excludes CoF; LCC only includes Artemis II content, including CoF.

The total budget prior line represents FY 2011 pre-formulation and FY 2012 - FY 2019 budgets, excluding CoF and
additional expenditures from 2005-2011 under the Constellation program.

PROJECT PURPOSE

Orion will be capable of transporting humans to orbit around the
Moon, sustaining them for longer durations than ever before,
providing emergency abort capability, and returning them safely
to Earth. Drawing from more than 50 years of human spaceflight
research and development and stimulating new and innovative
manufacturing and production capabilities, Orion’s design will
meet the evolving needs of our Nation’s space program.

Artemis I transferred from the For more information, go to http://www.nasa.gov/orion

O&C Building to the Multi-Payload
Processing Facility (MPPF) where it
will be fueled for flight.
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EXPLANATION OF MAJOR CHANGES IN FY 2022

The FY 2022 President’s Budget proposes funding to support the Nation’s next lunar landing. The current
launch readiness date (LRD) for Artemis I is no earlier than (NET) November 2021 and the current LRD
for Artemis II is NET September 2023.

Due to the latest of Space Launch System (SLS) core stage delivery to Kennedy Space Center (KSC),
Artemis I and II launch dates are going through an additional review. NASA Leadership will evaluate the
results of the assessment during Orion's Systems Integration Review (SIR) in May 2021 leading to Key
Decision Point D (KDP-D) review in July 2021 before updating the Artemis I and IT LRD.

PROJECT PARAMETERS

Orion is the vehicle that will fly astronauts to and from the Moon. Orion will be able to carry a crew of
four astronauts to cislunar space and beyond, as well as provide habitation and life support for up to 21
days. The spacecraft’s four elements are the Crew Module (CM), the Crew Module Adaptor (CMA), the
European Service Module (ESM), and the Launch Abort System (LAS). The European Space Agency
(ESA) is designing and developing the ESM, which provides in-space power, propulsion, and other life
support systems. The CM, which is the pressure vessel, will mount to the CMA and ESM to become the
Crew and Service Module (CSM). Atop the CSM will sit the LAS, which will activate within
milliseconds to propel the CM to safety away from the launch vehicle in the event of an emergency
during launch or ascent to orbit. The abort system also provides a protective shell that shields the CM
from dangerous atmospheric loads and heating during ascent. Once Orion is out of the atmosphere and
safely on its way to orbit, the spacecraft will jettison the LAS.

The first mission is Artemis I, an uncrewed flight test that will demonstrate key Orion spacecraft
capabilities. The next mission, Artemis 11, is a crewed test flight, with a current mission profile of
transporting up to four crewmembers on a free return trajectory around the Moon. For a lunar landing
mission, the Orion spacecraft will rendezvous and dock with Gateway or the Human Landing System
(HLS) spacecraft. The crew and necessary equipment will transfer from the Orion spacecraft, potentially
via Gateway, into the HLS, which will then undock, descend, and land on the lunar surface. At the
conclusion of the lunar surface operations, the HLS will lift off from the lunar surface. The HLS will re-
dock with Gateway or the Orion spacecraft where the crew will transfer back to Orion for their return to
Earth. Although the module has a familiar visual shape, its interior and exterior capabilities far exceed
any geometrically-similar predecessors. The state-of-the-art crew systems will provide a safe environment
for astronauts to live and work for long durations far from Earth. Orion’s advanced heat shield will
protect the crew during a high-speed reentry into Earth's atmosphere, heating that will exceed that
experienced by any human spacecraft in more than four decades. For lunar missions beyond the initial
lunar mission, Orion will dock with the Gateway in a Near-Rectilinear Halo Orbit around the Moon,
giving astronauts access to more areas of the lunar surface and better communication capabilities than the
Apollo programs.
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ACHIEVEMENTS IN FY 2020

The Orion program completed assembly of the CMA-1 primary structure in October 2019 at the
Operations and Checkout (O&C) Facility at KSC. In November 2019, NASA shipped the CMA-1 to
Glenn Research Center-Plum Brook Station (GRC-PBS) for in-space environmental testing. At GRC-
PBS, the spacecraft underwent structural analysis and thermal vacuum, vibration, acoustic, and
electromagnetic interference testing to confirm all components and systems work properly under in-space
conditions, a crucial step towards launch readiness. Orion successfully completed this environmental
testing in March 2020. CMA-1 then returned to KSC where the Orion program completed additional tasks
include verifying side hatch seal integrity, developmental flight instrumentation testing, final leak checks,
and installing the Spacecraft Adapter and Solar Array Wings.

NASA successfully completed the final qualification tests on the Artemis I LAS, conducted the System
Acceptance Review (SAR), and accepted delivery of the flight hardware on November 2019.

The Structural Test Article (STA) test campaign successfully completed all Artemis I tests in June 2020.
The STA test campaign used a full-scale replica of the Orion spacecraft, ensuring the vehicle would be
able to withstand pressure and loads during launch, flight, and landing. In continuing to build-up to the
Artemis II mission, ESA delivered the Orbital Maneuvering System (OMS) engine in March 2020. The
OMS engine is the Orion spacecraft's main engine that is used for major maneuvers by the spacecraft,
such as entering and departing lunar orbit and abort scenarios.

Orion completed a series of planned engineering and operations reviews in preparation for Artemis I. The
program conducted the CSM-1 Design Certification Review (DCR) and SAR in August 2020. The DCR
certified the spacecraft's hardware and software meet specified design-to-performance, and the design is
ready for operational use. The SAR established the as-built baseline for the Artemis I Orion spacecraft,
ensures readiness to integrate with SLS, and confirmed the Orion vehicle was ready to be transferred from
Lockheed Martin to NASA. The Artemis I Flight Operations Review (FOR) was held in September 2020.
The FOR reviewed the flight plan, mission planning ground rules and constraints, flight rules, and
procedures to prepare for the mission.

Orion also completed several critical software development and testing milestones. In July 2020,
Lockheed Martin delivered the 28E patch 8 Artemis I Orion flight software to NASA. Over the course of
FY 2020, the Integrated Test Lab (ITL) completed the Artemis I software verification campaign and
neared completion of software validation. The ITL simulates the flight environment to test flight software
function, including ascent abort, safe mode, fault detection, isolation and recovery, optical navigation,
maneuver plan management, and propulsion failure detection. These tests are essential for identifying
software problems and validating proper functionality and performance of the spacecraft.

For the first crewed mission, KSC received the Artemis II LAS jettison, abort and attitude control motors
on April 2020 and immediately started hardware integration. KSC successfully mated the jettison and
abort motors in the same month. Orion also made significant progress with CM assembly, installation,
and testing at KSC's O&C facility. In the fourth quarter of FY 2020, the program completed bonding the
Avcoat blocks that form the Thermal Protection System's heatshield which will protect the crew during a
high-speed reentry into Earth's atmosphere.
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For Artemis III, the Orion program conducted the Preliminary Mission Integration Review (MIR) in
March 2020 to assess mission-specific requirements and objectives and to ensure designed system
capabilities meet mission requirements.

Following MIR, the Artemis III docking system Preliminary Design Review (PDR) was conducted in
April 2020. The purpose of this review was to ensure the system’s architecture and operational concept
are technically sound, requirements are complete and have been validated, and the system can be
expected to meet functional and performance requirements.

On May 26, 2020, ESA signed a contract with Airbus to build ESM-3 for the Artemis III mission.

The program initiated long lead material purchases for Artemis III, IV, and V in the first quarter of FY
2020, enabling the program to meet an annual flight rate to support lunar exploration, while establishing a
sustainable production and operations cadence. Lockheed Martin procured long-lead parts and began
fabricating Artemis III structural components in March 2020.

WORK IN PROGRESS IN FY 2021

The CM STA arrived to Langley Research Center (LaRC) in Hampton, VA in November 2020 for a
series of Water Impact Tests (WIT) to assess the impact to the spacecraft's primary and secondary
structures under water landing conditions. The WIT campaign includes three vertical drops and one swing
test. The vertical drop tests were completed on March 23, April 6, and May 6. The final test, a swing test
is targeted to be completed in late May 2021. Data from the test campaign will be used as final model
correlation prior to the Artemis II loads, structural verification, and flight test.

The ESM-1 Acceptance Review was completed in December 2020. This milestone event marked the
transfer of ESM-1 ownership from ESA to NASA.

Lockheed Martin completed the final installations on the Artemis I CSM and handed the vehicle over to
Exploration Ground Systems (EGS) in January 2021 for ground operations. The Orion spacecraft will be
mated to the SLS in the Vehicle Assembly Building (VAB) at KSC and will launch from KSC's Launch
Complex 39B. The mission will take the spacecraft beyond the Moon to demonstrate its performance
capability during launch, transit to lunar orbit, return to Earth, re-entry, landing, and recovery.

Orion will complete delivery of Artemis II software build 203 in Spring 2021. This software build is for
the entry mission and supports CSM-2 initial power-on and ITL testing. The ITL-203, integrated test
campaign is planned for June through August 2021. Orion will deliver an early release of software build
204 for the orbit mission in September 2021. A formal release of software build 204 and the
corresponding integrated testing in the ITL, ITL-204, will take place in FY 2022

Orion continues the Artemis I component fabrication, build-up, and testing of CM-2 Environmental
Control and Life Support System (ECLSS) at KSC's O&C. This includes performing tests of the ECLSS,
propulsion proof pressure and leak tests, tank installations, closeout welding, and additional leak checks
and harness testing. Orion will receive all components of the core avionics in spring 2021.

Orion will complete Artemis II CMA wire harness and subsystem installations in September 2021,
followed by functional testing. When the functional tests are completed in spring 2021, the CMA will be
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ready to mate to ESM-2, which is scheduled to arrive at KSC in August 2021, to become Service Module
(SM)-2. After mating, the SM-2 will undergo clean room operations for ECLSS welding, followed by
proof pressure and leak tests in preparation for integrating with CM-2.

For the Artemis III mission, Orion received pressure vessel parts at the Michoud Assembly Facility
(MAF), New Orleans in December 2020 in preparation for weld operations. The program started the
Artemis III docking system critical design review (CDR) on March 30, 2021. The review will complete
the vehicle design and determine readiness for full-scale fabrication, assembly, integration, and test.

For Artemis IV, Orion will start CM-4 pressure vessel weld operations.

KEY ACHIEVEMENTS PLANNED FOR FY 2022

After the Artemis I mission, the Orion program will conduct a post flight analysis to assess spacecraft
performance against flight test objectives. The program will recover certain non-core avionics
components from the returned spacecraft for reuse in the Artemis II mission. The non-core avionics will
be removed, refurbished, and delivered to KSC in spring of 2022 for installation into the CM-2. For
future missions, re-use of components is planned to reduce assembly costs of subsequent Orion builds and
is a key feature of the recently awarded Orion Production Operation Contract (OPOC) that is being used
to deliver Orion spacecraft for the Artemis III through Artemis V missions.

The CM-2 will undergo functional tests, followed by mating to SM-2 to become CSM-2. In addition, the
docking camera and translational hand controllers will be delivered and installed into CSM-2 in
September 2022. These will be used by the crew in support of the Rendezvous and Proximity Operations
Demonstration (RPOD) activities during the Artemis II mission. The integrated CSM will undergo final
assembly, installation, and testing.

Orion will deliver formal software build 204 in fall 2021. The integrated testing of this software build,
ITL-204, will be performed in the fall and winter. The program also will deliver formal software build
205, which supports ascent/abort scenarios in August 2022. A significant amount of software is used on
Orion for commanding functions, monitoring and transmitting data, performing fault detection and
response, and other tasks. It is critical to safety and mission success.

Lockheed Martin will complete assembly, integration, and processing of the Artemis II LAS and deliver
the system to NASA in September 2022.

Orion will conduct integrated testing of ECLSS and the Orion Crew Survival System Suit (OCSS) in the
Orion Life Support Integration Facility (OLIF) at the NASA Johnson Space Center (JSC) to further
validate the performance of these systems in preparation for the crewed Artemis II mission.

In October 2021, the ESM-3 auxiliary engines will be shipped to the ESA prime contractor's facility in
Bremen, Germany, which will then be integrated into ESM-3.

The Artemis III pressure vessel and CMA inner wall will be delivered in October 2021, followed by
heatshield carrier, which will be delivered in January 2022 to KSC for primary structure build-up and
assembly of the CM and CMA. The pressure vessel is Orion's primary structure that holds the pressurized
atmosphere astronauts will breathe and work in while in the vacuum of deep space.
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Throughout 2022, several key functional components of the RPOD system will be delivered, as well as
the initial release of RPOD software, in time to support the planned Initial Power On (IPO) testing of the
CM in the O&C building for Artemis III. A key high fidelity, Six-Degree-of-Freedom Test System
(SDTS) of the RPOD system complete with docking cameras and sensors will be conducted at Lockheed
Martin in Denver, CO. These tests will demonstrate the safety critical operation of the RPOD hardware
and software in the dynamic proximity operations environment.

Work is continuing for Artemis [V and beyond to sustain human presence on the Moon. CM-4 pressure
vessel parts will be delivered to Michoud Assembly Facility (MAF) for welding. The program will
conduct the Preliminary MIR for Artemis V and will initiate contract authorization for Artemis VI-VIIIL.

SCcHEDULE COMMITMENTS/KEY MILESTONES

Milestone Confirmation Baseline Date FY 2022 PB Request
System Design Review (SDR) Aug 2007
Preliminary Design Review (PDR) Aug 2009

Key Decision Point-A (KDP-A) Feb 2012 Feb 2012
Resynchronization Review Jul 2012
KDP-B Q1 FY 2013 Jan 2013
Delta PDR Q4 FY 2013 Aug 2014
5;(5rllzrﬁltion Flight Test-1 (EFT-1) Dec 2014 Dec 2014
KDP-C, Project Confirmation FY 2015 Sep 2015
Critical Design Review (CDR) Oct 2015 Oct 2015
Ascent Abort-2 (AA-2) Flight Test | FY 2020 Jul 2019
Artemis I Launch Readiness* FY 2018 NET Nov 2021
Artemis II Launch Readiness* Apr 2023 NET Sep 2023

* The program is currently reviewing cost and schedule impacts based on the change to the Artemis 1 and Il launch
readiness date.
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Development Cost and Schedule

Development

NET Sept
2023

2015 6,768.4 70% 2021 7,656.0 +13.1% | Artemis II | Apr2023

NASA continues to review past reporting, and estimates do not necessarily accurately incorporate actual
expenditures to date. Additionally, cost and confidence levels do not reflect the cost impacts of currently anticipated
schedule delays. The estimates are expected to increase as NASA assesses the impacts of further delays and updates
reporting on expenditures. Estimates that include combined cost and schedule risks are denoted as joint confidence
level (JCL), all other CLs (confidence levels) reflect cost confidence without necessarily factoring the potential
impacts of schedule changes on cost.

Development Cost Details

TOTAL: 6,768.4 7,656.0 +887.6
Mission Operations 281.6 269.0 -12.6
Program Management 671.5 848.3 +176.8
Safety and Mission 1914 1745 16,9
Assurance

Spacecraft and Payload 3,205.1 49873 +1,782.2
Systemg Engineering and 5393 6753 1136
Integration

Test and Verification 460.6 578.6 +118
Other Direct Project 1,418.9 123.0 11,2959
Costs

Program unallocated future expenses (UFE) was held in “Other” category in the base year estimate and realigned
to other elements as the program matured.

DEXP-14



Deep Space Exploration Systems: Exploration Systems Development: Orion Program

CREW VEHICLE DEVELOPMENT

Development

* The Current Year Development Cost Estimate and Milestone data do not accurately reflect current planning and
are based on prior planning. NASA completed a successful Green Run hot fire test and delivered the core state to

KSC. NASA Leadership is reviewing the schedule for potential updates to the Artemis I and Il launch planning
dates. The Agency has also provided a Section 103 notification that the Orion program will likely exceed its baseline
readiness date due to a change in the Artemis Il mission schedule. The cost of the program will likely also exceed
the estimated baseline by 15 percent due to the change in launch readiness date, the impact of COVID-19 and the
addition of Rendezvous, Proximity Operations and Docking capability to the spacecraft beginning with the Artemis
1II. Accordingly, the Orion program will rebaseline its Agency Baseline Commitment to adequately and
transparently capture the costs of this scope.

Project Management & Commitments

Change from

emergency during launch or climb
to orbit.

Element Description Provider Details §
Baseline
The crew module provides a safe | Provider: JSC
htalbitat ffor the crew, ljlls welldas Lead Center: JSC
storage for consumables an i )
Crew Module research instruments, and it serves Performing Center(s): Ames Research | N/A
as the docking pOft for crew Center (ARC), GRC, JSC, and LaRC
transfers. Cost Share Partner(s): N/A
The service module, the Provider: ESA
powerhouse that fuels and propels | Lead Center: GRC
Service Module | the Orion spacecraft, will support | Performing Center(s): ARC, GRC, N/A
the Crew Modu}e from launch JSC, and LaRC
through separation before reentry. Cost Share Partner(s): ESA
The launch abort system Provider: JSC
maneuvers the Crew Module to Lead Center: LaRC
Launch Abort . .
System safety in the event of an Performing Center(s): JSC, LaRC, and | N/A

Marshall Space Flight Center (MSFC)
Cost Share Partner(s): N/A
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Project Risks

Risk Statement Mitigation

If: The ESA-provided Orion ESM-2
encounters additional development issues The ESA Prime contractor is aggressively managing its suppliers'

and is further delayed in its delivery, component delivery schedule to minimize risk for ESM-2
delivery to KSC. The contractor is also working with its major

) subcontractor and suppliers to implement incentives to accelerate
Then: The Artemis II CSM handover date to | gelivery of critical path components.

EGS will be impacted.

Acquisition Strateqy

NASA is using a contract to Lockheed Martin Corporation for Orion’s design, development, test, and
evaluation. The contract was awarded in 2006 and reaffirmed in 2011 as part of reformulating the Orion
Crew Exploration Vehicle as the Orion program. Orion adjusted this contract to meet NASA and the
Human Exploration and Operations Mission Directorate (HEOMD) requirements to include the current
flight test plan and the Artemis II flight readiness date. Orion Program released a Request for Proposal
(RFP) to Lockheed Martin for the production and operations effort in January 2018. OPOC was awarded
as a sole-source contract with Lockheed Martin in September 2019 and will begin with Artemis III. It is
an indefinite-delivery-indefinite-quantity contract that includes a commitment to order a minimum of six
and a maximum of 12 Orion spacecraft over the next 10 years. The first six spacecraft (Artemis 111
through VIII) will be acquired by cost-plus-incentive-fee orders. NASA will negotiate firm-fixed-price
orders for future missions to take advantage of the anticipated spacecraft production cost decreases.

NASA signed an implementing arrangement with ESA to provide service modules for the Orion
spacecraft for Artemis I and II. Incorporating the partnership with ESA also required a contract
modification with Lockheed Martin to integrate the ESA-provided service module with the Lockheed
Martin portion of the spacecraft. Lockheed Martin has integrated ESM-1 with CM-1 and performed
environmental testing of the integrated spacecraft. Lockheed Martin handed the vehicle over to
Exploration Ground Systems (EGS) in January 2021 for ground operations. ESA is on track to deliver the
ESM-2 to NASA in August 2021.0n May 26, 2020 ESA signed a contract with Airbus to build ESM-3
for Artemis I1I. This should result in Annex 3 of the Implementing Arrangement with ESA in FY 2021.

Orion published a Request for Proposals (RFP) for the Orion Maneuvering Engine (OME) engines in
March 2020, which will replace the Orbital Maneuvering System Engine (OMS-E) starting with Artemis
VII. The contract award is planned for summer 2021. Orion has enough OMS engines remaining from the
Space Shuttle Program to fly on the ESM through Artemis VI.
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MAJOR CONTRACTS/AWARDS

Orion Design and Development, Test and

Evaluation (DDT&E) Lockheed Martin Littleton, CO
Orion Production and Operations Contract Lockheed Martin Littleton, CO
(OPOC)

INDEPENDENT REVIEWS

To evaluate the
program’s functional
and performance
requirements,
ensuring proper
formulation and Program cleared
Mar 2007 | correlation with to proceed to N/A
Agency and next phase.
HEOMD’s strategic
objectives; assess the
credibility of the
program’s estimated
budget and schedule.

Standing
System Readiness | Review
Review (SRR) Board
(SRB)

To evaluate the
proposed program
requirements and
architecture;
allocation of
requirements to
initial projects; Program cleared
SRB Aug 2007 | assess the adequacy | to proceed to N/A
of project pre- next phase.
formulation efforts;
determine if maturity
of the program’s
definition and plans
are enough to begin
implementation.

System Design
Review (SDR)
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To evaluate
completeness and
consistency of the
program’s
preliminary design,
including its projects
meet all
requirements with Program cleared
SRB Sep 2009 appropriate margins, | to proceed to N/A
acceptable risk, and next phase.
within cost and
schedule constraints;
determine the
program’s readiness
to proceed with the
detailed design
phase.

Development

Preliminary Design
Review (PDR)

The purpose of the
review is to realign
the program’s
preliminary design to
the current
Exploration Systems
Development (ESD)
requirements. NASA
policies allow
changes to a
Resynchronization program’s

g SRB Jul 2012
Review management
agreement in
response to internal
and external events.
An amendment to
the decision
memorandum is
signed at the KDP-B
review held before
PDR if a significant
divergence occurs.

Program cleared
to proceed to N/A
next phase.
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To update the
program’s
preliminary design;
ensure completeness
and consistency;
determine the
program’s readiness
to proceed with the
detailed design
phase.

Development

Program cleared
to proceed to N/A
next phase.

Delta PDR SRB Aug 2014

To evaluate the
integrity of the
program integrated
design, including its
projects and ground
systems, its ability to
meet mission
requirements with
appropriate margins
and acceptable risk, Program cleared
SRB Oct 2015 and that it is planned | to proceed to N/A
within cost and next phase.
schedule constraints;
determine if the
integrated design is
appropriately mature
to continue with the
final design and
fabrication phase for
Exploration Mission
(EM)-1.

Critical Design
Review (CDR)
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To evaluate the
integrity of the
program integrated
design, including its
projects and ground
systems, its ability to
meet mission
requirements with
appropriate margins
and acceptable risk,
and that it is planned
within cost and
schedule constraints;
determine if the
integrated design is
appropriately mature
to continue with the
final design and
fabrication phase for
EM-1.

Development

Program cleared
to proceed to N/A
next phase.

ESM CDR SRB Oct 2016

To evaluate the
readiness of the
program, including
its projects and
supporting
infrastructure, to Program cleared
N/A Nov 2016 | begin system to proceed to N/A
Assembly, next phase.
Integration, and
Testing (AI&T) with
acceptable risk, and
within cost and
schedule constraints.

Critical Integration
Review (CIR) /
System Integration
Review (SIR)
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Development

Artemis II CDR

Independent
Assessment
(TA)/
Independent
Review
Team (IRT)

Dec 2018

To evaluate the
integrity of the
program integrated
design, including its
projects and ground
systems, its ability to
meet mission
requirements with
appropriate margins
and acceptable risk,
and that it is planned
within cost and
schedule constraints;
determine if the
integrated design is
appropriately mature
to continue with the
final design and
fabrication phase for
EM-2.

Program cleared
to proceed to
next phase.

N/A

ESD Artemis I
Independent
Schedule
Assessment

Schedule
Assessors
from Office
of the Chief
Financial
Officer
(OCFO)

Jun 2019

Programmatic
assessment and
analysis of Artemis |
schedules across all
ESD programs with
an emphasis on
program
performance and
risks.

NASA
leadership was
briefed on
Artemis I launch
date options.

N/A

ESD Enterprise
Integration Review
(EIR)

Independent
Review
Team

Jan 2021

To confirm that
flight and ground
hardware elements,
software, support
equipment, facilities,
and infrastructure are
ready to support
assembly,
integration, test, and
mission operations
per the planned
schedule for Artemis
1

The IRT
confirmed the
programs are
sufficiently
mature to
proceed for
integrated
operations

N/A
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Development

To assess risks and
plans for starting
System Integration integration of all
Review (SIR) TA/IRT Jun 2021 hardware into the N/A N/A
structure to build up
the flight vehicle.
To assess system
assembly,
integration, and test;
KDP-D IA/IRT Jul 2021 verification/certificat | N/A N/A
ion; prelaunch
activities; launch;
and checkout.
To evaluate the
. readiness of the
Operational .
. . project to operate the
Readiness Review/ flight system and
thm Readiness IA/IRT NET Jul associated ground N/A N/A
Review 2023 system; and support
(ORR/FRR) for ystem, PP
. systems for safe and
Artemis IT
successful launch
and flight/mission.
Launch Readiness
. To assess all
Date/Initial e
Operations NET Sep capabilities of the
peratic IA/IRT vehicle to support N/A N/A
Capability 2023 the readiness to
(LRD/1OC) for launch
Artemis II ’
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FY 2022 Budget

Op Plan Enacted Request
Budget Authority (in $ millions) FY 2020 FY 2021 FY2022 FY2023 FY2024 FY2025 FY2026
Launch Vehicle Development 2,468.0 2,494.3 2,413.6 2,413.3 2,408.9 2,202.9 2,182.9
SLS Program Integration and Support 60.1 66.6 73.4 72.7 57.1 87.1 87.1
Total Budget 2,528.1 2,560.9 2,487.0 2,486.0  2,466.0 2,290.0 2,270.0
Change from FY 2021 -73.9
Percentage change from FY 2021 -2.9%

FY 2020 reflects funding amounts specified in Public Law 116-93, Consolidated Appropriations Act, 2020, as
adjusted in NASA's FY 2021 Initial Operating Plan, except Exploration Ground System Development and
Exploration CoF. Table does not reflect emergency supplemental funding provided for NASA and included in the
Safety, Security, and Mission Services account, as specified in Public Law 116-136, the Coronavirus Aid, Relief, and
Economic Security Act, totaling $60.0 million.

FY 2021 reflects funding amounts specified in Public Law 116-260, Consolidated Appropriations Act, 2021, as
adjusted by NASA's FY 2021 Initial Operating Plan.

NASA continues development of a heavy-lift launch
vehicle to deliver crew and large volumes of cargo to
deep space. The Space Launch System (SLS) program
is preparing to carry humans farther into deep space
than ever before.

SLS will play an integral role in the Artemis Program
as a human-rated launch system intended to deliver
Orion beyond low-Earth orbit. This launch system will
be used in each of the Artemis missions. The Agency
will continue to identify and implement affordability
strategies to help SLS become a sustainable exploration
capability.

motor center segments, shown here at KSC, are The budget request supports launches at the earliest

sporting the NASA "worm" logos as they prepare technically feasible date.

for EGS stacking operations. For more information g0 to:
, :

http://www.nasa.gov/exploration/systems/sls/index.html

Program Elements

SLS PROGRAM INTEGRATION AND SUPPORT

SLS program integration and support activities manage the Orion and Exploration Ground Systems (EGS)
program interfaces. This effort is critical to ensuring that the performance of SLS systems meets technical
and safety specifications and supports programmatic assessments key to achieving integrated technical,
cost, and schedule management. In addition, the SLS integration effort is vital to managing interfaces
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with other Human Exploration and Operations Mission Directorate (HEOMD) activities, including
strategic studies, feasibility studies, and small-scale research tasks that feed into future human

exploration. Coordination and timely integration across the programs is aimed at mitigating the impacts of
potential design overlaps, schedule disconnects and delays, and cost overruns.

LAUNCH VEHICLE DEVELOPMENT

The Launch Vehicle Development project will develop the Space Launch System (SLS) launch vehicle to
enable deep space exploration. See the Launch Vehicle Development section beginning on the next page
for additional details.
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FY 2022 Budget

Op Plan Enacted Request
[Budget Authority (in $ millions) Prior FY 2020 FY 2021 FY2022 FY 2023 FY 2024 FY 2025 FY 2026 | BTC _ Total
Formulation 2,673.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2,673.9
Development/Implementation 7,980.0 511.1 462.5 153.7 0.0 0.0 0.0 0.0 0.0 9,107.3
Operations/Close-out 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2021 MPAR LCC Estimate 10,653.9  511.1 462.5 153.7 0.0 0.0 0.0 0.0 0.0 11,781.2
Total Budget 14,208.5 2,468.0 2,494.3 2,413.6 2,4133 2,408.9 2,202.9 2,182.9 0.0 30,792.4
Change from FY 2021 -80.7
Percentage change from FY 2021 -3.2%

FY 2020 reflects funding amounts specified in Public Law 116-93, Consolidated Appropriations Act, 2020, as
adjusted in NASA's FY 2021 Initial Operating Plan. Table does not reflect emergency supplemental funding
provided for NASA and included in the Safety, Security, and Mission Services account, as specified in Public Law
116-136, the Coronavirus Aid, Relief, and Economic Security Act, totaling $60.0 million.

FY 2021 reflects funding amounts specified in Public Law 116-260, Consolidated Appropriations Act, 2021, as
adjusted by NASA's FY 2021 Initial Operating Plan.

The difference between the total budget and the MPAR LCC estimate is the total budget includes content outside of
Artemis I and excludes CoF; LCC only includes Artemis I content, including CoF.

With the arrival of the SLS Core Stage at KSC in April 2021, NASA is continuing to assess the schedule and work
remaining for the Artemis I mission. NASA Leadership will review the results of these assessments before
considering potential updates to the Artemis I and Il launch planning dates.
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PROJECT PURPOSE

In support of the Artemis mission, the Launch Vehicle
Development project will enable deep space exploration
with the Space Launch System (SLS) launch vehicle. For the
first time since the Apollo program in 1972, American
astronauts will explore space beyond low-Earth orbit (LEO)
and return to the Moon, reinvigorating America's human
exploration of the solar system.

EXPLANATION OF MAJOR CHANGES IN FY
2022

The FY 2022 President’s Budget proposes funding to
support the Nation’s Artemis Program. The current Artemis
1 Launch Readiness Date (LRD) is no earlier than (NET)
November 2021. The current LRD for Artemis Il is NET
September 2023.

Due to the late SLS core stage delivery to Kennedy Space
Center (KSC), Artemis I and II launch dates are going
through an additional review. NASA leadership will review

Engineers and technicians completed
installation of the core stage into Stennis 3 "
Space Center's (SSC) B-2 Test Stand. The the results of these assessments before updating the Artemis
core stage completed all test cases for Green I'and II launch planning dates.

Run.

NASA is focusing on successful completion of Artemis I
and II and preparation required for Artemis III. The first
flights will feature the SLS Block 1 configuration, utilizing a human-rated Interim Cryogenic Propulsion
Stage (ICPS). The Budget increases funding for continued development of the SLS Block 1B
configuration with the Exploration Upper Stage (EUS). It remains an important future capability and its
development will lead to a first flight on Artemis IV. This block evolution approach focuses NASA and
its contractors on successfully delivering and flying the Block 1 SLS before folding in the additional
Block 1B developments.

PROJECT PARAMETERS

SLS will launch Orion and the first woman and the first person of color to an orbit around the Moon. The
primary components of the SLS include the Launch Vehicle Stage Adapter (LVSA), the ICPS, the core
stage and avionics, two five-segment solid rocket boosters, and four RS-25 engines.

The SLS core stage is over 200 feet tall, and atop it sits the LVSA, which connects the ICPS and core
stage. The LVSA provides structural support for launch and separation loads and protects propulsion
system electrical components. The core stage contains five primary subcomponents, including the forward
skirt, liquid oxygen tank, intertank, liquid hydrogen tank, and engine section. The engine section is the
attach point for the four RS-25 engines, which combined with the boosters will produce maximum thrust
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of 8.8 million pounds. On each side of the core stage, the five-segment solid rocket boosters will stand 17
stories tall and burn 5 tons of propellant per second. The boosters connect via the intertank and engine
section attach points and will provide initial thrust for the first two minutes of flight.

The Launch Vehicle Development project leverages hardware designed for heritage programs, including
adapted and refurbished Space Shuttle RS-25 main engines, five-segment Shuttle-derived solid rocket
boosters, and an ICPS derived from the Delta cryogenic second stage. The program benefits from
NASA’s half-century of experience and knowledge of liquid oxygen and hydrogen heavy-lift vehicles,
large solid rocket motors, and advances in technology and manufacturing practices, such as friction stir
welding. The SLS rocket will generate a total thrust at liftoff greater than that of the Saturn V.

The launch vehicle development follows a block evolution framework where the core stage will serve as
the common component in all future configurations. The Block 1 configuration, which is the
configuration for Artemis I, stands at 322 feet and features a lift capability of 95 metric tons to LEO, with
8.8 million pounds of maximum thrust. With this performance, Block 1 will be able to send the 27 metric
ton Orion spacecraft towards the Moon. This SLS configuration will allow Orion to demonstrate deep
space technologies and hardware required for Earth-independent missions.

The planned evolution of the architecture to the Block 1B configuration will include an Exploration
Upper Stage (EUS), associated Universal Stage Adapter (USA) and Payload Adapter (PLA) which
provides space for Co-Manifested Payloads (CPLs). This Block 1B configuration will be capable of
delivering at least 37.3 metric tons of net payloads (Orion and up to 10.3 metric tons of additional
payloads) to Trans-Lunar Injection (TLI) on crewed missions

ACHIEVEMENTS IN FY 2020

Artemis I fully integrated core stage testing, also known as the Green Run, completed six of the eight key
tests in FY 2020. The test series completed modal testing, vehicle power-on checks, main propulsion
system and engine leak function checks, and other systems verifications. All ten Booster segments were
delivered from Promontory, UT, and Exploration Ground Systems (EGS) began booster stacking in the
Vertical Assembly Building (VAB). Stacking began in November 2020 and was completed as of March
2021. The LVSA assembly and check out for Artemis I has also completed at Kennedy Space Center
(KSC) and is currently sitting ready for stacking in the VAB High Bay 4.

WORK IN PROGRESS IN FY 2021

The remaining two Artemis 1 Green Run tests were completed and allowed for delivery of the core stage
to KSC on April 27, 2021. Specifically, the core stage was filled up with cryogenics for the first time
during the wet dress rehearsal in December 2020. A first attempt at a hot-fire of the core stage's four RS-
25 engines with a full load of hydrogen fuel and liquid oxygen in the B-2 test stand at SSC was conducted
in January 2021 but was aborted earlier than planned. The full hot fire test was completed in March 2021.
This final hot-fire test was critical to ensuring all core stage components are ready for vehicle certification
and final integration at KSC. The core stage was the final piece of hardware to arrive at KSC for EGS
spacecraft stacking and integration with Orion crew capsule and its components.
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Prior to launch, SLS will complete the Design Certification Review (DCR) process that began in January
2021 and is scheduled to conclude in September 2021. This process will certify the vehicle in preparation
for the Artemis I Flight Readiness Review.

With all Artemis [ SLS hardware at KSC, SLS has handed off all launch vehicle components to EGS.
EGS will integrate the launch system with the Orion crew vehicle in KSC’s VAB using a co-developed
design center concept. The SLS team will continue to provide subject matter expertise to support vehicle
build-up and Integrated Test and Checkout.

The SLS program has shifted its focus to Artemis II and III since delivery of the first core stage to KSC.
Manufacturing of Artemis II and future SLS components continues with fabrication of the forward skirt
(completed in February 2021), intertank (completed in March 2021), liquid oxygen tank, liquid hydrogen
tank, and engine section at Michoud Assembly Facility (MAF) in New Orleans. Teledyne Brown
Engineering is assembling LVSA panel sections, and United Launch Alliance is working on the second
ICPS in Decatur, AL. SLS is also continuing Artemis Il hardware manufacturing with production of the
Orion stage adaptor, engine delivery to MAF, and other activities. The program completed the first flight
readiness analysis cycle for Artemis Il and will complete the core stage forward join of the forward skirt,
liquid oxygen tank, and intertank.

The program will start the flight readiness analysis cycle for Artemis Il and will start core stage final
assembly and integration for a FY 2022 delivery to EGS at KSC.

SLS continued design and development of Exploration Upper Stage (EUS) and held the EUS Ceritical
Design Review (CDR) in December 2020. An Independent Review Team (IRT) is planning to review the
EUS and associated activities during the summer of 2021. Component qualification testing will continue
during the second half of FY 2021.

With Artemis I and II well on their way, Artemis III hardware builds will continue, including the Artemis
I Orion stage adaptor, ICPS-3, and launch vehicle stage adaptor for this mission. Welding of the panels
for the LVSA are continuing at AMRO Fabrication, Corp. Additionally, the program began the
procurement process for long lead items for Artemis III and core stage IV and V. SLS will also initiate
contract actions for the Artemis IV launch vehicle stage adaptor. RS-25 engines conducted the first hot-
fire test of the restart engine 0528 at Stennis Space Center in February 2021 followed by additional tests
later in the year.

KEY ACHIEVEMENTS PLANNED FOR FY 2022

FY 2022 will be an exciting year for SLS, and the Agency, with the planned Artemis I launch NET
November 2021. Artemis I will be the first uncrewed launch of the SLS rocket and the Orion spacecraft.
Prior to launch, the program will complete the Preliminary Flight Readiness Review. The integrated test
flight will provide critical data regarding ground systems, the launch vehicle, spacecraft performance, and
human deep space exploration operations. The data from the test flight will allow the program to update
the computer models for more accuracy toward future Artemis missions and planning.

SLS will also continue critical Artemis II core stage hardware manufacturing with production of the
Orion stage adaptor, production of the engine section, completion of ICPS-2, RS-25 engine delivery to
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MATF from Aerojet Rocketdyne, and others. SLS will begin the flight readiness analysis cycle for Artemis
II and will start core stage final assembly and integration for a March 2022 delivery to EGS at KSC.

Artemis III hardware builds will continue, including the Artemis III Orion stage adaptor, ICPS-3, core
stage components and launch vehicle stage adaptor for this mission. SLS plans to definitize the Stages
Production Evolution Contract (SPEC) in early FY 2022. SLS will also initiate contract actions for the
Artemis IV launch vehicle stage adaptor and SPEC once definitized to fully initiate Artemis IV hardware
production.

SLS will also continue future development of evolved capabilities with production of the first Exploration
Upper Stage (EUS) and continued Design Development Test and Evaluation (DDT&E) of the Booster
Obsolescence and Life Extension (BOLE) project for advanced boosters. Manufacturing of the first EUS
is planned to begin during the second quarter of FY 2022.

Schedule Commitments/Key Milestones

Milestone Confirmation Baseline Date FY 2022 PB Request
Key Decision Point-A (KDP-A) Nov 2011 Nov 2011
Formulation Authorization May 2012 May 2012

System Requirements Review (SRR) May 2012 May 2012
E&iﬁl?ﬁgﬁg roject Management Jul 2012 Jul 2012

Preliminary Design Review (PDR) Board Jun 2013 Jun 2013

KDP-C APMC Jan 2014 Jan 2014

Critical Design Review (CDR) Board Jul 2015 Jul 2015

Design Certification Review Sep 2017 Sep 2021

Artemis I Launch Readiness* Nov 2018 NET Nov 2021

*Currently under review
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Development Cost and Schedule

Development

Artemis I
2015 7,021.4 70% 2021 9,108.3 +29.7% | Launch Nov 2018 36

NET Nov

Readiness 2021

Note: NASA continues to review past reporting, and estimates do not necessarily accurately incorporate actual
expenditures to date. Additionally, cost and confidence levels do not reflect the cost impacts of currently anticipated
schedule delays. The estimates are expected to increase as NASA assesses the impacts of further delays and updates
reporting on expenditures. Estimates that include combined cost and schedule risks are denoted as joint confidence
level (JCL), all other confidence levels (CLs) reflect cost confidence without necessarily factoring the potential
impacts of schedule changes on cost.

Development Cost Details

TOTAL: 7,021.4 9,108.3 +2,086.9
Stages Element 3,138.6 5,202.7 +2,064.1
Liquid Engines Office* 1,198.3 490.4 -707.9
Booster Element 1,090.3 1,049.1 -41.2
jggcgsfjl‘ii ‘;‘lyggi‘)‘%é;“egm“"“ 447.1 635.5 +188.4
Other 1,147.1 1,730.6 +583.5

*The Agency Baseline Commitment previously included fixed and shared costs with the RS-25 production restart
activity (in the Liquid Engines Office), which supports Artemis I and later missions. SLS removed those costs from
the estimate and significantly lowered the Artemis I Liquid Engines Office and Current Year Development Cost
Estimate.
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Development

Project Management & Commitments

Element Description Provider Details Change from
Baseline
Responsible for development, Progici;:r: Marshall Space Flight Center
testing, production, and (MSFC)
Booster support for the five-segment | Lead Center: MSFC N/A
solid rocket motor to be used | Performing Center(s): MSFC
on initial capability flights. Cost Share Partner(s): N/A
Responsible for development | Provider: MSFC
and/or testing, production, Lead Center: MSEC
Engines and support for both core o ) ) N/A
stage (RS-25) and upper stage Performing Center(s): MSFC; SSC
liquid engines. Cost Share Partner(s): N/A
Responsible for development, | Provider: MSFC
Block 1B Fegt.ing, and prqduction ofthe | 1 oad Center: MSEC New Element
Development initial Exploration Upper Performing C - MSFC/MAF- represents a
Office p stage as well as development erforming Center(s): ’ reorganization of
for the Autonomous Flight S5C stages content
Separation System (AFSS) Cost Share Partner(s): N/A
Responsible for development, .
testing, production, and Provider: MSFC
support of hardware elements, | Lead Center: MSFC
Stages including core and upper Performing Center(s): MSFC/MAF; N/A
stages, liquid engine SSC
integration, and avionics Cost Share Partner(s): N/A
integration.
Responsible for development, .
testing, production, and Provider: MSFC
Spacecraft support of hardware elements | Lead Center: MSFC
PI; yloads and for integrating the O.rion ar}d Performing Center(s): MSFC, Langley N/A
Int : payloads onto SLS, including | Research Center (LaRC), Glenn
egration .
the ICPS, Orion stage adapter, | Research Center (GRC), and KSC
LVSA, universal stage . Cost Share Partner(s): N/A
adaptor, and payload fairings.
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Project Risks

Development

Risk Statement (Ranked in
Sequential order)

Mitigation

If: Significant follow-on SLS
Core Stage traveled work to EGS
at KSC is required,

Then: Final integration will
experience additional delays.

Significant risk has been reduced with the completion of the Core Stage Hot
Fire and delivery to KSC in April 2021. Traveled work remains, but
mitigation efforts continue and are in-process at time of this release. These
efforts include reducing post hot-fire engine refurbishments and thermal
protection system repairs by reducing and eliminating inconsequential, low-
risk tasks. Planned indoor engine refurbishment as traveled work to KSC
will eliminate weather element exposure. VAB high-bay platforms allow for
improved core stage component access versus SSC B-2 test stand access.

SLS and EGS teams are assessing schedule impacts of traveled work to flow
as much as work as possible into parallel, minimizing growth to the final
integration critical path.

If: Core Stage verifications are
delayed,

Then: Schedule impacts and
further delays realized.

Part of the critical path to Artemis I launch readiness for SLS is completing
the Core Stage verifications in support of the SLS Block 1 design
certification and completion of the integrated Artemis integrated
verifications. The verification process is estimated to be completed four
months after the successful completion of the Green Run Hot Fire Test.

Acquisition Strateqy

MAJOR CONTRACTS/AWARDS

Procurement for SLS launch vehicle development meets the Agency’s requirement to provide an
evolvable vehicle within a schedule that supports various mission requirements. Procurements include use
of existing assets to expedite development and further development of technologies and future
competitions for advanced systems and key technology areas specific to SLS vehicle needs.

Element

Vendor

Location (of work performance)

Universal Stage Adaptor

Dynetics, Inc.

Huntsville, AL

Launch Vehicle Stage
Adaptor

Teledyne Brown Engineering, Inc.

Huntsville, AL

Boosters

Northrop Grumman Innovation Systems

Magna, UT

Core Stage Engine

Aerojet Rocketdyne

Desoto Park, CA; SSC

ICPS

United Launch Alliance under contract to
Boeing Aerospace

Huntsville, AL
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Stages (Core and Upper) | Boeing Aerospace New Orleans, LA

Development

Aerojet Rocketdyne West Palm Beach, FL

Upper Stage Engines

INDEPENDENT REVIEWS

NASA established a Standing Review Board (SRB) to perform the independent reviews of the Launch
Vehicle Development project as required by NASA Procedural Requirements (NPR) 7120.5.

To eyaluate the complete.:ness/ The SRB evaluated
consistency of the planning, .
. the project and
technical, cost, and schedule .
. . . . determined the
Preliminary Standing baselines developed during roiect is
Design Review Aug formulation; assess compliance projec
. L . . sufficiently mature N/A
Review Board 2013 of the preliminary design with .
. . ] to begin Phase C
(PDR) (SRB) applicable requirements; and .
o N and begin final
determine if the project is .
. . design and
sufficiently mature to begin =
fabrication.
Phase C.
To evaluate the integrity of the
project design and its ability to The SRB evaluated
meet mission requirements with | the project and
o appropriate margins and determined the
Critical . oy .
Design acceptable risk within defined project is
Review SRB Jul 2015 | project constraints, including sufficiently mature N/A
(CDR) available resources. To to progress to major
determine if the design is manufacturing,
appropriately mature to continue | assembly, and
with the final design and integration.
fabrication phase.
Exploration Schedule
Systems Assessors Programmatic assessment and
Development gra . NASA leadership
(ESD) from Ofﬁf:e analysis of Art.emls I schedules was bricfed on
. of the Chief | Jun 2019 | and schedule risk across all ESD . N/A
Artemis I . . ) . Artemis I launch
Financial programs with an emphasis on .
Independent . date options.
Officer program performance and risks.
Schedule
(OCFO)
Assessment
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Development

Programmatic assessment and . .
ESD Artemis Eﬁiﬁ?dem Spring analysis of Artemis I schedule E:;Zlfiltllzh:r? dri:;]&ii(}ll N/A
I Re-baseline 2020 and schedule risks of Artemis I .
Team readiness date.
launch date and JCL.
To confirm that flight and
ground hardware elements, The IRT confirmed
ESD .
. software, support equipment, the programs are
Enterprise Independent i - )
) . facilities and infrastructure are sufficiently mature
Integration Review Jan 2021 N/A
- ready to support assembly, to proceed for
Review Team . . .l .
integration, test and mission integrated
(EIR) ! _
operations per the planned operations
schedule for Artemis 1
Design | SLS dovign complies with applicabie
Certification | Independent £ p PP Certification of the
. . Sep 2021 | requirements and necessary . N/A
Review Review . . . SLS Block 1 design.
(DCR) Team Ver.lﬁcatlop activities are
satisfactorily completed.
Op ergtlonal To evaluate the readiness of the
Readiness . .
. project to operate the flight
Review/ NET Sep | system and associated ground
Flight IA/IRT P |8y £ N/A N/A
. 2021 system; and support systems for
Readiness
. safe and successful launch and
Review flight/mission
(ORR/FRR) & :
Launch
gzatlél/llrfifisal NET To assess all capabilities of the
. IA/IRT Nov vehicle to support the readiness | N/A N/A
Operations 2021 to launch
Capability '
(LRD/1OC)
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FY 2022 Budget

Op Plan Enacted Request
Budget Authority (in $ millions) FY 2020 FY 2021 FY2022 FY2023 FY2024 FY2025 FY2026
Total Budget 578.0 580.0 590.0 558.0 514.0 514.0 513.0
Change from FY 2021 10.0
Percentage change from FY 2021 1.7%

FY 2020 reflects funding amounts specified in Public Law 116-93, Consolidated Appropriations Act, 2020, as
adjusted in NASA's FY 2021 Initial Operating Plan, except Exploration Ground System Development and
Exploration CoF. Table does not reflect emergency supplemental funding provided for NASA and included in the
Safety, Security, and Mission Services account, as specified in Public Law 116-136, the Coronavirus Aid, Relief, and
Economic Security Act, totaling $60.0 million.

FY 2021 reflects funding amounts specified in Public Law 116-260, Consolidated Appropriations Act, 2021, as
adjusted by NASA's FY 2021 Initial Operating Plan.

The Exploration Ground System (EGS) program will
play an integral role in the Artemis Program by enabling
integration, processing, and launch of the Space Launch
System (SLS) and Orion spacecraft. EGS is making all
required facility and ground support equipment
modifications at Kennedy Space Center (KSC) to enable
the assembly, test, and launch of SLS and Orion, along
with the landing and recovery activities of Orion
spacecraft flight elements in support of the Artemis
missions. EGS is also modernizing communication and
control systems to support these activities.

The EGS program, based at KSC, develops and operates
the systems and facilities necessary to process,

[ e

N T

NASA'’s Exploration Ground Systems team has

completed stacking the solid rocket boosters on
Mobile Launcher-1 inside the Vehicle Assembly
Building. The boosters will help power NASA’s

assemble, transport, and launch spacecraft and rockets.
EGS’s mission is to enable the Center to handle future
Artemis missions.

Space Launch System rocket for Artemis I.

EGS is upgrading Launch Pad 39B, the crawler-
transporters, the Vehicle Assembly Building, the Launch
Control Center’s Young-Crippen Firing Room 1, the mobile launcher, and other ground facilities.

For more information, go to: https://www.nasa.gov/exploration/systems/ground/index.html

Program Elements

EGS PROGRAM INTEGRATION AND SUPPORT

EGS program integration and support activities manage the SLS and Orion program interfaces. This effort
is critical to ensuring ground systems' performance meets technical and safety specifications and supports
the programmatic assessments key to achieving integrated technical, cost, and schedule management. In
addition, the EGS integration effort is vital to managing interfaces with other Human Exploration and
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Operations Mission Directorate (HEOMD) activities, including strategic studies, feasibility studies, and
small-scale research tasks that feed into future human exploration. Coordination and timely integration
across the three programs is aimed at mitigating the impacts of potential design overlaps, schedule
disconnects and delays, and cost overruns.

EXPLORATION GROUND SYSTEMS DEVELOPMENT

EGS Development is developing the necessary ground systems as well as refurbishing and upgrading
infrastructure and facilities required for assembly, test, and launch of SLS and Orion, along with the
landing and recovery activities of Orion. This includes the pad, known as Launch Complex-39B (LC-
39B), the Vehicle Assembly Building (VAB), the mobile launcher (ML), and other smaller facilities. See
the Exploration Ground Systems Development section beginning on the following page for additional
details.
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FY 2022 Budget

Op Plan Enacted Request
Budget Authority (in $ millions) Prior FY 2020 FY 2021 FY 2022 FY 2023 FY 2024 FY 2025 FY 2026 | BTC  Total
Formulation 974.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 9747
Development/Implementation 2,067.4 2202 192.6 16.3 0.0 0.0 0.0 0.0 0.0 2,496.5
Operations/Close-out 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2021 MPAR LCC Estimate 3,042.1  220.2 192.6 16.3 0.0 0.0 0.0 0.0 0.0 3,471.2
Total Budget 3,609.3  558.7 569.2 583.7 5524 514.0 494.0  493.0 0.0 7,374.3
Change from FY 2021 14.5
Percentage change from FY 2021 2.5%

FY 2020 reflects funding amounts specified in Public Law 116-93, Consolidated Appropriations Act, 2020, as
adjusted in NASA's FY 2021 Initial Operating Plan. Table does not reflect emergency supplemental funding
provided for NASA and included in the Safety, Security, and Mission Services account, as specified in Public Law
116-136, the Coronavirus Aid, Relief, and Economic Security Act, totaling $60.0 million.

FY 2021 reflects funding amounts specified in Public Law 116-260, Consolidated Appropriations Act, 2021, as
adjusted by NASA's FY 2021 Initial Operating Plan.

The difference between the total budget and the MPAR LCC estimate is the total budget includes content outside of
Artemis I and excludes CoF; LCC only includes Artemis I content, including CoF.

With the arrival of the SLS Core Stage at KSC in April 2021, NASA is continuing to assess the schedule and work
remaining for the Artemis I mission. NASA Leadership will review the results of these assessments before
considering potential updates to the Artemis I and Il launch planning dates.
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PROJECT PURPOSE

Exploration Ground Systems (EGS) is preparing
to launch the Space Launch System (SLS) and
Orion space transportation systems in support of
the Artemis missions. EGS is developing the
necessary ground systems while refurbishing and
upgrading infrastructure and facilities required for
assembly, test, and launch of SLS and Orion,
along with the landing and recovery activities of
Orion. This includes the pad, known as Launch
Complex-39B (LC-39B), the Vehicle Assembly
Building (VAB), the mobile launcher (ML), and
other smaller facilities to move from a Space
Shuttle focus to supporting Artemis missions. The
modernization efforts maintain flexibility for LC-
39B and the VAB to accommodate other potential
place 10 booster segments and nose assemblies on the users and commercial partners, though no other
mobile launcher inside the Vehicle Assembly Building at users have been identified to date. Additionally,
NASA’s Kennedy Space Center. following the Artemis I launch of SLS and Orion,
the ML1, VAB, and LC-39B will undergo
modifications to accommodate crewed flight. Kennedy Space Center (KSC) has more than 50 years
serving as our nation’s gateway to exploring the universe. Taking the knowledge and assets of NASA’s
successful spacefaring past, the EGS Program is helping to build a successful future in spaceflight.

System solid rocket boosters for Artemis I mission. Over
several weeks, workers used one of five massive cranes to

For more information, go to: http://go.nasa.gov/groundsystems

EXPLANATION OF MAJOR CHANGES IN FY 2022

The FY 2022 President’s Budget proposes funding to support the Nation’s next lunar landing goal of
2024. The current Artemis 1 Launch Readiness Date (LRD) is no earlier than (NET) November 2021. The
current LRD for Artemis II is NET September 2023. Due to the late SLS core stage delivery to KSC,
Artemis I and II launch dates are going through an additional review. NASA Leadership will review the
results of these assessments before updating the Artemis I and II launch planning dates.

Funding is also included for the continued construction of Mobile Launcher 2.

PROJECT PARAMETERS

EGS is focusing on the equipment, management, and operations required to safely connect Orion with the
SLS, move the SLS to the launch pad, and successfully launch it into space. The work entails use of many
of the facilities unique to KSC, such as the 52-story VAB and LC-39B. For the Artemis missions, the
EGS team is developing procedures and protocols to process the spacecraft, the rocket stages, and the
launch abort system before assembly into one vehicle. Additional work required to launch astronauts into
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space includes modifying the ML1 and crawler-transporters, preparing LC-39B at KSC, and modernizing
computers, software, tracking systems, and other network communications.

The ML1 is the ground structure used to assemble, process, and launch the SLS rocket and Orion
spacecraft from LC-39B at KSC for missions to deep space destinations, such as the Moon. ML1 consists
of a two-story base that is the platform for the rocket and a tower equipped with a number of connection
lines, called umbilicals, and launch accessories that will provide SLS and Orion with power,
communications, coolant, fuel, and stabilization prior to launch. The tower also contains a walkway for
personnel and equipment entering the crew module during launch preparations. ML1 will support the
Agency’s Artemis I, 11, and III launches, and will be available for future missions if needed.

ML2 is the ground platform structure that will launch SLS Block 1B and Block 2 configurations to the
Moon, allowing the Agency to send astronauts and heavy cargo to the lunar surface as part of NASA’s
Artemis Program. ML2 is the primary interface between the ground launch control system and the SLS
rocket and Orion spacecraft flight hardware. The mobile launcher-2 (ML2) construction contract was
awarded in July 2019 and is aligned to support the first launch of a Block 1B.

A pair of machines called crawler-transporters have carried the load of taking rockets and spacecraft to
the launch pad for more than 50 years at KSC. Each the size of a baseball infield and powered by
locomotive and large electrical power generator engines, the crawler-transporters stand ready to keep up
the work for the next generation of launch vehicles to lift astronauts into space. Crawler-Transporter 2
(CT-2) will be integral to the Artemis Program, which includes landing the first woman and first person
of color on the Moon.

ACHIEVEMENTS IN FY 2020

EGS received launch hardware and teams put systems in place for the Artemis I and II missions. The
program completed a punch-list of detail work inside the VAB in 2020, including cleaning the platforms
and making minor repairs to platform hardware that would be near flight hardware as the facility prepares
for arrival of SLS components and stacking operations.

In October 2019, the program conducted the final water flow test in a series of sound suppression tests

at LC-39B in preparation for the first Artemis I launch. The brief test was one of the final checkouts
between the launch pad and the ML1. At launch, the SLS will produce nearly 8.8 million pounds of
maximum thrust and a lot of sound. The purpose of the sound suppression system is to dampen sound and
vibrations to keep the rocket and the launch pad safe at lift-off. During the test and launch of early
Artemis missions, nearly 450,000 gallons of water will be released onto the ML1 and down the launcher
flame hole onto the flame deflector as well as over the sides.

In December 2019, MLI1 returned to the VAB after completing the three-month long multi-element
verification and validation (MEVYV) at the pad which included demonstration tests of countdown
activities in and around launch day, including propellant loading, sound suppression water system flows,
and vehicle servicing needed to launch Artemis I.

EGS teams tested the flow of cryogenic fluids through the pad’s infrastructure, those systems that will
send liquid hydrogen (LH2) and liquid oxygen (LOX) to the rocket at the time of launch. These tests are
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in preparation for the launch of SLS with the Orion spacecraft atop for the uncrewed Artemis I mission.
The test verified the disposal methods for excess fluids, checked for leaks, confirmed the LOX pumps
could perform appropriately, and validated piping on ML1 could handle the extremely cold temperatures
of LOX and LH2. The next time these systems are used will be about two months before the Artemis I
launch for the wet dress rehearsal, during which the SLS rocket deploys to the pad, is completely fueled
and then drained again.

The program continued to ramp up launch countdown simulations to train and certify the launch control
team for Artemis missions. The simulations walk through the final portions of the launch countdown
sequence, called the terminal countdown. Integrated simulations tied in all NASA centers working the
mission to ensure all members of the team are ready to work together, including Mission Control at
Johnson Space Center in Texas and the SLS Engineering Support Center at Marshall Space Flight Center
in Alabama. Simulations that began in February 2020 end with booster ignition for the Artemis I mission.

EGS will complete software development efforts and MEVYV of the ground systems in support of Artemis
I. Spacecraft processing operations for Orion will take place at the Multi-Payload Processing Facility
(MPPF), followed by SLS flight hardware assembly and SLS/Orion integration and testing at the VAB in
support of the Artemis I mission.

The EGS team continued to work on a new Emergency Egress System for Pad 39B where flight or
ground crew could board a basket with a braking system at the crew access level of the ML1. The crew
would ride the basket down a cable and come to a stop near a bunker to the west of the pad surface,
providing quick escape in the unlikely event of an emergency. Construction will be complete in time to
support crewed Artemis missions.

The integrated recovery team of NASA, EGS, Lockheed Martin and the U.S. Navy, along with additional
contractor support, conducted URT-8 (Underway Recovery Test) at the Naval Base in San Diego to
ensure the safe recovery of the Orion crew module post the Artemis I mission.

Hardware for SLS continued to arrive for processing and integration in various KSC facilities. All 10 of
the solid propellant booster segments arrived by train from their Northrop Grumman manufacturing
facility in Promontory, Utah. The launch vehicle stage adapter, which will connect the SLS core stage to
the interim cryogenic propulsion stage, has arrived by barge. The booster aft skirts, which contain the
thrust vector control system that steers the rocket, have been moved from the Booster Fabrication Facility
to the Rotation, Processing and Surge Facility at KSC where they have been attached to the aft exit cones.
The exit cones attach to the bottommost part of each of the twin boosters to provide extra thrust to the
boosters and protect the aft skirts from the thermal environment during launch.

The program continued construction activities of the Liquid Hydrogen Sphere at LC-39B. The project
involved the integration of a new 1.4 million gallon, LH2 storage sphere into the existing LC-39B system.
The new LH2 sphere will work with the current LH2 sphere to supply LH2 for Artemis II and beyond.
The larger tank will allow NASA to attempt SLS launches on three consecutive days, instead of
opportunities of two out of three days, in the event of a scrub. The newer technology reduces liquid
hydrogen burn-off, allowing more launch attempts before having to refill the larger tank. Construction
began in 2019 and will be complete prior to Artemis II.

NASA began the design and construction of ML2 and will continue efforts over the next several years.
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WORK IN PROGRESS IN FY 2021

Prior to launch, several key Artemis I milestones will have occurred during the fiscal year, such as Orion
delivery, Core Stage delivery, Stacking Operation Readiness Review, and the start of Integrated Test and
Checkout, Artemis I Design Certification Review, and the Preliminary Flight Readiness Review. EGS
and prime test and operations contractor Jacobs started the integration process during Thanksgiving week
by placing the two foundational pieces of the vehicle, the SLS aft booster assemblies, on ML1 in the
VAB.

The program will complete URT-9 in the fall of 2021. The purpose of URT-9 is to certify the recovery
personnel and related on-shore mission interfaces who will be responsible for Artemis I mission recovery
operations.

Concurrent with first time processing and launch of Artemis I, EGS will continue development work via
upgrades and modifications to the VAB and ML1 in support of Artemis II, the first crewed mission, and
Artemis III.

Additionally, in support of Artemis II, the program will complete construction of LC-39's Liquid
Hydrogen Sphere and begin verification and validation certification, as well as continue the Emergency
Egress System and hardware pre-fabrication modifications and construction on ML1.

EGS will continue fabrication of Environmental Control System (ECS) in the VAB and begin upgrades at
LC-39B to support the Artemis II and Artemis III missions, continue upgrades at the Compressor
Converter Facility, and begin modifications to support crewed missions on ML1. The program will also
continue design of the liquid Nitrogen RL-10 Chilldown system at LC-39B.

The program held the technical Program Design Review (PDR) for the ML2 in March 2021, which
demonstrated the preliminary design met all system requirements and established the basis for proceeding
to Critical Design Review (CDR). The programmatic PDR will be held in the summer of 2021 along with
areview by an Independent Review Team (IRT).

KEY ACHIEVEMENTS PLANNED FOR FY 2022

Launch of Artemis I is currently planned for NET November 2021, though this date is under review. The
landing and recovery operations will recover the Crew Module and return it to KSC.

In support of Artemis II and 111, the program will begin modifications to support crewed missions on
ML1 and complete construction, verification, and validation certification of LC-39's Liquid Hydrogen
Sphere. The new LH2 sphere will work with the current LH2 sphere to supply LH2 for Artemis I and
beyond. The newer technology reduces liquid hydrogen burn-off, allowing more launch attempts before
having to refill the larger tank. Construction began in 2019 and will be complete prior to Artemis I1.
Construction of the LH2 Sphere Tank Fill and Remote V&V will be in June 2022.

Teams will continue work on the new Emergency Egress System (EES) for Pad 39B where flight or
ground crew will board a basket with a braking system at the crew access level of ML1. The crew will
ride the basket down a cable and come to a stop near a bunker to the west of the pad surface, providing
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quick escape in the unlikely event of an emergency. The design phase began in 2019 and construction will
be complete in time to support crewed Artemis missions.

The integrated recovery team of NASA, EGS, Lockheed Martin and the U.S. Navy, along with additional
contractor support, will conduct URT-10 in spring 2022 at the Naval Base in San Diego to ensure safe
recovery of the Orion crew module for future Artemis missions. URT-10 will be the first underway test
for a crewed mission. This test will include day and night recovery testing.

The program will complete Artemis II development in September 2022 in preparations for the Artemis I1
launch. EGS will also perform validation of Crew Transportation Vehicle in September 2022.

Schedule Commitments/Key Milestones

Milestone Confirmation Baseline Date FY 2022 PB Request

Key Decision Point-A (KDP-A) Feb 2012 Feb 2012

Formulation Authorization Apr 2012 Apr 2012

Systems Requirement Review (SRR) / System

Design Review (SDR) Aug 2012 Aug 2012

KDP-B Agency Project Management Council

(APMC) Nov 2012 Nov 2012

Preliminary Design Review (PDR) Board Mar 2014 Mar 2014

KDP-C APMC May 2014 May 2014

Critical Design Review (CDR) Board Dec 2015 Dec 2015

System Integration Review (SIR) Apr 2018 Jun 2018

Operational Readiness Review / Flight Readiness

Review (FRR) Jul 2019 Jul 2019

Artemis I Launch Readiness Nov 2018 NE.T Nov 2021 (under
review)

Mobile Launcher 2 iPDR (Technical) Mar 2021 Mar 2021

Mobile Launcher 2 PDR (Programmatic) Jul 2021 Jul 2021
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Development Cost and Schedule

Artemis [
2015 | 18435 | 80% | 2021 24964 33.7% emSt | Nov2oig | NETNov |50

Readiness 2021

NASA continues to review past reporting, and estimates do not necessarily accurately incorporate actual
expenditures to date. Additionally, cost and confidence levels do not reflect the cost impacts of currently anticipated
schedule delays. The estimates are expected to increase as NASA assesses the impacts of further delays and updates
reporting on expenditures. Estimates that include combined cost and schedule risks are denoted as joint confidence
level (JCL), all other confidence levels (CLs) reflect cost confidence without necessarily factoring the potential
impacts of schedule changes on cost.

Development Cost Details

TOTAL 1,843.5 2,496.4 +652.9
Mobile Launcher 213.1 497.0 +283.9
LC-39B Pad 77.5 47.6 -29.9
VAB 92.7 40.8 -51.9
Command, Control, and 198.0 499.0 +301.0
Communications

Offline Processing and

Infrastructure 110.2 120.5 +10.3
Other 1,152.0 1,291.5 +139.5

Other includes Crawler Transporter, Launch Equipment Test Facility, Integrated Operations, Program
Management, Logistics, Safety and Mission Assurance (S&MA), Integrated and Offline Operations, Construction of
Facility and Systems Engineering and Integration (SE&I).

The Agency Baseline Commitment for LC-39B, VAB, and Offline Processing and Infrastructure previously
integrated Operations cost which support Artemis I and later missions. EGS realigned those costs from each
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element and moved those costs to the Other element, significantly lowering those elements' Current Year
Development Cost Estimate. In addition, the program removed $27 million in costs for the VAB Utility Annex from
the VAB element estimate. Those costs were covered by Center Management and Operations as that work was
determined to benefit all programs at KSC.

Project Management & Commitments

EGS balances customer requirements among SLS, Orion, and other Government and commercial users.
EGS is developing ground systems infrastructure necessary to assemble, test, and launch SLS and Orion,
as well as land and recover Orion flight elements.

Element

Description

Provider Details

Change from

Baseline
GSI is responsible for the
design, development, build, Provider: KSC
Ground Systems hardware/software Lead Center: KSC
Implementation integration, verification and Performing Center(s): Ames Research N/A
(GSI) validation, test, and transition g :
to operations for Program Center
facility systems and Ground Cost Share Partner(s): N/A
Support Equipment (GSE).
Operations and O0&TM .is responsible for. Provider: KSC
Test conductmg. overall planmng Lead Center: KSC
Management and execution of both flight Performing Center(s): N/A N/A
(O&TM) hardware and ground systems g :
processing activities. Cost Share Partner(s): N/A
Command C3 is responsible for. Provider: KSC
Control ’ devel.opment, operation, and Lead Center: KSC
Commu’nication sustainment of End-to-End Performing Center(s): N/A N/A
(C3) Comman(.i aqd Contro.l and g :
Communications services. Cost Share Partner(s): N/A
PMT includes project )
Program management, safety and Provider: KSC
mission assurance, logistics, Lead Center: KSC
Management . . e . N/A
Team (PMT) systems engineering, utilities Perform]ng Center(s); N/A

and facility operations, and
maintenance.

Cost Share Partner(s): N/A
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Project Risks

Risk Statement

Mitigation

If: The modifications to ML-1 are not completed
in the planned 18-month window between
Artemis I and Artemis II,

Then: There is a possibility that the Emergency
Egress System (EES) construction will not be
completed in time to allow for V&V prior to
vehicle processing for Artemis I1.

There is a dependency on the ML-1 being available and
modifications being completed to complete the construction
and activation of the EES at the Pad. The dependencies with
Artemis II ML-1 modifications may prevent timely
installation and testing of the EES with ML-1.

Mitigation efforts being pursued include compressing the
EES design schedule, compressing the construction schedule,
exploring alternate implementation methods, initiating the
construction earlier, and/or reducing the overall verification
and validation schedule.

If: The modifications to the Environmental
Control System (ECS) ducting configuration and
circuits are not completed in the planned 18-
month window between Artemis I and Artemis
11,

Then: There is a possibility that the ECS
construction will not be completed in time to
allow for V&V prior to vehicle processing for
Artemis II.

To support launches post Artemis I, modifications are
planned to the ECS that will enable it to support a Block

1 and Block 1B vehicle. This will require modifications to the
existing circuits; however, these circuits must be maintained
throughout the entire Artemis I launch campaign. Mitigation
efforts being pursued include compressing the design
schedule, improving design package flexibility, identifying
design scope that can be deferred, exploring alternate
implementation methods, and/or reducing the overall
verification and validation schedule.

Acquisition Strateqy

EGS serves as its own prime contractor for development activities. EGS executes SLS and Orion ground
infrastructure and processing requirements by leveraging center and programmatic contracts. For more
routine work, EGS also uses pre-qualified indefinite-delivery, indefinite-quantity contractors while
exercising full and open competition for larger or more specialized projects, such as facility systems
construction contracts and associated GSE fabrication firm-fixed-price contracts. A fixed-price
contracting approach is the first choice whenever possible, as it provides maximum incentive for
contractors to control costs because the contractors are subject to any losses incurred. In addition, a fixed-
price contract imposes minimal administrative burden on the contracting parties.
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MAJOR CONTRACTS/AWARDS

EGS development activities will encompass projects of varying content and size. EGS does not have a
prime contract; it uses the Center’s institutional contracts to execute the development, engineering,
construction, and programmatic activities. If the project size or scope falls outside existing Center
capabilities, then a competitively bid firm-fixed-price contract will be used.

MLI1 Structural and Facility .

Support Modification Contract J.P. Donovan Construction, Inc. KSC
VAB Platform Construction Hensel Phelps Construction, Inc. KSC
ML2 Design Build Bechtel National, Inc. KSC

INDEPENDENT REVIEWS

o Standing To eyaluate completeness and
Preliminary Review consistency of program Program cleared
Design Review Mar 2014 | preliminary design; to to proceed to next | N/A
Board . .
(PDR) (SRB) determine readiness to proceed | phase.
with detailed design phase.
To demonstrate that program
design is mature; support full-
Critical Design scale fabrication, assembly, Program cleared
. SRB Dec 2015 | integration, and test; and meet to proceed to next | N/A
Review (CDR)
overall performance phase.
requirements within cost and
schedule constraints.
To evaluate the readiness of the
KSC program, including its projects
System Independent and supporting infrastructure, Program cleared
Integration Review Jun 2018 | to begin system Assembly, to proceed to next | N/A
Review (SIR) Team (IRT) Integration, and Test with phase.
acceptable risk and within cost
and schedule constraints.
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q Date of Next
Review Type Performer Review Purpose Outcome Review
NASA leadership
Exploration Schedule was briefed on
Systems assessors Programmatic assessment and Artemis I launch
Development from Office analysis of Artemis I schedules | date options.
(ESD) Artemis | of the Chief | Jun2019 | across all ESD programs with OCFO staff N/A
I Independent Financial an emphasis on program briefed NASA
Schedule Officer performance and risks. leadership on
Assessment (OCFO) Artemis I launch
date options
Upon completion
Independent Programmatic assessment and of review,
ESD Artemis I R ViI; W Spring analysis of Artemis I schedule establish revised N/A
Re-baseline Team 2020 and schedule risks of Artemis I | baseline and
¢ launch date and JCL. launch readiness
date.
To confirm that flight and The IRT will
ground hardware elements,
software, support equipment. confirm the
ESD Enterprise | Independent rware, support equip ’ programs are
. ; facilities and infrastructure are .
Integration Review Jan 2021 sufficiently N/A
- ready to support assembly,
Review (EIR) Team . . e mature to proceed
integration, test, and mission .
. for integrated
operations per the planned operations
schedule for Artemis 1 P
Mobile To eyaluate completeness and Verify technical Mobile
Independent consistency of program . Launcher
Launcher 2 ; L LS readiness for the
Review Mar 2021 | preliminary design; to . L 2 PDR
PDR . . project to initiate
(Technical) Team determine readiness to proceed construction (Program
to CDR matic)
Mobile To eyaluate completeness and Verify technical
Independent consistency of program .
Launcher 2 ; Summer L .S readiness for the
Review preliminary design; to . . N/A
PDR 2021 . . project to initiate
(Programmatic) Team determine readiness to proceed consiruction
to CDR
Opergtlonal To evaluate the readiness of the
Readiness ) )
. . project to operate the flight
Review/ Flight NET Se system and associated ground
Readiness IA/IRT p y & N/A N/A
Review 2021 system; and support systems
for safe and successful launch
(ORR/FRR) for . A
. and flight/mission.
Artemis [
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Launch
Readiness
Date/Initial NET Nov To assess all capabilities of the
Operations IA/IRT vehicle to support the readiness | N/A N/A
- 2021
Capability to launch.
(LRD/IOC) for
Artemis I
To demonstrate that program
design is mature; support full-
Mobile scale fabrication, assembly, Program cleared
Launcher 2 IA/IRT Mar 2022 | integration, and test; and meet to proceed to next | N/A
CDR overall performance phase.
requirements within cost and
schedule constraints.
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FY 2022 Budget

Op Plan Enacted Request
Budget Authority (in $ millions) FY 2020 FY 2021 FY2022 FY2023 FY2024 FY2025 FY2026
Advanced Exploration Systems 208.9 176.2 195.0 195.0 195.0 195.0 195.0
Advanced Cislunar and Surface 38.0 54.5 91.5 217.9 360.2 627.9 1,088.6
Capabilities
Gateway 421.0 698.8 785.0 810.5 765.0 670.0 670.0
Human Landing System 654.1 928.3 1,195.0 1,266.7 1,579.5 1,989.0 1,807.2
Human Research Program 125.0 115.0 130.2 140.0 145.0 145.0 145.0
Total Budget 1,447.0 1,972.8 2,396.7  2,630.1 3,044.7  3,626.9  3,905.8
Change from FY 2021 423.9
Percentage change from FY 2021 21.5%

FY 2020 reflects funding amounts specified in Public Law 116-93, Consolidated Appropriations Act, 2020, as
adjusted in NASA's FY 2021 Initial Operating Plan, except Exploration Ground System Development and
Exploration CoF. Table does not reflect emergency supplemental funding provided for NASA and included in the
Safety, Security, and Mission Services account, as specified in Public Law 116-136, the Coronavirus Aid, Relief, and
Economic Security Act, totaling $60.0 million.

FY 2021 reflects funding amounts specified in Public Law 116-260, Consolidated Appropriations Act, 2021, as
adjusted by NASA's FY 2021 Initial Operating Plan.

The Exploration Research and Development (ERD)
theme is comprised of five programs: Advanced
Exploration Systems (AES), Advanced Cislunar
Surface Capabilities (ACSC), Gateway, the Human
Landing System (HLS), and the Human Research
Program (HRP). The overarching goal of ERD is to
develop human exploration capabilities and missions
using a combination of unique in-house activities,
public-private partnerships, and international
partnerships. ERD is both developing and testing
prototype systems, as well as planning and
developing flight missions to lunar orbit and the
Moon to develop systems and operation capabilities
that enable an eventual mission to Mars. ERD's work
will create the exploration infrastructure in lunar orbit and on the lunar surface that astronauts will use
during Artemis missions and that will inform future missions to Mars. These program objectives support
the National Space Policy of 2020, as well as the Agency's Strategic Goal 2, which seeks to extend human
presence deeper into space and to the Moon for sustainable, long-term exploration and utilization.

The Near Erfh Asteroid (NEA) Scut is the first
CubeSat delivered and ready for integration into SLS
for the Artemis I mission.

Through commercial partnerships, HLS will support the development and deployment of the integrated
system that will land the first woman and first person of color on the surface of the Moon. The
demonstration of an integrated lander is the first step to enable more permanent human access to the lunar
surface.

The ACSC program is formulating the systems that NASA will use to explore the surface of the Moon.
These surface systems, including surface mobility, logistics, and habitation, will provide capabilities and
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result in lessons learned and expertise that will support future Mars missions. In addition to systems
specific to the lunar surface, ACSC will work with the Gateway program to provide lunar surface cargo
transportation services for these systems and other required materials through the Deep Space Logistics
activity.

ERD will also lead development of the Gateway, a small way station that will orbit the Moon and serve as
an orbital platform for human and robotic missions to the lunar surface. Initial elements of the Gateway
outpost will be launched together into orbit around the Moon where they will provide critical
infrastructure to enable fully reusable lunar landers. The Gateway will be capable of supporting early
human-class lander deployments and operations enabling lunar surface capability.

AES invests in the development and demonstration of prototype exploration systems to reduce mission
risk, validate operational concepts, leverage partner capabilities, and lower lifecycle costs to help enable
lunar and deep space missions. AES will continue to advance technologies related to deep space habitats
by using the ISS as a test bed to advance the technology readiness of habitation systems that could be
used in a future deep space integrated habitation capability. Through the completion of ground-based
prototype testing, AES continues to advance technologies related to deep space habitats and identify and
address knowledge gaps for lunar environments.

The goal of HRP is to provide human health and performance countermeasures, knowledge, technologies,
and tools to enable safe, reliable, and productive human space exploration. As an applied research and
development technology program, HRP uses research findings to develop procedures to lessen the effects
of the space environment on the health and performance of humans working in that setting. With the goal
of enabling a long-duration mission to Mars, the program is using ground research facilities, the
International Space Station, and analog environments to develop procedures and to advance research
areas that are unique to Mars.

ERD activities utilize a variety of agreements and contracts that enable NASA, private industry,
academia, and international partners to share in the risks and rewards of Government investments. These
shared risks include incentivizing technical performance and building future commercial markets with
financial interest in developing capabilities. These programs are also utilizing the unique skills of the
NASA workforce to perform risk reduction, develop life support systems, and build the missions that will
take humanity back to the Moon and beyond.

The technology capabilities and processes pioneered by ERD will enable the first intrepid crews of the
new space age to travel safely to and from the surface of the Moon, mature sustainability on the Moon,
and land on the surface of Mars. These missions will enable new scientific discoveries and promote new
technologies, research, and systems needed to sustain living in deep space for the benefit of all
humankind.

EXPLANATION OF MAJOR CHANGES IN FY 2022

None.
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FY 2022 Budget

Op Plan
Budget Authority (in $ millions)

Enacted  Request

FY 2020 FY 2021 FY 2022

FY 2023 FY 2024 FY2025 FY2026

Total Budget 208.9 176.2 195.0 195.0 195.0 195.0 195.0
Change from FY 2021 18.8
Percentage change from FY 2021 10.7%

FY 2020 reflects funding amounts specified in Public Law 116-93, Consolidated Appropriations Act, 2020, as
adjusted in NASA's FY 2021 Initial Operating Plan, except Exploration Ground System Development and
Exploration CoF. Table does not reflect emergency supplemental funding provided for NASA and included in the
Safety, Security, and Mission Services account, as specified in Public Law 116-136, the Coronavirus Aid, Relief, and

Economic Security Act, totaling $60.0 million.

FY 2021 reflects funding amounts specified in Public Law 116-260, Consolidated Appropriations Act, 2021, as

adjusted by NASA's FY 2021 Initial Operating Plan.

Destiny module, which will remove carbon dioxide from the
International Space Station. Carbon dioxide removal is a key

capability for future deep space exploration.

The Advanced Exploration Systems (AES)
activities develop high-priority technologies
and capabilities and infuse them into
prototype systems that will form the basis for
future human spaceflight missions. These
activities use a combination of unique in-
house activities and public-private
partnerships.

To enable NASA's Artemis Program, AES is
investing in development and demonstration
of exploration capabilities to reduce risk,
lower life cycle cost, and validate operational
concepts for future human missions through
habitation capabilities, life support systems,
and other technologies. The Agency
identifies and addresses potential risks by
performing early validation and ground/flight
testing of new capabilities prior to integration
into planned operational systems. This
approach minimizes cost growth and

improves affordability of future space exploration. AES is focusing on advancing the technologies that
will foster a sustainable presence on the Moon and enable a lasting and productive presence utilizing
reusable systems. These technologies will provide access for a diverse community of contributing
partners and sustainability for repeatable trips to multiple destinations across the lunar surface.

To test the technologies, capabilities, and systems required for deep space missions, AES is employing a
phased approach by testing on the ground, in low-Earth orbit (LEO), and in cislunar space. The goal is to
make exploration missions more capable, safer, and more affordable.

AES will continue to work on identifying and addressing knowledge gaps and delivering fundamental
capabilities to provide astronauts with a place to live and work with integrated life support systems,
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radiation protection, food, fire-safety, avionics and software, logistics management, and systems to
manage waste.

AES provides technologies to enable Artemis missions, including capabilities that enable sustained
surface missions. The technology capabilities and processes pioneered by AES will enable the crews of
the new space age to stay safe and healthy, make scientific discoveries, and sustain new homes away from
Earth for the benefit of all humankind.

AES additionally funds the team that leads the integration of the human space flight elements of the
Artemis missions starting with Artemis III. This integration team comprises the system engineering,
safety, operations, and programmatic organizations that assures that the human spaceflight lunar mission
is implemented successfully with contributions from the programs across the Human Exploration and
Operations Mission Directorate (HEOMD).

EXPLANATION OF MAJOR CHANGES IN FY 2022

The AES portfolio will be more closely aligned to support landing humans on the Moon and establishing
a sustainable, long-term presence on and around it. AES will be focused primarily on technology
development that could be infused into flight or surface elements for the Gateway, Advanced Cislunar
and Surface Capabilities (ACSC), and the Human Landing System (HLS) programs. AES funding
rephasing will enable development and testing technologies for highly-reliable, closed-loop
environmental control and life support systems (ECLSS) and will use the International Space Station
(ISS) as a test bed for long duration reliability demonstrations to support the Artemis manifest.

ACHIEVEMENTS IN FY 2020

In FY 2020, AES continued activities to gain a fundamental understanding of novel habitation structures,
integrated advanced life support systems, environmental monitoring, logistics reduction, fire-safety, crew
health and radiation protection, and avionics and software for increased autonomy. AES continued work
on additional technologies in the areas of synthetic biology applications, in-space manufacturing, robotic
precursor missions, and vehicle systems, including modular power systems, advanced propulsion
technologies, and lander technologies. Together, these technologies will close capability gaps necessary
for deep space missions, including the Artemis architecture, and future human crewed missions to Mars.

AES continued to integrate advanced autonomy software, sensors, and feedback controls with advanced
life support hardware to demonstrate improved overall efficiency and increased autonomy. The NASA
Platform for Autonomous Systems was developed as a prototype hierarchical distributed autonomous
operation capability for the Next Space Technologies for Exploration Partnerships (NextSTEP)-2
Northrup Grumman Habitat. It includes a software capability required for beyond LEO operations that
does not rely on mission control from the ground.

AES continued the NextSTEP-funded activities with commercial industry to develop prototype habitats,
life support systems, and other habitation technologies and conduct integrated ground and ISS-based
testing to reduce risk for deep space missions.

AES began ISS flight demonstrations of life support and environmental monitoring subsystems when the
Spacecraft Atmosphere Monitor (SAM) launched on SpaceX-18. The SAM is installed on ISS and is
continuously monitoring concentrations of major constituents of the atmosphere such as oxygen and
nitrogen. SAM is just one example of reliable, energy-efficient, and low-mass spacecraft systems that
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provide environmental control and life support systems that enable long-duration human missions beyond
LEO.

Through ISS flight demonstrations and improvements to the current ISS life support, environmental
monitoring, fire-safety, and crew health systems, AES-developed habitation capabilities are progressing.
There was also continued progress in the reliability and performance of the ISS oxygen generation
assembly, the ISS urine processor assembly, the ISS water processor assembly, the temperature and
humidity control condensing heat exchangers, and the technologies used for carbon dioxide removal. The
first of two candidate carbon dioxide removal devices was flown to ISS in 2019. Ground development of
smaller, more efficient exercise devices and a crop production capability is also continuing development
for upcoming ISS flight demonstrations.

AES delivered Spacecraft Fire Safety (Saffire) V to Northrup Grumman, which was launched to ISS in
February 2020. The Saffire payloads help NASA understand how large-scale fires spread in microgravity
and therefore help improve fire detection, suppression, and clean-up techniques. NASA will use the
knowledge obtained from these experiments in detailed analysis and optimization for future fire
protection systems.

WORK IN PROGRESS IN FY 2021

As NASA works to extend human space exploration beyond LEO, AES continues to develop reliable life
support systems, deep space habitats, and overall capabilities to reduce logistics requirements to support
sustainable human spaceflight missions that eliminate the dependencies on frequent resupply from Earth.

AES also continues ISS flight demonstrations of life support and environmental monitoring subsystems,
including Spacecraft Atmosphere Monitor 2 (SAM), upgrades to the ISS urine and water processors, and
advanced carbon dioxide removal systems. The Universal Waste Management System (UWMS) was
launched to the ISS in October on a Northrup Grumman launch (NG-14) and the Airborne Particulate
Monitor and Brine Processor Assembly (BPA) were delivered to ISS by NG-15 in February 2021. The
BPA will increase the overall water recovery to 98 percent, which is the level desired for Artemis
missions.

UWMS demonstrates a compact toilet and the Urine Transfer System that further automates waste
management and storage saving crew member time. The smaller footprint of the UWMS supports
possible expansion of the number of crew members on the space station and planning for future
exploration missions. Compact, efficient waste disposal technology also has potential applications in
remote areas and those not served by traditional waste treatment systems on Earth and during disasters.

Production work continues in all other life support, logistics reduction, environmental monitoring, and
crew health improvements toward ISS flight demonstrations in 2021 and beyond. Additionally, AES will
embark on a ground-based test campaign of life support technologies intended to complement ISS-based
testing. AES is also continuing the development of ground and flight experiments to investigate the
effects of low cabin pressure and high oxygen levels on the flammability of materials in partial gravity.

AES is completing development of four small CubeSats for launch on Artemis I: BioSentinel, Near Earth
Asteroid (NEA) Scout, Lunar IceCube, and Lunar Infrared Imaging (LunIR). Lunar IceCube and LunIR
are NextSTEP partnerships in which costs are shared with industry and universities. All four projects are
nearing completion with final spacecraft integration to Space Launch System (SLS) in FY 2021. These
CubeSats will not only help answer strategic knowledge gaps associated with the Moon, asteroids, and
effects of space radiation on biological systems, but will also develop capabilities for deep space
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CubeSats, enabling future missions for academia and industry. BioSentinel will study the effects of the
deep space radiation environment on yeast deoxy-ribonucleic acid (DNA), NEA Scout will visit a small
asteroid using a solar sail for propulsion, Lunar IceCube will search for water on the Moon with a
broadband spectrometer, and LunIR will test an advanced infrared sensor during a lunar flyby.

AES, in support of Gateway development, is continuing to advance work on common avionics and
software capabilities that are the foundation for enabling the command, control, communications, and
computing capabilities needed to operate a spacecraft and subsystems in LEO and beyond.

By the end of FY 2021, the AES portfolio will be more aligned to support landing humans on the Moon
and establishing a sustainable, long-term presence there. AES will be focused primarily on technology
development that could be infused into flight or surface elements for the Gateway, ACSC, and the HLS
programs.

KEY ACHIEVEMENTS PLANNED FOR FY 2022

AES habitation work will continue to deliver the fundamental capabilities and systems to provide
astronauts a place to live and work in space. In addition to continuing ISS flight demonstrations begun
prior to FY 2022, AES, in partnership with ISS, plans to complete flight hardware and demonstrate
prototype systems and sub-systems on ISS, including improved carbon dioxide removal technologies and
additional improvements to the ISS urine and water processors.

AES will continue the development of low technology readiness level (TRL) technologies for increasing
loop closure, conduct an initial flight demonstration of a prototype carbon dioxide scrubber on ISS, and
down-select the most promising technologies for continuation. Radiation Protection activates include a
demonstration of the Hybrid Electronic Radiation Assessor (HERA) on Artemis II and completion of an
active shielding study to compare current work on electrostatic dipoles versus magnetic fields for
deflection of galactic cosmic rays.

Work on all other advanced habitation systems will also continue, with ISS flight demonstrations by
2025. AES will continue building upon the current commercial engagement contracts to advance
commercial habitation, avionics, flight software, life support, in-space refueling capabilities, and other
commercial space industries.

NASA is planning to launch and deliver the Exposed Root On-Orbit Test System, Spacecraft Atmosphere
Monitor Technology Demonstration Unit, and European Enhanced Exploration Exercise Device to ISS in
FY 2022.

Program Elements

HABITATION

Habitation capabilities and systems deliver the fundamental capability to provide integrated life support
systems, environmental monitoring, crew health, radiation protection, fire-safety, and systems to manage
food, waste, clothing, and tools that enable astronauts to carry out NASA’s mission in space and on other
worlds. AES focuses on developing key habitation systems to enable the crews to live and work safely in
space, with an initial focus on lunar missions. Activities include NextSTEP deep space habitation
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prototype development efforts, life support systems, logistics reduction, food and crew health systems,
and radiation measurements and protection.

Experiments to improve spacecraft fire-safety are also underway to better understand how fire spreads
and how to recover from fire events in microgravity. These investments will progressively move from
habitation subsystems to integrated systems and then be infused into deep space exploration elements and
system designs.

AES oversees the Agency’s habitation strategy and serves as the central management authority for
NextSTEP. In this capacity, AES is the primary interface between the external NextSTEP partners and
internal stakeholders, including Exploration Technology, ISS, Orion, SLS, the Human Research Program,
and the Space Communications and Navigation program.

Through the NextSTEP effort, NASA and industry identify commercial capability development for LEO
that intersects with the Agency’s long-duration, deep space habitation requirements, along with any
potential options to leverage commercial LEO advancements and promote commercial activity in LEO.
The multiple phases of NextSTEP are informing NASA’s notional future deep space, long-duration
habitation capability.

RoBOTIC PRECURSOR ACTIVITIES

Robotic Precursor Activities acquire strategic knowledge about potential destinations for human
exploration. These efforts include the Artemis I CubeSats that will perform activities such as prospecting
for lunar ice, studying the effects of space radiation, and demonstrating other instruments, research, and
analysis.

Program Schedule

Date Significant Event

Aug 2020 Upgraded ISS urine processor distillation assembly

Apr 2021 Began BPA demonstration on ISS

May 2021 Begin UWMS demonstration on ISS

Jun 2021 Delivery of Artemis I CubeSats (BioSentinel, NEA Scout, Lunar IceCube, LunIR)
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Program Management & Commitments

Directorate’s Associate Administrator delegated management authority, responsibility, and accountability
to the AES Division at NASA Headquarters. AES Division establishes overall direction and scope,
budget, and resource allocation for activities implemented by the NASA centers.

Program Element

Provider

Habitation Capabilities

Provider: NASA Centers

Lead Center: Headquarters (HQ)

Performing Center(s): Johnson Space Center (JSC), Marshall Space Flight
Center (MSFC), Ames Research Center (ARC), Glenn Research Center

(GRCQ), Langley Research Center (LaRC), Kennedy Space Center (KSC), and
Jet Propulsion Laboratory (JPL)

Cost Share Partner(s): Bigelow Aerospace, Boeing, Lockheed Martin, Orbital
ATK, Sierra Nevada, and NanoRacks (NextSTEP), Dynetics, UTAS, Paragon

Habitation Systems

Provider: NASA Centers
Lead Center: HQ

Performing Center(s): JSC, MSFC, ARC, GRC, Goddard Space Flight Center
(GSFC), and JPL

Cost Share Partner(s): N/A

Strategic Operations

Provider: NASA Centers
Lead Center: HQ
Performing Center(s): ARC
Cost Share Partner(s): N/A

Robotic Precursors

Provider: NASA Centers

Lead Center: HQ

Performing Center(s): MSFC, JPL, ARC
Cost Share Partner(s): N/A
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Acquisition Strateqy

Each year, AES evaluates how the portfolio aligns with human exploration priorities and technology gaps
and either terminates or realigns activities that do not demonstrate adequate progress. AES also adds new
activities to the portfolio as appropriate. AES will continue to utilize this process to identify and evaluate
risk-reduction activities needed in support of Gateway, HLS, and ACSC. AES strives to maximize
specialized skills within the civil service workforce, but it may also utilize a small amount of contractor
effort in areas where NASA can leverage external skills and knowledge in a cost-efficient manner. AES
will also use the Small Business Innovation Research (SBIR) program to engage small businesses for risk
reduction and technology maturation. AES continues the use of competitively-selected external awards
and public-private partnerships. Upgrades to existing ISS life support systems will use existing contracts.

MAJOR CONTRACTS/AWARDS

Element Vendor Location (of work performance)
Habitation Systems: Brine Water Paragon Tucson, AZ:; MSFC
Processor
Habitation Systems: Thermal Amine . .
CO2 Scrubber Collins Aerospace Windsor Locks, CT
Habltatlpn Systems: Oxygen Collins Aerospace Windsor Locks, CT
Generation Assembly
Habitation Systems: Water Processor Collins Acrospace Windsor Locks, CT
Assembly

Boeing, Bigelow Aerospace,
NextSTEP Broad Agency Lockheed Martin, Orbital ATK, | JSC; MSFC; KSC
Announcement Awards Dynetics

INDEPENDENT REVIEWS

AES undergoes quarterly Directorate Program Management Council reviews, and periodically,
representatives from the Office of Chief Engineer, the Office of Safety and Mission Assurance, and the
Office of Chief Financial Officer will assess AES performance during Agency-level Baseline
Performance Reviews (BPR). In addition, AES provides briefing reports to, and seeks feedback on
planning and development activities from, the NASA Advisory Council Human Exploration and
Operation Committee and the Technology Committee.

DEXP-57



Deep Space Exploration Systems: Exploration Research & Development

ADVANCED CISLUNAR AND SURFACE CAPABILITIES

FY 2022 Budget

Op Plan Enacted| Request
Budget Authority (in $ millions) FY 2020 FY 2021 FY2022 FY2023 FY2024 FY2025 FY20206
Total Budget 38.0 54.5 91.5 217.9 360.2 627.9 1,088.6
Change from FY 2021 37.0
Percentage change from FY 2021 67.9%

FY 2020 reflects funding amounts specified in Public Law 116-93, Consolidated Appropriations Act, 2020, as
adjusted in NASA's FY 2021 Initial Operating Plan, except Exploration Ground System Development and
Exploration CoF. Table does not reflect emergency supplemental funding provided for NASA and included in the
Safety, Security, and Mission Services account, as specified in Public Law 116-136, the Coronavirus Aid, Relief, and
Economic Security Act, totaling $60.0 million.

FY 2021 reflects funding amounts specified in Public Law 116-260, Consolidated Appropriations Act, 2021, as
adjusted by NASA's FY 2021 Initial Operating Plan.

The Advanced Cislunar and Surface
Capabilities (ACSC) program is formulating
the systems that NASA will use to explore the
surface of the Moon. These surface systems,
including surface mobility, logistics, and
habitation, will provide capabilities and result
in lessons learned and expertise that will
support future Mars missions. ACSC will
utilize initial studies and pre-formulation
activities for future surface systems and the
elements required for lunar sustainability. As
these lunar-related technologies and systems
mature, they will be the building blocks for the
capability to extend stays on the Moon. In
addition to systems specific to the lunar
surface, ACSC will work with the Gateway
program to provide lunar surface cargo transportation services for these systems and other required
materials through the Deep Space Logistics services activity.

Through the Advanced Cislunar and Surface Capabilities
Program, NASA will develop an unpressurized Lunar
Terrain Vehicle for lunar surface missions. An artist's
rendition of surface activities is presented here.

In the near term, ACSC is conducting risk-reduction studies to identify required lunar surface
technologies to be utilized on the lunar surface and act as precursor systems for potential future missions.
These surface systems include the Lunar Terrain Vehicle (LTV), the Habitable Mobility Platform (HMP),
and the Foundation Surface Habitat (FSH).

LTV is an unpressurized surface transportation system concept that would significantly extend the range
of crew excursions and enable more scientific research, resource prospecting, and exploration activities to
be conducted. The LTV would also be tele-operated to perform scientific activities during the non-crewed
lunar periods and transport small deployable assets to desirable locations.

The HMP is a pressurized surface transportation system concept that would be used on the Moon to
expand the range of excursions even further, allowing crews to perform longer-duration research and
exploration activities. FSH would provide a continuous long-term outpost for crew to visit for up to 60
days. The habitat would be delivered through commercial / international partnerships and will provide the
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support necessary for extended human occupation of the Moon. In addition, this capability would allow
NASA to conduct analogs of Mars surface activities to reduce risk and optimize operational concepts.

EXPLANATION OF MAJOR CHANGES IN FY 2022

ACSC will fund Human Exploration and Operations Mission Directorate (HEOMD)-wide System
Engineering and Integration activities with a focus on the larger Artemis mission plan, emphasizing
capability integration strategies and science/technology utilization across the mission directorate.

ACHIEVEMENTS IN FY 2020

The Moon and Mars Architecture (M&MA) activity initiated studies to provide context for how near-term
lunar activities can be "Mars forward." M&MA identified potential lunar surface systems, operations, and
technology which will help NASA gain experience on and around the Moon that could evolve into the
necessary components for eventual Mars missions. Through the M&MA activity, NASA released a LTV
Request For Information in order to evaluate potential industry partnerships.

ACSC completed Appendix E: Human Landing System Studies, Risk Reduction, Development, and
Demonstration under the NextSTEP Phase 2 Broad Agency Announcement (BAA). Through these
awards, NASA solicited lander risk-reduction activities and concepts which lead towards sending humans
to the surface of the Moon and bringing them home safely as part of a sustainable campaign of
exploration.

As astronauts prepare for missions to the lunar surface, they will need deliveries of pressurized and
unpressurized cargo, science experiments, supplies, and sample collection materials. In March 2020,
NASA awarded SpaceX as the first U.S. commercial provider under the Deep Space Logistics (DSL)
services contract to deliver cargo and other supplies to the lunar outpost.

In partnership with the Human Landing System (HLS) program, ACSC provided support for HLS related
risk reduction activities such as the Navigation Doppler Lidar. This activity provides accurate, surface-
relative altitude and vector velocity data to ensure HLS can land spacecraft safely on the Moon.

ACSC provided funding for the Solar Systems Trek software application, which combines images and
other science data to simulate exploration of the solar system, including the Moon, Mars, and small-
bodies (e.g., asteroids). This application can be used to inform future missions including the return to the
lunar surface through HLS.

WORK IN PROGRESS IN FY 2021

The Surface Systems activity will conduct risk-reduction activities and evaluate potential commercial and
international partnerships to take the next step in developing the systems and technologies identified in
the M&MA activity. Through Surface Systems, NASA will seek to identify specific system architecture
and begin formulation activities on key elements of NASA's Artemis plan.

Through a partnership with the Korea Aerospace Research Institute (KARI), ACSC will deliver the
ShadowCam flight instrument for launch on the Korea Pathfinder Lunar Orbiter (KPLO) in June 2021.
NASA will provide Deep Space Network lunar navigation and trajectory assistance in return for
accommodating ShadowCam, an instrument developed by Arizona State University in collaboration with
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NASA, which will image the shadowed regions at the Moon's poles to detect the presence of ice and
potentially help to identify future sites for human lunar landings and surface operations.

DSL services are required for future human lunar landing missions. NASA has selected SpaceX to deliver
logistics to the Gateway in support of lunar surface operations. ACSC is funding the first two DSL
missions. The project is managed by the Gateway Program.

KEY ACHIEVEMENTS PLANNED FOR FY 2022

M&MA and Surface Systems will continue conducting risk-reduction activities to further develop key
elements of the Artemis plan for the lunar surface. This will include identifying and executing
commercial and international partnerships to begin development of systems based on the LTV, HMP, and
FSH concepts.

ACSC will advance technologies to prevent the accumulation of lunar dust on surface systems and protect
the crew from the hazardous effects of dust upon the return of humans to the lunar surface and subsequent
long duration missions.

Program Elements

HEO SYSTEM ENGINEERING AND INTEGRATION

The HEO Deputy Associate Administrator for Systems Engineering and Integration and supporting staff
are responsible for ensuring the overall HEO strategy is reflected in program requirements. The office
also leads architecture, formulation mission planning, and provides technical direction for HEO activities
(Moon, Mars, and other human missions).

MoOON AND MARS ARCHITECTURE

M&MA activities are focused on developing the future exploration architecture to take humans from the
initial lunar landing to a Mars landing. This architecture will identify needed capabilities and
technologies, as well as define operational concepts that will guide the development of flight systems.

Concepts for crewed lunar surface systems such as habitats, rovers, and a robotic precursor to support
human exploration will be defined through these studies before being further pursued under Surface
Systems.

SURFACE LOGISTICS

Through the DSL Request for Proposal, ACSC will use commercial partnerships to examine potential
solutions for lunar surface logistics through systems development and delivery, in addition to the
Gateway logistics services already under contract.
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SURFACE SYSTEMS

The Surface Systems group conducts activities leading directly to development of capabilities based on
the LTV, HMP, and FSH concepts, as well as other systems required for NASA to continue to advance

human exploration.

Program Schedule

The specific schedule for ACSC is still in the formulation phase and needs to be informed primarily by
commercial responses to planned industry engagements. During FY 2021, NASA will make significant
progress on establishing milestones, program implementation assignments, and acquisition strategy
beyond the initial engagements.

Date Significant Event

TBD Launch of Lunar Terrain Vehicle

TBD Launch of Habitable Mobility Platform
TBD Launch of Foundation Surface Habitat

Program Management & Commitments

HEOMD manages the ACSC activities.

Program Element

Provider

ACSC Core

Provider: NASA Centers
Lead Center: NASA Headquarters (HQ)

Performing Center(s): Marshall Space Flight Center (MSFC), Langley Research Center
(LaRC), Glenn Research Center (GRC), Goddard Space Flight Center (GSFC), Johnson
Space Center (JSC), Jet Propulsion Laboratory (JPL), Kennedy Space Center (KSC),
Ames Research Center (ARC), Armstrong Flight Research Center (AFRC)

Cost Share Partner(s): N/A

Moon & Mars
Architecture

Provider: NASA Centers

Lead Center: HQ

Performing Center(s): MSFC, LaRC, GRC, GSFC, JSC, KSC, ARC
Cost Share Partner(s): N/A

Surface Logistics

Provider: TBD

Lead Center: KSC

Performing Center(s): JSC, JPL, KSC, ARC
Cost Share Partner(s): TBD

DEXP-61




Deep Space Exploration Systems: Exploration Research & Development

ADVANCED CISLUNAR AND SURFACE CAPABILITIES

Acquisition Strateqy

Acquisition plans for all functions/elements of ACSC will be varied and depend upon specific activities
as this effort is comprised of risk-reduction activities, studies, and pre-formulation work.

MAJOR CONTRACTS/AWARDS

None.

INDEPENDENT REVIEWS

ACSC will undergo quarterly Directorate Program Management Council reviews, and periodically,
representatives from the Office of Chief Engineer, the Office of Safety and Mission Assurance, and the
Office of Chief Financial Officer will assess ACSC performance during Agency-level Baseline
Performance Reviews (BPR). In addition, ACSC provides briefing reports to, and seeks feedback on
planning and development activities from, the NASA Advisory Council Human Exploration and
Operation Committee and the Technology Committee.
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FY 2022 Budget

Op Plan Enacted Request
Budget Authority (in $ millions) FY 2020 FY 2021 FY2022 FY2023 FY2024 FY2025 FY20206
Total Budget 421.0 698.8 785.0 810.5 765.0 670.0 670.0
Change from FY 2021 86.2
Percentage change from FY 2021 12.3%

FY 2020 reflects funding amounts specified in Public Law 116-93, Consolidated Appropriations Act, 2020, as
adjusted in NASA's FY 2021 Initial Operating Plan, except Exploration Ground System Development and
Exploration CoF. Table does not reflect emergency supplemental funding provided for NASA and included in the
Safety, Security, and Mission Services account, as specified in Public Law 116-136, the Coronavirus Aid, Relief, and
Economic Security Act, totaling $60.0 million.

FY 2021 reflects funding amounts specified in Public Law 116-260, Consolidated Appropriations Act, 2021, as
adjusted by NASA's FY 2021 Initial Operating Plan.

The Gateway, an integral part of the Artemis Program,
will be an outpost orbiting the Moon that provides
support for a sustainable, long-term human return to the
lunar surface. The initial Gateway capability will
provide systems to support human lunar landings while
serving as an aggregation point for future lunar
missions. This approach enables a flexible human
exploration architecture and will allow future
collaboration with private sector companies and
international partners to conduct long-term lunar
missions and prepare for the exploration of Mars. The
initial Gateway architecture is focused on two
functional elements for sustaining lunar operations on
the Moon. Those elements are the Power and
Propulsion Element (PPE) and the Habitation and Logistics Outpost (HALO). The Gateway program also
manages the Deep Space Logistics Project and the Exploration Extravehicular Activity (xEVA) lunar
surface efforts. Orion is designed to dock with Gateway, and Gateway will provide communications and
support for lunar surface missions. In addition, NASA has signed Memorandums of Understanding
(MOU) with the European Space Agency (ESA), Japanese Space Agency (JAXA), and Canadian Space
Agency (CSA) for these international partners to provide future robotics and habitation contributions to
the Gateway. The Gateway will enable science utilization, exploration technology demonstrations, and
potential commercial utilization.

Shown here is an artist's rendition of the Gateway
Initial Capability, which will support the initial
Artemis missions.

NASA selected Maxar Technologies for the development of the PPE. Maxar is currently targeting
delivery of the element for integration in 2024. Working in partnership with the Space Technology
Mission Directorate, PPE will demonstrate advanced high-power Solar Electric Propulsion (SEP) systems
that will support future NASA and commercial applications. The PPE will generate and store a minimum
of 50 kilowatts (kW), transfer power to the Gateway elements, and provide attitude control. Additionally,
the PPE will provide accommodations for science and technology demonstration payloads.

Northrop Grumman has been selected for the development of the HALO. HALO is designed as a
pressurized module with the same 10-foot diameter as the Cygnus cargo compartment and is being built
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based on this heritage design. PPE and HALO are targeted to be integrated and tested on the ground in
2024. HALO will provide habitable space for the astronauts, stowage volume, and an Environmental
Control and Life Support System (ECLSS) that will work with the Orion capsule's ECLSS for crew stays
in lunar orbit. HALO will also provide thermal control, allow power to pass through to other Gateway
elements, provide communications with visiting vehicles and the lunar surface, and support external
robotics and payloads.

Deep Space Logistics Services (DSL) will deliver supplies and hardware in support of Gateway's
sustained lunar orbit operations and lunar landing missions. SpaceX has been selected for an initial
contract to develop a logistic service. The DSL contracting mechanism allows for additional commercial
logistics opportunities, if NASA determines them to be necessary.

The XxEVA System, which is required for astronauts to conduct "Moonwalks" on the lunar surface,
includes the Exploration Extravehicular Mobility Unit (xEMU) spacesuit development, vehicle interfaces
to suit equipment (VISE), system servicing equipment, and specialized tools for these "Moonwalks." The
xEMU is designed to provide astronauts with enhanced mobility to accomplish their exploration tasks on
the Iunar surface. It is also designed to be more comfortable when worn by astronauts with a wider range
of physiological characteristics.

On the Gateway, the U.S. and its partners will test new technologies and systems that will support the
infrastructure being built on the surface of the Moon for lunar exploration and will support preparation for
future missions to Mars. NASA will also study the effects of the deep space environment, learning how
living organisms react to the radiation of a deep space environment over long periods.

EXPLANATION OF MAJOR CHANGES IN FY 2022

None.

ACHIEVEMENTS IN FY 2020

The Gateway Program implemented the decision to launch PPE and HALO as a single integrated co-
manifested vehicle (CMV), reallocated the functionalities of various habitable modules, and updated the
PPE requirements to reflect its mission as a cornerstone of the Gateway. This included refinement of
requirements across the Gateway and culminated in an initial capability-focused Systems Definition
Review (SDR) synchronization review. The Gateway Program initiated the procurement activity for the
CMV launch vehicle. The Program initiated manufacturing of key PPE and HALO components, and
started design, development, test, and evaluation (DDT&E) of the Vehicle Systems Manager (VSM), one
of the Gateway/Lander backbone systems.

The PPE Project completed initial Safety Reviews and the System Requirements Review (SRR).

NASA awarded a contract to Northrop Grumman for development and delivery of the HALO through the
Preliminary Design Review (PDR).

Gateway evaluated Deep Space Logistics proposals received in October 2019 and awarded a firm fixed-
price contract to SpaceX.

The xEMU Project completed a Delta PDR focused on lunar surface requirements and began assembly of
the design verification test unit that will be tested in FY 2021. The Spacesuit Evaporation Rejection Flight
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Experiment (SERFE) was delivered to ISS on Cygnus commercial cargo launch (NG-14) and will be
operated remotely for over 12 months to validate the design of the XEMU thermal loop.

A request for information was issued in early 2020 that sought industry input on transitioning the xEVA
production line to private industry for missions beyond 2024.

WORK IN PROGRESS IN FY 2021

Agreements have been signed with International Partners that define their collaboration with Gateway.
MOU s have been signed with ESA, JAXA, and CSA. NASA reached an agreement with ESA to provide
habitation and refueling modules, as well as enhanced lunar communications, for Gateway. ESA will
provide the International Habitat (I-Hab) module and the European System Providing Refueling,
Infrastructure, and Telecommunications (ESPRIT) module. The I-Hab module will provide additional
crew habitation and workspace, as well as additional environmental control and life support systems
capability. This module will also provide additional docking ports and accommodations for internal and
external science experiments. The ESPRIT module will provide refueling to the PPE and additional
communications capabilities for Gateway. The ESPRIT module will also feature a series of observation
ports, with 360-degree views of the Moon and spacecraft as they approach and dock to the Gateway.

SpaceX was selected to provide launch services for the Gateway’s PPE and HALO CMV. Originally,
PPE and HALO were planned to be launched on separate launch vehicles and autonomously dock in orbit
around the Moon. PPE and HALO will now be launched together as an integrated unit, effectively
designated as a CMV.

PPE and HALO teams completed a CMV Sync Point.

Northrop Grumman initiated their HALO PDR process. The HALO team is planning to complete the
preliminary design process and closeout the PDR in May 2021.

The International Habitat (I-Hab) team completed a Primary Structures PDR and began a full I-Hab
System PDR process. The team is planning to have the PDR closeout board in June 2021.

Gateway Program completed a Delta SDR Sync Review and achieved Agency-level approval at their Key
Decision Point (KDP)-0 to proceed with the formulation phase of the Program.

NASA will continue working with Maxar Technologies on PPE to enable successful delivery of the
development and flight hardware schedule. Existing contracts are being modified to include the
requirement changes associated with the CMV configuration. NASA is also working with Aerojet
Rocketdyne to enable successful delivery of the development and flight hardware for the Solar Electric
Propulsion System required for the PPE. Additional expected milestones for this FY will include a two-
part PPE PDR, manufacturing readiness reviews, and hardware development testing.

NASA will continue working with Northrop Grumman on HALO to enable successful delivery of the
development and flight hardware schedule. Existing contracts are being modified to include the
requirement changes associated with the CMV configuration and provide a firm-fixed-price contract
structure through HALO delivery and on-orbit checkout. The HALO PDR closeout will occur in the June
2021 timeframe.

xEVA will release a request for proposals for the XEVA production and services contract and will
complete the assembly and testing of the integrated xEMU design verification test unit. Additionally,
Gateway and the International Space Station programs together will conduct simulated EVAs with
SERFE on ISS.
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KEY ACHIEVEMENTS PLANNED FOR FY 2022

A Gateway Program PDR Sync Review is planned for Q2 of FY 2022 in preparation for KDP-I. An
Agency Baseline Commitment (ABC) and a Program Commitment Agreement (PCA) will be established
at this KDP.

The HALO and PPE elements will conduct their Critical Design Reviews in Q2 of FY 2022.
A CMV launch vehicle Mission-Specific Preliminary Design Review is targeted for Q3 of FY 2022.

Thales Alenia Space Italy will be delivering the habitable element for HALO in Q4 of FY 2022, which
will enable the start of the Assembly, Integration, and Testing cycle for HALO.

A CMV (PPE & HALO) Sync Point #2 is targeted for Q4 of FY 2022.

Program Projects

POWER AND PROPULSION ELEMENT (PPE)

The PPE project will provide electrical power and propulsion, orbital station keeping, orbital translation,
and communication for the Gateway. It is being developed partially through a public-private partnership
so that the capability is directly applicable to a wide range of NASA, commercial, robotic, and human
spaceflight missions. PPE will leverage U.S. commercially available space system development and
launch capabilities and align with anticipated industry needs, in particular with respect to power
generation. It will provide transportation for the Gateway from Earth-orbit to cislunar orbit and between
cislunar orbits, as well as perform needed orbital maintenance. PPE will provide altitude control for the
Gateway in multiple configurations, accommodations for external research payloads, communication to
and from Earth, and space-to-lunar communication. PPE will incorporate refueling capabilities. At the
end of the Gateway's operational life, PPE will move the integrated Gateway stack to a disposal orbit.

The PPE project works with U.S. industry while leveraging Exploration Technology investments in
Advanced Electric Propulsion Systems. PPE will demonstrate an advanced 50 kW-class SEP system,
which combines an assortment of 12kW and 6kW SEP thrusters. PPE has a targeted delivery for launch
integration in 2024.

HABITATION AND LoGIsTIiCcS OuTPOST (HALO)

The Gateway HALO project provides a livable section and short-duration life support functions for the
crew in cislunar space. The docking ports allow for attachment to other elements and visiting vehicles.
The HALO also provides attach points for external robotics, external payloads, and/or rendezvous
sensors; thermal radiators that provide heat rejection and micro-meteoroid protection; and additional
habitat systems that provide accommodations for crew exercise, science/utilization, and stowage. Some
functions may be outfitted via future logistics flights. HALO is designed based on Northrup Grumman’s
Cygnus spacecraft, which is used for ISS cargo missions. HALO will have an extra section, or bay,
compared to the current three-bay Cygnus used on cargo missions. This stretched version will provide
more volume and ensure adequate clearance for spacecraft to use its docking ports. HALO will have one
axial and two radial docking ports, power distribution systems, and command and control systems. Under
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an agreement with Northrop Grumman, JAXA will provide batteries for HALO. HALO will be launched
with PPE as an integrated vehicle on a SpaceX Falcon Heavy commercial rocket.

DEEP SPACE LoaisTics (DSL) SERVICES

The functional reality of human habitation in any location on Earth or in space is that it involves the
consumption of resources and the generation of waste. The Deep Space Logistics Services project handles
transportation of cargo to and from the Gateway. The orbit of the Gateway is optimized to enable Orion
access and commercial logistics delivery for ongoing resupply of the Gateway.

Logistics flights are being considered for cargo delivery to the Gateway to support potential lunar surface
operations, if needed. A logistics flight will also deliver the Canadian robotics arm.

The Logistics spacecraft will have their own power, propulsion, and navigation systems to rendezvous
autonomously with the Gateway in cislunar orbit and dock at a radial port. The Logistics spacecraft will
provide consumable resupply, outfitting equipment, and cargo delivery and disposal, including utilization
and spares.

A Gateway Logistics Services contract was awarded to SpaceX in March 2020. Authority To Proceed has
not yet been provided for this contract award.

EXPLORATION EXTRAVEHICULAR ACTIVITY (XEVA)

NASA is developing the XEVA System to enable crewed exploration of the lunar surface and provide
updated EVA systems for all future human space flight missions. The XEVA System encompasses the
complete suite of hardware required to conduct spacewalks on the lunar surface and the associated vehicle
interfaces for servicing, recharge, and consumables exchange. The largest element of the xEVA System is
the XEMU, NASA’s next generation spacesuit. It is designed to enable surface and microgravity EVA
from an airlock and requires minimal in-flight maintenance.

The xXEMU is optimized for lunar surface missions and addresses the most challenging requirements for
mobility, environmental protection, and spacewalk durations. The XEMU will tolerate the lunar thermal
and dust environment and will incorporate features to minimize dust migration into the habitable
environment. The xXEMU baseline design has been formulated using lessons learned from NASA's
experience on ISS and will form the foundation for the upcoming request for proposals for the XEVA
production and services contract.

INTERNATIONAL HABITAT (I-HAB)

The I-Hab module is a contribution from ESA and will provide additional crew habitation and workspace,
as well as additional environmental systems capability. This module will also provide additional docking
ports and accommodations for internal and external science experiments. I-Hab's environmental control
and life support systems will augment the life support system capabilities provided by HALO and the
docked Orion, enabling longer durations at the Gateway and supporting more robust Artemis missions to
the lunar surface. JAXA will provide environmental control and life support systems, batteries, thermal
control systems, and imagery systems for the [-Hab. Delivery of I-Hab to the Gateway will be via the SLS
Block 1B launch vehicle with Orion providing orbital insertion and docking.
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EUROPEAN SYSTEMS PROVIDING REFUELING, INFRASTRUCTURE, AND
TELECOMMUNICATIONS (ESPRIT)

The ESPRIT module will provide refueling and additional capability for Gateway. The ESPRIT module
will also offer a small pressurized workspace for the crew equipped with large windows offering 360-
degree views of the Moon and spacecraft as they approach and dock to the Gateway.

GATEWAY EXTERNAL RoBoOTICS SYSTEMS (GERS)

NASA and CSA reached an agreement for CSA to provide the Gateway’s external robotics system,
including a next-generation robotic arm, known as Canadarm3. Canadarm3 will move end-over-end to
reach many parts of the Gateway’s exterior. CSA also will provide robotic interfaces for Gateway
modules, which will enable crew and ground control for payload/experiment installation and
manipulation. This robotics capability could also provide support for future Gateway EVA considerations.
Delivery of the Canadarm3 to Gateway will be via a commercial logistics supply flight.

GATEWAY AIRLOCK

A Gateway Airlock module could be used to perform Extra-Vehicular Activities (EVA) outside the
orbiting platform. An airlock could be a part of a future Gateway evolution to enable EVAs and
Extravehicular Robotics (EVR) transfer for utilization and equipment between internal and external
volumes. Originally planned to be provided by an International Partner, there is not a current designated
provider for this capability. NASA will continue to discuss Airlock options with the International Partner
community.

Program Schedule

The Gateway elements and final configuration are in the formulation phase. During FY 2021, NASA will
make significant progress on updating the PPE and HALO contracts with final requirements, completing
preliminary design reviews, and ramping up manufacturing operations.

Date Significant Event

Q2 FY 2021 Gateway Delta System Definition Review (SDR)-informed Sync Review (Completed)

Q3 FY 2021 Gateway KDP-0 (Completed)

Q2 FY 2022 Gateway PDR-informed Sync Review

Q3FY 2022 | Gateway KDP-I

Program Management & Commitments

The Human Exploration and Operations Mission Directorate (HEOMD) Associate Administrator (AA)
assigned authority for the Gateway Program to Johnson Space Center (JSC). The Program Manager
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reports to the Deputy Associate Administrator (DAA) for Advanced Exploration Systems (AES) in
coordination with the HEOMD AA. The Gateway program will make an Agency Baseline Commitment
(ABC) for the initial capability spacecraft following the PDR-informed Sync Review at KDP-1. xEVA
will make an ABC following its system-level PDR and KDP-C.

Program Element Provider

Provider: Maxar Technologies
Power and Propulsion Element Lead Center: Glenn Research Center (GRC)
Performing Center(s): GRC and JSC

Provider: Northrop Grumman
HALO Lead Center: JSC
Performing Center(s): JSC and Marshall Space Flight Center (MSFC)

Provider: SpaceX
Logistics Lead Center: Kennedy Space Center (KSC)
Performing Center(s): KSC

Provider: TBD
xEVA Lead Center: JSC
Performing Center(s): TBD

Acquisition Strateqy

The acquisition of the Gateway incorporates a hybrid mix of contracted development, international and
domestic partnerships, in-house expertise, and potentially other initiatives that have not yet been
identified. All approaches that improve NASA’s acquisition agility and responsiveness to an evolutionary
mission will be considered. The comprehensive attribute that binds the Gateway acquisition strategy is
adherence to NASA’s strategic principles for sustainable exploration.

MAJOR CONTRACTS/AWARDS

Element Vendor Location (of work performance)
PPE (May 2019) Maxar Technologies Westminster, CO

HALO (Jun 2020) Northrop Grumman Dulles, VA

Gateway Logistic Services (Mar 2020) SpaceX Hawthorne, CA

CMYV Launch Vehicle Provider (Feb 2021) SpaceX Hawthorne, CA
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INDEPENDENT REVIEWS

*Independent review of PPE will be in conjunction with the Baseline Completion Review.

. Date of Next
Review Type Performer Review Purpose Outcome Review
Independent
Review Team
(IRT)

Independent review to support PPE
illalltahorization Goddard Tul 2017 HEOMD Directorate Program Passed Baseline
Review Space Flight Management Council (DPMC) Completion

Center decision to proceed with PPE Review
(GSFO)

chaired,

NASA

members

Equivalent to an SRR, the FSR

Gateway evalugted the program’s Program
. functional and performance
Formulation Independent . . cleared to | Gateway
N . Feb 2019 | requirements, ensuring proper
Synchronization | Review Team P lati lati th proceed to | SDR
Review (FSR) ormulation and correlation Wlt next phase

Agency and HEOMD strategic

objectives

To evaluate the completeness/

consistency of the planning,

technical, cost, and schedule Gatewa
Gateway . Jun 2020 | paselines developed during Y

Standing . - PDR-
Program . formulation; assess compliance of .
. Review Board . . . Passed informed

Systems Design Delta - the preliminary design with

. (SRB) . . Sync
Review (SDR) Mar 2021 | applicable requirements; and )

. .o Review
determine if the project is

sufficiently mature for Gateway

Program KDP-0

To evaluate the completeness/

consistency of the planning,

technical, cost, and schedule

baselines developed during
Gateway formulation; assess compliance of
Program PDR SRB 2022 the preliminary design with TBD KDP-1

applicable requirements; and

determine if the project is

sufficiently mature for Gateway

Program KDP-1
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FY 2022 Budget

Op Plan Enacted| Request
Budget Authority (in $ millions) FY 2020 FY 2021 FY2022 FY2023 FY2024 FY2025 FY20206
Total Budget 654.1 928.3 1,195.0 1,266.7 1,579.5 1,989.0 1,807.2
Change from FY 2021 266.7
Percentage change from FY 2021 28.7%

FY 2020 reflects funding amounts specified in Public Law 116-93, Consolidated Appropriations Act, 2020, as
adjusted in NASA's FY 2021 Initial Operating Plan, except Exploration Ground System Development and
Exploration CoF. Table does not reflect emergency supplemental funding provided for NASA and included in the
Safety, Security, and Mission Services account, as specified in Public Law 116-136, the Coronavirus Aid, Relief, and
Economic Security Act, totaling $60.0 million.

FY 2021 reflects funding amounts specified in Public Law 116-260, Consolidated Appropriations Act, 2021, as
adjusted by NASA's FY 2021 Initial Operating Plan.

The Human Landing System (HLS) program is
an integral part of achieving NASA's Artemis
goals through landing U.S. astronauts, including
the first woman and first person of color, on the
Moon as part of a sustained exploration
program.

Utilizing partnerships and competition to ensure
affordability, the program will support industry
development of an integrated landing system.
Under the selected proposal for the initial lunar

Shown here is an artist's rendition of the SpaceX's landing demonstration, two crew members will
Starship Human Landing System (HLS), which NASA has travel to lunar orbit in the Orion spacecraft and
selected to return humans to the lunar surface. board the HLS for the final leg of their journey

to the surface of the Moon. After approximately
a week exploring the surface, crew will board the HLS for their trip back to lunar orbit where they will
return to Orion before heading back to Earth.

NASA teams will be embedded with U.S. industry to provide insight and expertise to ensure it meets
NASA's performance requirements and human spaceflight standards. These agreed-upon standards, which
range from the technical areas of engineering, safety, health, and medical, are a key tenet of safe systems.

On April 16,2021, NASA announced the selection of SpaceX to deliver the next American astronauts
from lunar orbit to the surface of the Moon aboard the company's Starship Human Landing System. At
the time of publication, protests have been filed with Government Accountability Office (GAO)
concerning the HLS selection. NASA is awaiting resolution of the GAO process before proceeding with
contract award. NASA will release an updated schedule for Artemis missions after the GAO process is
resolved.

In addition, NASA intends to contract for sustainable transportation services to and from the lunar surface
for long-term exploration of the Moon staged from the Gateway. The Agency has announced plans
regarding NASA’s Lunar Exploration Transportation Services (LETS) to achieve service missions for the
late 2020’s and is reaching out to all potential industry providers for input. NASA intends to support the
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development and use of multiple landing systems through various contractual mechanisms both leading
up to and subsequent to the initial crewed demonstration to maintain competition in the HLS program.

EXPLANATION OF MAJOR CHANGES IN FY 2022

None.

ACHIEVEMENTS IN FY 2020

NASA selected three U.S. companies to design and develop HLS for the Agency’s Artemis Program. The
human landing system awards under the Next Space Technologies for Exploration Partnerships
(NextSTEP-2) Appendix H Broad Agency Announcement (BAA) were firm-fixed price, milestone-based
contracts. The total combined value awarded for the contracts was $856 million for the base period.

The following companies were selected to design human landing systems during the base period:

Blue Origin of Kent, Washington, is developing the Integrated Lander Vehicle (ILV) — a three-stage
lander to be launched on its own New Glenn Rocket System and the United Launch Alliance's (ULA)
Vulcan launch system.

Dynetics (a Leidos company) of Huntsville, Alabama, is developing the Dynetics Human Landing System
(DHLS) — a single structure providing the ascent and descent capabilities that will launch on the ULA
Vulcan launch system.

SpaceX of Hawthorne, California, is developing the Starship — a fully integrated lander that will use the
SpaceX Super Heavy rocket.

These companies offered three distinct lander and mission designs, offering dissimilar redundancy,
driving a broad range of technology development and, ultimately, more sustainability for lunar surface
access.

WORK IN PROGRESS IN FY 2021

Through early FY 2021, NASA and its three industry partners advanced the partner designs to
Preliminary Design Review (PDR) maturity culminating in a continuation review in December 2020 and
in partner proposals for the continued development and demonstration of the lunar lander. NASA
evaluated the proposals received and, on April 16, 2021, NASA announced the selection of SpaceX to
deliver the next American astronauts from lunar orbit to the surface of the Moon aboard the company's
Starship Human Landing System. At the time of publication, protests have been lodged with GAO
concerning the HLS selection and the selection is under GAO review. NASA is awaiting resolution of the
GAO process before proceeding with contract award.

In addition to the crewed demonstration mission to the Moon, NASA intends to contract for sustainable
surface transportation services for long-term exploration of the Moon staged from the Gateway. The
Agency is developing the structure of the procurement for the service of providing future lunar crewed
missions and is reaching out to all potential industry providers for input. NASA has also announced plans
for the NextSTEP-2 BAA Appendix N, which will used to fund continued development of other landing
systems in the runup to the competition for the lunar crewed transportation services procurement.

DEXP-72



Deep Space Exploration Systems: Exploration Research & Development

HUMAN LANDING SYSTEM

KEY ACHIEVEMENTS PLANNED FOR FY 2022

HLS, with industry, will continue to design and develop lander systems for the initial return of American
astronauts to the lunar surface.

NASA will continue to engage with industry as it develops a path forward for the procurement of
sustainable lunar surface transportation services.

Program Elements

HLS PROGRAM MANAGEMENT

Human Landing System Program Management is responsible for executing programmatic roles assigned
to Marshall Space Flight Center (MSFC) by the Human Exploration and Operations Mission Directorate
(HEOMD). The HLS Program Office will oversee all HLS verification, validation and certification to

ensure requirements for flight readiness and satisfy NASA’s standards for crew safety and human rating.

HLS is responsible for the insight and oversight activities in collaboration with commercial partners
associated with human landing system hardware development, integration, and flight demonstration,
leading to services for NASA. HLS performs risk reduction activities and identifies and prioritizes
upgrades to the human landing systems so it can support sustainable future exploration missions. HLS
will include a lander ground operations office at Kennedy Space Center (KSC), and both a crew
compartment office and a lander flight operations office at Johnson Space Center (JSC). HLS will also
prioritize and coordinate collaboration resources across multiple NASA centers and manage major
integrated system test activities (as applicable).

HuUMAN LANDING SYSTEMS

HLS will provide the landing system that will carry astronauts to and from the lunar surface. The selected
design will complete an uncrewed landing demonstration followed by a crewed landing demonstration
that includes astronaut exploration of the surface.

HLS will establish a plan for the procurement of sustainable transportation services to and from the lunar
surface for the long-term exploration of the Moon staged at the Gateway.

Program Schedule

Date Significant Event

Mar 2020 Selected and awarded multiple industry partners for base contract period

Apr 2021 Selected SpaceX for initial HLS demonstration mission (selection under
protest)

TBD Uncrewed HLS demonstration
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Date Significant Event

TBD Crewed HLS demonstration

TBD First mission utilizing sustainable transportation services to and from the
lunar surface

Program Management & Commitments

Program Element Provider

Lead Center: MSFC

Performing Center(s): Ames Research Center (ARC), Glenn Research Center
HLS Program Management (GRC), Langley Research Center (LaRC), Goddard Space Flight Center
(GSFC), Stennis Space Center (SSC), JSC, KSC

Cost Share Partner(s): TBD

Provider: TBD

Lead Center: MSFC
Performing Center(s): TBD
Cost Share Partner(s): TBD

Integrated Lander Partner(s)

Acquisition Strateqy

The HLS program utilizes the NextSTEP BAA contract vehicle. Through this approach, NASA awards
firm-fixed-price, milestone-based proposals to enable rapid development of a crewed flight demonstration
of the human landing system. NASA has structured the solicitation to award contracts with the following
contract line item numbers (CLINs):

Base CLIN - contract award through 10 months - only long-lead items supporting the first mission and
various design activities are allowed during this base period.

e Option A CLIN - flight and landing demonstrations of human landing systems.

The HLS program is currently evaluating acquisition vehicles for sustainable transportation services to
and from the lunar surface for long-term exploration of the Moon staged from the Gateway. The Agency
has announced the intent to procure future crewed Moon missions through NASA’s Lunar Exploration
Transportation Services (LETS).

MAJOR CONTRACTS/AWARDS

Next Space Technologies for Exploration Partnerships (NextSTEP-2) Appendix H Broad Agency
Announcement (BAA) Option A: Selected SpaceX of Hawthorne, California. SpaceX is developing the
Starship — a fully integrated lander that will use the SpaceX Super Heavy rocket.
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At the time of publication, protests have been lodged with GAO concerning the HLS selection and the
selection is under GAO review. NASA is awaiting resolution of the GAO process before proceeding with

contract award.

INDEPENDENT REVIEWS

Date of Next
i Performer
Review Type Review Purpose Outcome Review
To evaluate the
completeness/
consistency of the
planning, technical, cost,
and schedule baselines
Human developgd during
Landing Standing Review | Spring formulation; assess
compliance of the TBD KDP-C
Systems Board (SRB) 2022 . . .
preliminary design with
Program

applicable requirements;
and determine if the
project is sufficiently
mature for HLS Program
Key Decision Point
(KDP)-C

Historical Performance

The human landing system awards under the Next Space Technologies for Exploration Partnerships
(NextSTEP-2) Appendix H Broad Agency Announcement (BAA) advanced the HLS designs to maturity.

The next phase of the program will be determined after resolution of the GAO process.
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FY 2022 Budget

Op Plan Enacted Request
Budget Authority (in $ millions) FY 2020 FY 2021 FY2022 FY2023 FY2024 FY2025 FY20206
Total Budget 125.0 115.0 130.2 140.0 145.0 145.0 145.0
Change from FY 2021 15.2
Percentage change from FY 2021 13.2%

FY 2020 reflects funding amounts specified in Public Law 116-93, Consolidated Appropriations Act, 2020, as
adjusted in NASA's FY 2021 Initial Operating Plan, except Exploration Ground System Development and
Exploration CoF. Table does not reflect emergency supplemental funding provided for NASA and included in the
Safety, Security, and Mission Services account, as specified in Public Law 116-136, the Coronavirus Aid, Relief, and
Economic Security Act, totaling $60.0 million.

FY 2021 reflects funding amounts specified in Public Law 116-260, Consolidated Appropriations Act, 2021, as
adjusted by NASA's FY 2021 Initial Operating Plan.

Sending astronauts into space involves a
multitude of complicated systems, but perhaps
the most complex is the human system — human
health, human factors (i.e., how crews interact
with their environment, including the spacecraft,
habitat, and systems during missions), and the
crew interactions. While NASA has more than
50 years of crew experience in low-Earth orbit
(LEO), researchers are continuing to unravel the
mysteries of how the human body responds to
the harsh environment of space. The Human
Research Program (HRP) is responsible for

| |

NASA astronaut Victor Glover is shown here installing
gear for MVP Cell-06, an investigation developing a
biological model to study the effects of spaceflight on
musculoskeletal disease.

understanding and mitigating the highest risks to
astronaut health and performance to ensure
crews remain healthy and productive during
long-duration missions beyond LEO.

As NASA prepares to conduct crewed missions

via the Artemis Program to cislunar space and the lunar surface, HRP is developing the scientific and
technological capabilities to support these exploration missions. In support of the risk reduction strategy
for human space exploration contained in the human research roadmap, HRP is coordinating with the
National Academies, the National Council on Radiation Protection and Measurements (NCRP), and other
domestic and international partners to deliver products and strategies to protect crew health and
performance during and after exploration spaceflight missions. Current research on the International
Space Station (ISS) in LEO and in ground-based analog laboratories is expanding our capabilities to
enhance crew performance and protect the health and safety of astronauts. Investigations regarding space
radiation protection, deep space habitat systems, behavioral health, innovative medical technologies,
advanced food and pharmaceutical systems, space suit requirements, and validated countermeasures are
evolving to ensure crew health. HRP also collaborates with NASA’s Office of Chief Health and Medical
Officer (OCHMO) and the Crew Health and Safety (CHS) and Spaceflight Crew Operations (SFCO)
offices to research these issues and answer other questions to ensure crew health, safety, and mission
success. SFCO and CHS are responsible for astronaut training, readiness, and health, while HRP funds
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research development on human health and performance countermeasures, knowledge, and technologies
that enable safe, reliable, and productive human space exploration.

Space poses significant health risks for crewmembers, including the possibility of long-term health effects
manifesting later in life from space radiation exposure, health and performance decrements developing
during the mission, and decrements in capabilities immediately upon return to Earth. HRP is working
with the Advanced Exploration Systems (AES), CHS, and Orion teams on both in-mission and post-
mission countermeasures, medical treatment capabilities to maximize crew health and performance, and
rehabilitation protocols to minimize residual impacts on the crew, to minimize exposures, and to provide
radiation protection. The collaborative efforts involve defining permissible exposure limits, requirements
for real-time medical response, optimized mission architectures, biomedical monitoring, and potential
drug or nutritional countermeasures, as well as incorporating post-mission health surveillance to ensure
that crewmembers can safely live and work in space without exceeding acceptable health risks.

In collaboration with other Federal agencies, such as the Department of Defense (DoD), the Department
of Energy (DOE), the National Science Foundation (NSF), the Department of Health and Human Services
(HHS), and the National Institutes of Health (NIH), HRP supports human research to increase our
understanding of the effects of spaceflight on human physiological systems, behavioral responses to
isolation and confinement, and space radiation health effects. This knowledge enables NASA’s plans for
long-duration human space missions beyond LEO. In addition, as is the case with many space-based
medical investigations, this research may lead to significant advancements in treating patients on Earth.

EXPLANATION OF MAJOR CHANGES IN FY 2022

None.

ACHIEVEMENTS IN FY 2020

HRP researchers conducted 16 ISS biomedical research investigations across ISS Expeditions 61/62/63,
completed three flight investigations, and initiated one flight research investigation with the start of pre-
flight baseline data collection or in-flight data collection. ISS studies to mitigate the risk of long-duration
spaceflight included the following: 1) standardized behavioral measures; 2) exploration food technology
assessments; 3) core measurements on human spaceflight risks from astronauts before, during, and after
long-duration missions; 4) human factors assessments on operational tasks and team effectiveness; 5)
exploration of fresh-food production system; and 6) assessment of dynamic vertebral strength and injury
risk following long-duration spaceflight.

HRP researchers for Fluid Shifts completed post-flight data collection of the 13th and final subject. Fluid
Shifts began with the first One-Year Mission crew of Scott Kelly and Mikhail Kornienko and enrolled
five Russian cosmonauts and eight U.S. Orbital Segment astronauts over the course of five years to
investigate the effects of spaceflight-induced head-ward fluid shift on vascular, ocular, and central
nervous system structure and function. The team, which included researchers from NASA, the European
Space Agency (ESA), the Institute of BioMedical Problems (IBMP), and multiple universities,
investigated one of HRP’s highest exploration risks, the Spaceflight Associated Neuro-ocular Syndrome
(SANS). The team demonstrated the efficacy of the Russian Chibis, a lower body negative pressure
device, as a potential SANS countermeasure, and identified the first in-flight venous thromboembolism,
which is currently being reviewed to determine if there is a possible relationship to SANS.
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HRP researchers also began in-flight data collection for the new Food Physiology study. The primary
purpose of this joint HRP/Space Biology study is to determine effects of diet quality on immune
regulation, the taxonomic and metatranscriptomic profile of the gut microbiota, and nutritional
biomarkers and metabolites at selected intervals. The start of the study represented the culmination of a
multitude of coordination efforts across HRP, the Food Lab, and ISS to implement a comprehensive
modification to the subject’s diet and perform the first fecal processing operations on ISS to stabilize
RNA for later analysis on the ground.

HRP continued to implement the ISS Spaceflight Standard Measures project that collects a set of core
measurements from astronauts important for understanding many of the human spaceflight risks before,
during, and after long-duration ISS missions. The project is designed to acquire a consistent set of
validated, measured parameters that document the spaceflight normal response, as well as variations in
the astronaut population in response to diverse duration exposures to spaceflight. The results will function
as a data repository for investigators to develop hypotheses, provide supporting experimental data, or be
used in astronaut and Earth-based epidemiology assessments.

HRP continued working with the Translational Research Institute for Space Health (TRISH) to solicit
research and educate the next generation of space life scientists. TRISH focuses on rapidly translating
fundamental research concepts into practice and thereby generating tangible health outcomes—in this
case, for astronauts. During FY 2020, TRISH had 77 active projects in its Science and Technology
pipeline and released five research announcements: 1) Biomedical Research Advances for Space Health;
2) an industry solicitation of proposals from small U.S.-based companies for technologies that would be
essential for self-reliant healthcare in deep space; 3) a solicitation to issue transition awards to early career
scientists; 4) a solicitation seeking to manipulate human metabolism and homeostasis at the cellular or
whole organism level; and 5) a solicitation for postdoctoral fellowships.

In the area of behavioral health and performance and the effects of isolation, HRP relies on ground
analogs to support risk mitigation. In FY 2020, HRP completed the final mission of the fifth Human
Exploration Research Analog (HERA) campaign, with each campaign consisting of four 45-day isolation
missions using the HERA facility located at Johnson Space Center (JSC). Each HERA mission uses
crews of four supported by a mission control team and includes a portfolio of research and operational
tests to be conducted during the simulated exploration mission. Additionally, HRP commenced
preparation for the next in a series of long-duration isolation and confinement studies at the Nezemnyy
Eksperimental ’nyy Kompleks (NEK) facility in Moscow, Russia, in collaboration with the Russian
Institute for Biomedical Problems. HRP also undertook joint NASA/NSF Antarctic analog studies to
support behavioral health and performance and immune research. During FY 2020, the 2019 Antarctic
winter-over campaign concluded with HRP completing two research studies focused on crew composition
and teamwork using U.S. Antarctic program volunteers at the McMurdo and Amundsen-Scott South Pole
Stations. The 2020 Antarctic winter-over campaign was also started with two studies focused on immune
response at the McMurdo, Amundsen-Scott, and Palmer Stations.

HRP conducted joint NASA/ESA/German Aerospace Center (DLR) analog studies to support human
health countermeasures, exploration medical, and behavioral health and performance research at the DLR
Institute of Aerospace Medicine facility in Cologne, Germany. The final campaign of the Artificial
Gravity Bed Rest with the European Space Agency (AGBRESA) study was completed in FY 2020
following post-bed rest Baseline Data Collection. The study involved a total of 24 test subjects across two
bed rest campaigns, each of whom spent 60 days in a strict six-degree head down tilt bed rest, to examine
the effects of centrifugation as a potential countermeasure to some of the physiological effects of space
flight.
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In support of future human exploration missions, HRP research resulted in recommended updates to
physiological medical standards to better protect muscle and aerobic capacity and better methods to
maintain team function and performance. HRP also continued space radiation research in support of
human exploration at the NASA Space Radiation Laboratory using the galactic cosmic ray simulator for a
more realistic simulation of the actual radiation environment found in space.

WORK IN PROGRESS IN FY 2021

HRP will continue to work on the highest human health and performance risk areas associated with
human space exploration missions. To support this work, HRP will release NASA research solicitations
to the national biomedical research community to better address the exploration spaceflight health,
performance, and space radiation risks.

HRP will continue to implement a research plan that fully utilizes the ISS biomedical research capabilities
to collect a set of core measurements related to many human spaceflight risks, study the effects of diet
quality on immune regulation, and assess the performance capabilities of deconditioned crew, collaborate
with CHS on ISS studies related to visual impairment, carbon dioxide analysis, and exercise systems;
leverage resources and expertise through collaborative research with other NASA programs, international
partners, and other U.S. agencies (e.g., DoD, DOE, NSF, HHS, NIH).

HRP will implement an ISS research plan that fully utilizes the ISS biomedical research capabilities to
test mitigation approaches and validate countermeasures including the following: 1) technology
demonstration of hardware to differentiate and count white blood cells in microgravity; 2) assessment of
astronauts’ post-landing functional capacity; 3) researching the effects of diet quality on immune
regulation, profile of the gut microbiota, and nutritional biomarkers and metabolites; and 4) HRP-
sponsored rodent study to determine whether microgravity alters the structure and function of the ocular
vasculature in mice.

In support of exploration medical capability, HRP will develop an improved trade study evaluation and
research prioritization tool suite to provide a data-driven means to inform human health and performance
risk mitigation interests during resource-constrained exploration mission development. HRP will be
evaluating a commercial-off-the-shelf flow cytometer device on ISS to determine whether the spaceflight
environment affects its operation. HRP is also developing requirements for a clinical decision support
system, which will help crews assess and diagnose conditions, determine appropriate responses, and guide
treatment.

HRP and DLR will implement a study to assess the effectiveness of different countermeasures to mitigate
the SANS symptoms observed in prior bedrest studies using the DLR: envihab facility. During the new
campaign, the subjects will be assigned to one of six groups: 1) will experience lower body negative
pressure (LBNP) for 6 hours each day; 2) will serve as a control for the LBNP condition and be seated
upright for 6 hours each day; 3) will conduct prescribed exercises for 45 minutes per day six days out of
each week; 4) will receive a daily B-vitamin complex supplement; 5) will serve as a seated control and sit
upright for 16 hours per day and supine at night; and 6) will serve as a control and will be at six-degree
head-down tilt only. Investigators will compare subjects with head-down bedrest or seated only to
subjects experiencing head-down bedrest in combination with countermeasures on aspects such as ocular
measures, cerebral measures, cognition, neuroimaging, and structural and functional Magnetic Resonance
Imaging (MRI). Subjects in all groups except the 16-hour seated condition will adhere to strict six-degree
head-down tilt bedrest for the 30-day duration of each bedrest campaign.
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In understanding the behavioral and physiological health challenges associated with isolation and
confinement, HRP will continue implementing collaborative NASA/NSF human health and performance
studies on the effects of remote location, extreme isolation, and confinement during winter-over missions
in Antarctica using the NSF polar stations. HRP will also undertake a mission on long-duration isolation
and confinement studies in collaboration with Russia and it will continue the 45-day HERA studies at
JSC In the Scientific International Research in Unique Terrestrial Station (SIRIUS) 21 mission, crew
members will conduct experiments on behalf of nearly 70 different researchers from around the world,
including eight studies funded by HRP over the course of an 8§ month mission spent isolated in the NEK
facility

In support of Artemis and future exploration missions, HRP continues to support Gateway Crew Health
and Performance System requirements definition, deliver habitat standards and evaluation tools, evaluate
exploration habitats, and deliver food system requirements and nutritional recommendations. HRP has
proposed Phase I Artemis payloads to support HRP science goals. HRP will work to transition payload
proposals to implementation. HRP is currently engaged in defining science objectives for Gateway
experiments, as well as providing science objective recommendations for extended Artemis missions.

KEY ACHIEVEMENTS PLANNED FOR FY 2022

HRP will implement an ISS flight research plan critical to mitigating crew health and performance risks
for Artemis missions that includes the following: ISS Standard Measures Project to capture a core set of
physiological and performance measures from crew members to accurately characterize the adaptive
responses to long-duration spaceflight and monitor the effectiveness of countermeasures; a microbial risk
assessment study to ensure crew safety and allow increased dependence on bioregenerative food systems;
and a study on detecting individual performance susceptibilities to sleep loss and circadian
desynchronization to optimize individualized countermeasures during spaceflight. HRP also plans to
implement an ISS research project to characterize the time courses of physiological and psychological
measures on missions up to one year in duration to understand the impact to human health and
performance during future long-duration planetary missions. This project will be known as CIPHER -
Complement of Integrated Protocols for Human Exploration Research.

HRP will leverage resources through multiple research partnerships, including advanced food and
nutrition studies with DOD, behavioral and physiological studies during winter over campaign at NSF
polar facilities, isolation and confinement studies with Russia, bed rest studies at the DLR :envihab
facility, and develop joint flight research and data sharing with international partners.

In support of Artemis missions, HRP will also develop space habitat standards and evaluation tools for
use in designing and evaluating spacecraft volume and layout to optimize crew performance and develop
research and technical flight objectives for Gateway experiments and lunar surface missions.

Program Elements

EXPLORATION MEDICAL CAPABILITY

As NASA makes plans to extend human exploration beyond LEO, identifying and testing next generation
medical care and crew health maintenance technologies is vital. Healthcare options evolve based on
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experience, anticipated needs, and input from flight surgeons and crew offices. During future Mars
missions, crews will not be able to rely on real-time conversations with Earth-based medical experts in
the future due to communication lag-time associated with the distance between Earth and deep space.
Therefore, crew and relevant systems will have to be able to facilitate autonomous medical care
operations. Teams in this area draft requirements for medical equipment and clinical care, develop remote
medical technologies, and assess medical requirements unique to long-duration space missions.

HumAN HEALTH COUNTERMEASURES

Countermeasures are the procedures, medications, devices, and other strategies that offset the impacts of
spaceflight stressors (e.g., low-gravity, closed environment) and help keep astronauts healthy and
productive during space travel and after their return to Earth. Researchers are responsible for
understanding the normal physiologic effects of spaceflight and provide biomedical expertise and develop
countermeasures to harmful effects on human health and performance. These experts define health and
medical standards; validate human health prescriptions and exercise system requirements; develop injury
and sickness prevention standards; integrate and validate physiological countermeasures; and establish
criteria for NASA fitness for duty, as well as crew selection and performance standards.

HuMAN FACTORS AND BEHAVIORAL PERFORMANCE

Just as the space environment poses physical risks to crewmembers, the unique stresses and challenges of
spaceflight, as well as the vehicle design, can affect cognitive and mental performance. Considering
external factors is essential when designing a spacecraft, habitat, or spacesuit. Human factors experts
develop new equipment, procedures, and technologies designed to make the space environment more
livable. Behavioral health researchers assess the impact of space travel on human behavioral health and
develop interventions and countermeasures to ensure optimal health and performance. Experts in this area
make extensive use of analogs, which are experimental environments created to simulate certain aspects
of space travel. By duplicating space conditions, such as altered day and night cycles, heavy workloads,
social isolation, and close living quarters, scientists gain insight into the impact of these circumstances on
human behavior and performance. Scientists then work to develop countermeasures, equipment, and other
interventions to minimize these risks.

SPACE RADIATION

As NASA expands human presence beyond the Earth's protective magnetic field, it is critical that
astronauts be able to safely live and work in a space radiation environment without exceeding exposure
limits. Space radiation researchers develop the knowledge base necessary to determine the biological
effects of space radiation. This information can then be used for standards for health and habitability and
the requirements for radiation protection. They also develop tools to assess and predict risks due to space
radiation exposure and strategies to mitigate exposure effects. The deep space radiation environment is far
different from that on Earth or in LEO. NASA and the DOE have partnered on a facility at Brookhaven
National Laboratory in Upton, NY to simulate the deep space radiation environment, which researchers
use to help understand its biological effects.
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RESEARCH OPERATIONS AND INTEGRATION

The ISS provides a unique testbed for HRP activities. The Research Operations and Integration (ROI)
element plans, integrates, and implements HRP-approved biomedical flight experiments on the ISS, as
well as research studies that use ground-based spaceflight analog facilities to accomplish program
objectives. These experiments and studies pertain to pre- and post-flight activities, and the program
objectives include coordinating flight or ground resources with our international partners, maintaining the
Human Research Facility (HRF) biomedical research racks on ISS and flight hardware, and developing
crew training for both flight and ground investigations. Teams also operate a Telescience Support Center
(TSC), which provides real-time support and data services to all HRP flight experiments. Strong
interfaces with external implementing organizations, such as the ISS Research Integration office, analog
coordination offices, and international partners, are critical to maintaining a robust research program. This
group is also responsible for operating the HERA facility and for arranging access to other analog
facilities required by HRP researchers, including NSF Antarctic facilities and international partner
facilities in Germany and Russia.

Program Schedule

Date Significant Event

May 2021 2020 Human Exploration Research Opportunity (HERO) NASA Research Announcement
Selections

Jun 2021 Deliver Inputs to Vehicle and Medical Standards for Lighting

Jun 2021 Deliver Validated Key Indicators of Team Functioning and Performance

Aug 2021 Release 2021 HERO NASA Research Announcement

Sep 2021 Characterize SANS Fluid Shift Hypothesis
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Program Management & Commitments

The program office is located at JSC with support from Ames Research Center (ARC), Glenn Research
Center (GRC), Langley Research Center (LaRC), and Kennedy Space Center (KSC).

The Human Exploration and Operations Mission Directorate (HEOMD) Associate Administrator
delegated the authority, responsibility, and accountability of HRP management to the Human Spaceflight
Capabilities Division at NASA Headquarters. Working closely with the Office of the Chief Scientist and
the OCHMO, the Division establishes the overall direction, scope, budget, and resource allocation for the
program, which the NASA centers then implement.

Program Element Provider
Provider: JSC
Exploration Medical Lead Center: JSC
Capability Performing Center(s): GRC, ARC, and LaRC

Cost Share Partner(s): N/A

Provider: JSC

Human Health Lead Center: JSC

Countermeasures Performing Center(s): ARC and GRC
Cost Share Partner(s): N/A

Provider: JSC

Human Factors and Lead Center: JSC

Behavioral Performance Performing Center(s): ARC, GRC, and KSC
Cost Share Partner(s): N/A

Provider: JSC

Lead Center: JSC
Performing Center(s): LaRC
Cost Share Partner(s): N/A

Space Radiation

Provider: JSC

Research Operations and Lead Center: JSC
Integration Performing Center(s): N/A
Cost Share Partner(s): N/A

Acquisition Strateqy

Based upon National Academies’ recommendations, external peer reviews, and Agency human
exploration plans, NASA HRP awards contracts and grants to further efforts in mitigating risks to crew
health and performance by providing essential biomedical research and technologies for human space
exploration. HRP uses a peer review process that engages leading members of the research community to
competitively assess the merits of submitted proposals to assure a high-quality research program.
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HRP plans to release the HERO umbrella NASA Research Announcement (NRA) that will request
research proposals across all its research elements throughout the year. This NRA provides opportunities
for universities, other Government agencies, and industry researchers from across the Nation to develop
high NASA priority ground and spaceflight experiments, which directly contribute to NASA’s
exploration mission.

MAJOR CONTRACTS/AWARDS

Program Management

Translational Research Institute for Space
Health

Baylor College of Medicine

INDEPENDENT REVIEWS

Quality Peer Review Panel | Feb 2020 Peer review of NRA | Selected grantees Feb 2021
National Council on . . Reducefi .
o Sex-differences in uncertainties and
Radiation Sep 2020 - | Lung Cancer improved
Quality Protection and April 2021 | Radiation Risks for information for TBD
Measurements . . .
use in Project Models | cancer risk
(NCRP) S
projections
Independent Review of program Verify adherence to
Quality Program Jun 2019 management policies | NASA program Jun 2022
Assessment and practices management policies
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Op Plan Enacted  Request
Budget Authority (in $ millions) FY 2020 FY 2021 FY2022 FY2023 FY2024 FY2025 FY2026
Early Stage Innovation and Partnerships 119.8 117.5 145.0 147.9 150.8 153.9 157.0
Technology Maturation 179.2 227.1 491.2 501.0 511.1 521.3 531.7
Technology Demonstration 575.5 528.4 501.8 512.9 525.9 539.4 553.5
SBIR and STTR 225.5 227.0 287.0 292.7 298.6 304.6 310.7
Total Budget 1,100.0 1,100.0 1,425.0 1,454.5 1,486.4 1,519.2 1,552.9

FY 2020 reflects funding amounts specified in Public Law 116-93, Consolidated Appropriations Act, 2020, as

adjusted in NASA's FY 2021 Initial Operating Plan, except Exploration Ground System Development and

Exploration CoF. Table does not reflect emergency supplemental funding provided for NASA and included in the
Safety, Security, and Mission Services account, as specified in Public Law 116-136, the Coronavirus Aid, Relief, and

Economic Security Act, totaling $60.0 million.

FY 2021 reflects funding amounts specified in Public Law 116-260, Consolidated Appropriations Act, 2021, as

adjusted by NASA's FY 2021 Initial Operating Plan.

Pursuant to P.L. 115-10 Title VII Sec 702(e), this budget is formulated in such a manner to avoid duplication of
projects, programs, or missions conducted by other projects, programs, or missions conducted by another office or

directorate of the Administration.

Space Technology ......cccccoiiimmrieciinirrrr s O 1 =2

EARLY STAGE INNOVATION AND PARTNERSHIPS ...,
TECHNOLOGY MATURATION ...eiiiiiiiiiieiiiiiiiieviiiiieiiveeineeineeeneeenaeennsennssnnnsnnssnnnnnnns
TECHNOLOGY DEMONSTRATION.... .ottt
Laser Comm Relay Demo (LCRD) [Development]..........cccooviiiiieieeiicciieeeee e
Solar Electric Propulsion (SEP) [Development] ........ccoooiiieiiiieiiee e
Restore & SPIDER (OSAM-1) [Development].........ccooo i
Small Spacecraft, Flight Opportunities & Other Tech Demo...........cccccoiiiiiiiiiieniis

SBIRAND STTR .. e
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FY 2022 Budget

Op Plan Enacted Request
Budget Authority (in $ millions) FY 2020 FY 2021 FY2022 FY2023 FY2024 FY2025 FY 2026
Early Stage Innovation and Partnerships 119.8 117.5 145.0 147.9 150.8 153.9 157.0
Technology Maturation 179.2 227.1 491.2 501.0 511.1 521.3 531.7
Technology Demonstration 575.5 528.4 501.8 512.9 525.9 5394 553.5
SBIR and STTR 225.5 227.0 287.0 292.7 298.6 304.6 310.7
Total Budget 1,100.0 1,100.0 1,425.0 1,454.5 1,486.4 1,519.2 1,552.9

Change from FY 2021
Percentage change from FY 2021

325.0
29.5%

an}anuary 2i, 2020, the Laser
Communications Relay Demonstration
(LCRD) flight payload was delivered to
Northrop Grumman’s facility in Sterling,
Virginia. There the payload will be integrated
onto the U.S. Air Force’s Space Test Program
Satellite 6 (STPSat-6) and prepared for
launch. LCRD will be NASA’s first end-to-end
optical relay, sending and receiving data from
missions in space to mission control on Earth.
This image shows the LCRD space switching
unit, which will enable digital communications
from space to ground.

FY 2020 reflects funding amounts specified in Public Law 116-
93, Consolidated Appropriations Act, 2020, as adjusted in
NASA's FY 2021 Initial Operating Plan, except Exploration
Ground System Development and Exploration CoF. Table does
not reflect emergency supplemental funding provided for NASA
and included in the Safety, Security, and Mission Services
account, as specified in Public Law 116-136, the Coronavirus
Aid, Relief, and Economic Security Act, totaling $60.0 million.

FY 2021 reflects funding amounts specified in Public Law 116-
260, Consolidated Appropriations Act, 2021, as adjusted by
NASA's FY 2021 Initial Operating Plan.

Pursuant to P.L. 115-10 Title VII Sec 702(e), this budget is
formulated in such a manner to avoid duplication of projects,
programs, or missions conducted by other projects, programs,
or missions conducted by another office or directorate of the
Administration.

The Space Technology Mission Directorate (STMD) is
dedicated to developing transformative, cross-cutting
technologies that enable NASA’s missions while also
supporting commercial and other government agencies’
needs where appropriate. The Space Technology account
supports the Administration's priorities of developing new
technologies to enable human and robotic exploration of
the Moon, Mars, and beyond and enhancing research and
development to contribute to U.S. leadership in space
technology. Through STMD, NASA invests in high-risk,
high-reward activities across the technology development
spectrum through partnerships with academia,
entrepreneurs, and small and large businesses.

STMD actively engages its many stakeholders to identify opportunities of common interest to better
leverage government investments. Through its Public-Private Partnerships, STMD invests in industry-
developed space technologies that can advance the commercial space sector and benefit future NASA
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missions. STMD also promotes equity supporting underserved communities through its programs by
increasing participation of women and socially or economically disadvantaged businesses, historically
black colleges (HBCU), and minority serving institutions (MSI).

Space Technology investments keep NASA’s technology pipeline growing with emerging, innovative
technologies that benefits a wide range of users, ensuring the nation realizes the full economic value and
societal benefit of these innovations. STMD's technology portfolio includes broad technology
applications addressing multiple stakeholder needs. Technologies such as autonomous landing and hazard
avoidance, advanced cryogenic fluid management, rapid and efficient transit propulsion, advanced
materials, and in-space manufacturing and assembly technologies benefit both human and robotic
exploration and spur economic growth in the space industry. Robotics, On-orbit Servicing, Assembly, and
Manufacturing (OSAM), Small Spacecraft technologies, and Flight Opportunities are specific examples
of technologies that support industry needs, thereby enhancing U.S. competitiveness for R&D,
innovation, and technology advancement.

EXPLANATION OF MAJOR CHANGES IN FY 2022

The Space Technology portfolio is broadened to develop technologies that can benefit other NASA
Directorates, the commercial space sector and other government agencies, as appropriate. As such, the
FY 2022 budget request includes a new Industry & Commerce Innovation Opportunity which will utilize
existing acquisition vehicles (such as Announcement of Collaborative Opportunity [ACO]/Tipping
Points, Small Business Innovation Research [SBIR]) to pursue technologies needed by commercial space
stakeholders. It also includes funding to enhance R&D investments to colleges and universities to enable
breakthrough technology R&D in support of U.S. competitiveness and job creation.

ACHIEVEMENTS IN FY 2020
GO: RAPID, SAFE, AND EFFICIENT SPACE TRANSPORTATION

STMD's "Go" Thrust is focused on providing technologies that support rapid and efficient in-space
transportation that reduce transit times to distant destinations. During FY 2020, STMD invested in key
cryogenic fluid management and advanced propulsion technologies that directly contribute to enabling
advanced space transportation capabilities.

e The Green Propellant Infusion Mission (GPIM) completed one year of on-orbit operations in
September 2020, and successfully demonstrated a safer propellant alternative while providing 40
percent higher performance by volume. The results will help lower the cost of fueling spacecraft
before launch and provide efficient propulsion solutions for small and large satellites.

e The Thruster Advancement for Low-temperature Operation in Space (TALOS) thrusters successfully
developed and hot-fire tested two 150-pound-force (Ibf) thrusters and two 10-Ibf thrusters designed
for low temperature operation in space in March 2020. The TALOS Project matures propulsion
technology specifically designed for extreme cold tolerance as encountered during the long lunar
nights without needing thermal management subsystems to prevent propellant freezing. The
technology also features significant reductions in size, mass, complexity, and cost in comparison to
state-of-the-art bipropellant thrusters of the same thrust class.

e The Composite Technology for Exploration (CTE) project developed and demonstrated critical
composites technologies that provide weight-saving, performance-enhancing bonded joint technology

ST-3



SPACE TECHNOLOGY

to be used on future NASA missions. The CTE Project completed longitudinal joint testing and
associated non-destructive evaluation methods. NASA's Space Launch System (SLS) used the CTE
longitudinal bonded joints as the baseline design for the SLS Payload adapter, which is the adapter
used on the larger SLS Block 1B configuration for attaching co-manifested payloads. The technology
was demonstrated on a manufacturing demonstration article. The project hopes to extend this to the
Universal Stage Adapter as well as incorporate circumferential bonded joints in future structures.

e The Space Nuclear Propulsion (SNP) project continued testing fuel forms for low and moderate
temperature thermo-chemical stability, evaluated fuel element design, and completed the feasibility
assessment. NASA initiated studies in collaboration with several Government agencies and industry
partners to develop candidate flight demonstration concepts. NASA revised a fuel and reactor
development plan in March 2020, completed a Flight Demonstration Study in June 2020, and finished
a nuclear thermal transient testing of fuel in September 2020. The test results will help inform
potential future nuclear propulsion efforts.

LAND: EXPANDED ACCESS TO DIVERSE SURFACE DESTINATIONS

NASA human exploration and science missions are dependent on the capability to land large payloads on
the surface of Mars while also avoiding landing in hazardous locations, such as on the steep slope of a
crater or in a boulder field. STMD's "Land" thrust area focuses on Entry, Descent, and Landing (EDL)
capabilities, including precision landing, which are critical to helping ensure a safe touch down for
surface exploration of other worlds.

o The Safe and Precise Landing — Integrated Capabilities Evolution (SPLICE) technology suite, which
includes precision landing sensor systems, advanced algorithms, and new software, flew on the Blue
Origin New Shepard launch vehicle to 100 km altitude and successfully demonstrated precision
propulsive landing.

e The Mars Entry, Descent and Landing Instrumentation-2 (MEDLI2) and the Terrain Relative
Navigation (TRN) are technologies that were incorporated as part of the Mars 2020 Perseverance
mission. Both MEDLI2 and TRN were successfully integrated into the Mars Perseverance spacecraft
and the mission was successfully launched in July 2020.

LIVE: SUSTAINABLE LIVING AND WORKING FARTHER FROM EARTH

Sending human and robotic explorers to the Moon, Mars, and other planetary bodies requires technology
investments beyond the current state of the art. Enabling sustainable operations for these human and
robotic explorers requires efficient life support systems to enable long-duration missions without resupply
from Earth and autonomous systems that augment operations during crewed and un-crewed mission
segments. To reduce reliance on resource resupply from Earth, the capability of producing critical
consumables and propellant from the local resources is needed. In FY 2020, STMD's "Live" thrust area
made progress in the areas of In-Situ Resource Utilization (ISRU), autonomous robotic systems, and low-
TRL life support systems technologies as well as other technologies required for long-duration
spaceflight.

e Mars Oxygen In-Situ Resources Utilization Experiment (MOXIE) and Mars Environmental
Dynamics Analyzer (MEDA) successfully launched in July 2020 as part of the Mars 2020
Perseverance mission. MOXIE successfully demonstrated the first oxygen production from the
Martian atmosphere meeting its expected production rate and purity. This technology, when scaled,
could be used for producing the necessary consumable for propellent and for breathing. MEDA is a
Mars weather station, whose objective is to provide measurements of temperature, wind speed and
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direction, pressure, relative humidity, radiation, and dust size and particulate distribution in the
Martian atmosphere.

Lunar Surface Innovation Initiative (LSII) got underway in FY 2020, aiming to spur the creation of
novel technologies needed for lunar surface exploration and accelerate the technology readiness of

key systems and components. LSII activities are implemented through a combination of unique in-

house activities, competitive programs, and public-private partnerships.

In February 2020, STMD kicked off its Lunar Surface Innovation Consortium with the Johns
Hopkins Applied Physics Laboratory which will team experts from academia, industry, and
government to shape the technologies and systems needed to explore the surface of the Moon in new
ways.

In July 2020, NASA announced its new lunar surface technology research (LuSTR) opportunity,
seeking U.S. universities’ ideas to advance technologies needed for sustainable operations on the
Moon.

The Polar Resources Ice Mining Experiment (PRIME) project continued to make progress and
completed the Preliminary and Critical Design Reviews in FY 2020 for two of its key instruments:
Mass Spectrometer observing lunar operations (MSolo) and the Regolith and Ice Drill for Exploring
New Terrain (TRIDENT). PRIME is a critical instrument suite that will be integrated on the Intuitive
Machines commercial lunar lander that will land at the lunar South Pole to assess the volatiles and
determine water content. PRIME will help provide the knowledge necessary to find critical resources
to produce propellant, water, and oxygen for lunar missions.

The Space Synthetic Biology (SSB) project demonstrated its second bionutrients flight experiment on
the International Space Station (ISS). The five-year investigation of the long-term stability of a
nutrient production system in space will continue to determine the effects of the space environment
on survival and growth of engineered yeast and other biomanufacturing organisms.

The Regenerative Fuel Cell (RFC) project is developing energy storage system technology to provide
sustained and reliable electrical power for surface and near-surface missions where photovoltaic,
battery or nuclear options are not feasible and will provide the capability to survive the Lunar night
(14 days). In FY 2020, the RFC Project completed Conceptual Design Review, awarded multiple
SBIR contracts for fuel cell and electrolyzer stacks, and successfully completed Preliminary Design
Review of those subsystems.

EXPLORE: TRANSFORMATIVE MISSIONS AND DISCOVERIES

The STMD "Explore" thrust area focuses on technology developments that enable transformative
missions and discoveries with high-performance computing, communications and navigation, autonomy
technologies, and new vehicle platforms for science missions. The "Explore" thrust area also addresses
challenges facing NASA and emerging space industries by developing capabilities such as satellite
servicing and assembly, and in-space manufacturing. During FY 2020, STMD made progress in multiple
areas, including advanced avionics, advanced communications and navigation, on-orbit servicing,
assembly and manufacturing, small spacecraft technologies, and autonomous systems and robotics.

The Deep Space Atomic Clock (DSAC), launched in 2019, successfully completed its first year of
operations, and will continue into FY 2021. This mission successfully demonstrated a low-mass
atomic clock based on mercury-ion trap technology, providing unprecedented stability needed for
next-generation deep space navigation and radio science. The atomic clock on this mission offers 50
times greater accuracy than today’s best space navigation clocks which will improve the navigation
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accuracy and allow for gravity science measurements to measure how well the clock keeps time down
to the nanosecond. In controlled tests on Earth, demonstrations showed DSAC only losing one second
every 10 million years.

The Bulk Metallic Glass Gears (BMGG) project made progress towards demonstrating the capability
of gearboxes to operate in extreme cold environments where temperatures are below -238 degrees
Fahrenheit. In September 2020, BMGG successfully completed the cold life test of the planetary
gears to test the survivability of the gears without heating and lubricant. These heater-free gearboxes
could increase science return for in-space missions by reducing power consumption, mass, system
complexity, and operational constraints.

NASA performed swarm autonomous operations of multiple Autonomous Pop-Up Flat Folding
Explorer Robot (A-PUFFER) robots navigating and exploring as a team on extreme terrain. The test
successfully demonstrated autonomous capabilities of accurate instrument placement in extreme
terrain with minimal operational intervention while coordinating with other mobile platforms.
Further, NASA developed mission concepts to enlist these versatile robotic platforms for supporting
Exploration and Science for reconnaissance of ISRU resources.

Distributed Spacecraft Autonomy (DSA) Project completed a critical design assessment review in
conjunction with the Small Spacecraft Technology Starling mission. DSA will be performing an in-
space experiment demonstrating advance command and control methodologies for controlling a
swarm of spacecraft as a single entity, demonstrate autonomous coordination between multiple
spacecraft in the swarm, and demonstrate approaches for adaptive reconfiguration of the swarm’s
plan and distributed decision-making across the swarm.

LEAD: ENSURING AMERICAN GLOBAL LEADERSHIP IN SPACE TECHNOLOGY

NASA embraces competition and external partnerships by harnessing innovation and entrepreneurship
through partnerships with universities, small businesses, emerging commercial entities and other
government agencies to meet NASA exploration needs and support commercial expansion in space.
During FY 2020, the STMD "Lead" thrust area contributed towards a robust national space technology
engine to meet national needs, foster U.S. economic growth for the space industry, and expand the
commercial enterprise in space.

Through the Space Technology Research Grant Program, the Lunar Surface Technology Research
(LuSTR) opportunity was announced to engage with talented teams at universities to develop
technologies supporting NASA's Lunar Surface Innovation Initiative and the Artemis Program.
LuSTR will enable lunar technology development and accelerate the readiness of systems and
components needed for sustainable operations on the Moon. The inaugural solicitation focused on in-
situ resource utilization and sustainable surface power.

The Lunar Surface Innovation Initiative (LSII) established an agreement with the Department of
Defense University Affiliated Research Center (UARC), the Johns Hopkins University Applied
Physics Laboratory (APL), initiating the Lunar Surface Innovation Consortium (LSIC), which is
comprised of experts from academia, non-profits, industry, and government to shape the technologies
and systems needed to explore the surface of the Moon.

Flight Opportunities flew 46 technology development payloads across 16 suborbital launch vehicles,
high-altitude balloons, and aircraft parabolic flights.

Through the ACO and Tipping Point acquisition mechanisms, STMD establishes partnerships
focusing on advancing commercially developed space technologies that benefit both the commercial
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and government use of space. In FY 2020, STMD awarded 17 ACO contracts for a total of $16
million and 15 Tipping Point fixed-price contract awards for a total of $372 million. NASA’s support
through partnerships with industry can accelerate the availability and reduce costs for the
development and infusion of new emerging space capabilities.

By FY 2020, the NASA Technology Transfer Program had over 1,545 New Technology Reports (i.e.,
Invention Disclosures) submitted, with more than 544 of these having at least one NASA inventor.

In February 2020, the Breakthrough, Innovative and Game-changing (BIG) Idea Challenge, in
partnership with the Space Grant project, announced nearly $1 million in awards to eight university
teams to build sample lunar payloads and demonstrate new ways to study the Moon’s polar regions.

WORK IN PROGRESS IN FY 2021
GO: RAPID, SAFE, AND EFFICIENT SPACE TRANSPORTATION

Making critical advancements in propulsion system technologies is one strategic objective of the STMD
"Go" thrust area to enable transformative exploration missions. In FY 2021, STMD continued to invest in
propulsion technologies focused on higher performance and efficiency, including alternatives to
traditional chemical propulsion systems for deep space exploration spacecraft systems and advancement
of additive manufacturing techniques.

In FY 2021 through Public Private Partnership arrangements, NASA selected Eta Space, Lockheed
Martin, SpaceX, and United Launch Alliance to develop and test technologies that enable long-term
cryogenic fluid storage and management. These cryogenic fluid management technologies are
essential for establishing a sustainable presence on the Moon, enabling crewed missions to Mars, and
providing enhanced in-space transportation capabilities for commercial and government needs.

The Solar Electric Propulsion (SEP) is developing and qualifying for flight the xenon thrusters for the
Gateway Power and Propulsion Element (PPE). Once qualification is complete, the thrusters will be
transferred to HEOMD and integrated onto the Gateway PPE for demonstration and mission use. The
xenon thrusters will provide more efficient propulsion capability compared to conventional chemical
propulsion systems. The SEP project is pursuing completing Critical Design Review (CDR) for the
xenon thrusters by end of CY 2021. The team will conduct Laser Induced Fluorescence testing on a
thruster engineering unit at Glenn Research Center and thermal vacuum chamber testing on a second
thruster engineering unit at Jet Propulsion Laboratory. Other tests will focus on development of the
thruster cathodes at wear/cycling conditions. The Plasma Diagnostics Package (PDP) Thruster Probe
Assembly (TPA) engineering development unit will be assembled and placed through shock,
vibration, and thermal vacuum test conditions.

Thruster for Advancement of Low-temperature Operation in Space (TALOS) is successfully
progressing towards a delivery of the Axial Thrusters to Dynetics for final vehicle integration in
Summer 2021. TALOS is developing and qualifying a high-performance, lightweight, and compact
axial, and Attitude Control System (ACS) thruster engines to operate in extreme environments and
will fly on the first Commercial Lunar Payload Services (CLPS) flight on the Astrobotic Peregrine
lander.

Nuclear thermal propulsion efforts in FY 2021 included the technology maturation of high-
temperature fuels and reactor materials. Fuel element fabrication trials and performance tests were
also performed to demonstrate the durability of the block reactor design approach and validate

ST-7


http://bigidea.nianet.org/
https://www.nasa.gov/feature/langley/artemis-student-challenge-nasa-selects-university-teams-to-build-technologies-for-the-moon-s/

SPACE TECHNOLOGY

thermal models. This project also completed the industry-led flight demonstration study and extended
the study to include an examination of high-performance reactor systems. The project also formulated
a procurement strategy and statement of work to solicit industry reactor designs. The first phase of
this strategy was executed in February 2021 through a request for proposal process managed through
the DOE Idaho National Laboratories.

LAND: EXPANDED ACCESS TO DIVERSE SURFACE DESTINATIONS

Progress continues in developing technologies to enable human and robotic exploration missions entering
planetary atmospheres and landing on planetary bodies. In FY 2021, the STMD "Land" thrust area
continues to develop technologies used to study plume impingement on the dusty lunar surface and
understand the heat and pressure generated during atmospheric entry and through parachute deployment.
Ultimately, the data obtained from these experiments and analyses will help improve designs of future
entry and landing systems for robotic and crewed missions.

On February 18, 2021, the Mars Entry Descent and Landing Instrumentation 2 (MEDLI2) and Terrain
Relative Navigation (TRN) experiments successfully performed during the Mars 2020 Perseverance
Mission entry into the Martian atmosphere and collected data during the descent. The MEDLI2
researchers have begun comparisons between analytical models and experimental data. Using TRN,
the Mars 2020 powered descent vehicle estimated its location while descending through the Martian
atmosphere. This allowed the vehicle to determine its position relative to the ground with an accuracy
of approximately 5-meters, required performance was 200-feet (60-meters or less). Through these
experiments, NASA will reduce landing ellipse uncertainties to improve landing accuracies and
improve thermal protection system designs for future robotic and crewed Mars missions.

The Low-Earth Orbit Flight Test of an Inflatable Decelerator (LOFTID) Project continues to make
progress towards its flight test in FY 2022 demonstrating an inflatable aeroshell using a Hypersonic
Inflatable Aerodynamic Decelerator (HIAD) technique. Because current rigid aeroshells are
constrained by a rocket’s shroud size, the inflatable LOFTID aeroshell provides a mass-efficient
method that can be deployed to a scale much larger than the shroud. The LOFTID Project is
completing hardware build and will initiate integration and test phase. Ultimately, the LOFTID
Project will enable atmospheric re-entry and landing of heavier cargos than ever before for a variety
of proposed NASA missions.

In FY 2021, the Plume Surface Interaction (PSI) Project will be conducting ground tests for
validation of analysis codes used to determine and predict lunar dust dispersion. This technology will
help identify how rocket plumes interact with lunar and other planetary regolith upon touchdown. The
information obtained by PSI will be used by multiple Commercial Lunar Payload Services (CLPS)
and Human Lunar Lander companies to ensure safe landings as well as provide information for
placement of lunar infrastructure.

Stereo CAmeras for Lunar Plume Surface Studies (SCALPSS 1.1), anew FY 2021 Project, will
complete design and fabrication of flight hardware and perform a system level functional test.
SCALPSS 1.1 is scheduled to fly on Firefly Blue Ghost Lander CLPS mission and will capture video
and still images of the area under the lander from when the engine plume first disturbs the lunar
surface through engine shutdown.

The SPLICE project will demonstrate subsystems of the Navigation Doppler LIDAR (NDL), Descent
Landing Computer, and Terrain Relative Navigation on Blue Origin's New Shepard suborbital flight
test vehicle. Post-flight data performance analysis of the associated subsystems will inform design
changes and modifications for the upcoming lunar flight units. Further, the NDL will be delivered to
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Astrobotic's and Intuitive Machine's Lunar Lander for demonstration and infusion for lunar precision
landing capability.

LIVE: SUSTAINABLE LIVING AND WORKING FARTHER FROM EARTH

A key component of the overall STMD technology investment strategy is collecting data from precursor
missions and demonstrations in relevant environments. STMD's "Live" thrust area has several
demonstrations planned for delivery to the lunar surface under the Commercial Lunar Payload

Services (CLPS) Program. The knowledge gained from these precursors and demonstrations will inform
the development of core capabilities and subsystems required to work on the surface of the Moon.

During FY 2021, the Fission Surface Power (FSP) project formulated a procurement strategy for an
industry design of a fission surface power system that can be demonstrated on the lunar surface. The
Phase I procurement strategy will provide NASA insight to innovations potentially proposed by
industry. In order to keep the design trade space open for industry, FSP has defined a limited set of
high-level requirements that are key to meeting NASA mission goals (e.g., mass, volume, power
output, and design life). FSP released the draft Request for Proposal (RFP) for Phase I in December
2020 and received comments back from industry in early February 2021. The final release of the
solicitation is planned for early FY 2022. FSP also refined the government reference design which is
being used to identify key subsystem requirements for a low-enriched uranium reactor and guide
high-risk technology maturation investments.

In February 2021, Mars Oxygen In-Situ Resources Utilization Experiment (MOXIE) and Mars
Environmental Dynamics Analyzer (MEDA) landed on the Martian surface aboard the Mars 2020
Perseverance rover. MEDA began taking weather measurements the day after the rover touched down
on Mars and continues to collect and transmit data. On April 20, 2021, MOXIE converted some of
Mars' thin, carbon dioxide-rich atmosphere into oxygen and is continuing to conduct testing.

The Polar Resources Ice Mining Experiment (PRIME) project continued to make progress and
completed the Payload Integration Review in FY 2021 for two of its key instruments: Mass
Spectrometer observing lunar operations (MSolo) and The Regolith and Ice Drill for Exploring New
Terrain (TRIDENT). PRIME will help identify and assess the abundance and quality of water in an
area expected to contain ice. This information will inform future missions and sustainable operations,
including in-situ resource utilization, on the Moon.

Lunar Dust Mitigation projects which incorporate active, passive, and operational approaches, are in
development and will be demonstrated as payloads on CLPS missions in the early 2020s.

Specifically, in FY 2021, the Electrodynamic Dust Shield (EDS) Project will complete its Preliminary
Design Review (PDR) in designing approaches for applying dielectrophoretic and electrostatic forces
capable of lifting, transporting, and removing dust from surfaces such as solar panels or optical
systems. Also, the Regolith Adherence Characterization (RAC) Project continues performing
materials and coatings samples experiments design reviews preparing for a CLPS experiment. RAC
will determine how lunar regolith sticks to a range of materials exposed to the Moon’s environment at
different phases of flight.

In FY 2021, the In-Space Manufacturing (ISM) Project is manifested on ISS to conduct the first in-
space manufacturing of metals. Techshot is developing a novel power system to meet stringent
requirements in space or in the field with limited power availability.

STMD's Prizes, Challenges, and Crowdsourcing conducted the second phase of the Space Robotics
competition, which seeks to advance robotic software and autonomous capabilities for space
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exploration missions on the surface of extraterrestrial objects, such as distant planets or moons. The
challenge requires competitors to develop software that allows a virtual robotic team to operate
autonomously to successfully achieve these tasks.

EXPLORE: TRANSFORMATIVE MISSIONS AND DISCOVERIES

STMD's progress with "Explore" thrust area projects continues with demonstrations of next generation
communication, navigation, and small spacecraft technologies and continues to make advancements in
on-orbit servicing, assembly and manufacturing (OSAM) and vehicle platform technologies. "Explore"
projects enable science and crewed missions more affordable and capable than ever before using
technologies that augment the robotic and crews on science and human missions, respectively.

e InFY 2021, the Laser Communications Relay Demonstration (LCRD) will be delivered, integrated,
and final system tested in preparation for launch in June 2021. The mission will use lasers to encode
and transmit data at rates 10 to 100 times better than radio systems, using significantly less mass and
power.

e Deep Space Optical Communication (DSOC) completed Flight Model Optical Transceiver Assembly
(OTA) and the remainder of the hardware built and is on-target for delivery for integration to the
Psyche mission in June 2021. DSOC will deliver a flight-ready, deep space optical platform assembly
and ground data system comprised of a ground laser receiver and transmitter that use existing ground
assets.

e On-orbit Servicing, Assembly, and Manufacturing (OSAM) projects OSAM-1 (Restore/SPIDER) and
OSAM-2 (Archinaut) are on track for completing Mission Critical Design Review (CDR) in
FY 2021. These projects are key in demonstrating the foundational capabilities for servicing,
assembly, and manufacturing in space that will extend the lifespan of satellites, assemble large
telescopes in space, and refueling and repairing of spacecratft.

e (Cislunar Autonomous Positioning System Technology Operations and Navigation Experiment
(CAPSTONE), a microwave oven-sized CubeSat that will serve as the first spacecraft to test a unique,
elliptical lunar orbit, is expected to launch in Fall 2021. As a precursor for Gateway, a Moon-orbiting
outpost that is part of NASA’s Artemis Program, CAPSTONE will help reduce risk for future
spacecraft by validating innovative navigation technologies and verifying the dynamics of this halo-
shaped orbit.

e Lunar Flashlight, an innovative, low-cost secondary payload concept aboard Artemis I mission, will
map the lunar South Pole for volatiles in late 2021. Lunar Flashlight will use lasers to help determine
the presence and nature of water ice at the bottom of some of the Moon's craters. The demonstration
includes several technological firsts, including being the first CubeSat to reach the Moon, the first
planetary CubeSat mission to use green propulsion, and the first mission to use lasers to look for
water 1ce.

e The Cooperative Autonomous Distributed Robotic Explores (CADRE) project is developing a
network of shoe-box-sized mobile robots that explore as a group and collect data in hard-to-reach
places such as craters and caves on the Moon. In FY 2021, the project is scheduled to complete a
Mission Design Review and provide an autonomy testbed demonstration in FY 2021. These low-
mass, low-volume, low-cost autonomous rover scouts will enable exploring high-risk environments
without endangering primary assets.
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LEAD: ENSURING AMERICAN GLOBAL LEADERSHIP IN SPACE TECHNOLOGY

In FY 2021, STMD's "Lead" thrust area continues to pursue cutting edge R&D investments reaching a
wide space of researchers and small businesses developing technologies for the future that could lead to
spinoff companies, thereby creating jobs. Focus areas under consideration include engaging with Space
Technology Research Grant (STRG) researchers to encourage increased lab to market opportunities and
spinoff company creation; involving underrepresented students and expanding planning grants to
strengthen and develop MSI/HBCU research capacity and infrastructure; continuing a robust Technology
Transfer program to increase NASA’s activation of regional economic hubs; and expanding opportunities
for interchange between NASA, universities, industry and local economic development organizations.
Investment in these areas will have an economic impact in industries of the future and contribute towards
building stronger and equitable communities and maintaining U.S. leadership in space technology.

KEY ACHIEVEMENTS PLANNED FOR FY 2022

NASA will continue to partner with researchers across academia and industry and explore transformative
technologies and approaches. Upcoming Early Stage Innovation portfolio activities will investigate areas
such as breakthrough propulsion, challenges in deep space human habitation, space-optimized energy
systems, radiation protection, advanced materials, and climate and clean energy-related challenges. These
areas are part of a comprehensive approach to efficiently support innovative discovery, progress toward
important goals, and the development of transformative new capabilities.

NASA will release the Industry & Commerce Innovation Opportunity announcement which will be an
open topic call for proposals utilizing existing acquisition vehicles (e.g., ACO/Tipping Points, SBIR) to
pursue technologies needed by commercial space stakeholders.

NASA will continue to invest in key cryogenic fluid management technologies for effective and efficient
storage, transfer, and utilization for cryogenic propellants and reactants in space enable capabilities
including high performance chemical propulsion, electric propulsion and nuclear propulsion. STMD will
also continue advancing manufacturing methods that will improve the performance and reduce the
production costs of rocket engine parts.

e Solar Electric Propulsion: The Plasma Diagnostic Package (PDP) will be delivered to the Gateway
Power Propulsion Element (PPE) by summer 2022. The PDP will fly on the Power and Propulsion
Element for NASA's Gateway lunar orbital platform and collect flight data related to the plasma
environment produced by high-power solar electric propulsion (SEP) during operation. Also, in
FY 2022, assembly of the qualification Xenon thrusters will begin and will undergo rigorous testing
for compliance with space flight requirements, regulations, and conformity with standards followed
by acceptance testing at the end of FY 2022 that will evaluate system configuration and performance
to determine if test objectives have been met.

e The Rapid Analysis and Manufacturing Propulsion Technology (RAMPT) project is maturing novel
design and manufacturing technologies to increase scale, significantly reduce cost, and improve
performance for regeneratively cooled thrust-chamber assemblies, specifically the combustion
chamber and nozzle for Government and industry programs. This project will conduct a hot fire test
of a large-scale composite overwrapped Thrust Chamber Assembly (TCA) with a directed energy
dispositioned (additive manufactured) nozzle. This development will address the longest lead, highest
cost, and heaviest component in the rocket propulsion engine system. The project will complete
vendor trials and lab testing in FY 2022.
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o The Low-Earth Orbit Flight Test of an Inflatable Decelerator (LOFTID) Project, in partnership with
United Launch Alliance, will complete fabrication of a flight-ready, inflatable acrodynamic
decelerator technology in preparation for an FY 2022 flight test in the Earth's atmosphere to
determine the feasibility of this technology in supporting high-mass entry descent and landing.

o The Plume-Surface Interaction (PSI) Project will continue advancing both modeling and testing
capabilities to understand exactly how rocket exhaust plumes affect a planetary landing site. In
FY 2022, PSI will continue with its Science Scale Ground Test (SSGT) campaign and collect data
relevant to support mission design for a science class mission, which will support computational code
validation, future engineering model development, and mature PSI-dedicated instrumentation.

e SCALPSS 1.1 project will complete environmental testing on hardware and deliver flight hardware to
lunar lander provider for integration and preparation for flight.

e SPLICE project will incorporate design changes based on Blue Origin's New Shepard flight tests and
complete development and assembly of the Descent and Landing Computer and Navigation Doppler
Lidar (NDL) flight units for CLPS technology demonstration. Further, the NDL will be delivered to
Astrobotic's and Intuitive Machine's Lunar Lander for demonstration and infusion for lunar precision
landing capability.

e In FY 2022, the Fission Surface Power Project will award up to three industry contracts for
preliminary designs of a 10 kilowatt-electric class fission power system. The industry awards will
have a one-year performance period, and the results will inform NASA design and performance
requirements for a second solicitation which will generate a complete design of a lunar demonstration
system. Additionally, FY 2022 investments will advance space-rated power conversion systems, and
mature high-risk reactor technologies on low-enriched moderator materials and lighter weight
radiation shielding.

e InFY 2022, the Regenerative Fuel Cell (RFC) Project is planning to hold its Critical Design Review
(CDR) in preparation for a fuel cell subsystem test in FY 2023. Ultimately, the RFC project will
deliver a regenerative fuel cell that would be capable of producing electricity from hydrogen and
water while also performing the reverse function — using water and electricity generated by solar
panels or other sources to produce hydrogen and oxygen.

e Vertical Solar Array Technology (VSAT) project aims to develop lightweight solar arrays capable of
autonomous 10-meter vertical deployment on uneven terrain. This technology will enable near
continuous capture of sun light by the solar arrays at the lunar South Pole region.

e STMD has two Dust Mitigation experiments manifested on the sixth Commercial Lunar Payload
Service (CLPS) awarded to Firefly Aerospace of Cedar Park, Texas. The Electrodynamic Dust Shield
(EDS) will generate a non-uniform electric field using varying high-voltage on multiple electrodes.
This traveling field, in turn, carries away the particles and has potential applications in thermal
radiators, spacesuit fabrics, visors, camera lenses, solar panels, and many other technologies. The
second demonstration is the Regolith Adherence Characterization (RAC), which will determine how
lunar regolith sticks to a range of materials exposed to the Moon's environment during landing and
lander operations. Components will be derived from the Materials International Space Station
Experiment (MISSE) facility currently on ISS.

e In-Space Manufacturing (ISM) will deliver flight hardware of first-in-space metallic fabrication
laboratory for ISS demonstration in FY 2023. ISM is developing technologies and processes which
will enable on-demand manufacturing capability during long-duration space missions and leveraging
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the highly disruptive technologies being developed terrestrially and adapting them for operations in
the space environment such as ISS.

e Prizes and Challenges will launch competitions to address lunar power (Watts on the Moon)
requirements as well as lunar excavation (Break the Ice), manufacturing, and construction to support
in-situ resource utilization applications. Additionally, NASA will host a competition to support
nutrition needs of astronauts on the lunar surface (Deep Space Food), an essential aspect of
sustainable human presence on the Moon.

e Polar Resources Ice Mining Experiment (PRIME) project will be delivered to the Moon by December
2022 by Intuitive Machines of Houston under the Commercial Lunar Payload Services Contract.
PRIME1 will land on the Moon and drill up to three feet below the surface. It will measure, using a
mass spectrometer, how much ice in the sample is lost to sublimation as the ice turns from a solid to a
vapor in the vacuum of the lunar environment. Honeybee Robotics of Pasadena, California, is
developing the ice-mining drill. NASA’s Kennedy Space Center in Florida, in partnership with
INFICON of Syracuse, New York, is developing the mass spectrometer.

e The "Honey I Shrunk the NASA Payload Challenge, The Sequel" will provide the 14 winning teams
the opportunity to further develop their payload concepts for small lunar rovers. NASA's Lunar
Surface Innovation Initiative will award prizes to 4 teams to develop working prototypes at a
technology readiness level (TRL) of 5 or greater by January 2022. NASA will test one to two
prototypes to failure and to reserve the remaining one(s) for possible deployment on the lunar surface
aboard a rover. These miniature payloads will enable lunar science, demonstrate new technologies,
and advance the use of resources found on the moon (in-situ resource utilization, ISRU).

e On-orbit Servicing, Assembly, and Manufacturing-1 (OSAM-1Restore/SPIDER) is planning to
conduct a major project lifecycle review where the Decision Authority determines whether the project
is on track. OSAM-1's Key Decision Point-D will officially approve initiating the project's integration
and test phase.

e On-orbit Servicing, Assembly, and Manufacturing-2 (OSAM-2 Archinaut) is planning to launch in
late 2022 and demonstrate its capability on orbit. The OSAM-2 demonstration will build, assemble,
and deploy its own operational solar arrays in space. The small spacecraft will 3D print two beams.
The first beam will extend nearly 33-feet from one side of the spacecraft while deploying a solar array
surrogate. The second beam will extend nearly 20 feet from the opposite side of the spacecraft. As it
continues to manufacture the hardware, these beams will unfurl solar arrays that can generate up to
five times more power than traditional solar panels on similar-sized spacecraft.

e Deep Space Optical Communications (DSOC) is preparing for a launch in August 2022 on the Psyche
mission where it will demonstrate and validate laser communications that improves performance 10
to 100 times over the current state of the art without incurring increases in mass, volume, or power.
Communications between space and ground will employ novel, advanced lasers in the near-infrared
region of the electromagnetic spectrum and will provide the fastest, most efficient means of
communicating with mission managers on Earth.

e Aspart of NASA’s Lunar Surface Innovation Initiative and 2020 Tipping Point Awards, STMD will
demonstrate two "Explore" projects that will accelerate technology readiness for key lunar
infrastructure capabilities.

o The Deployable Hopper Project will deliver and integrate flight hardware on Intuitive
Machines Nova-C Lander for integration into SpaceX Falcon 9 launch vehicle. The project
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will demonstrate a small, deployable hopper lander capable of carrying a 2.2-pound (1-
kilogram) payload more than 1.5 miles (2.5 kilometers). This hopper could access lunar
craters and enable high-resolution surveying of the lunar surface over a short distance.

o In partnership with NASA, Nokia will deploy the first LTE/4G communications system on
the surface of the Moon. The system will support lunar surface communications at greater
distances, increased speeds, and provide more reliability than current radio standards. Nokia’s
data transmission communications would help that effort, including control of lunar rovers,
real-time navigation of the Moon’s geography and stream high-definition video.

e The Cubesat Laser Intersatellite Crosslink (CLICK) will advance state of the art communications
between small spacecraft as well as the capability to gauge their relative distance and location.
CLICK is comprised of two sequential missions with CLICK A launching launch in 2021 and CLICK
B/C planned to launch in 2022. CLICK B/C will demonstrate full-duplex (send and receive) optical
communication crosslink between two 3U small spacecraft, in low-Earth-orbit, at distances between
15 and 360 miles apart at data rates greater than 20 Mbps.

e The Cooperative Autonomous Distributed Robotic Exploration (CADRE) project, which is a low-
mass, low-volume, low-cost autonomous rover scout for collaboratively exploring high-risk
environments without endangering primary assets, will complete a Flight Readiness Review and
deliver flight hardware in FY 2022 in preparation for its launch in 2023.

Programs

EARLY STAGE INNOVATION AND PARTNERSHIPS

Early Stage Innovation and Partnerships spur collaboration with innovators across the Nation to capitalize
on the ideas, talent, and experience of a diverse set of contributors to achieve NASA's Agency objectives.
STMD funds early stage research and development (TRL 1-3) sourced from academia, industry,
entrepreneurs, and from the NASA workforce to generate pioneering approaches to the Agency’s difficult
and far reaching exploration challenges. It also puts emphasis on increasing participation by women and
socially or economically disadvantaged businesses and historically black colleges (HBCU) and minority
serving institutions (MSI). NASA sustains these Early Stage investments at seven to eight percent of the
overall Exploration Technology budget which includes Space Technology Research Grants (STRG),
NASA Innovative Advanced Concepts (NIAC), Center Innovation Fund (CIF), and Early Career Initiative
(ECI). In addition, NASA funds STMD partnership activities including technology transfer and
technology commercialization activities, and the Agency's Prizes and Challenges activities (including
Centennial Challenges and the NASA Tournament Lab). NASA’s Technology Transfer Program ensures
NASA’s inventions can be utilized to provide U.S. commercial benefit by tracking, analyzing, and
reporting investments and progress, as well as managing patent licenses and software releases.

TECHNOLOGY MATURATION

STMD is advancing revolutionary space technologies from proof of concept to demonstration, maturing
transformational, and foundational technologies across the critical gap that resides between early stage
concepts and flight demonstration (TRL 3-6). The Technology Maturation portfolio, which includes the
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Game Changing Development (GCD) Program, develops and demonstrates technologies needed to
support other NASA Directorates, the commercial space sector and other government agencies, as
appropriate. The portfolio emphasizes technologies that address technical challenges faced by robotics
and human explorers and is aligned with the STMD Technology Thrusts. A portion of the Technology
Maturation portfolio is dedicated to the Lunar Surface Innovation Initiative (LSII), targeting critical
technologies needed for surface activities. In addition, Technology Maturation includes strategic
technology investments that are critical for to industry and other Government agency stakeholders.

TECHNOLOGY DEMONSTRATION

The Technology Demonstration portfolio supports ground-based testing to determine feasibility and
technology flight demonstrations in relevant environments to effectively transition technologies for
NASA missions and for use by other Government agencies and industry. Through the Technology
Demonstration Missions (TDM), Small Spacecraft Technologies (SST) and Flight Opportunities (FO)
Programs, ground, and flight demonstrations (TRL 5-7) are prioritized to complete multiple projects
nearing completion, while demonstrating cross-cutting applications applicable to multiple stakeholders.

SMALL BUSINESS INNOVATION RESEARCH (SBIR) AND SMALL BUSINESS
TECHNOLOGY TRANSFER (STTR)

The SBIR/STTR programs leverage the Nation’s innovative small business community to support
research and development efforts that enable NASA's mission in human exploration, science, and
aeronautics. SBIR/STTR supports early-stage research and mid-Technology Readiness Level (TRL)
development, performed by small businesses through competitively awarded contracts. These programs
provide the small business sector with an opportunity to develop technology for NASA and to
commercialize that technology to spur economic growth and potentially address national needs in the
aerospace industry and other sectors. These programs produce innovations for both Government and
commercial applications. Annual solicitations maintain commitment to an integrated Agency-wide
SBIR/STTR program that supports both commercial interests and NASA mission needs, while addressing
innovation initiative that aligned with Administration priorities (e.g., climate science); and increase
participation by women and socially or economically disadvantaged businesses, historically black
colleges (HBCU), and minority serving institutions (MSI).
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FY 2022 Budget

Op Plan Enacted Request
Budget Authority (in $ millions) FY 2020 FY 2021 FY2022 FY2023 FY2024 FY2025 FY2026
Agency Technology and Innovation 9.4 8.4 9.4 9.6 9.8 10.0 10.2
Early Stage Innovation 90.8 89.2 115.6 117.9 120.2 122.7 125.2
Technology Transfer 19.6 19.9 20.0 20.4 20.8 21.2 21.6
Total Budget 119.8 117.5 145.0 147.9 150.8 153.9 157.0
Change from FY 2021 27.5
Percentage change from FY 2021 23.4%

FY 2020 reflects funding amounts specified in Public Law 116-93, Consolidated Appropriations Act, 2020, as
adjusted in NASA's FY 2021 Initial Operating Plan, except Exploration Ground System Development and
Exploration CoF. Table does not reflect emergency supplemental funding provided for NASA and included in the
Safety, Security, and Mission Services account, as specified in Public Law 116-136, the Coronavirus Aid, Relief, and
Economic Security Act, totaling $60.0 million.

FY 2021 reflects funding amounts specified in Public Law 116-260, Consolidated Appropriations Act, 2021, as
adjusted by NASA's FY 2021 Initial Operating Plan.

Early Stage Innovations and Partnerships spur
collaboration with innovators across the Nation
to capitalize on the ideas, talent, and experience
of a diverse set of contributors to achieve
commercialization of aerospace technologies,
economic impact, and contributions to NASA's
Artemis objectives. There is also an expanded
focus beyond Moon to Mars, including other
Mission Directorates, the commercial space
sector, and other Government agencies.

NASA Innovative Advanced Concepts grantee facilitated a Early Stage Innovation supports concept studies,

citizen science, public competition to seek ideas for a applied research, and early technology
mechanical obstacle avoidance sensor that could be development that germinate revolutionary ideas,
incorporated into a possible future Venus rover. The expand innovation, and transform future

winners of the "Exploring Hell: Avoiding Obstacles on a capabilities. Emphasis is placed on identifying
Clockwork Rover" included three novel designs (one of emerging concepts and technologies that support

which is pictured above) and a number of honorable Obj ectives such as long—term Lunar surface

requirements and climate challenges. Open
innovation capabilities also support NASA’s
R&D objectives and leverages the Agency’s
connection with the American and global public to support NASA's objectives. By leveraging the
technical capabilities of experts across the Nation from academia, established industry, new businesses,
NASA Centers, and individual members of the public, the Agency gains new ideas and alternative
approaches to solving NASA’s difficult and far reaching exploration challenges.

mentions, with ideas that ranged from systems of rollers to
detect hazards to oversized fenders that would snap the
rover in reverse should it hit a boulder.

Within Technology Transfer, NASA responds to Administration priorities and legislative requirements to
promote technology transfer, including commercialization of technologies that emerge from NASA’s
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research and development activities to support commercial expansion in space, economic development,
and tangible Earth applications.

Agency Technology and Innovation funds the operations of the Office of the Chief Technologist (OCT),
which performs Agency outreach, and promotes innovative culture and partnerships internally and
externally.

EXPLANATION OF MAJOR CHANGES IN FY 2022

The Budget provides a $27.5 million increase to Early Stage Innovation and Partnerships; at least
$10 million will support climate research and clean energy economy investments. This Budget also
moves the Prizes, Challenges and Crowdsourcing Program to the Early Stage Innovation budget line.

ACHIEVEMENTS IN FY 2020
Agency Technology and Innovation:

e OCT demonstrated the effectiveness of the Strategic Technology Integration Framework by working
with directorates to incorporate mission data into models for analysis, while also executing
collaborative innovation experiments at each NASA Center and across the Agency.

e The 2020 NASA Technology Taxonomy was successfully completed and released. The Taxonomy
includes a discipline-based realignment of technology areas and leveraged the knowledge of
recognized experts during development of the update. The Taxonomy is one of NASA's key
contributions to the international technology community, as it greatly assists the community in
managing and communicating relevant technologies while also serving NASA's needs.

e OCT hosted a regular cadence of virtual interagency Science and Technology Forum technical
interchange meetings, helping to coordinate technology needs across several agencies related to
trusted autonomous systems and cybersecurity mission assurance. In FY 2020, OCT executed an
interagency pilot program with the National Reconnaissance Office, resulting in technology projects
of mutual interest in several early stage technology areas related to remote sensing, autonomous
systems, and space-based communications.

Early Stage Innovation:

e NASA Innovative Advanced Concepts awarded an additional Phase III study to complement its
portfolio of Phase I and Phase II concepts. The Phase III selection will explore direct multipixel
imaging and spectroscopy of an exoplanet with a solar gravitational lens, which could potentially
enable viewing a habitable exoplanet in detail. Previous Phase III selections continue to progress with
work on robotic technologies enabling the exploration of lunar pits and optical mining technology.

e Space Technology Research Grants (STRG) released the inaugural Lunar Surface Technology
Research (LuSTR) Opportunities solicitation featuring six topics in two LSII focus areas: In-Situ
Resource Utilization and Sustainable Power. As part of the LSII portfolio, LuSTR solicits ideas from
university researchers for the creation of new, enabling technologies that will be needed for lunar
surface exploration and to accelerate the technology readiness of key lunar surface exploration
systems and components.
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STRG released its biennial Space Technology Research Institutes solicitation with two topics: High-
Power Electric Propulsion Ground Testing and Modeling Extensible to In-Space Operation and
Revolutionary Advancements in Multidisciplinary Modeling and Simulation of Entry Systems.

Five new Early Career Initiative (ECI) awards were selected in September 2020, with NASA Centers
partnering with industry and/or academia to rapidly develop technologies supporting Artemis and
next generation robotic Mars exploration. These projects provide NASA's early career employees
with direct, hands-on leadership experience, including applying innovative project management
techniques with public-private partnerships.

The Center Innovation Fund (CIF) selected 137 new projects in September 2020, representing
advanced technology investments across a broad spectrum of NASA Taxonomy areas. NASA Centers
collaborated with 23 industry partners, 57 academic institutions, and 12 other Government agencies to
develop these new National aerospace capabilities.

Partnerships & Technology Transfer:

NASA formulated and developed three Centennial Challenges focused on human lunar exploration
needs: Watts on the Moon (power storage and distribution), Break the Ice Lunar (excavation,
manufacturing, and construction); and Deep Space Food (astronaut nutrition).

NASA Technology Transfer played a pivotal role in licensing NASA technologies that supported
COVID-19. JPL developed a ventilator that can be built faster and maintained more easily than a
traditional ventilator and is composed of far fewer parts. NASA received more than 100 license
applications and nine U.S. and 19 international manufacturers were selected to produce the Ventilator
Intervention Technology Accessible Locally (VITAL Ventilators), making it the most-licensed
NASA invention of all time. Additionally, Technology Transfer is providing royalty payment relief
and new opportunities under StartUp NASA to encourage entrepreneurship and support small
business impacted by COVID-19.

NASA Technology Transfer partnered with FedTech to bring teams of entrepreneurs together to
conduct commercial assessments of select NASA technologies, leading to the creation of new
companies using NASA technologies. Additionally, the NASA Entrepreneurial Workforce Initiative
continues to introduce NASA innovators to entrepreneurial-focused thinking to maximize the
commercial potential of their inventions.

WORK IN PROGRESS IN FY 2021

Agency Technology and Innovation:

OCT will continue to serve as the NASA champion for innovation and will oversee collaborative
experiments that foster an innovative culture at the Agency. The office will complete the NASA
Innovation Portal, which utilizes an intelligent search engine to link NASA employees to people,
tools, and information that facilitate innovation.

The Strategic Technology Integration Framework effort will continue to develop guidelines for
synthesizing the state of NASA’s technology investment portfolio. As the guidelines are refined,
inputs from the Mission Directorates will help identify potential technology gaps.

The Science and Technology Partnership Forum will continue to engage with interagency partners on
joint technology assessments, particularly in low technology readiness areas.
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Early Stage Innovation:

NASA will continue to partner with researchers across academia and industry to explore
transformative technologies and approaches. Upcoming Early Stage Innovation activities will
investigate areas that contribute to NASA STMD's strategic framework and other areas such as High-
Fidelity Emulation of Full-Physics Models in Earth Science. These areas are part of a comprehensive
approach to efficiently support innovative discovery, progress toward important goals, and the
development of transformative new capabilities.

Sixteen Phase I NIAC studies were announced in March 2021, which offer a range of inventions and
applications including a lunar levitation track system, a light bending lunar power system, and a
method for making soil from asteroid material.

In October 2020, STRG awarded 14 Early Career Faculty grants sponsoring cutting edge research by
exceptional university faculty who are still early in their careers. Research topics include coordination
of teams of robots, in-space food production, and advanced, multi-layer spacecraft insulation.

STRG awarded 14 Early Stage Innovations grants in January 2021. The university-led teams will
investigate challenging aspects of space exploration ranging from cryogenic refrigeration
technologies to modeling parachute inflation and descent to additive manufacturing of high
temperature materials.

STRG announced its inaugural Lunar Surface Technology Research (LuSTR) selections in March
2021. NASA selected six new projects in two LSII focus areas: In Situ Resource Utilization and
Sustainable Power. The awards, set to commence in May 2021, emphasize near-term infusion and are
up to $2 million in value. Three university-led efforts will research innovative ways to identify
resources (such as water on the Moon) and inventive architectures for their extraction, processing,
and utilization. The Sustainable Power related projects will mature next-generation power distribution
technologies and aim to facilitate the robust operation of infrastructure on the Moon.

The biennial Space Technology Research Institutes solicitation selections were announced in March
2021. The new STRIs will bring together researchers from different disciplines and organizations to
tackle challenges associated with electric propulsion ground testing and atmospheric entry systems
modeling. The new STRIs aim to advance these game-changing technologies for exploring the Moon,
Mars, and beyond.

STRG released its 11th annual call for proposals from graduate student researchers. Students were
notified on April 2, 2021, and the awards (which span the technology taxonomy space) will
commence in August 2021. The Early Career Faculty solicitation was released in February 2021 and
an early May 2021 release of the Early Stage Innovations solicitation is planned with awards
scheduled for late FY 2021 and early FY 2022, respectively.

The annual Early Career Innovations program, which engages NASA early career researchers with
world class partners to develop the innovative leaders and technologies of the future, released the
annual solicitation to the NASA centers in March 2021 with selections planned for September 2021.
The Center Innovation Fund will also plan to make selections in September 2021.
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Partnerships & Technology Transfer:

NASA will conclude the following Centennial Challenges:

Vascular Tissue Challenge: Create viable, thick metabolically functional human vascularized organ
tissue that can be used to advance research and medicine in space and on Earth; awards will be made
to teams in summer 2021.

CO2 Conversion Challenge Phase II: Using carbon dioxide (CO2) to generate substrates that feed
microbial bioreactors to generate essential products for long duration missions; Phase II seeks to
award up to $750,000 to the top three teams that demonstrate operational systems in FY 2021.

NASA launched or continued the following Centennial Challenges:

CubeQuest Challenge, which offers a total of $5 million to teams that meet the challenge objectives
of designing, building, and delivering flight-qualified small satellites capable of advanced operations
near and beyond the Moon.

Space Robotics Challenge Phase 11, a virtual competition to advance robotic software and
autonomous capabilities for space exploration missions on the surface of extraterrestrial objects, such
as distant planets or moons.

Phase I of Watts on the Moon, Break the Ice Lunar, and Deep Space Food challenges.

NASA continues to leverage challenge and crowdsourcing platforms to run innovative competitions
through the NASA Tournament Lab that support a diverse set of problem areas across NASA. Several
Artemis focused competitions based on identified technology needs were launched or concluded,
including: Lunar Deep Freeze Challenge, Lunar Delivery Challenge, and Honey I Shrunk the NASA
Payload, the Sequel.

NASA Technology Transfer will continue to expand Technology Transfer Expansion (T2X)
activities, which include entrepreneurship initiatives, innovative ecosystem engagement, and
partnerships for bringing new products and services to market. The goal of these activities is to
increase licensing and commercialization successes and increase novel public-private partnerships.

KEY ACHIEVEMENTS PLANNED FOR FY 2022

Agency Technology and Innovation:

OCT will build on the success of the Science and Technology Partnership Forum, identifying
additional areas of mutual interest and technology gaps that may be filled through cooperative
interagency efforts.

A revision of the NASA Strategic Technology Investment Plan will be produced to provide an
Agency-level assessment on the balance of technology investments across technical areas as well as
across near, mid, and long-term needs. The office will continue ongoing horizon-scanning studies to
assess emerging technology development practices within industry that may provide value to NASA.

Early Stage Innovation:

NASA will expand Early Stage capabilities and impact by implementing the following:

Efforts to increase the number of projects transitioning from early stage innovations to higher
technology readiness levels to increase their impact;
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e Expanding the number of NASA Innovative Advanced Concepts awards;
e Expanding the Lunar Surface Technology Research portfolio with awards in other LSII focus areas;

e Exploring innovation pilots to enable breakthrough technology R&D in support of U.S.
competitiveness;

e Emphasizing increased participation in underserved communities, as well as individuals from those
communities;

¢ Building evidence to determine what works to advance early-stage innovations and partnerships
through STMD's portion of the Learning Agenda consistent with the Evidence-based Policy Making
Act of 2018;

e Efforts include the potential for Space Technology Research Grants to address climate challenges
and/or clean energy economy;

e NASA will expand engagement with the Nation's innovators through the Phase 2 continuation of
three lunar-focused Centennial Challenges: Watts on the Moon, Break the Ice Lunar, and Deep Space
Food. There is also potential development of new prize concepts to address climate challenges and/or
clean energy economy. Several additional smaller challenges to support NASA technology needs will
be conducted.

e Bridging early career opportunities between NASA Mission Directorates to enhance the technical and
project management skills of NASA's early career workforce.

Technology Transfer:

e NASA will continue efforts described below in the Technology Transfer Section.

Program Elements

AGENCY TECHNOLOGY AND INNOVATION

Agency Technology and Innovation funds the operations of the OCT and Agency activities for promoting
innovative culture and partnerships within and outside of NASA.

The NASA Chief Technologist serves as the Agency's principal advisor and advocate on matters
concerning Agency-wide technology policy to internal and external stakeholders. The office also
communicates and helps strategically integrate technology efforts within the Agency. The office conducts
regular reviews and assessment of technology investments across NASA, including the mission-focused
investments made by the Agency's Mission Directorates. The organization also assesses and
communicates the societal and economic impact of technology investments at NASA and outside the
Agency.

OCT hosts several technical interchange meetings in support of NASA's participation in the interagency
Science and Technology Partnership Forum activity, an ongoing activity that brings leaders in

Government aerospace, defense, and national security communities together to better coordinate Federal
investments and activities based on mutual critical needs and future plans. These exchanges are working
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to identify partnership opportunities that reduce duplication of effort and investment across Government
while advancing the TRLs and infusion paths that will benefit Agency missions.

OCT is finalizing a Strategic Technology Integration Framework to more efficiently identify and connect
technology investments to needs across the Agency. This initiative will inform the next version of
NASA's Strategic Technology Investment Plan.

OCT continues to work closely with internal and external stakeholders to develop strategies to expand
NASA’s innovation ecosystem and the development of an Agency innovation framework.

For more information, go to: http://www.nasa.gov/oct

EARLY STAGE INNOVATION

NASA's Early Stage Innovation activities employ various approaches to engage subject matter experts at
universities, companies, independent labs, NASA Centers, and other Government agencies. Through a
steady cadence of competitive solicitations, NASA continuously develops new and innovative
high-risk/high-payoff technologies. Early Stage studies cultivate new ideas and alternative approaches
and leverage the technical capabilities of the experts across the Nation that can fuel economic growth.
Technologies are often developed with support and coordination among NASA and various external
partners and primarily focus on innovative ways to further humankind’s exploration from conception to
testing to spaceflight. NASA awards early stage efforts through Space Technology Research Grants,
NASA Innovative Advanced Concepts, the Center Innovation Fund, and the Early Career Initiative and
innovation efforts through the Prizes, Challenges and Crowdsourcing Program. Open innovation
capabilities support NASA’s R&D objectives and leverages the Agency’s connection with the American
and global public to support NASA's objectives. By leveraging the technical capabilities of experts across
the Nation from academia, established industry, new businesses, NASA Centers, and individual members
of the public, the Agency gains new ideas and alternative approaches to solving NASA’s difficult and far
reaching exploration challenges.

It is not always clear which efforts will result in breakthroughs, effective improvements, or exciting new
approaches. The technology innovation process is nonlinear and takes time. Therefore, a balance of early
stage, mid-Technology Readiness Level (TRL), and technology demonstration investment is critical for
an effective technology development portfolio.

Space Technology Research Grants

STRG conducts a series of annual and biennial competitive solicitations targeting high-priority
technologies that engage the entire spectrum of academic researchers from graduate students to early
career and senior faculty members. STRG emphasizes technology areas that can make space activities
more effective, affordable, and sustainable. In the process, close collaborations between U.S. universities
and NASA are established and nurtured. The NASA Space Technology Graduate Research Opportunities
solicitation seeks to sponsor graduate researchers who show significant potential to contribute to NASA’s
goal of creating innovative new space technologies for our Nation’s exploration, science, and economic
future. The topics featured in the Early Career Faculty, Early Stage Innovations, Lunar Surface
Technology Research, and Space Technology Research Institutes solicitations are of high priority to
NASA and the aerospace community in areas where it is anticipated that academia is ideally suited to
provide significant innovations.

STRG funds innovative space technology research and currently features more than 300 active grants to
U.S. universities. In FY 2020, NASA made 14 Early Stage Innovations awards, nine Early Career Faculty
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awards, and 63 NASA Space Technology Graduate Research Opportunities awards. The program has
supported research projects at 116 universities across 44 States since its inception in 2011.

STRG awards result in numerous technology transition successes and contributions to NASA’s mission:

e Heisenberg vortex for Light-Weight Refrigeration of Liquid Hydrogen: Carl Bunge, a NASA Space
Technology Graduate Researcher from Washington State University developed a new type of
refrigeration system for liquid hydrogen rocket propellant to decrease hydrogen boiloff and enable its
use on longer duration missions, resulting in over five times more cooling power. National Science
Foundation is now funding further development of this technology.

e Heterogeneous Laser Transmitter Integration for Low SWaP: Jonathan Klamkin, an Early Career
Faculty Principal Investigator from University of California, Santa Barbara assembled a photonic
integrated circuit which combines several components on a single chip to reduce size, weight, and
power requirements for optical communications devices. The technology can enable higher
bandwidth communications and is currently being developed for commercial applications by a private
company.

e Material Characterization while Drilling on Lunar/Martian Surface: Jamal Rostami, an Early Stage
Innovations Principal Investigator from the Colorado School of Mines uses in-process data from an
instrumented drill in order to characterize the material being drilled through. The technique can be
used to adjust drilling parameters to prevent damage to equipment and can also be used to discover
valuable materials underneath the surface. The technology was recently able to determine water
content in lunar regolith simulant samples to within 0.25 percent.

e Center For The Utilization of Biological Engineering in Space: Multi-university Space Technology
Research Institute (led by University of California, Berkeley and awarded in 2017) has had numerous
breakthroughs in biomanufacturing including 85 percent power efficiency for a lighting system
required to grow plants, bioengineered rice which is more suitable to farming in indoor habitats, and
biomanufacturing biopolymers for use as structural materials. Each of these are key technologies
which will be needed for long term space missions away from Earth.

NASA Innovative Advanced Concepts

NASA Innovative Advanced Concepts (NIAC) executes annual solicitations seeking exciting,
unexplored, and technically credible new concepts that could one day “change the possible” in space and
aeronautics. These efforts improve the Nation’s leadership in key research areas, enable long-term
capabilities, and spawn disruptive innovations that make space exploration more effective, affordable, and
sustainable.

Phase I and continuation Phase II solicitations are open to NASA Centers, other Government agencies,
universities, industry, and individual entrepreneurs. NASA implemented Phase I1I studies to complement
its portfolio of Phase I and Phase II concepts for the first time in FY 2019. Phase III studies are designed
to continue maturation of Phase II transformative ideas allowing NASA to strategically transition the
most promising NIAC concepts to other NASA programs, other Government agencies, or commercial
partners. In 2020, NIAC made 16 Phase I, six Phase II, and one Phase III awards across industry,
academia, and NASA Centers. NIAC has been a regular source of transformative aerospace concepts and
innovative approaches. Dr. Jonathan Sauder ran a very successful Mechanical Maker Challenge,
leveraging crowdsourcing to further his NIAC study "Exploring Hell: Avoiding Obstacles on a
Clockwork Rover." The challenge sought an innovative obstacle avoidance sensor for a mechanical
clockwork rover, receiving 572 submissions.
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Center Innovation Fund

CIF provides annual seed funding to each NASA Center and NASA's Jet Propulsion Laboratory to
stimulate aerospace creativity and grassroots innovation to transform future missions and advance the
Nation’s capabilities. CIF activities are competitively selected to explore alternative approaches or
develop enhanced capabilities that will feed into NASA's objectives. Partnerships with academia, private
industry, individual innovators, as well as among NASA Centers and Government agencies, are highly
encouraged.

An integrated review of all CIF candidates is conducted to ensure a strategic and coordinated portfolio.
These investments have led to multiple successful NASA and commercial applications. For example, a
Drill-Integrated Gamma Ray/Neutron Detector for Solar System Exploration transitioned to Rapid
Reaction Development and Demonstration (R2D2) Program, funded by the Small Spacecraft Technology
Program (SSTP). This tool will enable the real time assessment of subsurface environments on the Moon,
Mars, asteroids, and other bodies to better understand and characterize their composition for future
resource utilization. In addition, CIF projects have led to some well-known applications, such as the
Woven Thermal Protection System (Woven TPS) used on Orion.

Since its inception in 2011, the CIF Program has transitioned 227 projects to other NASA programs,
industry partners, academia, and other Government agencies. CIF has resulted in more than 250 New
Technology Reports, 300 publications and conference papers, 85 patent applications, and over a dozen
commercial licenses. In addition, two spin-off companies are directly attributable to the CIF Program:
Nirvana Energy Systems, formed to manufacture and sell energy systems and technology for homes (a
Stirling Engine with no hot moving parts developed at Glenn Research Center) and Amorphology, LLC,
formed to commercialize the Jet Propulsion Laboratory invention of Harmonic Drives Utilizing Bulk
Metallic Glasses.

Early Career Initiative

As an element of the Center Innovation Fund, the ECI provides the opportunity for NASA early career
civil servants to propose and work on two-year technology projects with industry and academic partners,
engage in hands-on technology development opportunities, and learn different approaches to project
management. To maximize the effectiveness of the early career projects, each team is mentored by more
senior Center personnel and NASA STMD subject matter experts. Several ECI projects have targeted
technology demonstrations or flight opportunities that support lunar surface operations, providing NASA
civil servant innovators the opportunity to have their technologies demonstrated on the lunar surface.
Designed to invigorate NASA’s technology base and champion innovative management processes, ECI
successfully partners NASA early career leaders with external world-class innovators to deliver
transformative national space capabilities.

Prizes, Challenges, and Crowdsourcing

NASA recognizes the value of incentivizing new technology advancement and problem solving through
open innovation approaches, including the use of prize competitions and challenges open to the public.
Government and non-Government organizations have demonstrated the value of prize competitions for
their ability to tap into new sources of talent they have not typically reached. Prize competitions also
reduce risk to the buyer because payments only occur after receipt of satisfactory solutions.

STMD's Prizes, Challenges, and Crowdsourcing Program utilizes the NASA Tournament Lab to enlist
crowdsourcing to tackle challenges faced in its space and aeronautics research and development
programs. The NASA Tournament Lab, which is managed by the Center of Excellence for Collaborative
Innovation (CoECI), offers a wide variety of open innovation platforms that engage the crowdsourcing
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community in challenges to create the most innovative, efficient, and optimized solutions. When
challenge owners were surveyed, NASA users of these tools have found them useful for meeting their
needs in 94 percent of cases. Other Federal agencies use the NASA platform on a reimbursable basis. The
NASA Tournament Lab also supports NASA@Work, an internal crowdsourcing and challenge platform
designed to improve the ability of NASA employees to connect with others within the Agency to solve
technical and non-technical problems. This platform played a vital role for the Agency in canvassing the
workforce in the spring of 2020 for ideas to mitigate the impacts of the COVID-19 pandemic.

Centennial Challenges offers incentive prizes to generate revolutionary solutions to support advanced
NASA technology needs and, where appropriate, partners with other organizations to maximize return on
investment. NASA has launched three challenges that will address lunar excavation, manufacturing, and
construction, lunar power needs, and nutrition needs of astronauts.

e Watts on the Moon Challenge: The purpose of this challenge is to identify flexible, robust energy
distribution, management, and storage solutions to power upcoming Moon missions. Phase 1 has a
$500,000 prize purse and is accepting conceptual studies for unique solutions to this challenge.

e Break the Ice Lunar Challenge: NASA launched Phase 1 of this competition in November 2020.
Phase 1 has a $500,000 prize purse and the goal of finding solutions to autonomous icy regolith
excavation technologies for near-term lunar missions that address key operational elements and
environmental constraints.

e Deep Space Food Challenge: This competition launched Phase 1 in January 2021 with a $500,000
prize purse, and seeks input on the demonstration of novel technologies, systems, and/or approaches
for nutritious food production to support long duration space exploration missions. This competition
is running in coordination with the Canadian Space Agency, which is running a parallel competition
and will judge and award Canadian citizen competitors with a separate prize purse.

In FY 2021, NASA plans to formulate new competitions to focus on advancing long-lead technologies
that support NASA priorities. The FY 2022 budget request proposes approximately $8 million in new
prize authority (no-year funding) to support multi-year challenges. This will continue the Phase 2 prizes
for Break the Ice Lunar Challenge and the Deep Space Food Challenge in addition to new prizes,
challenges and crowdsourcing activities related to climate and clean energy economy. In addition, active
Centennial Challenges in progress include: Cube Quest Challenge, Vascular Tissue Challenge, CO2
Conversion Challenge, and Space Robotics Challenge.

TECHNOLOGY TRANSFER

Technology Transfer provides Agency-level management and oversight of NASA-developed and
NASA-owned intellectual property and manages the transfer of these technologies to external entities.
Activities include active collection and assessment of all NASA inventions, strategic management and
marketing of intellectual property, negotiation and management of licenses, software release,
development of technology transfer-focused partnerships, and the tracking and reporting of metrics
related to these activities (e.g., numbers of new inventions, patents, licenses, cooperative research and
development agreements, or software use agreements). NASA Technology Transfer ensures that
innovations developed for exploration and discovery are broadly available to the public, maximizing the
benefit to the Nation.
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NASA's Technology Transfer System (NTTS) platform provides Technology Transfer personnel with
tools to facilitate the entire technology transfer process, and it enables NASA to track activities in fine-

grained, quantifiable detail.
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FY 2022 Budget

Op Plan Enacted Request
Budget Authority (in $ millions) FY 2020 FY 2021 FY2022 FY2023 FY2024 FY2025 FY2026
Total Budget 179.2 227.1 491.2 501.0 511.1 521.3 531.7
Change from FY 2021 264.1
Percentage change from FY 2021 116.3%

FY 2020 reflects funding amounts specified in Public Law 116-93, Consolidated Appropriations Act, 2020, as
adjusted in NASA's FY 2021 Initial Operating Plan, except Exploration Ground System Development and
Exploration CoF. Table does not reflect emergency supplemental funding provided for NASA and included in the
Safety, Security, and Mission Services account, as specified in Public Law 116-136, the Coronavirus Aid, Relief, and
Economic Security Act, totaling $60.0 million.

FY 2021 reflects funding amounts specified in Public Law 116-260, Consolidated Appropriations Act, 2021, as
adjusted by NASA's FY 2021 Initial Operating Plan.

NASA is advancing revolutionary space
technologies from proof-of-concept to
demonstration, maturing transformational
and foundational technologies that
primarily reside between early stage
research and flight demonstration. The
Technology Maturation investment
portfolio provides transformative and
crosscutting technologies that contribute to
U.S. leadership in space technology and
support NASA missions, including human
and robotic exploration of the Moon, Mars,
and beyond. Technology Maturation is also
committed to supporting advancement in
clean energy by collaborating with
industry in research and development
projects for fuel cells and solar technology.

technology (including the descent and landing computer,
navigation doppler lidar, terrain relative navigation camera, and
inertial measurement unit) at NASA's Johnson Space Center in
Houston. Technology Maturation includes a broad
array of cross-cutting technology
applications that fulfill multiple stakeholder needs, including NASA's Human Exploration and Science
Mission Directorates, commercial, and other government agencies. Example technologies include
autonomous landing and hazard avoidance, advanced materials, and in-space manufacturing and assembly
technologies, which benefit both human and robotic exploration, as well as science technologies that can
spur economic growth in the space industry. In addition, NASA is introducing the new Industry &
Commerce Innovation Opportunity which will expand upon the utilization of existing STMD acquisition
vehicles (i.e., Announcement of Collaborative Opportunity [ACO], Tipping Point [TP]). This Opportunity
will provide open topic calls for industry to identify and propose activities that will further enable
commercial development of key technologies that will support creating good jobs in a growing U.S. space
industry.
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Public-private partnerships are an important mechanism used by NASA for Technology Maturation
projects, such agreements enable NASA and private sector industry to share in the risk and benefit of
common technology development interests and investments. These shared risks and benefits include
incentivizing technical performance, building future commercial markets, and sharing financial interest in
the development of capabilities that support both NASA and other stakeholder needs. NASA will execute
a technology portfolio that includes enabling human and robotics exploration and bringing new
knowledge and opportunities to Earth through the high-priority technology focus areas described in
further detail below. These public-private partnerships are developed through NASA's Tipping Point (TP)
Solicitation and Announcement of Collaborative Opportunities (ACO). In FY 2021, NASA is
implementing 22 TPs and 28 ACOs.

The Lunar Surface Innovation Initiative (LSII) is also a component under Technology Maturation.
Through LSII, NASA STMD collaborates and partners with industry, academia, and other government
agencies to develop crosscutting technologies that provide key lunar surface capabilities and feed forward
to Mars and beyond. Since its inception in 2019, LSII has engaged ~400 organizations across 48 states
and Puerto Rico to advance the technologies needed to explore the lunar surface and stimulate economic
development.

Elements of LSII include:

e In-Situ Resource Utilization (ISRU) with an emphasis on collecting, processing, storing, and using
material found or manufactured on other astronomical objects;

Sustainable Surface Power, enabling continuous power throughout lunar day and night;

Surface Excavation/Construction to enable affordable, autonomous manufacturing and construction;
Dust Mitigation Technologies to address lunar dust hazards; and

Extreme Environments and Extreme Access capabilities to operate through the full range of surface
and subsurface conditions.

EXPLANATION OF MAJOR CHANGES IN FY 2022

The Space Technology portfolio is broadening to develop technologies that can benefit other NASA
Directorates, the commercial space sector and other government agencies, as appropriate. The FY 2022
budget request includes funding for Industry & Commerce Innovation Opportunity which will utilize
existing acquisition vehicles (such as ACO/Tipping Points, etc.) to pursue technologies needed by
commercial space stakeholders. It also includes funding to enhance R&D investments to colleges and
universities to enable breakthrough technology R&D in support of U.S. competitiveness.
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PROGRAM ELEMENTS

Technology Maturation Budget Estimated by Focus Area'

Op Plan Enacted Request
Budget Authority (in $ millions) FY 2020 FY 2021 FY 2022 FY 2023 FY 2024 FY 2025 FY 2026

Rapid, Safe & Efficient Space 18.8 11.0 44.0 33.8 26.6 12.0 12.0
Transport

Expanded Access to Diverse Surface  38.1 43.9 43.8 43.2 45.8 26.0 25.7
Dest

Sustainable Living & Work Far From 71.3 110.3 199.5 187.8 188.3 237.1 250.0
Earth

Transformative Missions and 24.9 36.7 85.3 60.2 67.9 49.0 28.0
Discoveries

Industry & Commerce Inn Oppt 2.0 0.0 85.6 142.4 148.4 162.7 180.9
(ACO/TP)

Space Tech Management and 24.1 25.1 33.1 33.6 34.1 34.6 35.1
Integration

Total Budget 179.2 227.1 491.2 501.0 5111 521.3 531.7

Technology Maturation categories are under review for revision and are anticipated to change going forward.

*Sums may not add to Total Budget due to rounding.

PROJECT OVERVIEWS

GCD has a broad portfolio of more than 120 projects, with more than 70 percent of the project including
partnerships and collaborations with industry, academia, and/or other government agencies. The portfolio
includes a combination of mid-TRL ground-based and flight demonstration development. Below are
highlights for some of the key projects.

NASA is making progress in advancing technologies that support rapid and efficient in-space
transportation that reduce transit times. Propulsion investments focus on higher thrust and efficiency,
including alternatives to traditional chemical propulsion systems for deep space exploration spacecraft
systems, and advancement of additive manufacturing techniques. Specific investments include:

e The Thruster for the Advancement of Low-temperature Operation in Space (TALOS) is a new class
of thruster to the aerospace community for deep space missions that will provide superior thermal
performance due to lower freezing points and mass savings over other thrusters with comparable
performance. Through public-private partnership with Frontier Aerospace, NASA is building upon
the TALOS effort, providing the first flight set of axial thrusters for the Astrobotic mission for
integration on the Peregrine Lander.

e Rapid Analysis Manufacturing Propulsion Technology (RAMPT) and Long-Life Additive
Manufacturing Assembly (LLAMA) are advancing the state-of-the-art for additive manufacturing
techniques that will reduce lifecycle development time and costs, along with reducing system weight
and improving performance, to fabricate liquid rocket engine components. Specifically, RAMPT is
advancing large-scale, light-weight manufacturing techniques and analysis capabilities required to
reduce design and fabrication cycles (by 60 percent) for regenerative-cooled liquid rocket engine
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components. A partnership with Auburn University provides a 25 percent cost share with the
technology manufacturing vendors and will strengthen the U.S. supply chain in these manufacturing
areas. This project will culminate in a large-scale Thrust Chamber Assembly hot-fire test.

o LLAMA is advancing fabrication of liquid rocket engine components using state-of-the art additive
manufacturing techniques. These processes will enable 3D printed parts for use on future lunar
landers.

o NASA currently is funding 22 active public and private partnerships (ACO and TP) projects in
collaboration with a broad range of industry partners. These ACO and TP projects are advancing
rapid and efficient in-space transportation technologies that include additive manufacturing,
propellant development from ISRU, new material systems, and engine subcomponents.

For NASA to more accurately land more mass on planetary bodies, as well as improve capabilities to
return spacecraft from low-Earth orbit and deep space, the Agency has been working to develop capable
Entry Descent and Landing (EDL) systems, materials, and computer modeling capabilities. NASA
investments have focused on precision landing and hazard avoidance; design, analysis, and testing of
advanced materials for thermal protection; and EDL architectures - for future exploration vehicles and
planetary entry missions. Key projects within EDL include:

o Safe and Precise Landing — Integrated Capabilities Evolution (SPLICE) will enable safer and more
accurate lunar landings than ever before. Upcoming Moon missions will use SPLICE’s advanced
algorithms and sensors to target landing sites not possible during the Apollo missions, such as regions
with hazardous boulders and nearby shadowed craters.

e Mars Entry Descent and Landing Instrument 2 (MEDLI2) project is a second-generation sensor suite
that is incorporated into the Mars 2020 heat shield. This effort improved our understanding of entry
system performance by acquiring flight data from an actual Mars mission, informing NASA designs
for future exploration missions.

e Mars Environmental Dynamics Analyzer (MEDA) is a suite of environmental sensors aboard the
NASA Mars 2020 Perseverance rover that characterizes the climate, including wind speed, near the
Martian surface. These sensors include dust, optical, radiation, and temperature, as well as a camera
for remote observation.

e The Plume-Surface Interaction (PSI) Project is advancing both modeling and testing capabilities to
understand how rocket exhaust plumes affect a planetary landing site. PSI will be improving and
validating relevant models with high-fidelity that will provide industry with an in-depth
understanding and tools for lunar lander vehicle designs and provide information to mitigate lunar
dust impacts.

e Stereo Camera for Lunar Plume-Surface Studies (SCALPSS) is composed of tiny cameras placed
around the base of the commercial lunar lander that monitor crater formation from the precise
moment a lander’s hot engine plume begins to interact with the Moon’s surface. This data coupled
with the PSI project will be used by future lunar lander vehicle designs. SCALPSS is a collaboration
with SMD.

NASA is also working on capabilities for sustainable living and working farther from earth to support
routine crewed operations beyond low-Earth orbit. Technologies demonstrated will enable humans to live
and operate on the Moon and, eventually, Mars. Additionally, these capabilities provide the ability to
reach challenging sites and resources on the Moon and Mars to survive and operate through the lunar
night. Descriptions of these capabilities are listed below.
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Environmental Control and Life Support Systems (ECLSS), Synthetic Biology, Intra-Vehicle
Robotics (IVR), and In Space Manufacturing (ISM)

NASA will advance synthetic biology, in space manufacturing, and IVR in order to enable and sustain
human presence in space. Key projects within this portfolio include the following:

e Spacecraft Oxygen Recovery will advance atmospheric capture and conversion aspects of closed-loop
life support systems. These technologies will be used by the International Space Station (ISS) as a
proving ground to retire risk and gain experience with capabilities needed for deep-space exploration.

e Synthetic Biology will demonstrate producing high-value bio-nutrients on demand, minimizing the
need for launched resources. This capability allows biomanufacturing systems to scale to viable
production systems for mission products, such as food components, pharmaceuticals, polymers, fuels,
and a range of valuable chemicals. This technology will enable the availability of nutrient-rich foods
to maintain astronaut health for long duration missions.

o The Integrated System for Autonomous and Adaptive Caretaking (ISAAC) is developing technology
for autonomous caretaking of spacecraft, primarily during uncrewed mission phases. The focus is on
integrating autonomous [VRs with spacecraft infrastructure (power, life support, etc.) and ground
control. ISAAC will provide new capabilities for in-space operations and adaptive vehicle caretaking.

e ISM provides a solution towards sustainable, flexible missions (both in-transit and on-surface)
through on-demand fabrication, repair, and recycling capabilities for critical systems, habitats, and
mission logistics and maintenance. These additive manufacturing capabilities provide tangible cost
savings due to reducing launch mass, as well as significant risk reduction due to decreasing
dependence on spares and/or over-designing systems for reliability. This technology will continue to
be demonstrated on the ISS.

LUNAR SURFACE INNOVATION INITIATIVE (LSII)

Through the LSII, NASA, in collaboration with industry, academia, and other government agencies, will
develop the essential capabilities required for humans and systems to successfully live and operate on the
lunar and other planetary body surfaces. These novel technologies will operate through a broad range of
lunar environments and will result in the capability to extract and utilize local resources, generate surface
power and store energy, access and navigate a variety of terrains, autonomously excavate lunar surface
materials for manufacturing and construction, and mitigate lunar dust. Key activities and elements of this
initiative are described below.

In-Situ Resource Utilization

ISRU will develop and demonstrate technologies to use the Moon’s resources to produce water, fuel, and
other supplies. These activities will validate high-fidelity ISRU systems' mass, power, and volume data
for incorporation into large-scale flight projects. Following development and maturation of ISRU
technologies at the component, subsystem, and scaled system levels, this effort will demonstrate the
ability to produce propellants, other mission consumables, products, and infrastructure from regolith and
atmospheric resources from a variety of destinations.

e Polar Resources Ice Mining Experiment-1 (PRIME-1) will be the first ISRU demonstration on the
Moon. The project includes a flight-ready instrumentation package that will robotically sample and
analyze for ice from below the surface. PRIME is a critical instrument suite that will be integrated on
the Intuitive Machines commercial lunar lander to land at the lunar South Pole to assess the volatiles
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and determine water content. PRIME will help provide the knowledge necessary to find critical
resources to produce propellant, water, and oxygen for lunar missions.

e The ISRU subscale demonstrates critical technologies on CLPS landers (e.g., mining and processing
of oxygen and water, excavation, mineral beneficiation, and regolith processing).

Sustainable Surface Power

NASA is making critical advancements in power generation and energy storage technologies for
exploration missions. These technology advancements will provide the capability for continuous power
throughout day and night operations on the lunar surface. Solar array technology under development can
generate energy in extreme environments, including low-light intensity and low temperature. In addition,
NASA is developing and demonstrating a primary fuel cell system to support operations with long
discharge times, including applications on rovers, powering of habitats, powering in-situ resource
utilization systems, and for general energy storage.

e Vertical Solar Array Technology (VSAT) project aims to develop lightweight solar arrays capable of
autonomous ten-meter vertical deployment on uneven terrain through the release of multiple contracts
with industry. This technology will enable near continuous capture of sunlight by the solar arrays at
the lunar South Pole region.

e Chemical Heat Integrated Power Source (CHIPS) project will demonstrate a combined electrical and
thermal power source for lunar night survival and surface operations on the Moon.

o Breakthrough Distributed Power Architecture (BDPA) will develop a highly efficient (greater than 95
percent), low-mass, distributed power subsystem for in-situ platforms on the Moon and beyond.

e Through TP Awards, NASA is working with industry partners to develop and test surface power
generation and energy storage technologies. Masten Space Systems will develop a universal chemical
heat and electrical power source attachment that lets payloads survive the extreme environments
encountered during the lunar night and in craters. pH Matter will develop a reversible, regenerative
fuel cell capable of producing power and storing energy on the lunar surface. Precision Combustion
will develop a solid-oxide fuel cell stack that generates power directly from methane and oxygen
propellants and other in-situ resources.

Dust Mitigation

Lunar dust is one of the principal issues that NASA must address before returning to the surface of the
Moon. It has the potential to affect every lunar architecture system. NASA will develop and demonstrate
technologies and concepts to mitigate lunar dust hazards; enabling affordable, sustained operations both
on the lunar surface and with transfers to and from the Lunar Gateway or other orbital platforms.

e Electrodynamic Dust Shield (EDS) is an active dust mitigation technology demonstration that has
potential implications for thermal radiators, spacesuit fabrics, visors, camera lenses, solar panels, and
many other technologies. An EDS flight demonstration is scheduled for a CLPS mission in 2023.

e Lunar Occupancy Dust-Surface Separation Technologies project is a passive mitigation strategy that
involves applying robust ceramic coatings to the surface of metal-based components susceptible to
lunar dust abrasion. This extends the lifetime of parts while decreasing overall component weight. As
part of the Dust Mitigation Standards project, NASA is developing Classifications and Standards for
Testing with Dust that will identify sources of lunar dust, both natural and induced, particulate size
range, surface loading, volumetric loading, and dust velocity. It will define testing types, simulants,
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facilities, and include detailed test plans (e.g., protocols for abrasion testing). The integrated test plans
will span surface operations, landing vehicles, and orbital assets.

Excavation and Construction

NASA will develop and demonstrate technologies that enable affordable, autonomous manufacturing and
construction (e.g., of a landing pad, berm, or shielding) using lunar surface materials. Critical to NASA's
ISRU Sub-Scale Demo Plant is the ability to excavate regolith under lunar environmental condition which
include lunar dust, extreme temperatures, and minimal gravity.

e The Moon-to-Mars Planetary Autonomous Construction Technology (MMPACT) project that will
utilize lunar in-situ materials for the on-demand construction of large-scale infrastructure elements
such as habitats, berms, landing pads, and blast shields. These structures will provide protection of
crewmembers, hardware, and electronics while on the surface of an extraterrestrial body to enable
sustained surface exploration. Partners include ICON, Space Exploration Architecture (SEArch+),
Department of Defense (DoD) Innovation Unit and the United States Air Force.

e [SRU Pilot Excavator will demonstrate a 30-kilogram Regolith Advanced Surface Systems
Operations Robot excavator capable of supplying the full feedstock to an ISRU pilot plant, first in a
ground demonstration followed by a lunar surface demonstration. It will incorporate an Astrobotic
CubeRover avionics and software developed under Small Business Innovation Research (SBIR) and
TP contracts.

Extreme Environments

NASA is advancing rovers, manipulators, and other systems that can operate throughout the full range of
lunar surface conditions, including lunar noon (up to 150 degrees Celsius), lunar night (down to -180
degrees Celsius), multiple day/night cycles, and permanently shadowed regions (down to -240 degrees
Celsius). Key technologies include:

o Bulk Metallic Glass Gears (BMGG) will improve rover mobility performance at low temperatures by
creating alloys made of "metallic glass" eliminating the need for gear lubricant and associated heaters.
This project will deliver planetary gears and strain wave gears that will enable surface missions where
temperatures drop below the freezing point of typical lubricants.

e Cold Operable Lunar Deployable Arm (COLDArm) payload will significantly improve the utility for
lunar landers by providing autonomous manipulation capabilities during the lunar night. It will
expand the science capabilities of lunar robotic missions, including deploying instruments/payloads
and sampling.

Extreme Access

STMD demonstrates technologies enabling humans or robotic systems, particularly autonomous systems,
to efficiently access, navigate, and explore previously inaccessible lunar or planetary surface or
subsurface areas.

e Autonomous Pop Up Flat Folding Exploration Robot (A-PUFFER) project develops autonomous
navigation, map generation and exploration capabilities for accessing new, high-interest, extreme
terrains.

e Cooperative Autonomous Distributed Robotic Exploration (CADRE) project will incorporate
technology developed by PUFFER and demonstrate collaborative autonomous exploration on the
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lunar surface by navigating, communicating, computing, perceiving, and decision-making without
human interaction.

CubeRover TP project, a public-private partnership with Astrobotic and Carnegie Mellon University,
will develop a small rover platform that complements lunar payload delivery services by providing a
low-cost mobility platform with small payload capability for lunar science and exploration.

Inspired by terrestrial technology, Nokia, through a TP contract, will deploy the first LTE/4G
communication system on the lunar surface. The system could support lunar surface communications
at greater distances, increased speeds, and provide more reliability than current standards.

Intuitive Machines is developing a small, deployable hopper lander capable of carrying a 2.2-pound
payload more than 1.5 miles. This hopper could access lunar craters and enable high-resolution
surveying of the lunar surface over a short distance.

The High Technology Readiness Level (TRL) Rover LIDAR project will develop a vision mapping
system that will enable rovers to venture beyond benign planetary and lunar surfaces into dark, high-
contrast, confined, or low-texture (i.e., extreme) environments.

NASA is developing and integrating a wide range of technologies that will enable or dramatically
improve a multitude of future robotic and human exploration missions and lead to transformative
missions and discoveries. These technologies are applicable to lunar exploration as well as many Earth,
planetary, heliophysics and astrophysics science missions. Examples and descriptions of these
technologies are listed below.

On-Orbit Servicing, Assembly, and Manufacturing

Key projects within this portfolio include the following:

The Super-lightweight Aerospace Composites (SAC) project will scale up the manufacturing and use
of high-strength carbon nanotube composite materials leading to significant mass savings in rocket
and spacecraft structures.

Precision Assembled Space Structure (PASS) will develop and validate critical technologies, such as
autonomous assembled structures and high-precision joints for effective efficient on-orbit assembly of
large structures, such as next generation science telescope. The project is collaborating with DoD and
SMD.

Avionics, Communication, and Navigation

Key projects within this portfolio include the following:

High Performance Spaceflight Computing (HPSC) will develop the next generation Application-
Specific Integrated Circuit (ASIC) chip that will vastly improve in-space computing performance,
energy management, and radiation fault tolerance.

Distributed Spacecraft Autonomy (DSA) will develop technology demonstrating autonomous
decision-making for multi-spacecraft missions and will significantly increase the effectiveness of
missions and systems by operating them as a collective rather than individually.

In-space Navigation Vision System Tipping Point (IViS-TP) project, a public-private partnership with
Intuitive Machines, will develop a foundational vision processing hardware and software with a
revolutionary commercialization model to reduce the cost and schedule required for deploying optical
navigation capabilities on commercial and exploration space missions.
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ACHIEVEMENTS IN FY 2020

TALOS completed design development hot-fire testing of both the axial and Attitude Control System
workhorse thrusters at Moog Niagara Falls and Whittinghill Aerospace. These thrusters will be
infused into the Astrobotic Peregrine lander.

Busek conducted testing of a 600-Watt Hall Thruster. The thruster exceeded the baseline goal of
5,000 hours of operation in early FY 2020 and completed testing with over 7,000 hours of operation.
This technology could be infused into sub-kilowatt power level electric propulsion systems to enable
more affordable missions with smaller spacecraft.

The Composite Technology for Exploration (CTE) Project developed and demonstrated critical
composites technologies that provide weight-saving, performance-enhancing bonded joint technology
to be used on future NASA missions. The CTE Project completed longitudinal joint testing and
associated non-destructive evaluation methods. NASA's Space Launch System (SLS) used the CTE
longitudinal bonded joints as the baseline design for the SLS Payload adapter, which is the adapter
used on the larger SLS Block 1B configuration for attaching co-manifested payloads. In FY 2022
future work will include developing and maturing material systems, such as thermoplastic composites
to improve efficient joining solutions for large scale space structures and applications. Technology
developed and matured under CTE has potential for significant benefits to the Universal Stage
Adapter as well as circumferential bonded joint applications for future spaceflight structures.

The SPLICE project successfully delivered the descent landing computer for integration with Blue
Origin's New Shepard launch vehicle for flight demonstration of deorbit, descent, and landing
sensors. In addition, the project completed Hazard Detection Light Detection and Ranging (LIDAR)
(HDL) prototype lab testing.

Blue Origin Deorbit Descent and Landing (DDL), a public-private partnership project, successfully
completed Critical Design and Integration reviews, and integrated SPLICE components that included
Navigation Doppler LIDAR (NDL), and Descent Landing Computer (DLC) Engineering
Development Unit along with onboard Guidance, Navigation and Control algorithms plus a camera
and Inertial Measurement Unit.

The MEDLI2 and MEDA projects completed environmental testing and hardware integration and
testing of entry system sensor suite with the Mars 2020 Perseverance Mission, which was launched in
July 2020.

The PSI project evaluated and validated the results of initial comparisons of computational
simulations to experimental test data.

The Synthetic Biology project delivered the second bionutrients flight demonstration hardware to the
ISS in January 2020. These first two demonstration samples were returned in April 2020 and are
being assessed.

The ISM project finished a 24-month Phase A activity with Techshot, Inc., for development of a
multi-material manufacturing prototype for metal and polymer 3D printing using a titanium
feedstock. Additionally, the project completed design and successful lab demonstration of the Vulcan
Metal 3D printing system for ISS under development through a Phase II Extended and Phase III SBIR
award. The project also developed an on-demand printed circuit cortisol sensor with Caltech.

NASA established an agreement with the Department of Defense University Affiliated Research
Center and the Johns Hopkins University Applied Physics Laboratory (APL), initiating the Lunar
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Surface Innovation Consortium (LSIC), which comprises experts from academia, industry and
government to shape the technologies and systems needed to explore the surface of the Moon.

The PRIME project successfully completed Critical Design Review (CDR) for the Mass Spectrometer
observing lunar operations and the Regolith and Ice Drill for Exploring New Terrain drill being
developed by Honeybee Robotics.

The COLDArm project completed technology infusion workshop for potential future COLDArm
payloads.

A-PUFFER project completed the first phase of a field test demonstrating multiple robots in the JPL
Mars Yard, where a PUFFER robot autonomously self-localized and traversed the area and shared
grid maps with a base station. The robot was then able to merge the captured maps into a single map
and issue commands for subsequent exploration goals.

Cooperative Autonomous Distributive Robotic Explorer (CADRE) project completed multiple
mission concepts and approaches for integrating industry and academia in providing collaborative
robots and payload instruments in preparation for an early CLPS flight. The successful A-PUFFER
technology development has informed the CADRE lunar demonstration.

CubeRover TP project successfully completed Systems Requirements Review, developing the
payload interface design and initiated environmental testing of subsystem components.

SAC project through a SBIR Phase III contract with Nanocomp Technologies developed and brought
online a high-capacity reactor that is demonstrating a tenfold increase in carbon nanotube production.

HPSC Advanced Memory project in partnership with the Air Force Research Laboratory awarded
volatile and non-volatile memory devices contract to support processor and digital devices. The
industry partners in this activity have completed initial design concepts and reviews. The HPSC
Chiplet project-initiated contract for radiation testing of 22 nanometer test chips and released Request
for Information from industry on developing NASA ASIC Chip.

DSA project completed a critical design assessment review in conjunction with the Small Spacecraft
Technology STARLING mission. DSA will be performing an in-space experiment demonstrating
multi-spacecraft autonomous communication and operation.

IViS - TP project completed the Design Review for the Vision Processing Unit (VPU) for optical
navigation.

The integrated Radio Optical Communications (iROC) terminal concept provides a hybrid radio-
frequency (RF) and optical approach to space communications technology. iROC project will
complete design and prototype development of subsystems, including the teletenna and beaconless
pointing system after leveraging previous SBIR awards.

WORK IN PROGRESS IN FY 2021

NASA will complete the design and combustion testing of the TALOS, leading to qualification
testing in FY 2021 that will validate the thruster's performance in a relevant environment.

RAMPT will demonstrate a hot-fire test of a large-scale composite overwrapped thrust chamber
assembly with an additively manufactured nozzle.
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o LLAMA will perform hot-fire tests, which will demonstrate two additively manufactured engine
components, a copper alloy combustion chamber, and nozzle made of a high-strength hydrogen
resistant alloy.

e Blue Origin Lunar Lander Advanced Nozzle will evaluate and mature high-temperature liquid rocket
engine nozzle material technologies. This public-private partnership will leverage Blue Origin
experience in propulsion and material development and NASA expertise on high-temperature
materials and nozzle testing.

e The SPLICE project will demonstrate the sensors, software, and avionics hardware of the NDL, DLC,
and Terrain Relative Navigation (TRN) on Blue Origin's New Shepard suborbital flight test vehicle.
Post flight data performance analysis of the associated subsystems will inform design changes and
modifications for the upcoming lunar flight units. Additionally, NDL will be delivered to Astrobotic's
and Intuitive Machine's Lunar Lander for demonstration and infusion for lunar precision landing
capability.

e Through public-private partnerships with Blue Origin, the DDL project successfully completed its
first suborbital flight test and will perform a second suborbital flight test that will verify and validate
the navigation system using the Jet Propulsion Laboratory's (JPL) terrain relative navigation.

e The MEDLI2 project successfully entered the Martian atmosphere on February 18, 2021 and is
characterizing and measuring atmospheric pressures, temperatures, and heating rates. The project
successfully performed post flight data analysis of the entry system, which will be used to improve
the precision landing capability for future robotic missions.

o The MEDA project is providing weather measurements, including wind speed and direction,
temperature, and humidity. The instrument will also measure the amount and size of dust particles in
the Martian atmosphere.

e SCALPSS provides PSI data through development of a stereo camera and will be flown on Firefly
Blue Ghost Lander CLPS mission. The project will complete design and fabrication of flight
hardware and perform a system level functional test.

e SpaceCraft Oxygen Recovery will complete CDR of subscale oxygen recovery from carbon dioxide
reactor.

o Synthetic Biology returned production packs and the bioreactors containing their cultures were frozen
and returned on SpaceX-21 for analysis. The samples were hydrated by ISS crew where the
nutritional engineered yeast grew for 48 hours.

e [SAAC will perform a demonstration on ISS to validate the initial [VR Technology architecture.

e [SM project is manifested on ISS to conduct the first in-space manufacturing of metals. Techshot is
developing a novel power system to meet stringent requirements in space or in the field with limited
power availability.

e NASA has entered into a contract with APL to serve as a system integrator for LSII and continuation
of the LSIC with over 400 members across 44 states. In addition, APL has established monthly focus
groups for each of the six LSII capability areas with active participation across LSIC community.
APL is integrating these findings to better inform and guide STMD investments. The consortium
conducted the first of several workshops with a focus on Dust Mitigation with 370 attendees (new and
non-traditional stakeholders). The next workshop will focus on Lunar Mapping and Precision
Landing.
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o PRIME-1 will complete interface CDR and deliver Mass Spectrometer observing lunar operations
(MSolo) and The Regolith and Ice Drill for Exploring New Terrain (TRIDENT) drill to CLPS
provider, Intuitive Machines. MMPACT project will complete the Concept Design Review (CoDR)
in order to move forward with prototype hardware and work on collecting material characterization
data to support construction efforts. Additionally, the ISRU Pilot Excavator project will complete its
CoDR and Preliminary Design Review (PDR). In addition, NASA will be conducting ground tests
using high-fidelity regolith simulant and testing designs of sample collection buckets developed via
the crowdsourcing challenge through NASA Tournament Labs.

o VSAT project will award contracts to multiple vendors for the purpose of developing concept
designs.

o The BDPA project will evaluate the proposed surface system development hardware for scalability to
larger crewed systems. The project will deliver a Hardware Extensibility Report that determines
concept extensibility and identify technology gaps to a higher power application.

e Lunar Dust Mitigation projects, which incorporate active, passive, and operational approaches, are in
development and will be demonstrated as payloads on early CLPS missions. Specifically, the EDS
project will complete PDR. Further materials and coatings samples experiments design reviews will
be completed for the CLPS Regolith Adherence Characterization experiment.

o The COLDArm project will complete the final design review and will integrate BMGG technology
into project actuators to enable lunar night operations.

e CADRE project will complete the System Requirements and Technology Demonstration review
which will lead to a CLPS mission demonstrating cooperative autonomy between robotic platforms
such as Astrobotic's CubeRover.

e CubeRover TP project will complete the build, assembly, and environmental testing of the
engineering unit. The project will hold PDR and CDR leading to a finalized design of the flight unit.

e Deployable Hopper TP project, with Intuitive Machines (IM), will complete CDR.

e The High TRL LIDAR project will complete a complete risk reduction activities and formulation
reviews.

e SAC project will further develop and test multiple manufacturing techniques with industry partner
Nanocomp Technologies to increase production of high-strength carbon nanotubes to develop
structures for extreme environments.

e PASS project will develop tri-truss modules and reversible joints that will enable robotic assembly of
large space structures.

e HPSC project will release a Request for Proposal and award contracts to multiple companies for
design studies and evaluate results of radiation testing 22 nanometer test chips.

e DSA project will complete validation and verification testing of processor-in-the-loop and hardware-
in-the-loop of flight software as a final ground demonstration of multi-spacecraft autonomous
communication and operation.
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KEY ACHIEVEMENTS PLANNED FOR FY 2022

RAMPT project will complete a manufacturing demonstration of a 35,000 pound of force composite
overwrap combustion chamber. In addition, new project content for additive manufacturing
technology materials will be pursued for high-temperature applications.

The Small Spacecraft Electric Propulsion System ACO project will complete endurance testing and
cycling of electric propulsion thruster in collaboration with Northrop Grumman.

The Reactive Additive Manufacturing for Fourth Industrial Revolution Exploration Systems ACO
project will perform a hot-fire demonstration of a nozzle using a newly patented additive
manufacturing material developed by Elementum 3D in partnership with Marshall Space Flight
Center, Aerojet Rocketdyne, and the Air Force Research Laboratory (AFRL).

Frontier Aerospace will deliver qualified thrusters for flight qualification on Astrobotic's Peregrine
Lander Commercial Lunar Payload Service (CLPS) mission to Lacus Mortis, a larger crater on the
near side of the Moon.

The SPLICE project will incorporate design changes based on Blue Origin’s New Shepard flight tests
and complete development and assembly DLC and NDL flight units for CLPS technology
demonstration. The project will complete development of high-fidelity HDL for a terrestrial flight
test.

Through public and private partnership with Astrobotic, the TP project will deliver an operational
Terrain Relative Navigation and Visual Velocimetry sensor product. This project will develop a
commercial TRN system capability for lunar and planetary landers.

The PSI project will incorporate results from Physics Focused Ground Test campaign experimental
data to update and release PSI computational model software tool for CLPS and Human Lunar Lander
companies.

SCALPSS project will complete environmental testing on hardware and deliver flight hardware to
lunar lander provider for integration and preparation for flight.

Synthetic Biology will complete development of a prototype bioreactor that can convert locally-
sourced carbon dioxide to organic compounds. Synthetic Biology will continue analysis of future
returned BioNutrient packs and submit an initial report quantifying results of experiments completed
to date.

ISAAC project will complete autonomous operation demonstration on ISS using IVR for operations
without human intervention.

ISM will deliver flight hardware of first in space metallic fabrication laboratory for ISS
demonstration in FY 2023.

APL will provide iterative Technology Maturation Assessments for the six LSII capability areas as
the LSII System Integrator. These assessments will incorporate key insights and feedback from the
LSIC industry and university members. This ensures NASA's collaborative opportunities and
solicitations result in accelerating the development of cutting-edge technologies, while providing the
greatest value-proposition for commercial and academic partners across the United States.
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o NASA will complete integration of the PRIME-1 hardware to Intuitive Machine's Lunar Lander to be
sent to the lunar surface for demonstration on an early CLPS mission in CY 2022. In addition, the
ISRU Pilot Excavator plans to complete a full-system excavation ground demonstration.

e Under Sustainable Surface Power, the Regenerative Fuel Cell project will complete the CDR of the
100-Watt class autonomous engineering model for the fuel cell, targeting an integrated ground
demonstration in FY 2024.

e CHIPS project will begin the assembly of the integrated system that includes the reaction control
subsystem, the thermal control subsystem, and the thermoelectric converter subsystem, which once
integrated with lunar landers will extend operational life. In addition, BDPA will perform a
demonstration of a single flat satellite system integrated with a lander electrical power system in the
Modular Power Testbed at Glenn Research Center. Demonstration will explore the ability to integrate
with higher power systems and assess electrical power quality and stability of the distributed power
system.

o NASA will deliver Dust Mitigation Payloads, the EDS, and materials for the Regolith
Characterization Experiment for integration with Firefly Aerospace Blue Ghost lander mission,
scheduled for launch in 2023.

e The MMPACT project will complete a prototype that demonstrates additive manufacturing using
simulated regolith for large structures such as habitats. In addition, NASA Lunar Water Extraction
Project will complete a PDR for an Automated Carbothermal Reactor Prototype Design leading to a
ground demonstration in a relevant environment.

e CADRE project will perform ground-based autonomous operation of multiple robotic explorers,
complete environmental tests, and hold final design review leading to a CLPS flight to the lunar
surface in 2023.

e Deployable Hopper TP and Nokia 4G/wireless TP will deliver and integrate flight hardware on
Intuitive Machines Nova-C Lander for integration into SpaceX Falcon 9 launch vehicle.

e The High Technology Readiness Level (TRL) LIDAR project will complete CDR.

o SAC project will develop and deliver scaled-up composite processes using carbon nanotubes that will
yield panels demonstrating achievement of increased tensile, toughness, and extreme environmental
properties above the current state-of-the-art composite materials. Those applications include entry,
descent and landing systems, hypersonic vehicles, and propulsion systems.

e PASS Project will integrate tri-truss modules, data and electronic connector modules, and
autonomous assembly techniques for a ground demonstration of an autonomous assembly of a large
space structure.

o HPSC project will evaluate the results of the design studies and award contracts to the appropriate
industry partners to develop radiation tolerant ASIC Chip.

e DSA project will demonstrate autonomous decision-making on multiple spacecraft as part of Small
Spacecraft Technology STARLING mission. Further, the project will simulate a mission of 100
spacecraft in an autonomous multiple spacecraft operation.
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ACQUISITION STRATEGY

These critical technology projects are defined as part of the strategic framework and capabilities, through
requirements determined by the Federated Team, and through selection by STMD's annual Strategic
Technology Architecture Round-table (STAR) process. In addition, STMD embraces competition and
external partnerships; as such, some of the technologies are selected through the annual TP, ACO, and

other NASA solicitations.

MAJOR CONTRACTS/AWARDS

Element

Vendor

Location (of work performance)

Lunar Surface Innovation Initiative

Johns Hopkins Applied Physics Lab

Laurel, Maryland

LTE/4G communications

Nokia of America

Sunnyvale, California

Deployable Hopper

Intuitive Machines

Houston, Texas
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FY 2022 Budget

Op Plan Enacted  Request
Budget Authority (in $ millions) FY 2020 FY 2021 FY2022 FY2023 FY2024 FY2025 FY 2026
Laser Comm Relay Demo (LCRD) 28.5 15.1 0.0 0.0 0.0 0.0 0.0
Solar Electric Propulsion (SEP) 67.0 26.2 24.2 18.5 15.9 17.8 5.8
Restore & SPIDER (OSAM-1) 227.2 227.0 227.0 227.0 227.0 103.6 25.4
Small Spacecraft, Flight Opportunities & 252.9 260.1 250.6 267.4 283.0 418.0 522.3
Other Tech Demo
Total Budget 575.5 528.4 501.8 512.9 525.9 539.4 553.5
Change from FY 2021 -26.6
Percentage change from FY 2021 -5.0%

FY 2020 reflects funding amounts specified in Public Law 116-93, Consolidated Appropriations Act, 2020, as
adjusted in NASA's FY 2021 Initial Operating Plan, except Exploration Ground System Development and
Exploration CoF. Table does not reflect emergency supplemental funding provided for NASA and included in the
Safety, Security, and Mission Services account, as specified in Public Law 116-136, the Coronavirus Aid, Relief, and
Economic Security Act, totaling $60.0 million.

FY 2021 reflects funding amounts specified in Public Law 116-260, Consolidated Appropriations Act, 2021, as
adjusted by NASA's FY 2021 Initial Operating Plan.

The Technology Demonstration portfolio includes the
Technology Demonstration Missions, Small Spacecraft
Technology, and Flight Opportunities.

The Technology Demonstration Missions (TDM)
Program conducts both ground-based testing and space
flight demonstrations. Ground-based testing is performed
to advance technologies from component validation in a
relevant environment to system model or prototype
demonstration in an operational environment. TDM also
advances technologies through the completion of space
flight demonstrations and transitions these new
capabilities to NASA exploration missions and
potentially to industry and other Government agencies.

The Deep Space Optical Communications

(DSOC) Flight Optical Transceiver Assembly Current and future projects in this portfolio include
was delivered on February 2021. DSOC is a projects supporting Artemis, science missions, other
one-year flight mission planned to fly on the NASA directorates, the commercial space sector, and
Psyche mission to demonstrate optical other Government agencies. Technology investments
communications from deep space. include high-power solar electric propulsion for the

Artemis Power and Propulsion Element, precision lunar
landing and hazard avoidance, cryogenic fluid management, in-situ resource utilization and sustainable
lunar surface power, advanced communications and navigation demonstrations, and in-space
manufacturing and assembly.

Public-private partnerships continue to be used to enable NASA to share the risk and financial interest
with private industry and better leverage Government investments. For example, through NASA’s fifth
Tipping Point Technologies solicitation and selection process, cryogenic fluid management technologies
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will be matured through in-space demonstrations and lead to the implementation of these technologies in
operational missions. NASA and industry partners will develop and test numerous technologies to enable
long-term cryogenic fluid management, which is essential for more efficient in-space transportation.
In-space servicing, manufacturing, and assembly will enable transformative missions that cannot
currently be performed and will diversify the existing Government and commercial spacecraft
development options, which are currently limited by launch vehicle shape, size, and mass constraints.
Additionally, entry, descent, and landing technologies will provide the capability to return large payloads
to Earth, enabling the re-use of space systems and, potentially, the affordable return of objects
manufactured in space to Earth.

This account also supports the Flight Opportunities and Small Spacecraft programs' rapid development
and demonstration of technologies through partnership with U.S. industry for suborbital flight testing and
small spacecraft missions. These programs leverage agile spacecraft platforms and responsive launch
capabilities to increase the pace of space exploration, scientific discovery, and the expansion of space
commerce. These emerging capabilities have the potential to enable new mission architectures, enhance
conventional missions, and promote development and deployment on faster timelines. The programs
partner with U.S. industry and academia to target technology gaps that market forces would not otherwise
fill; specific emphasis is placed on National efforts in cislunar space, breakthrough observing capabilities
for Earth and beyond, and capabilities that ensure National leadership in space and help the commercial
space industry grow.

EXPLANATION OF MAJOR CHANGES IN FY 2022

NASA will fund the OSAM-1 mission consistent with its approved baseline, which will allow Space
Technology Mission Directorate to advance servicing technologies to on-orbit demonstration. Details of
the baseline are discussed as part of this congressional justification.

The Solar Electric Propulsion Budget reflects the changes approved at the Delta Key Decision Point-C,
held in May 2021.

The FY 2022 budget submission does not support nuclear propulsion.
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LASER CoMM RELAY DEMO (LCRD)

FY 2022 Budget

Op Plan Enacted Request
Budget Authority (in $ millions) Prior FY 2020 FY 2021 FY 2022 FY 2023 FY 2024 FY 2025 FY 2026 | BTC Total
Formulation 169.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1695
Development/Implementation 93.3 28.1 7.2 0.0 0.0 0.0 0.0 0.0 0.0 128.6
Operations/Close-out 0.0 3.2 9.3 0.0 0.0 0.0 0.0 0.0 0.0 12.5
2021 MPAR LCC Estimate 262.7 31.3 16.5 0.0 0.0 0.0 0.0 0.0 0.0 3105
Total STMD Budget 222.0 28.5 15.1 0.0 0.0 0.0 0.0 0.0 0.0 2655
Change from FY 2021 -15.1
Percentage change from FY 2021 0.0%
Total NASA Budget 262.7 31.3 16.5 0.0 0.0 0.0 0.0 0.0| 0.0 310.5

FY 2020 reflects funding amounts specified in Public Law 116-93, Consolidated Appropriations Act, 2020, as
adjusted in NASA's FY 2021 Initial Operating Plan, except Exploration Ground System Development and
Exploration CoF. Table does not reflect emergency supplemental funding provided for NASA and included in the
Safety, Security, and Mission Services account, as specified in Public Law 116-136, the Coronavirus Aid, Relief, and
Economic Security Act, totaling $60.0 million.

FY 2021 reflects funding amounts specified in Public Law 116-260, Consolidated Appropriations Act, 2021, as
adjusted by NASA's FY 2021 Initial Operating Plan.

e - PROJECT PURPOSE

‘ The goal of the Laser Communications Relay
Demonstration (LCRD) project is to prove the
utility of bi-directional optical communications
relay services between geosynchronous orbit and
Earth. The project supports the advanced
communications, navigation, and avionics
exploration key focus areas. This effort will

2 prove optical communications technology in an
.. ' operational setting, providing data rates up to
7 ‘ 100 times faster than today’s radio frequency-

= K NG |\ __ | based communication systems. The

The Laser Communications Relay Demonstration demonstration will measure and characterize the

(LCRD) flight payload (pictured above) was delivered to system performance over a variety of conditions,
Northrop Grumman’s facility in Sterling, Virginia. develop operational procedures, assess

There, the payload was integrated onto the U.S. Space applicability for future missions, and provide an

Force’s Space Test Program Satellite 6 (STPSat-6) in on-orbit capability for test and demonstration of

preparation for launch. LCRD will be NASA’s first end-

standards for optical relay communications. This
to-end optical relay, sending and receiving data from

capability, if successfully demonstrated, could
be quickly infused into NASA missions, other

missions in space to mission control on Earth.
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LASER CoMM RELAY DEMO (LCRD)

Federal agencies, and U.S. satellite manufacturers and operators given the rising demand for bandwidth.
LCRD will fly as a hosted payload with the U.S. Space Force Space Test Program (STP-3 mission).
NASA has a cost-sharing agreement with the U.S. Space Force related to the STPSat-6 spacecraft
manifested on that mission. Upon a successful flight demonstration, NASA will provide the
communications industry with access to the integrated system to test these new capabilities for
commercial applications.

EXPLANATION OF MAJOR CHANGES IN FY 2022

None.

PROJECT PARAMETERS

LCRD will conduct a minimum two-year flight demonstration to advance optical communications
technology toward infusion into Near Earth operational systems while growing the capabilities of industry
sources. Objectives include:

Demonstrating bidirectional optical communications between geosynchronous Earth orbit and Earth;
Measuring and characterizing the system performance over a variety of conditions;

Developing operational procedures and assessing applicability for future missions; and

Providing an on-orbit capability for test and demonstration of standards for optical relay
communications.

ACHIEVEMENTS IN FY 2020

The project completed standalone testing of the LCRD flight payload and delivered the flight payload to
the spacecraft integrator, as well as having supported flight payload integration and testing as a part of the
STPSat-6 spacecraft manifested on the STP-3 mission. The project supported space vehicle integration
and testing, including end-to-end testing with the LCRD Mission Operations Center. Additionally, the
project certified the mission operations network that will be used to operate the payload on-orbit and
completed their System Integration Review and KDP-D.

WORK IN PROGRESS IN FY 2021

The project continued to support space vehicle integration and testing, including vibration, thermal
vacuum, and electromagnetic compatibility testing, as well as continued to support end-to-end testing
with the LCRD Mission Operations Center and the optical ground stations. The STPSat-6 spacecraft will
be delivered to the launch site and the project will complete an Operations Readiness Review (ORR) and
KDP-E. Launch was scheduled for February 2021 but has been delayed to enable the host space vehicle to
resolve spacecraft technical issues. Launch is now scheduled for June 2021. Project will begin on-orbit
operations following two months of on-orbit checkout and an on-orbit acceptance review.
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LASER CoMM RELAY DEMO (LCRD)

Development

KEY ACHIEVEMENTS PLANNED FOR FY 2022

Human Exploration Operation Mission Directorate's Space Communications and Navigation (SCaN)
Program will operate and maintain the LCRD payload through the LCRD Mission Operations Center
(LMOC) after the LCRD commissioning. SCaN will continue to support the LCRD mission
demonstrations through the two-year prime demonstration operations period.

SCcHEDULE COMMITMENTS/KEY MILESTONES

Milestone Confirmation Baseline Date FY 2022 PB Request
CDR Dec 2016 Dec 2016

KDP-C Feb 2017 Feb 2017

System Integration Review May 2018 Apr 2020

KDP-D Feb 2020 Jul 2020

Operational Readiness Review Oct 2020 May 2021

KDP-E Dec 2020 Jun 2021

Launch Readiness Review Dec 2020 Jun 2021

Launch (or equivalent) Jan 2021 Jun 2021
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LASER CoMM RELAY DEMO (LCRD)

Development

Development Cost and Schedule

The table below includes the base and current year development cost estimate for STMD ($95.7 million)
as well as the NASA total, which also includes funding ($32.9 million) from SCaN. The baseline LCC is
$310.5 million and the development cost is $128.6 million.

95.7 . 95.7 .
2020 | Grypy | 0% | 2021 (STMD) 0% Launch Jan2021 | Jun2021 |5
128.6 . 128.6 .
2020 | Nasay | 70% | 2021 (NASA) 0% Launch Jan2021 | Jun2021 |5

Note: The confidence level estimates reported reflect an evolving process as NASA improves its probabilistic
estimation techniques and processes. Estimate reflects the practices and policies at the time it was developed.
Estimates that include combined cost and schedule risks are denoted as JCL (joint confidence level); all other CLs
(confidence levels) reflect cost confidence without necessarily factoring the potential impacts of schedule changes
on cost. NASA originally baselined LCRD in 2017 and conducted a re-plan in 2019. JCL was not updated in re-
plan.

Development Cost Details

TOTAL: 128.6 128.6 0
Aircraft/Spacecraft 325 37.6 +5.1
Payloads 25.5 25.5 0
Systems 1&T 15.6 16.7 +1.1
Launch Vehicle 0.0 0.0 0
Ground Systems 7.3 12.3 +5.0
Science/Technology 6.0 6.3 +0.3
Other Direct Project Costs 41.7 30.2 -11.5
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LASER CoMM RELAY DEMO (LCRD)

Project Management & Commitments

Proeram Project Management, LCRD
& Payload, LCRD Mission Goddard Space Flight Center N/A

Management .

Operations Center
Optical Ground 833;:;131 (S}‘f:‘cl;:)lr(li :I:Ztlso,}l;’sg 6 Human Exploration and Operations N/A
Station .. Mission Directorate (HEOMD)/SCaN

Mission Control Center
Technology Technology Transfer for Massachusetts Institute of Technology: N/A
Transfer Payload Lincoln Laboratory
Ground Station Optical Ground Station 1 Jet Propulsion Laboratory N/A
Spacecraft and STPSat-6 Spacecraft and U.S. Space Force and NorthroI? N/A

. . Grumman (Spacecraft vendor); ULA
Launch Vehicle | Launch Vehicle -
(Launch Vehicle)

Acquisition Strateqy

All major acquisitions are in place.

MAJOR CONTRACTS/AWARDS

Technology Transfer for Payload Massachusetts Institute of
and Optical Ground Station Technology: Lincoln Laboratory

Lexington, MA
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INDEPENDENT REVIEWS

Development

Completed independent assessment prior to KDP-C.

Determine realistic
gog(lfz;flem CL 70 percent CL used
Joint Confidence | o100 | Oct 2016 schedule in to define Program- | )
Level (CL) u . held UFE above
accordance with .
project for KDP-C
Agency
requirements
Operational
Standine Review | Various Nov 21-22,2019 | Provide STMD and Readiness
Board /g subiect (technical GSFC Center Project was approved | Review
Independent nlllatjter presentation); Director project to deliver flight currently
Reafiness Team experts April 21, 2020 delivery readiness | payload scheduled
rogrammatic assessment or May
p P ic) for M
2021
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SOLAR ELECTRIC PROPULSION (SEP)

FY 2022 Budget

Op Plan Enacted Request
Budget Authority (in $ millions) Prior FY 2020 FY 2021 FY 2022 FY 2023 FY 2024 FY 2025 FY 2026 | BTC  Total
Formulation 179.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1792
Development/Implementation 0.0 67.0 49.2 25.4 9.0 5.8 0.0 0.0 0.0 156.4
Operations/Close-out 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2021 MPAR LCC Estimate 179.2 67.0 49.2 25.4 9.0 5.8 0.0 0.0 0.0 335.6
Total Budget 179.2 67.0 26.2 24.2 18.5 15.9 17.8 5.8 56  360.2
Change from FY 2021 -2.0
Percentage change from FY 2021 -7.6%

FY 2020 reflects funding amounts specified in Public Law 116-93, Consolidated Appropriations Act, 2020, as
adjusted in NASA's FY 2021 Initial Operating Plan, except Exploration Ground System Development and
Exploration CoF. Table does not reflect emergency supplemental funding provided for NASA and included in the
Safety, Security, and Mission Services account, as specified in Public Law 116-136, the Coronavirus Aid, Relief, and
Economic Security Act, totaling $60.0 million.

FY 2021 reflects funding amounts specified in Public Law 116-260, Consolidated Appropriations Act, 2021, as
adjusted by NASA's FY 2021 Initial Operating Plan.

The 2021 MPAR LCC Estimate reflects the Fiscal Year 2021 Quarter 2 Financial Report, which is current as of
March 2021. The requested budget authority is the project's current budget requirements which have seen
programmatic changes approved by NASA since March 2021.

PROJECT PURPOSE

At the Glenn Research Center (GRC), NASA will
continue the development of Solar Electric Propulsion
(SEP) with higher-power, longer-life thrusters. The
first demonstration of this 50-kilowatt (kW)-class
thruster will be as the primary propulsion element to
place the Lunar Gateway into the highly elliptical
lunar orbit. This demonstration will provide NASA
with experience in electric propulsion maneuvers in
the family of orbits around the Moon and demonstrate
operational approaches and interfaces with visiting
crew and robotic vehicles. SEP will also enable more
efficient orbit transfer of spacecraft and accommodate
the increasing power demands for Government and
commercial satellites.

The Electric Propulsion thruster is shown here in
testing. The project will be qualifying a 30-50
kilowatt (kW)-class solar electric propulsion system
that will be demonstrated on the Lunar Gateway

Power and Propulsion Element.
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SOLAR ELECTRIC PROPULSION (SEP)

The SEP thrusters will not only meet the objectives of future NASA exploration purposes, but also will
support the growing demand for increased electric propulsion performance for commercial satellites. This
development will be integrated with previous NASA advancements in deployable solar array structures.
These arrays, with half of the mass and one-third of the packaging volume compared to state-of-the-art
solar arrays, have already been incorporated into commercial satellite product lines enabling greater
payload mass.

EXPLANATION OF MAJOR CHANGES IN FY 2022

The SEP FY 2022 Budget reflects the changes approved at the Delta Key Decision Point (KDP)-C, which
was held in May 2021. Details of this re-plan are provided below

PROJECT PARAMETERS

The goal of the project is to qualify a 30-50 kW-class solar electric propulsion thruster to be used as
primary propulsion for a spaceflight demonstration. Objectives include:

e Develop instrumentation to characterize performance of an integrated system, including thrusters,
arrays, bus, and payloads as they operate as an integrated system and as they respond to the in-space
environment.

e Qualify high-power SEP thruster technology for use in relevant space environments through
demonstration of continuous long-term operation of the system sufficient to characterize and predict
the capability and lifetime of the system.

e Qualify electric propulsion thruster for extended operations in deep space.

ACHIEVEMENTS IN FY 2020

This project passed a Directorate Program Management Council (DPMC) for a Solar Electric Propulsion
(SEP)/ Power and Propulsion Element (PPE) governance implementation approach. In addition, the
project released a request for proposal (RFP) to Aerojet Rocketdyne for the thruster-only development
and qualification that incorporates requirements changes baselined at PPE control board.

The Plasma Diagnostic Package (PDP) thruster probe assembly (TPA) and main electronics package
(MEP) completed Preliminary Design Review (PDR). The SEP project completed steady state component
thermal cycling tests to correlate thermal models. Test facilities at the Jet Propulsion Laboratory (JPL)
and (GRC) completed checkout testing in preparation for engineering test campaigns and resolved test
fixture/instrumentation anomalies.

WORK IN PROGRESS IN FY 2021

The SEP contract with Aerojet Rocketdyne was renegotiated, reflecting development of electric
propulsion thrusters going through qualification only. A Delta KDP-C was held in May 2021 to update
the project's Level 1 requirements to develop and qualify an advanced 12.5 kW electric propulsion
thruster applicable to human/robotic exploration and commercial spaceflight missions including PPE. A
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SOLAR ELECTRIC PROPULSION (SEP)

project re-plan was approved at the Delta KDP-C and addressed contractor performance, COVID-19
impacts, the PPE procurement strategy, schedule, and mission requirements. This re-plan reflects
adjustments to the Gateway PPE requirements and is aligned to the Gateway PPE mission needs. Reviews
are ongoing.

The team will conduct Laser Induced Fluorescence testing on a thruster engineering unit at GRC and
thermal vacuum chamber testing of a second thruster engineering unit at JPL. Other tests will focus on
development of the thruster cathodes at wear/cycling conditions. PDP TPA engineering development unit
will be assembled and placed through shock, vibration, and thermal vacuum test conditions.

KEY ACHIEVEMENTS PLANNED FOR FY 2022

The SEP project is working toward completing the Critical Design Review (CDR) for the electric
propulsion thrusters by the second quarter of FY 2022. PDP will be delivered to PPE by summer 2022.

SCcHEDULE COMMITMENTS/KEY MILESTONES

Milestone Confirmation Baseline Date FY 2022 PB Request

Mar 2015 (as part of Asteroid

Redirect Robotic Mission [ARRM]) Mar 2015 (as part of ARRM)

Formulation Authorization

KDP-A Mar 2015 (as part of ARRM) Mar 2015 (as part of ARRM)
Preliminary Design Review Aug 2017 Aug 2017

KDP-C Jun 2019 Jun 2019

Delta KDP-C - May 2021

CDR Sep 2020 TBD

Deliver Plasma Dlagnostlcs. Package for Jul 2021 TBD

Lunar Gateway for Integration

Advanced Electric Propulsion System Dec 2024 TBD

Life Qualification Test Report

Note: SEP cost and schedule milestones are currently under review;, NASA will notify Congress on the results of
these reviews.
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SOLAR ELECTRIC PROPULSION (SEP)

Development Cost and Schedule

Electric

Propulsion

2020 | 155.9 70% | 2021 156.4 0% Thruster | 1y 2004 | Dec2024 | 0
Life Qual
Test

Report

Note: The confidence level estimates reported reflect an evolving process as NASA improves its probabilistic
estimation techniques and processes. Estimate reflects the practices and policies at the time it was developed.
Estimates that include combined cost and schedule risks are denoted as JCL (joint confidence level), all other CLs
(confidence levels) reflect cost confidence without necessarily factoring the potential impacts of schedule changes
on cost.

Development Cost Details

TOTAL: 155.9 156.4 +0.5
Science/Technology 124.9 127.9 +3.0
Other Direct Project 310 285 25
Costs

Project Management & Commitments

Manages Aerojet Rocketdyne contract, | | ead Center: GRC

Program thruster development life testing and

Management qualification testing, Plasma Performing Center(s): GRC N/A
Diagnostics Package Cost Share Partner(s): N/A
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SOLAR ELECTRIC PROPULSION (SEP)

Development

) Lead Center: JPL
Thruster Thrqster Qevelopment and life Performing Center(s): JPL N/A
Development qualification testing support
Cost Share Partner(s): N/A
Provider: Aerojet Rocketdyne
i Lead Center: N/A
thht Thruster Flight thruster design and qualification o e.n e N/A
Design Performing Center(s): N/A
Cost Share Partner(s): N/A

Acquisition Strateqy

All major acquisitions are in place.

MAJOR CONTRACTS/AWARDS

Advanced Electric Propulsion
System Contract

Aerojet Rocketdyne

Redmond, WA

INDEPENDENT REVIEWS

PDR IRT Aug2017 | Assess/approve preliminary | o g CDR
design
CDR SRB Jan 2022 Assess/approve final design | TBD N/A
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RESTORE & SPIDER (OSAM-1)

FY 2022 Budget

Op Plan Enacted Request
[Budget Authority (in $ millions) Prior FY 2020 FY 2021 FY 2022 FY 2023 FY 2024 FY 2025 FY 2026 | BTC _ Total
Formulation 5858 1549 0.0 0.0 0.0 0.0 0.0 0.0 0.0 740.7
Development/Implementation 0.0 72.3 227.0 2272 2272 177.4 432 0.0 0.0 9743
Operations/Close-out 0.0 0.0 0.0 0.0 0.0 0.0 39.6 254 0.0 65.0
2021 MPAR LCC Estimate 5858 2272 227.0 2272 2272 177.4 82.8 25.4 0.0 1,780.0
Total Budget 5858 2272 227.0 227.0 227.0 227.0  103.6 25.4 0.0 1,849.9
Change from FY 2021 0.0
Percentage change from FY 2021 0.0%

FY 2020 reflects funding amounts specified in Public Law 116-93, Consolidated Appropriations Act, 2020, as
adjusted in NASA's FY 2021 Initial Operating Plan, except Exploration Ground System Development and
Exploration CoF. Table does not reflect emergency supplemental funding provided for NASA and included in the
Safety, Security, and Mission Services account, as specified in Public Law 116-136, the Coronavirus Aid, Relief, and
Economic Security Act, totaling $60.0 million.

FY 2021 reflects funding amounts specified in Public Law 116-260, Consolidated Appropriations Act, 2021, as
adjusted by NASA's FY 2021 Initial Operating Plan.

The 2021 MPAR LCC Estimate reflects the Fiscal Year 2021 Quarter 2 Financial Report, which is current as of
March 2021. The requested budget authority is the project's current budget requirements which have seen
programmatic changes approved by NASA since March 2021.

PROJECT PURPOSE

On-Orbit Servicing, Assembly, and Manufacturing 1
(OSAM-1) is a full-scale technology demonstration
mission to advance robotic on-orbit satellite servicing,
assembly, and manufacturing technologies to
operational status. This will be accomplished via the on-
orbit refueling of a U.S. Government satellite in low-
Earth orbit (LEO), followed by an assembly and
manufacturing demonstration. The SPace Infrastructure
DExterous Robot (SPIDER), which is a payload

The OSAM-1 spacecraft bus is under ) developed under a NASA Space Technology Mission
development in Maxar's Palo Alto facility. The Directorate (STMD) Tipping Point procurement to
14-foot-tall bus (pictured) will provide OSAM-1 advance technologies needed for an in-space robotic
with power and the ability to maneuver in manufacturing and assembly capability, is part of this
orbit. Credit: Maxar Technologies. mission and will robotically assemble a communications

antenna and manufacture a spacecraft beam in orbit.
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RESTORE & SPIDER (OSAM-1)

The technologies developed and demonstrated by OSAM-1 have direct applicability to future space
endeavors by providing capture technologies for spacecraft, refueling and fluid transfer capabilities, the
ability to conduct unplanned repairs and planned maintenance of client spacecraft, and the capability to
assemble and manufacture structures. For instance, NASA will assemble multiple antenna elements into
one large antenna reflector using SPIDER. This revolutionary process allows satellites, telescopes, and
other systems to use larger and more powerful components that would not fit into a standard rocket
fairing when assembled on the ground without complex folding mechanisms. The OSAM-1 technologies
could enable entirely new architectures and space infrastructure for a wide range of Government and
commercial missions. The project is actively transferring technologies to the U.S. commercial sector in an
effort to jump-start new industries such as a robust satellite servicing market.

EXPLANATION OF MAJOR CHANGES IN FY 2022

NASA will fund the OSAM-1 mission consistent with its approved baseline, which will allow us to
advance servicing technologies to on-orbit demonstration. Details of the baseline are discussed as part of
this congressional justification.

PROJECT PARAMETERS

With application to both commercial and NASA operations, OSAM-1 will demonstrate satellite servicing
capabilities and in-space assembly and manufacturing capabilities. Objectives include:

e Autonomous, real-time relative navigation system, including sensors, algorithms, and processors
integrate together allowing the spacecraft to inspect and rendezvous safely with its client;

e Servicing Avionics control the spacecraft rendezvous and robotic tasks;
Autonomous capture of client satellite;

e Dexterous Robotic Arms provide maneuverable arms for executing servicing assignments using
telerobotics, including software;

e Advanced Tool Drive and Tools are multifunction tools for executing the servicing tasks;

e Propellant Transfer System delivers measured amounts of fuel to the client at the right temperature,
pressure, and rate;

e Relocation of client satellite;

e On-orbit assembly of an antenna; and

e On-orbit manufacture of a beam.

ACHIEVEMENTS IN FY 2020

The project finalized the plan to incorporate the SPIDER payload and NASA finalized the SPIDER
contract with Maxar in January 2020. Additionally, the project continued development of the servicing
payload subsystems and completed design, engineering design unit test, validation, and risk mitigation
activities, as well as ground subsystems Critical Design Reviews (CDR). Qualification began for the
subsystems that have completed CDR. The project also completed a successful Key Decision Point
(KDP)-C review in May 2020.
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RESTORE & SPIDER (OSAM-1)

WORK IN PROGRESS IN FY 2021

In FY 2021, the project will continue CDR for subsystems and continue qualification efforts that support
commercial on-orbit servicing systems. OSAM-1 will proceed to an integrated flight demonstration
mission CDR, which is currently planned for September 2021.

SPIDER held its CDR in February 2021 and will continue build and assembly and initiate payload and
integration activities into FY 2021. The project will also continue the development of the spacecraft bus.

OSAM-1 will continue to leverage Technology Transfer mechanisms and pursue partnerships with
interested U.S. companies through Space Act Agreements to transfer knowledge and capabilities to
industry.

KEY ACHIEVEMENTS PLANNED FOR FY 2022

The spacecraft bus and the SPIDER pallet deliveries will be completed in FY 2022. The project will hold
its Systems Integration Review (SIR) and the space vehicle Integration and Testing activities will
commence at Goddard Space Flight Center (GSFC).

SCHEDULE COMMITMENTS/KEY MILESTONES

Milestone Confirmation Baseline Date FY 2022 PB Request
KDP-C May 2020 May 2020

CDR Sep 2021 Sep 2021

System Integration Review Jul 2022 Jul 2022

KDP-D Aug 2022 Aug 2022
Operational Readiness Review Sep 2025 Sep 2025

KDP-E Sep 2025 Sep 2025

Launch Readiness Review Sep 2025 Sep 2025

Launch Sep 2025 Sep 2025
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RESTORE & SPIDER (OSAM-1)

Development Cost and Schedule

2021 974.4 >70% | 2021 974.4 0% Launch Sep 2025 Sep 2025 0

Note: The confidence level estimates reported reflect an evolving process as NASA improves its probabilistic
estimation techniques and processes. Estimate reflects the practices and policies at the time it was developed.
Estimates that include combined cost and schedule risks are denoted as JCL (joint confidence level); all other CLs
(confidence levels) reflect cost confidence without necessarily factoring the potential impacts of schedule changes
on cost.

Development Cost Details

TOTAL: 974.4 974.4 0
Aircraft/Spacecraft 53.1 53.9 +0.8
Payloads 338.5 340.5 +2.0
Systems [&T 70.9 70.9 0
Launch Vehicle 83.0 99.2 +16.2
Ground Systems 32.6 32.6 0
Science/Technology 0 0 0
Other Direct Project Costs 396.3 377.3 -19.0

* The Base Year Development Cost Estimate was established as part of KDP-C in FY 2020.
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RESTORE & SPIDER (OSAM-1)

Development

Project Management & Commitments

Element Description Provider Details Change from
Baseline

Provider: N/A

Propellant Lead Center: K. dv S Cent

Transfer Develop, test, and build of (IEZC) entel: hennedy Space Leiet N/A

Subsystem propellant transfer system. )

(PTS) Performing Center(s): KSC, GSFC
Cost Share Partner(s): N/A
Provider: Maxar

i i Lead Center: GSFC
Spacecraft Bus Build and deliver a spacecraft . N/A
bus to carry the payload. Performing Center(s): GSFC
Cost Share Partner(s): N/A
. Provider: N/A
Program Project management,’payload Lead Center: GSFC
Management development and delivery, . _ N/A
g mission integration. Performing Center(s): GSFC
Cost Share Partner(s): N/A
Provider: Maxar
Lead Center: GSFC
Build and deliver the SPIDER ca e'n o

SPIDER payload. Performing Center(s): GSFC N/A
Cost Share Partner(s): Langley Research
Center (LARC)

Acquisition Strateqy

Element/Component Acquisition Method Developer

Robot Arm In-house development GSFC with MacDonald, Dettwiler

and Associates (MDA) as major sub

Rendezvous and Proximity Ops
Cameras

NASA Competition

Neptec Design Group

LIDAR

In-house development

N/A

Vision Sensor Subsystem Cameras

NASA Competition

Malin Space Science Systems

Propellant Transfer System

Competition/Justification for Other
than Full and Open Competition

Valve Tech, FHM Aerospace,
Vacuum and Air Components
Company of America, Hoffer
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Development

Motors Arm, next generation Tool
Drive, Pan/Tilt Unit (camera),
Motorized Zoom Lenses

Omnibus Multidiscipline
Engineering Services contract

CDA InterCorp, Triump, Avior

SPIDER

Competitively selected via Tipping
Point solicitation

Maxar

MAJOR CONTRACTS/AWARDS

Build and delivery of spacecraft bus

Maxar

Palo Alto, CA

Build and delivery of SPIDER
payload

Maxar

Palo Alto, CA

INDEPENDENT REVIEWS

Affirm mission need,
Mission examine proposed
Concept mission objectives,
Review ) Apr 2016 and validate the Passed SRR
(MCR) concept for meeting
those objectives.
Examine the
functional and
performance
System .
Requirements | Standing Review requirements an.d the
. Oct 2016 preliminary project Passed PDR
Review Board (SRB)
plan. Ensure the
(SRR) i
requirements and
selected concept will
satisfy the mission.
Determine realistic
50/70 percent
JCL Tecolote Nov 2017 confidence level on N/A PDR
reference budget and
schedule.
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RESTORE & SPIDER (OSAM-1)

Development

Preliminary
Design
Review
(PDR)

Nov 2017

Demonstrate the
preliminary design
meets all system
requirements with
acceptable risk and
within cost and
schedule constraints.

Passed

CDR

Critical
Design
Review
(CDR)

Sep 2021

Demonstrate the
maturity of the
design is appropriate
to support proceeding
with full-scale
fabrication,
assembly,
integration, and test.

TBD

SIR

System
Integration
Review (SIR)

Jul 2022

Evaluate the
readiness of the
program to begin
system Integration
and Test with
acceptable risk and
within cost and
schedule constraints.

TBD

ORR

Operational
Readiness
Review
(ORR)

SRB

Sep 2025

Evaluate the
readiness of the
program to operate
the flight system and
associated ground
systems in
compliance with
program
requirements and
constraints during the
operations phase.

TBD

N/A
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FY 2022 Budget

Op Plan Enacted  Request
Budget Authority (in $ millions) FY 2020 FY 2021 FY2022 FY2023 FY2024 FY2025 FY2026
Small Spacecraft Technology (SST) 44.7 40.2 46.2 47.6 49.0 50.5 52.0
Flight Opportunities Program (FOP) 25.0 27.0 25.0 25.0 25.0 25.0 25.0
TDM Cryogenic Fluid Management (CFM) 36.2 60.1 82.0 122.1 103.5 125.7 136.4
TDM Space Nuclear Technologies 57.9 57.9 34.0 34.1 87.2 186.7 258.3
Portfolio
TDM GreenPropellant InfusionMission 0.5 0.0 0.0 0.0 0.0 0.0 0.0
GPIM
TDM LeO Flight Test of an Inflatable Dec 22.9 20.4 13.0 24 0.0 0.0 0.0
TDM Mars Oxygen ISRU Experiment 0.8 23 1.9 0.9 0.0 0.0 0.0
(MOXIE)
Archinaut (OSAM-2) 22.0 17.7 16.1 16.5 0.0 0.0 0.0
TDM Deep Space Optical Comm (DSOC) 353 16.4 6.2 2.0 0.1 0.0 0.0
TDM Deep Space Atomic Clock (DSAC) 0.7 1.9 0.0 0.0 0.0 0.0 0.0
Tech Demo Management and Integration 5.7 15.0 26.2 16.9 18.2 30.1 50.6
Tech Demo Selected ACO/TP 1.2 1.4 0.0 0.0 0.0 0.0 0.0
Total Budget 252.9 260.1 250.6 267.4 283.0 418.0 522.3
Change from FY 2021 9.5
Percentage change from FY 2021 -3.7%

FY 2020 reflects funding amounts specified in Public Law 116-93, Consolidated Appropriations Act, 2020, as
adjusted in NASA's FY 2021 Initial Operating Plan, except Exploration Ground System Development and
Exploration CoF. Table does not reflect emergency supplemental funding provided for NASA and included in the
Safety, Security, and Mission Services account, as specified in Public Law 116-136, the Coronavirus Aid, Relief, and
Economic Security Act, totaling $60.0 million.

FY 2021 reflects funding amounts specified in Public Law 116-260, Consolidated Appropriations Act, 2021, as
adjusted by NASA's FY 2021 Initial Operating Plan.

SMALL SPACECRAFT TECHNOLOGY

The Small Spacecraft Technology program expands U.S.
capability to execute unique missions through rapid
development and demonstration of capabilities for small
spacecraft applicable to exploration, science, and the
commercial space industry. Through targeted
development and frequent in-space testing, the program
enables execution of missions at much lower cost than
previously possible, substantially reduces the time
required to develop spacecraft, enables new mission
architectures using small spacecraft, expands the reach of
small spacecraft to new destinations and challenging new
environments, and enables the augmentation of existing

The Pathfinder Technology Demonstrator-1
(PTD-1) mission will demonstrate a propulsion
system that uses on-orbit electrolysis of water to
generate hydrogen and oxygen propellants
which are fed into a bipropellant thruster. PTD-
1 launched in January 2021.
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assets and future missions with supporting small spacecraft.

Between 2021 and 2022, the Small Spacecraft Technology program anticipates reaching initial launch
readiness for 25 spacecraft across 18 current missions, including the following:

Cislunar Autonomous Positioning System Technology Operations and Navigation Experiment

The Cislunar Autonomous Positioning System Technology Operations and Navigation Experiment
(CAPSTONE) is a rapid lunar demonstration leveraging American small business that was awarded at the
end of 2019. Over the course of 2020, Advanced Space LLC, Tyvak Nano-Satellite Systems, Inc., and
Stellar Exploration, Inc. completed critical reviews and began assembly and ground testing of the
microwave oven-sized 12U CubeSat that will serve as the first spacecraft to test the lunar near rectilinear
halo orbit (NRHO) targeted for the Artemis missions and Gateway. As a precursor for the Artemis
Program, CAPSTONE will help reduce risk for future spacecraft by validating innovative navigation
technologies and verifying the dynamics of the NRHO. CAPSTONE represents a rapid lunar flight
demonstration and is scheduled to launch in 2021 aboard a Rocket Lab Electron rocket, which will be the
first mission beyond Earth for that launch vehicle.

For more information, go to: https://www.nasa.gov/directorates/spacetech/small spacecraft/capstone

Lunar Flashlight

The Lunar Flashlight mission will precede human explorers to the Moon to prospect for water resources
that can be extracted to support sustainable exploration and commercial lunar activity. The CubeSat
mission will use near-infrared lasers to shine light into permanently shadowed craters at the lunar south
pole while the onboard spectrometer measures surface reflection and composition to map water ice
deposits and volatiles. The spacecraft is currently planned to launch with the Artemis I mission.

For more information, go to:
https://www.nasa.gov/directorates/spacetech/small_spacecraft/What is_Lunar Flashlight

Pathfinder Technology Demonstrator

The missions in the Pathfinder Technology Demonstrator (PTD) series will test the operation of a variety
of novel CubeSat technologies in orbit, providing significant enhancements to the performance of these
small and effective spacecraft. The spacecraft, payload integration, and operations are provided under a
commercial contract with Tyvak Nano-Satellite System, Inc. Launch sequence and timing depends on
technical progress and flight partners. The goals of the first four PTD missions are as follows:

e The PTD-1 mission launched on January 24, 2021 to test the Tethers Unlimited Inc. (TUI) HYDROS
water-fueled thruster. The development of this thruster was supported through a Tipping Point public-
private partnership between TUI and NASA. The HYDROS is intended to provide safe, high-
performance propulsion for secondary payloads. The propulsion system is launched with only liquid
water as the propellant and then uses electrolysis to split the water into gaseous hydrogen and oxygen
for a simple bipropellant thruster once deployed in orbit. This capability will allow manufacturers an
option to avoid use of toxic or explosive propellant systems that limit rideshare opportunities for
small spacecraft. In the future, this propulsion technology could be used with water found from lunar
soil. Initial on-orbit testing of the HYDROS successfully produced hydrogen and oxygen from the
water and, on April 2, 2021, the thruster was successfully test fired in space. As of early April, on-
orbit testing of the thruster was on going.
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e The PTD-2 mission will demonstrate the Blue Canyon Technologies (BCT) Hyper-XACT attitude
determination and control system. The development of this improved attitude determination and
control system was supported through a Tipping Point public-private partnership between BCT and
NASA. The Hyper-XACT is intended to extend the capabilities of CubeSat attitude control systems
for longer duration missions with tighter performance requirements by improving pointing
performance, radiation tolerance, reliability, and system life.

e The PTD-3 mission will demonstrate the MIT Lincoln Laboratory TeraByte InfraRed Delivery
(TBIRD) optical communication system. The TBIRD was funded by NASA’s Space
Communications and Navigation Program (SCaN) and is intended to achieve an unprecedented 200
gigabit per second data downlink rate. This will be a thousand-fold increase over the current state-of-
the-art CubeSat optical downlink demonstrated by the recently completed Optical Communications
and Sensor Demonstration mission.

e The PTD-4 mission will demonstrate NeXolve Materials' and Marshall Space Flight Center’s (MSFC)
Lightweight Integrated Solar Array and Transceiver (LISA-T) technology. LISA-T is a 600-watt
deployable solar array with an integrated antenna. Utilizing small spacecraft for missions in deep
space will necessitate the need for more electrical power, and LISA-T’s thin film solar array offers
lower mass, lower stowed volume, and 300 percent more power per mass and volume allocation than
current alternatives. The LISA-T project was initiated as a Space Technology Mission Directorate
(STMD) Early Career Initiative project in 2015.

Starling

Starling is a technology demonstration mission that will deploy a formation of four CubeSats to test
multiple distributed mission technologies. Distributed systems of small spacecraft can responsively
provide cost-effective multi-point science data collection, communications, monitoring, and inspection
infrastructure in Earth orbit and for support of Artemis and explorations destinations beyond. The Starling
mission will: test network communication protocols with the goal of demonstrating a network that is
resistant to multiple lost nodes and scalable to hundreds of spacecraft; test formation flight control
algorithms; test relative navigation methods that do not rely on Earth-centric resources like GPS; and
demonstrate autonomous reactive operations that allow the distributed mission to reconfigure in response
to external sensor data. The Starling mission includes contributions from Stanford University, BCT,
Emergent Space Technologies, CesiumAstro, and NASA’s Game Changing Development program.

CubeSat Laser Infrared Crosslink

The CubeSat Laser Infrared Crosslink (CLICK) mission will demonstrate technology to advance the
state-of-the-art in communications between small spacecraft as well as the capability to gauge their
relative distance and location. CLICK is comprised of two sequential missions: CLICK A will test
elements of an optical (i.e., laser) communications system with a single 3U CubeSat and serves as a risk
reduction mission for CLICK B/C, which will demonstrate full duplex (i.e., send and receive) spacecraft-
to-spacecraft optical communications crosslinks between two 3U CubeSats in low-Earth orbit (LEO).
MIT, in partnership with the University of Florida, will design and build the three miniature optical
transceiver payloads to be integrated into small spacecraft built and operated by BCT.
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Tipping Point CubeSat Demonstration Missions

STMD's fourth competitive Tipping Point public-private partnership solicitation included the selection of
four CubeSat missions: three for the development and flight demonstration of efficient and affordable
propulsion systems and one in autonomous operations.

University Partnerships and Collaborative Opportunities

At the start of 2021, the Small Spacecraft Technology program had 17 active collaborations between
university teams and NASA under the SmallSat Technology Partnerships activity that seeks to advance
small spacecraft capabilities in support of human and robotic exploration. Through STMD's
Announcement of Collaborative Opportunities (ACO) the program also manages four partnerships
between NASA and the commercial space industry to help mature industry-developed space technologies
for the Moon and beyond.

Payload Accelerator for CubeSat Endeavors

V-R3x, a collaboration with Stanford University and Carnegie Melon University, is a low-power,
low-cost swarm of three 1U spacecraft that was launched on January 24, 2021 to demonstrate autonomous
networking and radio navigation processes that are key to reducing heavy reliance on ground-based
infrastructure and increasing the autonomy of large swarms of spacecraft. V-R3x is the first mission
managed within the rapid development and demonstration Payload Accelerator for CubeSat

Endeavors (PACE) project. PACE is jointly funded with the Flight Opportunities program to promote a
unique approach that combines suborbital flight testing opportunities followed by orbital launches.
Immediately upon deployment from the launch vehicle, the three V-R3x spacecraft established a mesh
network and began autonomous relative ranging. As of April 2021, the PACE team was preparing to test
autonomous sensor driven operations with the spacecraft. PACE has two payloads manifested on
suborbital flights in 2021 followed by orbital launches in 2021 and 2022: 1) the Advanced Developments
Projects (ADP) avionics suite consisting of radio frequency communications, navigation, and attitude
determination and control systems; and 2) the Intrepid payload, a gamma ray/neutron particle detector
Small Spacecraft Systems Virtual Institute.

The Small Spacecraft Technology program, in partnership with the Science Mission Directorate (SMD),
also maintains the Small Spacecraft Systems Virtual Institute, hosted at NASA’s Ames Research Center
(ARC) in Moffett Field, California. This program leverages the growing small spacecraft community,
promotes innovation, identifies emerging technology opportunities, and provides an efficient channel for
communication about small spacecraft systems with the commercial space industry, academia, and other
Government agencies.

Recent and Planned Achievements

In March 2020, the Small Spacecraft Technology program announced its selection of nine university
teams for its SmallSat Technology Partnerships initiative to mature new systems and capabilities to help
pave the way for human and robotic lunar exploration. The technology development projects focus on
three technical areas related to needs of Moon-bound missions: use of small spacecraft to help provide
lunar communications and navigation services; small spacecraft propulsion for lunar missions and
potential return of lunar samples using small spacecraft; and small spacecraft electrical power and thermal
management systems tailored for the distant and harsh environment between Earth and the Moon. A 2020
partnership led by the University of Texas at Austin with mentoring from NASA’s Johnson Space Center
(JSC), “On-Orbit Demonstration of Surface Feature-Based Navigation and Timing,” received a funded
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extension for infusion into the Game Changing Development program’s Safe and Precise Landing-
Integrated Capabilities Evolution (SPLICE) project.

Successfully completing several reviews and milestones during FY 2020, the following small spacecraft
missions are projected to launch in the 2021-2022 timeframe:

e PTD-1 launched on January 24, 2021 and is testing the HYDROS, a water-based propulsion system.

e The V-R3x mission launched on January 24, 2021. The V-R3x mission will demonstrate autonomous
networking and radio navigation processes in early 2021 that are key to the autonomy of large
swarms of spacecraft.

e The CAPSTONE mission is planned to launch in 2021 from Rocket Lab USA's launch site in New
Zealand.

e Two PACE missions will demonstrate the ADP and Intrepid payloads and are planned for launch in
mid-FY 2021 and early FY 2022.

e PTD-3 is anticipated to launch in late 2021 on a U.S. Space Force launch. The mission will target
very high-bandwidth optical downlink at 200 gigabits per second from a CubeSat.

e The CubeSat Laser Infrared Crosslink mission is targeting flight of a risk reduction mission in 2021
ahead of demonstrating full duplex spacecraft-to-spacecraft optical communications crosslinks
between two small CubeSats in FY 2022.

e The CubeSat Proximity Operations Demonstration mission is anticipated to launch in late 2021.
Rendezvous, proximity operations, and docking of two 3U CubeSats will be demonstrated.

e The Starling distributed spacecraft demonstration mission will launch in early 2022 on a Venture
Class Launch Services 2 demonstration to test formation flight, inter-satellite networking, and other
enabling capabilities for future mission architectures that use multiple small spacecraft to achieve a
coordinated objective.

e The Advanced Composite Solar Sail System (ASC3) mission will demonstrate deployment of an 80
square meter sub-scale composites boom-supported solar sail system in LEO as precursor for a future
500 square meter solar sail system suitable for low-cost deep space missions for heliophysics, small
body planetary science, and human space flight support. ACS3 is targeted for launch in late 2021 or
early 2022.

With an objective of expanding the capability of small spacecraft to execute missions at new destinations
and in challenging new environments, Small Spacecraft Technology anticipates reaching initial launch
readiness for 25 spacecraft across 18 current missions between 2021 and 2022.

FLIGHT OPPORTUNITIES PROGRAM

The Flight Opportunities program facilitates rapid demonstration of promising technologies for space
exploration, discovery, and the expansion of space commerce through suborbital testing with industry
flight providers. The program matures capabilities needed for NASA missions while strategically
investing in the growth of the U.S. commercial spaceflight industry. These flight demonstrations take
technologies from ground-based laboratories into relevant environments to increase technology readiness
and validate feasibility while reducing the costs and technical risks of future missions. Awards and
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agreements for flight demonstrations are open to researchers from industry, academia, non-profit research
institutes, NASA, and other Government organizations. These investments help advance technologies of
interest to NASA while supporting commercial flight providers and expanding space-based applications
and commerce.

In FY 2020, the Flight Opportunities program facilitated the commercial suborbital flight testing of

46 technology payloads across five rocket-powered vehicle flights, three high-altitude balloon flights, and
eight parabolic aircraft flights. U.S. commercial vendors providing flight services in FY 2020 included:
AMOCAL, Blue Origin, Masten Space Systems, Raven Aerostar, Virgin Galactic, World View, and Zero
Gravity Corporation. These capabilities across flight providers were used to test technologies integral to
returning U.S. astronauts to the Moon, establishing a presence there, and enabling future missions to
Mars. By exposing the innovations to many of the rigors and characteristics of spaceflight, without the
expense of an orbital flight, suborbital testing can help ensure these technologies work correctly when
they are deployed on future missions.

In FY 2020, the program concluded several prior investments in orbital small launch vehicle
development. These investments have provided critical support to multiple U.S. companies to mature
capabilities thereby enabling their entrance in this globally competitive market. In FY 2021, the program
entered into partnerships with U.S. companies to expand suborbital capabilities to meet testing needs
relevant to NASA and expanded commercial activities in space.

Recent and Planned Achievements

In February 2020, the "Tech Flights 2020" solicitation was released to provide funding to industry,
academia, and private research organizations for the suborbital testing of technologies that support
NASA's current priorities. In October 2020, Flight Opportunities selected over $16 million of proposed
technology demonstration activities. These selections included 31 promising space technologies, the most
ever chosen through the solicitation and included the first selection under a new NASA policy that allows
non-NASA researchers to propose to fly with their research on NASA-supported suborbital spacecraft
flights.

Flight tests conducted in FY 2020 helped advance a variety of technologies that support NASA
objectives. The impacts of a few of these tests are highlighted below.

e The Orbital Syngas Commodity Augmentation Reactor (OSCAR), a system from NASA's Kennedy
Space Center (KSC) designed to convert space waste into valuable gases, was tested aboard Blue
Origin's New Shepard rocket-powered system. The technology has the potential to address both waste
and power-generation challenges associated with long-duration space missions.

e Psionic tested its commercial version of navigation Doppler LIDAR (NDL) technology on Masten
Space Systems' Xodiac, a rocket-powered vertical takeoff and vertical landing vehicle that simulates
some of the maneuvers of a lunar lander. Designed for precision landing in a very tightly defined
area, NDL was originally developed by NASA's Langley Research Center (LaRC) and licensed by
Psionic in 2016.

e An experiment from the University of Florida in Gainesville, FL was conducted aboard Blue Origin's
New Shepard rocket-powered system to explore what happens to the genes of biological organisms as
they travel from Earth to space. The flight added to data previously gathered aboard flights with Zero
Gravity Corporation and Virgin Galactic and offered researchers the first clues about how these
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adaptations happen during transitions between gravity levels, knowledge which is essential to
understanding the impact of space travel on biological organisms.

e The Affordable Vehicle Avionics (AVA) project from NASA's ARC flew aboard UP Aerospace's
SpaceLoft rocket-powered system. AVA is a low-cost flight computer designed specifically for
guidance and control of dedicated small launch vehicles - rockets that would send individual payloads
into orbit on short notice and at lower cost than with currently available launch vehicles.

Several technologies matured through Flight Opportunities transitioned to additional testing, exploration
missions, and industry uses beyond the program, including work with other Government agencies,
NASA’s Mars 2020 mission, and more. Recent highlights of these types of infusions include:

e The Terrain Relative Navigation (TRN) and Lander Vision System (LVS) for NASA’s Mars
Perseverance Rover from NASA’s Jet Propulsion Laboratory is a navigation and hazard avoidance
system that photographs the terrain beneath a descending spacecraft and matches it with onboard
maps to determine vehicle location while also looking for rocks and other unmapped hazards. Tested
on Masten Space Systems vehicles, the technology was infused into NASA’s Mars 2020 mission and
played a critical role in the successful landing of the Perseverance rover on February 18, 2021. The
TRN and LVS were used to guide the rover to a safe landing site among scientifically interesting but
geographically challenging terrain on the Red Planet.

e The Radio Frequency Mass Gauge from NASA’s Glenn Research Center (GRC) is a propellant-
quantity gauging technique that accurately determines the amount of cryogenic propellant in a tank
while in low-gravity or under maneuver conditions where sloshing is an issue. Parabolic flight testing
helped advance the technology, which has been transferred to Intuitive Machines for integration on
the company’s Commercial Lunar Payload Services lander vehicle that has a lunar mission scheduled
for 2021.

While largely driven by the flight cadence of commercial flight providers, the Flight Opportunities
program typically facilitates 15 or more suborbital flights each year and could see as many as 28 in 2021.
Between the program’s inception in 2011 and the end of FY 2020, Flight Opportunities supported 198
successful fights and has enabled 694 tests of payloads with the participation of 12 active commercial
providers.

OTHER TECH DEMO
Nuclear Propulsion

The FY 2022 budget does not support Nuclear Propulsion activities and Nuclear Propulsion is not
included in the Space Nuclear Technologies (SNT) portfolio.

SNT portfolio activities for propulsion have included trade assessment studies of nuclear thermal and
nuclear electric propulsion capabilities that inform strategic Agency investments. In FY 2019, NASA
initiated a nuclear thermal propulsion flight demonstration study that completed in FY 2020. The study
identified demonstration options and evaluated the benefits and risks associated with implementing a
meaningful effort. Nuclear thermal propulsion efforts in FY 2021 focused on the technology maturation
of high-temperature fuels and reactor materials, and those results are discussed further below.

NASA continues to fund cryogenic fluid management technologies, which is a critical technology for
enabling nuclear propulsion, as well as effective and efficient storage, transfer, and utilization of
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cryogenic propellants and reactants in-space in support of other stakeholders (e.g., Department of
Defense, U.S. Space Force, Defense Advanced Research Projects Agency, and commercial entities).

Cryogenic Fluid Management

In order to establish a human presence on a planetary surface and to support deep space travel, cryogenic
fluid management is an enabling technology for a variety of NASA exploration missions. Improved
cryogenic fluid management is critical to in-space transportation systems such as human lander systems
and lunar or Mars surface operations, including in-situ resource utilization. These missions will have
durations ranging from months to multiple years, far beyond the current state-of-the-art for in-space
cryogenic fluid management capabilities.

As part of the 2020 Tipping Point solicitation, NASA requested proposals that would develop cryogenic
fluid management tipping point technologies and integrated system capabilities for demonstration in
relevant environments including in space (including free flyers), the International Space Station (ISS),
Lunar Gateway, and lunar payloads. The solicitation requested proposals to advance technologies in the
areas of passive thermal control, tank pressure control, active thermal control, and tank-to-tank propellant
transfer. NASA selected four companies to issue milestone-based firm-fixed price contracts lasting up to
five years to demonstrate these cryogenic fluid technologies.

At the end of FY 2020, the Evolvable Cryogenics (eCryo) project completed its keystone demonstration
with a series of pre- and post-vibration ground tests at NASA's Plumbrook Station to validate the
performance of novel propellant storage tanks designs for long-term on-orbit storage. In addition to this
major demonstration, the eCryo project has advanced several other cryogenic fluid technologies including
reuse of boil-off gases to replace existing pressurization and attitude control systems and development of
new cryogenic monitoring instrumentation and analytical models. For NASA, these technologies will
enable exploration missions beyond LEO, while industry will likely infuse the technologies on next
generation launch vehicles and on-orbit stages, making them more efficient and capable. By taking an
incremental ground test approach, NASA prioritized technologies needed by Deep Space Exploration
Systems, including Space Launch System Upper Stage development and the long-term needs of the
aerospace industry. The project successfully built on the knowledge gained from previous investments
and utilized existing Agency assets and test facilities capable of maturing cryogenic propellant transfer
and storage technologies.

Green Propellant Infusion Mission

Green Propellant Infusion Mission was a dedicated spacecraft to demonstrate non-toxic propellant
propulsion with the goal to provide an alternate to hydrazine propellant applicable to a small to medium-
sized spacecraft. Higher performing and safer propellant alternatives are at a tipping point. The Green
Propellant Infusion Mission successfully completed its in-space demonstration. The rapid incorporation
of this propellant into a variety of spacecraft could occur in the near future. NASA selected AF-
M315E/ASCEND as an innovative, low-toxicity monopropellant alternative with improved performance
over hydrazine. The AF-M315E propulsion system is expected to improve overall vehicle performance by
40 percent and processing efficiency, while decreasing operational costs by reducing health and
environmental hazards. The green propellant formula, thrusters, and related systems performed a series of
in-space demonstration tests.
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Recent and Planned Achievements

e Nuclear thermal propulsion efforts in FY 2021 included the technology maturation of high-
temperature fuels and reactor materials. Fuel element fabrication trials and performance tests were
also performed to demonstrate the durability of the block reactor design approach and validate
thermal models. The Space Nuclear Project also completed the industry-led flight demonstration
study and extended the study to include an examination of high-performance reactor systems. The
project also formulated a procurement strategy and statement of work to solicit industry reactor
designs. The first phase of this strategy was executed in February 2021 through a request for proposal
process managed through the DOE Idaho National Laboratories.

e InFY 2021, through Public Private Partnership arrangements, NASA selected Eta Space, Lockheed
Martin, SpaceX, and United Launch Alliance to develop and test technologies that enable long-term
cryogenic fluid storage and management. These cryogenic fluid management technologies are
essential for establishing a sustainable presence on the Moon, enabling crewed missions to Mars, and
providing enhanced in-space transportation capabilities for commercial and Government needs.

e The eCryo project completed its Structural Heat Intercept-Insulation-Vibration Evaluation Rig
(SHIIVER) thermal testing in January 2020. This test used both liquid nitrogen and liquid hydrogen
to demonstrate the effectiveness of new multi-layer insulation and evaluate the potential benefit of
using vapor vented from a propellant tank to intercept heat coming into the tank through structural
elements. Final reports were completed in the first quarter of FY 2021.

o NASA completed its Green Propellent Infusion Mission and all data collected to-date indicates that
the propulsion system performed nominally, and all requirements were satisfied.

Terrain Relative Navigation (TRN)

The Terrain Relative Navigation (TRN) project will improve targeting accuracy for landing and provide
hazard avoidance to enable access to scientifically compelling sites with acceptable risk. All of NASA's
current human and robotic precursor mission architectures for planetary surface exploration require this
technology. Using TRN the Mars 2020 powered descent vehicle estimated its location while descending
through the Martian atmosphere. This allowed the vehicle to determine its position relative to the ground
with an accuracy of approximately 5-meters, required performance was 200-feet (60-meters) or less. This
technology will provide the capability to land near pre-deployed assets, provide the capability to avoid
large-scale landing hazards during entry, descent, and landing operations, and will reduce post-landing
surface drive distances. The project launched in July 2020 and landed in February 2021.

Low-Earth Orbit Flight Test of Inflatable Decelerator (LOFTID)

NASA, in partnership with United Launch Alliance, will conduct a flight test of inflatable acrodynamic
decelerator technology to demonstrate its performance in environments relevant to several mission
infusion opportunities. The Low-Earth Orbit Flight Test of Inflatable Decelerator (LOFTID) reentry
vehicle (RV) will be flown as a secondary payload on an Atlas V launch vehicle. After the primary
payload is delivered to the desired Earth orbit, the Atlas V Centaur upper stage will de-orbit the LOFTID
RYV. Prior to atmospheric entry, the RV will inflate the aeroshell, and then the Centaur will orient, spin-
up, and release the RV for its spin-stabilized ballistic reentry. The flight will demonstrate the high-mass
entry, descent, and landing technology at a scale (6-meter) and atmospheric conditions similar to landing
large payloads on Mars as well as return from Earth orbit. This capability could also enable applications
such as launch vehicle flight hardware recovery and reuse and return of products manufactured in space
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for terrestrial use. Conducting this effort with an industry cost-sharing partnership allows NASA to
significantly reduce the overall cost of this technology development while enabling a potential
commercial user to gain insight into utilizing this technology for future booster recovery.

Recent and Planned Achievements

o TRN successfully operated on Mars 2020 in February 2021, landing the rover with an accuracy of
five meters.

e LOFTID completed a successful Critical Design Review/System Integration Review (CDR/SIR) in
October 2020 and a successful KDP-D review in December 2020.

o LOFTID flight hardware fabrication and testing is in progress. Comprehensive System Test is
scheduled for October 2021, with delivery of LOFTID to the launch site planned for June 2022.

e NASA and United Launch Alliance finalized plans to fly LOFTID as a rideshare with the Joint Polar
Satellite System-2 (JPSS-2) spacecraft on the Atlas V. The launch is scheduled for September 2022.

Mars Oxygen In-Situ Resource Utilization (ISRU) Experiment (MOXIE)

The Mars Oxygen In-Situ Resource Utilization Experiment (MOXIE) is designed for in-situ resource
utilization technologies to enable propellant and consumable oxygen production from the Martian
atmosphere for future exploration missions. Specifically, MOXIE produces oxygen from a Mars
atmosphere, demonstrates the feasibility of ISRU on Mars, validates analytical models for scaling up of
future ISRU systems, and provides valuable knowledge needed for future mission development. MOXIE
is part of SMD's Mars 2020 mission.

Fission Surface Power (FSP)

Nuclear power is part of the Space Nuclear Technologies portfolio and will enable long-duration lunar
surface operations with extended application development for Mars via a small, lightweight fission power
system. The goal is to demonstrate an integrated fission power system on the lunar surface across an
operational spectrum that verifies full functionality and power performance. The fission surface power
system will optimize the design for the reactor, reactor shielding, power conversion subsystem, and
thermal radiators as a low-mass integrated system. The project will explore industry system solutions and
identify a primary design approach with industry. To the extent feasible, the project will take advantage of
the interagency investment in a common reactor designs, fuel forms, and materials.

Following a successful demonstration, this power technology will form a key capability for long-duration
human surface missions on the Moon and eventually Mars. The technology will enable mission
operations in harsh environments, such as permanently shadowed craters, and satisfy mission needs for
continuous solar-independent power operations. This work is being conducted in collaboration with DOE.

Recent and Planned Achievements

e  MOXIE was launched in July 2020. The instrument was delivered to the Mars surface in February
2021. On April 20, 2021, MOXIE converted some of Mars' thin, carbon dioxide-rich atmosphere into
oxygen and is continuing to conduct testing.

e NASA completed feasibility studies for low-enriched uranium reactor designs, formed a solicitation
strategy for soliciting industry fission surface power designs, and drafted a statement of work for a
Phase I preliminary design effort with industry. A draft request for proposals for the Phase I effort
was released in December 2020 for an industry comment period.
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e In FY 2022, the FSP project will award up to three industry contracts for preliminary designs of a 10-
kilowatt class fission power system. Additional FY 2022 investments will advance space-rated power
conversion systems, and mature high-risk reactor technologies on low-enriched moderator materials
and lighter weight radiation shielding.

On Orbit Servicing and Manufacturing Demonstration-2 (Archinaut)

In partnership with the commercial space industry, NASA develops and demonstrates technologies
required to manufacture, assemble, and aggregate large and/or complex systems in space utilizing robotic
and additive manufacturing technology.

Archinaut (Made in Space/Redwire) was awarded in July 2019 to develop a flight demonstration payload
of their Phase I ground demonstration technology. Once deployed and positioned in orbit, a small
spacecraft will 3D-print two beams; the first beam will extend nearly 33-feet from one side of the
spacecraft while deploying a solar array surrogate. The second beam will extend nearly 20-feet from the
opposite side of the spacecraft. This disruptive capability could transform the traditional spacecraft-
manufacturing model by enabling in-space creation of large spacecraft systems. No longer will
developing, building, and qualifying a spacecraft focus so heavily on an integrated system that must
survive launch loads and environments. Archinaut could also greatly reduce cost while increasing
capabilities for both NASA and commercial space applications.

Deep Space Optical Communication

Deep Space Optical Communication technologies are considered essential for future human missions to
Mars and have a wide range of applications for planetary science missions including those to Mars and
the Jovian systems. The Deep Space Optical Communications project, led by the Jet Propulsion
Laboratory (JPL), will develop key technologies for the demonstration of a deep space optical flight
transceiver and ground receiver that will provide greater than 10 times the data rate of a state-of-the-art
deep space radio frequency system (Ka-band). This capability will enable advanced instruments, live
high-definition video, and telepresence that allow for deep space human exploration of the solar system.

NASA successfully completed and reduced significant risks on technologies including a low-mass
spacecraft disturbance isolation assembly, a flight qualified photon counting detector array, a high-
efficiency flight laser amplifier, and a high-efficiency photon counting detector array for the ground-
based receiver. Deep Space Optical Communication will demonstrate the high-bandwidth flight laser
optical communication terminal on the SMD's Psyche mission.

Deep Space Atomic Clock

The Deep Space Atomic Clock project led by JPL has the objective to validate a miniaturized, mercury-
ion atomic clock that is 50 times more stable than today’s state-of-the-art space clocks used for spacecraft
navigation systems. Launched in June 2019, the Deep Space Atomic Clock is demonstrating ultra-
precision timing in space and its benefits for one-way radio-based navigation. If successful, it will free up
precious deep space communications bandwidth to perform greater scientific data return. The enhanced
navigation and increased communications bandwidth permitted by the new clock will dramatically
improve the exploration mission’s capability for on-board navigation required for robust, safe human
exploration beyond the Earth. Precision timing and navigation provided by the new clock will also have
the potential to improve the Nation’s next generation GPS system. The demonstration launched via
rideshare on a SpaceX Falcon Heavy (STP-2) in June 2019 and is funded in a partnership with SCaN.
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Recent and Planned Achievements

On Orbit Servicing and Manufacturing Demonstration-2 (Archinaut) conducted a Preliminary Design
Review (PDR) in March 2020 and a successful Post-PDR Assessment in September 2020. The
mission was approved to enter Phase C (Final Design and Fabrication) at a STMD Program
Management Council meeting in October 2020. In addition, the Extended Structure Additive
Manufacturing Machine (ESAMM) Engineering Development Unit Vertical Print Test completed a 7-
meter beam under expected flight loads in November 2020. The CDR is currently planned for
Summer 2021 and the Flight Readiness Review for December 2022. Launch is currently planned for
February 2023.

Deep Space Optical Communications held KDP-C in June 2019 and completed its CDR in December
2019 and Ground CDR in September 2020. DSOC hardware assembly, integration and testing began
April 2020 in support of its targeted delivery to Psyche by June 2021.

Deep Space Atomic Clock was successfully activated and continues to operate normally. All
requirements were successfully satisfied (e.g., mass, power, stability, orbit determination) while also
meeting the one-year of mission operations requirement. NASA recently added a second year of
operations to provide further characterization of clock behavior on long-time scales, assess life
limiting elements, and confirm operability in an extended period space environment.

Acquisition Strateqy

These critical technology projects are defined as part of the strategic framework and capabilities, and
through requirements determined by Federated Team, and through STMD's Strategic Technology
Architecture Roundtable process. In addition, Space Technology embraces competition and external
partnerships, as such some of the technologies are selected through annual Tipping Point, Announcement
of Collaboration Opportunity, and other NASA solicitations.

MAJOR CONTRACTS/AWARDS

Element Vendor Location (of work performance)

OSAM-2 (Archinaut) Made in Space/Redwire Jacksonville, Florida

INDEPENDENT REVIEWS

c Date of Next
Review Type Performer Review Purpose Outcome Review
Critical
Industry Review OSAM-2 Preliminary Design
Board (IRB) NASA Mar 2020 Design Review Passed Review
Jul 2021
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FY 2022 Budget

Op Plan Enacted Request
Budget Authority (in $ millions) FY 2020 FY 2021 FY2022 FY2023 FY2024 FY2025 FY2026
Total Budget 225.5 227.0 287.0 292.7 298.6 304.6 310.7
Change from FY 2021 60.0
Percentage change from FY 2021 26.4%

FY 2020 reflects funding amounts specified in Public Law 116-93, Consolidated Appropriations Act, 2020, as
adjusted in NASA's FY 2021 Initial Operating Plan, except Exploration Ground System Development and
Exploration CoF. Table does not reflect emergency supplemental funding provided for NASA and included in the
Safety, Security, and Mission Services account, as specified in Public Law 116-136, the Coronavirus Aid, Relief, and

Economic Security Act, totaling $60.0 million.

FY 2021 reflects funding amounts specified in Public Law 116-260, Consolidated Appropriations Act, 2021, as
adjusted by NASA's FY 2021 Initial Operating Plan.

The Volatiles Investigating Polar
Exploration Rover (VIPER), shown above,
is being sent to the Moon’s south pole to
sample water ice in the region where the
first woman and next man will land under
the Artemis Program. Instruments on
VIPER are being created by Honeybee
Robotics who received their first SBIR
award in 2007 and has now graduated
from the program.

NASA’s Small Business Innovation Research (SBIR) and
Small Business Technology Transfer (STTR) programs
leverage the Nation’s innovative small business community to
fund research and development in support of NASA's mission
in human exploration, science, and aeronautics. This program
will support NASA's Artemis Program objectives by
identifying and accelerating relevant technologies drawn from
the SBIR and STTR portfolios through Post Phase II awards.
Post Phase Il awards may involve matching funding from
investors and further encourage the advancement of
innovations and commercialization of technologies developed
under Phase II. These programs provide the small business
sector with an opportunity to develop technology for NASA
and to commercialize that technology to spur economic
growth. NASA's SBIR/STTR programs will expand efforts to
increase participation by women, socially or economically
disadvantaged businesses, historically black colleges and
universities (HBCU), and minority serving institutions (MSI),
while also emphasizing entrepreneurial engagement.

The Agency actively works to facilitate the commercialization of NASA-funded SBIR and STTR
technologies into missions and projects as well as commercial applications. Research and technologies
funded by SBIR and STTR contracts have made important contributions to the Agency’s mission.

Examples include:

e Compact lunar rover and precision lunar lander technology, which will deliver payloads to the lunar

surface

e Real-time rice mapping and production forecasting tool that is being piloted in the United States
through NASA SBIR and further developed to reduce greenhouse gas emissions in Vietnam

e A line of carbon nanotube materials in macro formats that can be used to replace heavier materials for
spacecraft, defense platforms, and a host of other commercial applications
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e Uncrewed aerial vehicle (UAV) tracking, even in network-deficient areas, and enabling UAVs to
detect and avoid oncoming traffic

e FEight technologies on the recently launched Mars Perseverance Rover including: high-rate, high-
energy density lithium-ion batteries; dust mitigation tool; scroll compressor; robotic arm; six-axis
force-torque transducer; and technologies supporting the SHERLOC (Scanning Habitable
Environments with Raman and Luminescence for Organics and Chemicals) instrument

e A collaborative and highly customizable tool designed to allow astronauts to document and mark
progress on procedures in real-time, display system data, and issue commands—all from a single
application. The versatility of the software also caught the eye of a major oil field service company.

These investments seek to achieve the program’s vision of empowering small businesses to deliver
technological innovation that contributes to NASA’s missions, provides societal benefit, and grows the
U.S. economy.

EXPLANATION OF MAJOR CHANGES IN FY 2022

None.
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ACHIEVEMENTS IN FY 2020

AWARDS MADE IN FY 2020

Phase | & Il Demographics
Phase | & Il Awards
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SBIR é 25% First Time SBIR Phase | [FEES
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é e
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31Tk é SBIR Phase |

S5BIR Phase Il ' F
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¥ of Non SEIR/STTR
Program Awards  SBR/STTR Funding oo Funding % of Awards to Woman-
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e InFY 2020, NASA further streamlined (streamlined previously in 2019 due to the Government
shutdown impacts) the Phase I review and selection process to aid small businesses impacted by
COVID-19.

e Early in 2020, the Small Business Administration (SBA) approved a waiver to SBIR/STTR policy,
which has allowed the SBIR/STTR program to make high-value (up to $5 million) Sequential Phase
IT awards to support the Artemis Program and Moon to Mars objectives. Seven selections were made
in support of SmallSat optical communications: In-Situ Resource Utilization (ISRU) production of
oxygen and steel; autonomous fault management for Gateway; traction control for rovers/vehicles;
advanced manufacturing for fission power systems; secure and disruption-tolerant distributed
communications beyond low-Earth orbit; and advances in at-destination
manufacturing/servicing/assembly capabilities.

WORK IN PROGRESS IN FY 2021

e In November 2020, NASA released the FY 2021 annual solicitation two months early in order to give

small businesses and research institutes an earlier opportunity for Phase I funding. In March 2021,
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NASA announced 365 new SBIR/STTR Phase I selections, valued at $45 million. In addition, NASA
announced Phase II selections - 19 STTR from the FY 2019 solicitation with an approximate value of
$14 million in December 2020 and will award approximately 125 SBIR awards, with an approximate
value of $94 million, from the 2020 solicitation in May 2021.

To increase technology transitions and commercialization, NASA will continue to offer Post Phase 11
award opportunities through vehicles such as the Phase II Extended (I E) program and the Civilian
Commercialization Readiness Pilot Program (CCRPP). In FY 2021, the maximum CCRPP award
value will increase to $3 million. The program will continue the SBIR Phase II sequential vehicle
focused on developing existing Phase II technologies related to the return to the Moon and on to
Mars.

In partnership with the National Science Foundation (NSF), NASA will continue to make I-Corps
training grant awards for Phase [ awardees to encourage commercialization of technology and will
expand [-Corps participation to CCRPP and Phase Il E awardees.

NASA will continue to seek small business feedback to improve program responsiveness through a
Section 280 customer experience clearance to conduct focused surveys and requests for information
(RFIs). It will use the information gathered to modernize its business capabilities to reduce barriers to
entry for firms, increase the quality of proposals, and improve the value proposition for firms.

NASA will continue to pilot opportunities to accelerate NASA efforts in deep space exploration and
those of the commercial aerospace sector, including continuing our coordination with the NSF SBIR
program and AFWERX/SPACEWERX to support growth-oriented commercial space entrepreneurs.

KEY ACHIEVEMENTS PLANNED FOR FY 2022

The program office will place additional emphasis on engaging a broad, diverse base of innovators
through the program, especially in engagements with MSIs, including HBCUs, in addition to an
increased emphasis on entrepreneurial engagement to encourage commercialization and economic
impact.

The SBIR and STTR program office will continue to work with all the NASA mission directorates,
centers, and industry to identify subtopics including technologies to support human exploration to the
Moon and eventually Mars as well as climate change challenges.

In addition, this program will support NASA's Artemis Program and climate objectives by identifying
and accelerating relevant technologies drawn from the SBIR portfolios through Post Phase II awards.

The SBIR and STTR program office will explore new opportunities to seek, select, advance
technology R&D from small businesses, research institutions, and entrepreneurs where there is both
NASA and commercial sector interest.
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Program Elements

SBIR

The SBIR program was established by statute in 1982 and was most recently reauthorized in 2016 to
increase research and development opportunities for small businesses. The program stimulates U.S.
technological innovation, employs small businesses to meet Federal research and development needs,
increases the ability for small businesses to commercialize innovations they derive from Federal research
and development, and encourages and facilitates participation by socially disadvantaged businesses. The
SBIR program budget is based on a level of at least 3.2 percent of NASA’s extramural research and
development budget. The current maximum value for an SBIR Phase I contract will be $125,000 for a
period of performance of six months. For Phase II, the maximum total value of an SBIR award will be
$750,000 over a 24-month period of performance. NASA also supports several Post Phase II vehicles:

e Phase II E contract options with incentives for cost sharing to extend the research and development
efforts of the current Phase II contract.

e Civilian Commercialization Readiness Pilot Program (CCRPP) contracts with incentives for cost
sharing to extend the research and development efforts of the previous Phase II contract with strong
customer pull for technology maturation, commercialization, and ultimately utilization versus
incremental development.

e Phase II sequential contract options to help raise the Technology Readiness Level (TRL) value of
technologies to the point that other investors will then advance the technology or to rapidly advance
the TRL of a technology to enable NASA programs.

e I-Corps training grants to enable small businesses to commercialize their innovations through an
Interagency Agreement with the NSF.

STTR

The STTR program was established by statute in 1992 and reauthorized in 2016 to award contracts to
small businesses for cooperative research and development with a non-profit research institution, such as
a university. NASA’s STTR program facilitates transfer of technology developed by a research institution
through the entrepreneurship of a small business, resulting in technology to meet NASA’s core
competency needs in support of its mission programs. Modeled after the SBIR program, STTR is funded
based on 0.45 percent of the NASA extramural research and development budget. The maximum value
for an STTR Phase I contract is $125,000 for a period of performance of 13 months. For Phase II, the
maximum total value of an STTR award is $750,000 over a 24-month period of performance. Phase I E,
CCRPP, Phase II sequential contract options, and [-Corps are also available to STTR participants.
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Program Management & Commitments

Program Element Provider

Provider: Various Small Businesses and their research partners
Lead Center: NASA HQ; Level 2: Ames Research Center (ARC)
Performing Center(s): All centers play a project management and implementation role.

Cost Share Partner(s): SBIR/STTR Phase II E matches cost share funding with SBIR and
STTR up to $375,000 of non-SBIR and non-STTR investment(s) from a NASA project,
SBIR and STTR NASA contractor, other Government agency, or third-party commercial investor to
extend an existing Phase II project to perform additional research. SBIR/STTR CCRPP
matches cost share funding up to $3,000,000 of non-SBIR and non-STTR investment(s)
from a NASA project, NASA contractor, other Government agency, or third-party
commercial investor to continue a former Phase II project to perform additional research
for strong customer pull for the technology maturation, commercialization, and
ultimately utilization versus incremental development.

Acquisition Strateqy

NASA issues annual SBIR and STTR program solicitations, setting forth a substantial number of topic
areas open to qualified small businesses. There are three phases for SBIR and STTR funding awards.
Phase I awards give small businesses the opportunity to establish the scientific, technical, and commercial
merit of the proposed innovation in alignment with NASA interests. The most promising Phase I projects
are selected for Phase II awards through a competitive selection process based on scientific and technical
merit, expected value to NASA, and commercialization potential. Phase II awards focus on the
development, demonstration, and delivery of the proposed innovation. Phase II E and the CCRPP support
advancement of innovations developed under Phase I1. Phase III supports the commercialization of
innovative technologies, products, and services that result from a Phase I or Phase II contract.
Commercialization includes further development of technologies and getting feedback to discover
infusion opportunities into NASA programs, other Government agencies, or the private sector. Phase 111
contracts receive funding from sources other than the SBIR and STTR programs and may be awarded
without further competition.

SBIR and STTR program management works collaboratively with NASA center Chief Technologists (for
STTR) and the mission directorates (for SBIR) during the SBIR and STTR acquisition process. This
collaboration, from topic development through proposal review and ranking, supports final selection of
proposals of high value to NASA. Mission directorates and center program personnel interact with SBIR
and STTR award winners to maximize alignment and implementation of the SBIR and STTR products
with NASA’s future missions and systems.
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Award Distribution

The map below represents the FY 2020 SBIR and STTR investments through Phase I, Phase II, Phase II
E, Sequential, and CCRPP awards.
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Op Plan Enacted| Request
Budget Authority (in $ millions) FY 2020 FY 2021 FY2022 FY2023 FY2024 FY2025 FY 2026
International Space Station 1,516.1 1,321.6 1,327.6 1,309.7 1,279.4 1,284.5 1,284.5
Space Transportation 1,746.2 1,872.9 1,771.7 1,827.1 1,849.0 1,843.7 1,843.7
Space and Flight Support (SFS) 857.4 776.6 817.0 786.4 788.8 789.0 789.0
Commercial LEO Development 15.0 17.0 101.1 186.1 186.1 186.1 186.1
Total Budget 4,134.7 3,988.2 4,017.4 4,109.3 4,103.3 4,103.3 4,103.3

FY 2020 reflects funding amounts specified in Public Law 116-93, Consolidated Appropriations Act, 2020, as
adjusted in NASA's FY 2021 Initial Operating Plan, except Exploration Ground System Development and
Exploration CoF. Table does not reflect emergency supplemental funding provided for NASA and included in the
Safety, Security, and Mission Services account, as specified in Public Law 116-136, the Coronavirus Aid, Relief, and
Economic Security Act, totaling $60.0 million.

FY 2021 reflects funding amounts specified in Public Law 116-260, Consolidated Appropriations Act, 2021, as
adjusted by NASA's FY 2021 Initial Operating Plan.
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SPACE OPERATIONS

FY 2022 Budget

Op Plan Enacted  Request
Budget Authority (in $ millions) FY 2020 FY 2021 FY2022 FY2023 FY2024 FY2025 FY2026
International Space Station 1,516.1 1,321.6 1,327.6 1,309.7 1,279.4 1,284.5 1,284.5
Space Transportation 1,746.2 1,872.9 1,771.7 1,827.1 1,849.0 1,843.7 1,843.7
Space and Flight Support (SFS) 857.4 776.6 817.0 786.4 788.8 789.0 789.0
Commercial LEO Development 15.0 17.0 101.1 186.1 186.1 186.1 186.1
Total Budget 4,1347  3,988.2 4,0174  4,109.3  4,103.3  4,103.3 4,103.3
Change from FY 2021 29.2
Percentage change from FY 2021 0.7%

FY 2020 reflects funding amounts specified in Public Law 116-93, Consolidated Appropriations Act, 2020, as
adjusted in NASA's FY 2021 Initial Operating Plan, except Exploration Ground System Development and
Exploration CoF. Table does not reflect emergency supplemental funding provided for NASA and included in the
Safety, Security, and Mission Services account, as specified in Public Law 116-136, the Coronavirus Aid, Relief, and
Economic Security Act, totaling $60.0 million.

FY 2021 reflects funding amounts specified in Public Law 116-260, Consolidated Appropriations Act, 2021, as
adjusted by NASA's FY 2021 Initial Operating Plan.

The Space Operations account is dedicated to
continued support of ISS operations and research in
low-Earth orbit (LEO) that enable future exploration
and advance discoveries that benefit life on Earth,
while laying the foundation for America to maintain
a constant human presence and develop a commercial
economy in LEO. Comprised of the International
Space Station (ISS), Space Transportation, Space and
Flight Support, and Commercial LEO Development
themes, Space Operations is developing American-
led space infrastructure enabled by a commercial
market, enhancing space access and services to both
Government and commercial entities, and

NASA astronauts Kate Rubins (left) and Jeff

Williams (right) are shown here preparing to 5 . S
grapple the SpaceX Dragon supply spacecraft from researching and developing capabilities to safeguard
aboard the International Space Station. our astronaut explorers. These activities, which

support existing and future space operations for both
NASA and non-NASA missions, are catalysts for economic development. Additionally, these activities
advance scientific knowledge and foster new technologies that improve our lives.

NASA's Commercial LEO Development effort is intended to stimulate both the development of
commercially owned and operated LEO destinations from which NASA can purchase services as one of
many customers and the continued growth of a commercial ecosystem in LEO. As those commercial LEO
destinations become available, and without a gap in a U.S. presence in LEO, NASA intends to implement
an orderly transition from current ISS operations to the new commercial enterprise as laid out in NASA's
ISS Transition Report, dated March 30, 2018 NASA is updating the Transition Report to provide more
strategic and tactical transition planning.

SO-2



SPACE OPERATIONS

ISS is an example of American leadership in global space exploration, enabling a U.S.-led multinational
partnership to advance shared goals in space. As a testbed for deep space exploration, ISS is helping us
learn how to keep astronauts healthy during long-duration space travel and demonstrating technologies
for human and robotic exploration beyond LEO, to the Moon, and to Mars. ISS enables commercial
industry, academic institutions, U.S. Government agencies, and other diverse users to access a unique
research platform for developing and demonstrating new technologies, treatments, and products for
improving life on Earth.

The Crew and Cargo Program manages transportation services provided by both international partners
and domestic commercial providers. Through the program, NASA and its partners have greatly
strengthened U.S. competitiveness, and continues to advance commercial spaceflight and supports
American jobs.

Commercial Crew Program (CCP) partnerships with the private sector are developing and operating safe,
reliable, and affordable crew transportation systems capable of carrying humans to and from space,
including the ISS. Working with industry to develop and provide human transportation services to and
from space lays the foundation for more affordable and sustainable future human space transportation.
These partnerships bolster American leadership in space, reduce our current reliance on foreign providers
for this service, help stimulate the American aerospace industry, and allow NASA to focus on building
the capabilities and expertise necessary for missions to the Moon and Mars.

The Space and Flight Support Program continues to provide mission critical space communications,
launch and test services, and astronaut training to support its customer missions. The Space
Communications and Navigation Program provides communication to missions in LEO, including ISS,
suborbital missions, and some lunar orbital missions, utilizing the Near Space Network (formerly the
Space Network and Near Earth Network). The Deep Space Network communicates with the missions
most distant from Earth. The Communication Services Program focuses on demonstrating the feasibility
of using commercially provided data relay services to support NASA missions. The Launch Services
Program provides expertise and active launch mission management for more than 70 NASA and other
Government missions in various stages of development. The Rocket Propulsion Test Program manages a
wide range of facilities capable of ground testing rocket engines and components under controlled
conditions, a critical foundation for the success of NASA and commercial rocket programs. The Human
Space Flight Operations Program provides the training and readiness to ensure crew health and safety and
mission success.

For more information, go to: https://www.nasa.gov/directorates/heo/index.html
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INTERNATIONAL SPACE STATION PROGRAM

FY 2022 Budget

Op Plan Enacted  Request
Budget Authority (in $ millions) FY 2020 FY 2021 FY2022 FY2023 FY2024 FY2025 FY 2026
ISS Systems Operations and Maintenance 1,056.0 1,013.8 1,048.2 1,043.9 1,013.5 1,013.5 1,013.5
ISS Research 460.1 307.8 279.4 265.8 265.9 271.0 271.0
Total Budget 1,516.1 1,321.6 1,327.6  1,309.7 1,794  1,284.5 1,284.5
Change from FY 2021 6.0
Percentage change from FY 2021 0.5%

FY 2020 reflects funding amounts specified in Public Law 116-93, Consolidated Appropriations Act, 2020, as
adjusted in NASA's FY 2021 Initial Operating Plan, except Exploration Ground System Development and
Exploration CoF. Table does not reflect emergency supplemental funding provided for NASA and included in the
Safety, Security, and Mission Services account, as specified in Public Law 116-136, the Coronavirus Aid, Relief, and
Economic Security Act, totaling $60.0 million.

FY 2021 reflects funding amounts specified in Public Law 116-260, Consolidated Appropriations Act, 2021, as
adjusted by NASA's FY 2021 Initial Operating Plan.

The International Space Station (ISS) is the
largest and most complex space-based research
facility ever constructed. ISS enables distinct
research opportunities, including research vital to
the Artemis human lunar exploration missions
and future Mars human exploration programs.
Returns from the ISS research investment are not
limited to scientific discovery and technology
advancement. The ISS international partnership is
composed of five space agencies representing 15
nations, led by the United States. NASA's
international partners include the Canadian,
European, Japanese, and Russian space agencies.

This picture was taken from a window on the SpaceX

Crew Dragon vehicle as the International Space Station
orbited above the Atlantic Ocean near the mouth of the
Amazon River. Two other spacecraft, including the

Cygnus cargo craft with its two prominent cymbal-
shaped solar arrays, and behind it, Russia's Soyuz MS-17

Engineers, scientists, and managers from around
the world have directed their resources for the
peaceful use of space and are now reaping the
benefits to humanity. The ISS partnership uses
global engagement and diplomacy to provide a

crew ship with its rectangular solar arrays, are also
pictured docked to the orbiting lab (November 27, 2020).

cooperative foundation for the global enterprise
of space exploration. The partnership allows
members to collectively allocate resources and
manage operational risks in a way that benefits all parties. ISS provides a high visibility opportunity for
American presence and leadership of human and robotic capabilities in low-Earth orbit (LEO).

ISS orbits the Earth about every 90 minutes and has been continuously occupied since 2000. November 2,
2020, marked the 20th anniversary of human occupation aboard the ISS.

NASA and its partners use this unique reference point to advance science, technology, engineering, and
mathematics (STEM) education efforts to inspire youth to pursue those fields. Over 2.8 million U.S.
students have designed, launched, operated, or used data from more than 800 student experiments
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launched to ISS. ISS also provides a unique opportunity for STEM inspiration through direct engagement
between astronauts and students. ISS inspires future generations and helps foster greater interest in STEM
careers.

The launch of the first U.S. commercial crew post-certification mission supported by the Commercial
Crew Program occurred in November 2020, which enabled NASA to increase its crew size on the U.S.
Orbital Segment (USOS) by one, to a total of four astronauts. On average, this increase will double the
total available hours of crew time allocated to perform research on board the ISS each week. USOS is the
portion of the ISS operated by the U.S. and its Canadian, European, and Japanese partners. Russia
exclusively operates the Russian segment. The ISS spans the area of a U.S. football field (with end zones)
and weighs more than 465 tons (930,000 pounds). Its solar arrays, which help power the vehicle, are
longer than a Boeing 777's wingspan at 240 feet. The ISS has eight docking and berthing ports for visiting
vehicles delivering crew and cargo. Orbiting Earth 16 times per day at a speed of 17,500 miles per hour,
the ISS maintains an altitude that ranges from 230 to 286 miles. The complex has more livable room than
a conventional five-bedroom house, with two bathrooms, fitness equipment, a 360-degree bay window,
and state-of-the-art scientific research facilities. In addition to external test beds, the USOS houses three
major science laboratories (U.S. Destiny, European Columbus, and Japanese Kibo).

The four major focus areas of activity for the ISS program include: (1) serving as a key stepping stone on
the pathway to deep space exploration; (2) maintaining U.S. global leadership of space exploration; (3)
enabling the development and advancement of a commercial marketplace in LEO; and (4) returning
benefits to humanity on Earth through space-based research and technology development.

The ISS plays an essential role in facilitating the expanding sphere of human space exploration from LEO
to the Moon (via the Artemis Program) and eventually to Mars. The ISS is currently the only
microgravity platform capable of long-term testing of new life support and crew health systems, advanced
habitation modules, and other technologies needed to expand NASA's exploration horizons. This research
and development program will continue to focus on capabilities needed to maintain a healthy and
productive crew in deep space, including the Gateway and future missions to the moon and Mars.
Manifested or planned experiments and demonstrations to enable human exploration at the Gateway,
lunar surface, and into deep space include: tests of improved long-duration life support technologies;
advanced fire safety equipment; on-board environmental monitors; techniques to improve logistics
efficiency; in-space additive manufacturing; advanced exercise and medical equipment; radiation
monitoring and shielding; human-robotic operations; and autonomous crew operations. The facility
enables scientists to identify and quantify risks to human health and performance and to develop and test
preventative techniques and technologies to protect astronauts during extended time in space. The ISS
platform and future commercial LEO destinations provide a rich environment for research in basic and
applied research.

NASA will continue research and technology efforts in LEO using the ISS to enable exploration with
humans to the Moon and to Mars, while continuing to perform research that benefits humanity and leads
to a robust ecosystem in LEO. NASA is working to implement a stepwise transition of ISS from the
current model of NASA sponsorship and direct NASA funding to a model where NASA is one of many
customers purchasing services from a LEO human spaceflight enterprise via the Commercial LEO
Development Program. NASA will gradually transition from current ISS operations to this new model
when these commercial platforms and services become available, to ensure that the U.S. always has a
human presence in LEO.

The ISS program aims to provide direct research benefits to the public through its operations, research,
and technology development activities. As a National Laboratory, the U.S. segment of the ISS enables
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partners in Government, academia, and industry to utilize its unique environment and advanced facilities
to perform investigations. The ISS National Laboratory (ISSNL) is managed by the Center for the
Advancement of Science in Space (CASIS). The focus of the ISSNL is to provide ISS access to academia,
the commercial sector, and other Government agencies through partnerships, cost-sharing agreements,
and other arrangements for research, technology development, LEO commercialization, and education.
Observing from and experimenting aboard ISS provides the opportunity to learn about Earth, life, and the
solar system from a very different perspective. ISS serves as an innovation laboratory for experiments that
cannot be accomplished on Earth. Earth observation instruments on ISS expand our Nation's
understanding of the climate and carbon cycle. It also allows other NASA mission directorates to conduct
research and demonstrate technologies, often at a lower cost than would be otherwise possible. This
includes technology demonstrations sponsored by the Space Technology Mission Directorate, human
research activities funded by the Human Research Program, and basic and Earth research funded by the
Science Mission Directorate. The results of the research completed on ISS can be applied to many areas
of science, improving life on Earth; fueling American innovation and enhancing U.S. overall economic
competitiveness; and furthering the experience and increased understanding necessary to journey to other
worlds.

For more on the ISS program, go to: https://www.nasa.gov/mission_pages/station/main/index.html

For specific information on the many experiments conducted on ISS, go to:
https://www.nasa.gov/mission pages/station/research/experiments category.html

EXPLANATION OF MAJOR CHANGES IN FY 2022

Biological and Physical Sciences (BPS) budget has been transferred to the Science Mission Directorate.
Demand stimulation content in the Commercial LEO Development program is being transferred to ISS
Research.
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FY 2022 Budget

Op Plan Enacted Request
Budget Authority (in $ millions) FY 2020 FY 2021 FY2022 FY2023 FY2024 FY2025 FY2026
Total Budget 1,056.0 1,013.8 1,048.2 1,043.9 1,013.5 1,013.5 1,013.5
Change from FY 2021 34.4
Percentage change from FY 2021 3.4%

FY 2020 reflects funding amounts specified in Public Law 116-93, Consolidated Appropriations Act, 2020, as
adjusted in NASA's FY 2021 Initial Operating Plan, except Exploration Ground System Development and
Exploration CoF. Table does not reflect emergency supplemental funding provided for NASA and included in the
Safety, Security, and Mission Services account, as specified in Public Law 116-136, the Coronavirus Aid, Relief, and

Economic Security Act, totaling $60.0 million.

FY 2021 reflects funding amounts specified in Public Law 116-260, Consolidated Appropriations Act, 2021, as

adjusted by NASA's FY 2021 Initial Operating Plan.

NASA astronaut Kate Rubins is pictured here during
a March 5, 2021 spacewalk to install solar array
modification Kits to ready ISS for newer, more
powerful solar arrays being delivered on upcoming
SpaceX Dragon cargo missions.

The International Space Station (ISS) is a complex
research facility and human outpost in low-Earth
orbit (LEO) developed in a collaborative,
multinational effort led by the United States with
partners in Canada, Europe, Japan, and Russia. It is
supported by the commercial industry via the Crew
and Cargo Program and Commercial Crew Program
(CCP). The facility’s primary goals are to advance
exploration of the solar system, enable unique
scientific research, and promote commerce in space
with industry partners as new commercialization
concepts are explored. The Operations and
Maintenance (O&M) project supports vehicle
operations in the harsh conditions of space with
constant, around-the-clock support. The ISS systems
operate in extreme temperatures, pressures, and
energies that challenge engineering techniques with

minimal margin for error. The risks associated with operating the ISS are significant and must be
effectively managed to protect against catastrophic consequences to mission success and human life.
Successful risk mitigation activities on ISS in LEO pave the way for a more successful Artemis Program

and missions to Mars.

Safely operating the ISS in the severe conditions of space and ensuring the crew always have a sufficient
supply of food, water, oxygen, and repair parts demands precise planning and logistics. The 465-ton
vehicle requires routine maintenance and is subject to unexpected mechanical failures, given its highly
complicated systems and the harshness of space. Resolving problems can be challenging and often
requires the crew to make repairs in space with support from ground teams on Earth. Astronauts aboard
the ISS must rely on the materials available to them onboard. This requires the support team on Earth to
monitor and meticulously plan for replacement parts and consumables, such as filters and gas, as well as
Orbital Replacement Units (ORUs) like the Inlet De-ionizing Bed, Microbial Check Valves, and Multi-
Filtration Beds, which are key components of the Regenerative Environmental Control Life Support
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System (Regen ECLSS). The coordination and support necessary for the ISS crew to live and work
comfortably in space requires intensive Earth-based mission operations. Ground teams continually
monitor ISS performance, provide necessary vehicle commands, and communicate with the crew.

Even before the astronauts leave Earth, the Systems O&M project, in conjunction with the Human Space
Flight Operations program, provides the crew training to prepare them for their stay aboard the ISS. One
example includes operation of the Neutral Buoyancy Laboratory, an indoor underwater training facility,
where astronauts, in a safe environment, can simulate specific extravehicular (EVA) activities to repair,
replace, or install new instruments and operational systems. During training exercises, neutral-buoyancy
diving is used to simulate the weightlessness of space operations. To achieve this effect, suited astronauts
or pieces of equipment are lowered into the pool using an overhead crane and then weighted in the water
by support divers so that astronauts experience minimal buoyant force and minimal rotational moment
about their center of mass.

The ISS program considers all aspects of the mission when developing operations plans to meet program
objectives. These include scheduling crew activities, choreographing docking and undocking of visiting
crew and supply ships, evaluating supplies of consumables, managing flight plan variability, and
resolving stowage issues. The Systems O&M project ensures the ISS is always operational and available
to perform its research mission.

Because the ISS is an international partnership, program decisions are not made in isolation. Rather, they
require collaboration with multiple countries to ensure all technical, schedule, and resource supply
considerations are taken into account. The experience NASA is gaining through integration with its ISS
partners is helping the Agency to better prepare for future partnerships in human space exploration, such
as on the Gateway or the lunar surface.

A critical component of the Systems O&M project is immediate emergency services and analyses
conducted by mission control teams on Earth, known as vehicle and program anomaly resolution.
Engineers and operators diagnose system failures and develop solutions, while program specialists
respond to changing program needs and priorities through re-planning efforts. These teams ensure
appropriate redundancy, training, and procedures are in place to respond to any type of failure at any time.
The project requires sparing and repairing nine highly complex on-orbit systems made up of hundreds of
unique ORUs. Additionally, software sustainment manages and executes millions of lines of flight code
to support operation and control of the ISS.

EXPLANATION OF MAJOR CHANGES IN FY 2022

None.

ACHIEVEMENTS IN FY 2020

The ISS System O&M project continued to maintain resources both on-orbit and on the ground to operate
and utilize the ISS. The O&M project funded Mission Control Center operations monitoring the safety of
crew and integrity of ISS 24/7 (Other MCC activities are funded by the programs they support). This is
required to maintain success in providing all necessary resources, including power, data, crew time,
logistics, and accommodations, to support research while operating safely with a typical crew of seven
astronauts, four United States Orbital Segment (USOS) crew, and three Russian crew.
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One overarching accomplishment is the successful navigation of ISS Operations through the COVID-19
pandemic. While NASA had to adjust some launch schedules, ISS and CCP successfully launched the
first crew from U.S. soil since 2011. Operations on-orbit and Earth continued 24/7 and the ISS program
successfully pivoted and quickly adjusted to the practices required to continue working as safely as
possible.

The O&M project supported the arrival and departure of 13 flights, both domestic and international crew
and cargo missions, to the ISS. This resulted in supporting almost one flight per month. Each flight
required extensive planning and analyses to support on-orbit operations, as well as launching, docking,
undocking, berthing, unberthing, deorbiting, packing, manifesting, hardware processing, and on-orbit
configuration.

NASA ground teams continued to monitor overall vehicle health and oversee general maintenance and
performance of all the ISS vehicle systems, including command and data handling, communication and
tracking, crew health care, environmental control and life support, electrical power, extravehicular
activities (EVAs), robotics, flight crew equipment, propulsion, structures and mechanisms, thermal
control, guidance, navigation, and control.

In FY 2020, the team supported an unprecedented 13 USOS EVAs. In January, two EVAs completed the
final P6 battery installations without issue and the fourth and final Alpha Magnetic Spectrometer (AMS)
EVA was accomplished. The AMS is a cosmic ray particle physics experiment mounted outside the ISS
producing science data is valuable for the understanding of the formation of the Universe and informs the
search for evidence of dark matter. The AMS EVA completed the final replacement thermal system leak
check and multi-layer insulation installation for the AMS. When initial leak checks showed one of the
swaged fittings did have a leak, the fitting was tightened two times to repair the leak. Once the multi-layer
insulation installation was completed, the replacement thermal system was fully pressurized and AMS is
once again producing science data. The AMS series of EVAs completed very difficult tasks that have
never been undertaken during a spacewalk. These repairs will allow AMS to provide several additional
years of data collection.

The last of the Lithium lon batteries were installed within a four EVA series in July 2020 to complete the
complement of ISS batteries. The new batteries provide an improved and more efficient power capacity
for operations. Along with battery installation, EVA crew moved several large items outside ISS,
including a robotic compatible box called the Robotic Tool Stowage that houses two ammonia sniffing
devices, called the Robotic External Leak Locators. They routed cabling for the ISS Ethernet System, and
prepared ISS for the NanoRacks Bishop Airlock arrival on SpaceX -21 mission. The new airlock
significantly increases the capacity for public and private research on the outside of the orbiting lab. It
also enables the deployment of larger satellites and the transfer of spacewalking tools and hardware inside
and outside the station.

FY 2020 contained ISS advances in software vital to its on-orbit safety and day-to-day operations. The
software updates included new hardware support for the Mini Pump Module and Space-to-Ground
Transmitter Receiver Controller and adds interfaces for Sierra Nevada Corporation Dreamchaser and
docking of SpaceX's Dragon cargo vehicle. Due to the COVID-19 pandemic, the Software Development
Integration Laboratory at the Johnson Space Center (JSC) was updated to support remote testing with all
International Partners (each was a unique configuration) due to travel and NASA center access
restrictions. This update was critical to ensure the necessary testing could continue to support the ISS
visiting vehicle traffic.

In the Avionics area, ISS was able to complete the S3 Wireless Access Point/E-ultra New Radio Dual
Connectivity Wireless Access Points (WAP) and External High Definition Camera/boom installation,
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which improved Earth views for High Definition Earth Viewing science and increased WAP coverage for
the High Definition EVA Camera Assembly and EVA Data Recorder.

In the ISS vehicle and hardware area, successes included the delivery of HTV-9 Batteries, external leak
locator system and first two solar array modification kits, as well as ISS sparing and repairs (e.g., valves,
gas outlets, hoses, sequential shunt unit). Significant verification work for new commercial vehicle
certification/integration was performed. Additionally, preparations for increased crew member
compliment, work on the Main Bus Switching Unit failure, and critical contingency robotics Replace &
Repair/Battery Charge/Discharge Unit (BCDU) failure investigation and fleet recovery also commenced.
Anomaly investigations for recovering and maintaining ISS habitability and research capability (e.g.,
benzene, atmosphere leaks) were successfully performed.

WORK IN PROGRESS IN FY 2021

Throughout the year, NASA ground teams will continue to monitor overall vehicle health and oversee
general maintenance and performance of all the ISS vehicle systems. The O&M project will continue to
manage resource requirements and changes, including vehicle traffic, cargo logistics, stowage, and crew
time. The O&M project is expected to support several U.S. Commercial Crew flights including the first
post-certification mission, six U.S. Commercial Resupply Services cargo flights, two Progress flights, two
crewed Soyuz flights, and one Russian hardware flight.

The program plans to support five Russian EVAs and nine U.S. EVAs in FY 2021. The first series of
EVAs will install the Columbus Ka-Band system to the Columbus Module. This communication system
will enhance and add new capabilities to the existing Columbus on-orbit and ground communications
systems and create an additional bi-directional Ka-Band data transmission link for

ISS. This EVA will also install cables to connect the Bartolomeo external payload platform on the
Columbus Module of the ISS. The Bartolomeo platform will allow new, unique payload hosting
opportunities and will offer ISS the only unobstructed view of Earth and space. An additional EVA is
planned in this series to complete several upgrades on ISS, including installation of HD cameras and the
final battery adapter plate, and prepare ISS for installation of the ISS Roll Out Solar Array.

In the area of software, ISS plans to complete the R19 software transition, and start R20 development and
testing. The R19 software transition includes support for: Exploration ECLSS, four Bed Carbon Dioxide
Scrubber and Supplemental Heat Rejection Evaporative Cooler, and Lab Starboard water vent valve
modification. The capability to install Portable Computer System software via Joint Station Local Area
Network will enhance future software transitions. The total payload health and status data bandwidth will
be increased to support customer requirements. The Software and Avionics branch is planning 32 joint
tests (19 specifically to support commercial vehicle provider flights; 11 to support integrated R19/R20
testing; and two to support Commercial LEO — Private Astronaut Mission activities).

In the Avionics area, EVA work will include replacing failed Extra High Definition Camera and
improving external wireless coverage (EWC)/posture. This will complete the fully planned EWC
expansion; which is essential to providing improved two-way high-data rate wireless communications for
various payloads across ISS and live feed ISS footage back for use on Earth.

In the vehicle area, ISS is poised to extend the Functional Cargo Block through 2024; deploy the large
equipment launch carrier development Ammonia Tank Assembly, BCDU, and Mini-Pump Module; and
continue spares procurements for cupola scratch panes, heat exchanger parts, tanks, pump assembly,
catalytic reactor, hydrogen dome, and ancillary components and parts. The new configuration Oxygen
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Generation System Cell Stack will be installed and checked out, and the new solar array launch package
will be launched and activated.

KEY ACHIEVEMENTS PLANNED FOR FY 2022

The ISS Program will continue to support CCP and its commercial crew partners to ensure any challenges
with the initial missions are addressed with minimal impact to ISS operations and research. NASA plans
to work with international partners to maintain a continuous ISS crew member capability by coordinating
and managing resources, logistics, systems, and operational procedures. The O&M project will continue
to manage resource requirements and changes, including vehicle traffic, cargo logistics, stowage, and
crew time. In addition to providing anomaly resolution and failure investigation (as needed), they plan
and provide real-time support for activities, such as EVAs and visiting vehicles. The O&M project plans
to support the launch of approximately 16 flights in FY 2022. The team is currently reviewing and
rescheduling FY 2022 USOS EVAs.

PROJECT SCHEDULE

The table below provides a schedule for FY 2021 and FY 2022 completed and planned EVAs. The ISS
conducts near-term, real-time assessments of EVA demands, along with other program objectives, to
efficiently plan all required ISS activities. NASA remains postured to conduct EVAs on short notice in
response to specific contingency scenarios. In addition, the ISS program balances routine maintenance
EVAs against overall astronaut availability to maintain focus on utilization and research.

Date Significant Event
Nov 2020 Russia EVA

Jan 2021 U.S. EVA

Feb 2021 Two U.S. EVAs
Mar 2021 Two U.S. EVAs
Jun 2021 Two U.S. EVAs
Jun 2021 Russian EVA

Aug 2021 Two U.S. EVAs
Sep 2021 Two Russian EVAs
Jan 2022 Four Russian EVAs

Project Management & Commitments

While NASA maintains the integrator role for the entire ISS, each partner has primary authority for
managing and operating the hardware and elements they provide. Within NASA, JSC in Houston, TX,
leads project management of the ISS Systems O&M.
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Acquisition Strateqy

The current Boeing vehicle sustaining engineering contract extends through September 2024.
Requirements of this contract include sustaining engineering of U.S. on-orbit segment hardware and
software, technical integration across all the ISS segments, end-to-end subsystem management for most
of the ISS subsystems and specialty engineering disciplines, and U.S. on-orbit segment and integrated
system certification of flight readiness.

MAJOR CONTRACTS/AWARDS

Element Vendor Location (of work performance)
U.S. on-orbit segment Sustaining .
Engineering Contract The Boeing Company Isc
INDEPENDENT REVIEWS
R Performer Date of Review | Purpose Outcome Nex?
Type Review
Provides
NASA Advisory 1n§ependent The panel provided no new May
Other Council Jan 2021 guidance for the formal recommendations or 2021
u NASA findings for the ISS
Administrator.
Provides The panel provided no new
. formal recommendations or
NASA independent .
Aerospace assessments of findings for the IS.Si but May
Other . Feb 2021 commented that "it is very
Safety Advisory safety to the . hat th 2021
Pancl NASA important that there be a
.. U.S. astronaut onboard at all
Administrator.

times."
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FY 2022 Budget

Op Plan Enacted Request
Budget Authority (in $ millions) FY 2020 FY 2021 FY2022 FY2023 FY2024 FY2025 FY2026
Total Budget 460.1 307.8 279.4 265.8 265.9 271.0 271.0
Change from FY 2021 -28.4
Percentage change from FY 2021 -9.2%

FY 2020 reflects funding amounts specified in Public Law 116-93, Consolidated Appropriations Act, 2020, as
adjusted in NASA's FY 2021 Initial Operating Plan, except Exploration Ground System Development and
Exploration CoF. Table does not reflect emergency supplemental funding provided for NASA and included in the
Safety, Security, and Mission Services account, as specified in Public Law 116-136, the Coronavirus Aid, Relief, and

Economic Security Act, totaling $60.0 million.

FY 2021 reflects funding amounts specified in Public Law 116-260, Consolidated Appropriations Act, 2021, as

adjusted by NASA's FY 2021 Initial Operating Plan.

Flight Engineer Jessica Meir (NASA) is shown here
setting up the Multi-use Variable-g Platform-02 inside
the portable glovebag to support cardiac research
(Cell-03) aboard the International Space Station. The
Cell-03 investigation cultures heart precursor cells on
the space station to analyze and compare with cultures
grown on Earth. Results may help treat spaceflight-
induced cardiac abnormalities and contribute to
accelerated development and reduced cost of drug
therapies on Earth. (March 13, 2020)

The International Space Station (ISS) is an orbiting
platform that astronauts and researchers use to
understand the effects of space on human health
and to develop technologies to mitigate those
effects that are a barrier to future human
exploration missions. The unique microgravity
environment enables scientific investigation of
physical, chemical, and biological processes in an
environment very different from Earth.

November 2, 2020 marked the 20th anniversary of
continuous human presence in space aboard ISS.
In that span, the orbiting platform has evolved into
a dynamic laboratory that hosts an increasing
variety of government and privately-owned
science facilities, external testbeds, and
observatory sites. The ISS provides the only
current capability for human-assisted space-based
research and is a foundation for efforts to expand
commercial use of low-Earth orbit (LEO) and to
enable a sustained U.S. presence in this region of
space.

This budget line supports the ISS National

Laboratory (ISSNL), which is dedicated to enabling non-NASA use of the ISS. The ISS Research budget
also funds support for all research users of the ISS through NASA's multi-user systems support (MUSS).

In 2005, the U.S. segment of the ISS was designated as a National Lab by Congress. The 2010
Authorization Act then designated that 50 percent of crew time, cargo upmass, and access to research
facilities on the ISS should be allocated for non-NASA use of the ISS. Non-NASA use of the ISS is

managed through the ISSNL. NASA was directed by Congress to enter into a cooperative agreement with
a single purpose non-profit, non-government organization (NGO) to manage non-NASA use of the ISS in
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cooperation with NASA. NASA selected the Center for the Advancement of Science in Space (CASIS) as
the operating manager of ISSNL activities in 2011. The ISS National Laboratory Program allows non-
NASA users to conduct Research and Development (R&D) activities on ISS that benefit life on Earth and
foster commerce in space. Non-NASA users of ISSNL include other government agencies - such as the
National Science Foundation (NSF), National Institutes of Health (NIH), and the Department of Defense
(DOD) - as well as multiple academic institutions and commercial companies. Since 2012, almost 450
payloads have flown under the ISSNL allocation and, for the past three fiscal years, more than 70 percent
of payloads launched represent investigations from the private sector that aim to spur economic growth.

MUSS provides strategic, tactical, and operational support to all ISS research, whether sponsored by
NASA, international partners, or ISSNL. Through MUSS, the ISS Research budget supports the
execution of the broader portfolio of research and technology development activities undertaken on the
ISS and funded through other NASA budget items (e.g., Biological and Physical Sciences [BPS], Human
Research Program [HRP], and Space Technology Mission Directorate [STMD]). ISS external research
platforms enable research recommended by the National Academy Decadal and funded by NASA's
Science Mission Directorate (SMD) to provide access to Earth and space vantage points. Taken as a
whole, these R&D activities enable future human exploration, pioneer scientific discovery, expand our
understanding of the universe and our home planet, and benefit our economy and life on Earth. MUSS
continues to support new capabilities and technologies that benefit multiple ISS users and operation of in-
orbit and ground control research facilities.

Research conducted aboard ISS, supported by this budget line item through MUSS and ISSNL activities,
have made fundamental contributions to human knowledge and have advanced goals set by the National
Academies of Science through a series of Decadal Surveys. At the conclusion of Expedition 63 in
October 2020, more than 4,200 investigators from 108 countries have performed more than 3,000
research investigations and technology demonstrations utilizing ISS. Over 2,100 papers have been
published in scientific journals and magazines based on results of these investigations.

ISS research also supports the development of technologies of use in exploration campaigns such as
Artemis, and longer-duration missions to Mars and beyond. ISS provides the best existing means to
demonstrate technology and system readiness for use on a human occupied exploration vehicle by
documenting performance in a spacecraft environment with humans-in-the-loop, piloting operational
procedures and training requirements, determining logistics requirements, safety, and interoperability
concerns with respect to overall space systems infrastructure. From an Environmental Control and Life
Support Systems perspective (ECLSS), ISS is host to multiple long-duration flight experiments and
projects; which include investigations in water purification, recovery and utilization; oxygen generation
and filtration systems, carbon dioxide filtration systems, crop production and mitigation of known
medical issues. A major focus is upon systems reliability and reduction in the amount of hardware spares
needed in long-duration spaceflights. Another example includes, Roll out Solar Array (ROSA)
technology, which improves the power density, stowage efficiency, and scalability of previously used
rigid panel arrays. ROSA was tested on ISS in 2017 for strength, structural dynamics, and operations and
will be used as part of the Gateway's Power and Propulsion module. In addition, this technology will be
used to upgrade ISS power systems as soon as 2021.

ISS Research also contributes to Agency efforts to spur economic growth of LEO and to enable a
sustained U.S. presence in this region of space. NASA's plans for expanding activities in LEO build on
and apply the lessons learned from over a decade of work and experience with private companies in ISS
research. For example, research facilities onboard ISS continue to evolve from primarily government
funded and operated to privately owned and operated. Since 2012, privately owned research facilities
have greatly increased the breadth and volume of ISS-supported research, with more than 20 such
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facilities in operation at the start of FY 2021, with the managing entities servicing 40 percent of ISSNL
payloads delivered in FY 2020. In addition, some 40 companies provide services as payload developers,
guiding researchers to build and ship flight hardware to be executed on the station. These activities
validate business models and expand the numbers of entities with experience in conducting business in
space.

An additional step for commerce in space, a new airlock, privately owned and operated, will be integrated
into the station in FY 2021. The Nanoracks Bishop Airlock will significantly increase the ability to
transfer payloads to and from the stations external platforms and allow more small satellites to be
deployed from station, while demonstrating the capabilities of a new airlock design for use in future
exploration missions.

EXPLANATION OF MAJOR CHANGES IN FY 2022

BPS budget and content has been transferred to the Science Mission Directorate. Demand stimulation
content in the Commercial LEO Development program is being transferred to ISS Research.

ACHIEVEMENTS IN FY 2020

FY 2020 saw new research facilities come online, new capabilities piloted, and an astrophysics instrument
repaired and cleared for operation through the life of the station.

The delivery and installation of the NASA Cold Atom Laboratory (CAL) Science Module-2 has allowed
the CAL research teams to continue their investigations into studies that require atom-interferometry
measurement capability, a first of its kind in LEO. Atom interferometry can be used to precisely measure
a host of phenomena including gravity, acceleration, rotation, electric fields, magnetic fields, and
chemical interactions. Teams of Nobel-laureate-led scientists now have access to this capability in an
environment that allows for unparalleled observations.

The Bartolomeo External Science and Payload Hosting Facility platform launched to the ISS and will
support commercial use of LEO for applications including remote sensing, in-orbit manufacturing, and
materials science and can be accessed through ISSNL Implementation Partner Airbus DS Houston.

The Mobile SpaceLab research platform from HNu Photonics also launched in FY 2020. The platform
enables ISSNL investigators a quick turnaround automated platform to perform sophisticated
microgravity biology experiments. The Mobile SpaceLab allows observations of sub-cellular functions
through an advanced microscope. It is self-contained and requires no crew interaction while the
experiment is running. The technology may reveal previously unknown aspects of cell biology that are
medically relevant for human health on Earth. An experiment developed in partnership with Space Tango
supported the development and validation of a Flow Chemistry CubeLab system for the ISS that allows
researchers to explore microgravity’s effects on chemical processes. The system may result in significant
new knowledge and opening new R&D opportunities on the ISS in advanced materials, in-orbit
production, and biology. The platform should have the ability to support multiple applications, potentially
beyond basic research.

FY 2020 also saw an increasingly diverse portfolio of public-private partnerships, fundamental science,
and technology demonstration investigations conducted. The ISS Research budget supported, either
directly or through MUSS integration services, an estimated 378 active investigations across all ISS
partners. NASA and ISSNL combined to sponsor an estimated 174 U.S. research investigations. These
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totals included 65 payloads for ISSNL, more than 80 percent representing projects from the private sector
that aim to spur economic growth in LEO.

For more information, go to: https://www.nasa.gov/mission_pages/station/research/index.html and
https://www.issnationallab.org/

ISSNL continued to drive upward trends for industry involvement in supply, demand, and investment
related to its R&D portfolio. R&D activities onboard ISSNL in FY 2020 included projects from large
industry partners like Delta Faucet and Co., Lockheed Martin Corp., Anheuser-Busch, Lamborghini, and
adidas; innovative startup companies funded in collaboration with Boeing; and research entities such as
Emory University, The Jackson Laboratory, National Stem Cell Foundation, and DARPA.

Several companies secured external funding in FY 2020 to continue building on ISSNL R&D initiatives.
Startup Orbit Fab and biotech company Pheronym each received a grant from NSF's program America's
Seed Fund, and remote sensing company Orbital Sidekick received one of only 20 grants through the Air
Force's AFVentures funding. Also, Space Tango (together with the University of California-San Diego
and LambdaVision), Made In Space, and Axiom received NASA grants for work that builds on the
success of multiple ISSNL projects. To date, more than $215 million has been raised post-ISSNL award
by startups in the ISSNL portfolio from venture/private capital and via public and private grants.

Additional examples of accomplishments in FY 2020, representing both MUSS support and ISSNL
efforts, include:

e The Biosentinel investigation used living cells as biosensors to test the radiation environment of the
ISS as a pathfinder for developing radiation biosensors that could be used on future exploration
platforms. This investigation seeks to measure DNA damage-and-repair response to space radiation in
living cells for long-term space exposure; and correlate the biological response with radiation
measurement data to validate models of radiation effects on biology.

e FElectromagnetic levitation of metals and bulk metallic glasses in the microgravity environment
provided data for: (1) better manufacturing of cast superalloy components to improve efficiency,
safety, and reliability of rocket and jet engines; (2) understanding formation of Bulk Metallic Glasses,
which are an emerging class of materials with applications such as cryogenic gears for planetary
exploration; and (3) investigating thermophysical properties of high-temperature materials to allow
more efficient and reliable production of metallic parts using these alloys.

e NASA's STEM on Station website had over 1.2 million views with the STEMonstration video library
accessed nearly 600,000 times (see: http://www.nasa.gov/stemonstation and
https://www.nasa.gov/stemonstrations).

e Lockheed Martin Corporation (in collaboration with StemRad) tested the performance of the
AstroRad radiation shielding vest on ISS crew members. AstroRad uses a selective shielding
technology to protect organs that are most sensitive to radiation exposure. This investigation is
beneficial not just to protect astronauts from radiation in space but also for people on Earth whose
professions involve periodic exposure to radiation.

e Techshot Inc.'s BioFabrication Facility completed its first space-based prints in December 2019. The
facility used human heart cells and announced the successful bioprinting of a meniscus
(cartilage) through the ISSNL.
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In FY 2020, commercial users of the ISSNL published 26 articles in peer-reviewed journals. Examples
include:

e Merck Sharp & Dome Corp. published results from their efforts to identify key variables in the
crystallization of pembrolizumab, the active pharmaceutical agent in an immunotherapy cancer
treatment drug called Keytruda®. Results from this project were applied to the production of the drug
that resulted in improved properties that will allow the drug to be administered via an injection
instead of through an intravenous (I'V) line. The study could lead to widen drug delivery options to
improve safety, reduce cost, and improve patient and caregiver quality of life.

e The Mayo Clinic published results from an investigation that established the feasibility and safety of
growing mesenchymal stem cells (MSCs) in microgravity for human clinical applications on Earth.
MSCs are cells that play an important role in the activation of immune cells and promoting tissue
repair and regeneration. Many MSCs are required to advance regenerative medicine applications but
are difficult to grow on Earth. Growing these cells in microgravity could increase the number of
MSCs available for clinical applications to treat patients with age related conditions, such as stroke,
cancer, dementia, and neurodegenerative diseases.

e Seven papers were published containing detailed results from rodent research flown to the ISS over
multiple years. Two discussed liver function and chronic stress, while five discussed changes to
musculoskeletal health—one of which made the cover of Advanced Therapeutics and another that
detailed findings of the "Mighty Mice" investigation. The results suggested that myostatin, a type of
protein, may be effective in preventing or treating muscle and bone loss not only in astronauts but
also in people with disuse atrophy, a type of muscle atrophy, on Earth.

e Fredrick National Laboratory (sponsored by the National Cancer Institute) published results from an
investigation that mapped protein structures which could not be done using Earth-grown protein
crystals. The focus of the experiment was on mapping the protein KRAS. KRAS is the most
frequently mutated member of the RAS family of genes which are responsible for more than 30
percent of all human cancers, including some of the deadliest (and most costly to treat) such as
pancreatic, lung, and colon cancers. Successful mapping of this protein crystal may lead to the
development of inhibitors to treat the cancers associated with the KRAS gene.

NASA is committed to management of ISSNL as a resource for the American people and ensuring that it
returns benefits to Earth and in the opportunities for the future as the Agency is working to enable a
robust LEO economy. NASA and CASIS are responding to the findings of Independent Review Team
(IRT) report requested by the NASA Administrator in 2019 and are executing six ISSNL transformation
activities to ensure that ISSNL continues to evolve in response to the growing user community and to
address the management issues identified by the review. These activities include developing a new
CASIS Board with an interim Board Chairperson, searching for a new Executive Director, assigning an
ISSNL program executive at NASA Headquarters as the primary liaison to CASIS, and developing a User
Advisory Committee for ISSNL.

WORK IN PROGRESS IN FY 2021

FY 2021 planned activities will continue to increase the number of commercial research facilities onboard
the ISS. Those facilities will be enabling an increasingly diverse portfolio of commercial, fundamental
science, and technology demonstration investigations. In the first half of FY 2021 alone, 239
investigations are scheduled to be active, over half of which are NASA and ISS NL sponsored. Of these
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investigations, 57 are new. Also, increases in USOS crew complement are expected as a result of three
scheduled commercial crew missions leading to roughly a doubling of crew-time available for research
activities.

New facilities launched in FY 2021 include Nanoracks’s Bishop Airlock aboard SpaceX-21's Commercial
Resupply Services in December 2020. An airlock is a module used to transfer payloads, including
CubeSats, between the interior and exterior of the space station. Bishop will be the first privately owned
airlock to operate on ISS and is expected to increase capabilities in both R&D as well as station
operations. This airlock will have five times more capacity than the current airlock and can accommodate
the deployment of larger satellites (up to 150 kilograms). Finally, it will add six sites for additional
external payloads and increase ISS capacity to downlink data from external instruments.

Technology development and proof-of-concept missions using access to ISS capabilities have contributed
significantly to the rapid maturation of small satellite capabilities and helped to spur the rapid growth in
this new market. When the first CubeSat was deployed from the station in 2012, it was one of only 23
launched worldwide that year. As of October 2020, more than 300 have been deployed from the ISS. By
providing deployment access for start-ups and researchers, the station has served as a business incubator
for a growing new commercial services sector in LEO. Flocks of hundreds of CubeSats are providing
Earth imagery and internet access services worth billions of dollars. The expanded capabilities of the
Bishop Airlock will further support the technological maturation of these small satellites.

Highlights of research planned in FY 2021, representing both NASA and ISSNL efforts include:

e The first scheduled user of the Bishop Airlock from the space robotics startup GITAIL The project
will perform two technology demonstrations related to robotic intra-vehicular activity and in-space
assembly. GITAI ultimately seeks to optimize the functionality and capabilities of robots in space and
to thereby lower the cost of space operations 100-fold. The demonstration is specifically designed to
perform tasks critical to future in-orbit servicing and/or lunar base development

e Several new technologies and systems supportive of Artemis exploration missions are scheduled for
demonstration on ISS in FY 2021, including upgrades to the Universal Waste Management System,
improvements to carbon dioxide removal, and a brine processor.

e Airbus's Multipurpose Active Target Particle Telescope on the ISS will use the unique radiation
profile of the ISS to test novel radiation detection technology with the ability to monitor radiation
levels from all directions in real time.

e [.3Harris will test 3D-printed radio frequency circuits, communications systems, and other materials
for small satellites in the harsh space environment.

e Seven satellites comprising the Nanoracks CubeSat Deployer (NRCSD) Mission-19 mission reflect
the variety of R&D supported by the multiple deployments planned in FY 2021. Bobcat 1, tests
measurement of Global Navigation Satellite System (GNSS) estimates of time differences between
constellations of satellites; SPOC, a camera used to create high spectral resolution images that can
monitor coastal wetlands and water quality; NEUTRON-1, maps neutron abundance in LEO to
advance understanding of the relationship between Earth and the Sun; two members of the LEMUR?2
constellation of remote sensing satellites will monitor weather as well as global aviation and maritime
traffic; DESCENT, tests wires that collect and eject electrons from Earth’s magnetic field, called
electrodynamic tethers, for use to slow down and eventually remove satellites from orbit; and SAT-
LLA, is a platform for testing optical communication technology between satellites and the ground.
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o The Industrial Automated Single Crystal Growth Chamber for microgravity product manufacturing
and applied research in the Industrial Crystallization Facility (ICF, from Made in Space) will enable
the near real-time observation of crystal growth patterns and rates during flight experiments. These
adaptations to facilitate ICF operations will enable Made in Space to conduct early-stage
phenomenological studies of high-value single crystal production in microgravity, especially for
ISSNL partners like the National Science Foundation (NSF), and establishes a repeatable, low-
incremental-cost system for repeated experiments over sustained science campaigns.

e Three companies will continue to explore the value of microgravity to produce high-quality optical
fibers for next-generation communications hardware and capabilities.

o  SharkSat from Northrup Grumman will collect telemetry data to demonstrate the feasibility of new
communications technologies in space.

Additionally, ISS NL R&D sponsored by the NSF will continue to fly in FY 2021. Beginning in 2016,
ISSNL partnered with the NSF Engineering Directorate to sponsor annual research solicitations in
fundamental science that leverage the persistent microgravity environment of the ISS in LEO to advance
scientific discovery for the benefit of Earth. These joint NSF/ISSNL annual research announcements have
resulted in 6 annual solicitations from 2016-2021 in the physical sciences topic area of Transport
Phenomena and four annual solicitations from 2018-2021 in the biomedical topic area of Tissue
Engineering and Mechanobiology.

KEY ACHIEVEMENTS PLANNED FOR FY 2022

NASA will continue to innovate, implementing new processes for payload development and integration
that are focused on sending investigations to ISS as soon as they are ready, as opposed to the traditional
process of being assigned to a specific flight that could be up to a year away. The improved timelines
offered by these processes will better meet the demands of its users, resulting in quicker payload
deliveries to ISS (within months in some cases). Thus, private sector users looking to leverage space-
based activities to accelerate time to market for product enhancements will have a rapid path from project
concept to flight. This bolsters the value proposition for space-based R&D. Similarly, R&D sponsored by
NASA, by private companies, or by non-NASA government agencies can be executed within a timeline
that enhances the relevance of the research projects. For these cutting-edge projects, scientific discovery
and technological advancement moves quickly and will benefit by optimized timelines to flight.

Under the streamlined payload development and integration processes, the flight manifest for FY 2022 is
still in development. However, upcoming investigations expected to fly in FY 2022 include:

e An investigation from Clemson University, co-sponsored by ISSNL and Target Corp., will use the
Advanced Plant Habitat to study how agricultural production might evolve to feed more people using
less water and the same amount of land.

e Tissue engineering and regenerative medicine improve human health and longevity, and FY 2022
flight projects from multiple sponso