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National Aeronautics and Space Administration

FY 2020 PRESIDENT'S BUDGET REQUEST SUMMARY

Budget Authority ($ in millions)
NASA Total
Deep Space Exploration Systems

Exploration Systems Development 4,395.0
Exploration Research & Development 395.0
Exploration Technology 760.0
LEO and Spaceflight Operations 4,749.2
International Space Station 1,493.0
Space Transportation 2,345.8
Space and Flight Support (SFS) 910.3
Commercial LEO Development --
Earth Science 1,921.0
Planetary Science 2,217.9
Astrophysics 850.4
James Webb Space Telescope 533.7
Heliophysics 688.5

Aeronautics

STEM Engagement

Safety, Security, and Mission Services
Center Management and Operations
Agency Management and Operations

Construction and Environmental Compliance

and Restoration
Construction of Facilities
Environmental Compliance and
Restoration

Inspector General

NASA Total

Fiscal Year
Operatin
g Plan Enacted PBR
2018 2019 2020 2021 2022 2023 2024
20,736.1 21,500.0 21,019.0 21,229.2 21,441.5 21,655.9 21,872.5
4,790.0 5,050.8 5,021.7 5,295.5 5,481.4 6,639.0 7,042.3

1,983.4
843.5

569.5
483.1
86.4

39.0
20,736.1

o3

21,500.0

3,441.7
1,580.0

1,458.2
1,828.6
848.9

150.0

41.7
21,019.0

3,441.0
1,854.5

1,448.5
1,854.1
891.9
175.0

3,084.6
2,058.4
1,026.2

468.8
385.9
82.9
421

21,229.2

3,468.4
2,013.0

4,369.5
1,449.4
1,814.5
905.7
200.0
6,319.0
1,779.7
2,629.4
965.2
175.4
769.3

3,084.6
2,052.9
1,031.7

468.8
385.9
82.9

425
21,4415

3,788.5
2,850.4

4,235.5
1,352.6
1,746.2
911.8
225.0
5,846.5
1,666.5
2,402.4
9135
172.0
692.0

2,871.6
1,906.0
965.6

468.8
385.9
82.9

43.0
21,655.9

3,654.7
3,387.6

4,182.3
1,315.7
1,727.2
914.5
225.0
5,815.0
1,674.6
2,350.9
907.7
172.0
709.8

2,871.6
1,905.8
965.8

387.8
304.9
82.9

434
21,872.5

FY 2018 reflects funding amounts specified in Public Law 115-41, Consolidated Appropriations Act, 2018, as adjusted by NASA's FY
2018 Operating Plan. Table does not reflect emergency supplemental funds also appropriated in FY 2018, totaling $81.3 million.

The FY 2019 Operating Plan was not approved at the time the budget was prepared. Therefore, only specific marks from Public Law
116-006, Consolidated Appropriations Act, 2019, as well as projects in development, are included in the FY 2019 column.
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National Aeronautics and Space Administration

FY 2020 PRESIDENT'S BUDGET REQUEST SUMMARY

Fiscal Year

Budget Authority ($ in millions)
NASA Total
Deep Space Exploration Systems

Orion Program
Crew Vehicle Development
Orion Program Integration and
Support
Space Launch System
Launch Vehicle Development
SLS Program Integration and Support
Exploration Ground Systems
Exploration Ground Systems
Development
EGS Program Integration and
Support

Advanced Exploration Systems

Advanced Cislunar and Surface

Capabilities

Gateway

Human Research Program

Early Stage Innovation and

Partnerships

Technology Maturation

Technology Demonstration
Laser Comm Relay Demo (LCRD)
Solar Electric Propulsion (SEP)
Restore/In-Space Robotic Servicing
(ISRS)
Small Spacecraft, Flight
Opportunities & Other Tech
Demonstration

SBIR and STTR

LEO and Spaceflight Operations -

Operatin
g Plan
2018
20,736.1

4,790.0

1,350.0
1,339.5
10.5

2,150.0
2,093.9
56.1
895.0

878.2

16.8

237.8

17.2
140.0

91.9

151.5
321.7
215
34.2

130.0
136.0

194.8
4,749.2

International Space Station Program 1,493.0
ISS_ Systems Operations and 11176
Maintenance
ISS Research 375.4

Crew and Cargo Program 1,613.9

Commercial Crew Program 731.9

Spat?e C'ommunlcatlons and 638.8

Navigation
Space Communications Networks 560.2
Space Communications Support 78.7

Enacted
2019
21,500.0
5,050.8

1,350.0
1,339.5

2,150.0
2,099.1

592.8

587.8

21,019.0
5,021.7

21,229.2
5,295.5

21,4415
5,481.4

21,655.9
6,639.0

12662 | 12457 11467 11193  1,000.0
12557 | 12352 11362 11072 990.0
105 105 10.5 121 10.0
17754 | 18375 19330 22212 22533
17153 | 17728 18717 21600  2,197.3
60.1 64.7 61.3 61.1 56.0
400.1 357.8 388.7 448.1 401.3
396.5 350.1 385.1 444.5 401.3
3.6 7.7 3.6 3.6 -
255.6 239.8 188.3 146.7 130.1
363.0 647.0 967.7 17759 23600
821.4 827.7 717.0 787.8 7575
140.0 140.0 140.0 140.0 140.0
1,014.3
1234 118.0 123.0 118.0 123.0
282.5 2212 250.3 246.7 328.0
397.5 4118 3014 362.3 231.2
434 209 4.0 2.6 -
453 453 453 - -
308.8 345.6 342.1 359.6 231.2
210.8 219.1 230.8 237.5 261.0
4369.5  4,2355
14582 | 14485 14494 13526 13157
11055 | 10798 10887 10075 983.1
352.7 368.7 360.7 345.1 332.6
17266 | 17896 17512 16830 16626
102.0 64.5 63.2 63.2 64.6
611.0 632.4 593.0 562.9 557.0
468.1 4834 4515 4483 448.6
142.9 149.0 1355 1146 1085

21,872.5
7,042.3
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National Aeronautics and Space Administration

FY 2020 PRESIDENT'S BUDGET REQUEST SUMMARY

Fiscal Year
Operatin
g Plan Enacted PBR
Budget Authority ($ in millions) 2018 2019 2020 2021 2022 2023 2024
Human Space Flight Operations 124.4 - 99.8 99.9 109.5 111.4 1124
Launch Services 86.8 -- 88.6 88.6 88.6 88.6 88.6
Rocket Propulsion Test 46.0 - 46.5 47.6 47.6 47.6 47.6
Communications Services Program -- - 3.0 234 67.0 101.2 108.9
21st Century Space Launch Complex 14.3 - - - -- -- --

Science 6,211.5

6,905.7 6,303.7 6,319.0 5,846.5

Earth Science Research 461.6 -- 447.9 466.9 484.1 508.1 532.4
Earth Science Research and Analysis 344.3 - 296.2 314.2 320.0 322.3 325.7
Computing and Management 117.4 - 151.7 152.7 164.2 185.9 206.7

Earth Systematic Missions 899.4 -- 719.2 701.5 664.1 501.5 481.3
Surface Water and Ocean
Topography Mission (SWOT) 105.9 109.1 82.2 63.9 3238 115 9.5
NASA-ISRO Synthetic Aperature
Radar (NISAR) 67.1 146.0 114.0 68.2 81.0 324 228
Landsat 9 175.8 162.3 108.9 94.2 10.8 2.9 3.0
Sentinel-6 53.4 70.4 64.5 204 14.9 353 52.9
Other Missions and Data Analysis 497.2 - 349.7 454.8 524.7 419.4 393.2

Earth System Science Pathfinder 242.0 - 275.4 255.1 253.0 265.2 248.3
Venture Class Missions 179.2 - 199.2 183.2 188.1 197.5 183.4
Other Missions and Data Analysis 62.8 - 76.1 71.9 64.9 67.7 64.9

Earth Science Data Systems 204.4 - 2144 229.0 239.3 250.1 267.7

Earth Science Technology 60.4 -- 69.6 79.2 82.8 84.6 86.4

Applied Sciences 53.2 - 53.3 53.9 56.3 57.0 58.5

Planetary Science Research 279.5 - 266.2 272.6 268.6 270.2 301.9
Planetary Science Research and 197.9 - 183.8 188.0 181.9 180.9 204.7
Analysis
Other Missions and Data Analysis 81.6 - 824 84.7 86.7 89.3 97.2

Planetary Defense 76.0 -- 150.0 150.0 150.0 99.5 100.0
DART 41.0 98.0 724 66.4 9.1 4.5 -
Other Missions and Data Analysis 35.0 - 77.6 83.6 140.9 95.0 100.0

Lunar Discovery and Exploration 220 -- 210.0 327.0 417.0 441.0 458.0

Discovery 258.3 - 502.7 3934 364.4 371.6 371.6
Lucy 81.4 170.5 218.5 1534 56.0 16.5 18.6
Psyche 420 - 213.2 181.9 156.4 33.7 24.0
Other Missions and Data Analysis 134.9 - 71.0 58.1 152.0 3214 329.0

New Frontiers 88.1 -- 190.4 261.2 341.9 387.3 291.7

Mars Exploration 678.0 -- 546.5 472.2 481.7 506.1 590.1
Mars Rover 2020 505.8 305.6 278.0 145.0 110.0 60.0 60.0
Other Missions and Data Analysis 172.2 - 268.5 327.2 3717 446.1 530.1

Outer Planets and Ocean Worlds 676.2 - 608.4 549.6 463.7 224.2 68.8
Jupiter Europa 595.0 740.0 592.6 530.8 445.1 207.3 54.6
Other Missions and Data Analysis 81.2 - 15.8 18.8 18.6 16.9 142

Radioisotope Power 139.8 - 147.9 151.3 142.1 102.5 168.8

Astrophysies
Astrophysics Research 203.1 - 250.7 309.3 302.5 299.1 298.8
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National Aeronautics and Space Administration

FY 2020 PRESIDENT'S BUDGET REQUEST SUMMARY

Fiscal Year
Operatin
g Plan Enacted PBR
Budget Authority ($ in millions) 2018 2019 2020 2021 2022 2023 2024
Astrophysics Research and Analysis 74.1 - 86.6 90.2 92.2 94.2 94.2
Balloon Project 36.6 -- 44.8 44.8 44.8 44.8 44.8
Science Activation 44.0 - 45.6 45.6 45.6 45.6 45.6
Other Missions and Data Analysis 485 - 73.7 128.7 119.9 1145 114.2

Cosmic Origins 211.2 -- 185.3 173.9 181.7 121.7 121.7
Hubble Space Telescope Operations 98.3 - 83.3 93.3 98.3 98.3 98.3
Stratospheric Observatory for
Infrared Astronomy (SOFIA) 85.2 - 730 60.0 60.0 - -
Other Missions and Data Analysis 27.7 - 29.0 20.6 234 234 234

Physics of the Cosmos 118.0 -- 148.4 128.5 123.3 117.8 117.4

Exoplanet Exploration 200.8 - 46.4 443 45.6 46.1 485

Astrophysics Explorer 117.4 -- 214.1 246.4 312.0 328.8 3214

Heliophysics Research 206.3 - 237.0 223.6 214.7 219.3 222.0
Heliophysics Research and Analysis 54.5 - 66.6 58.6 58.6 58.6 58.6
Sounding Rockets 59.0 - 63.1 68.1 60.1 65.1 65.1
Research Range 24.8 -- 28.7 27.0 26.0 26.4 26.4
Other Missions and Data Analysis 68.1 - 78.6 69.9 69.9 69.2 71.8

Living with a Star 376.1 - 107.6 83.6 108.7 121.9 118.3
Solar Orbiter Collaboration 59.2 62.3 4.1 4.2 4.2 4.3 4.3
Other Missions and Data Analysis 316.9 - 103.5 79.4 104.4 117.6 114.0

Solar Terrestrial Probes 45.2 - 177.9 2204 210.9 192.7 152.0

Heliophysics Explorer Program 60.9 -- 182.0 1111 235.0 158.1 2175
ICON 19.0 4.7 14 -- - - --
Other Missions and Data Analysis 41.9 -- 180.6 111.1 235.0 158.1 217.5

Aeronautics 725.0 666.9 673.6 680.3 587.1 587.0

Airspace Operations and Safety 1187 - 1212 1306 1335 136.2 1389

Program

Advanced Air Vehicles Program 237.7 -- 188.1 203.3 212.2 219.3 224.2

Integrated Aviation Systems Program 2215 - 233.2 209.4 202.2 97.1 87.2
Low Boom Flight Demonstrator 127.2 105.9 103.5 79.1 75.5 13.8 3.8
Integrated Aviation Systems Program 94.3 - 129.7 130.3 126.7 83.3 83.4

Transformative Aero Concepts 1122 - 1264|1303 1323 1346 1367

Program

1100 - - - - -

Aerospace Research and Career 58.0 65.0 B B B B B

Development
National .Space.Grant College and 40.0 44.0 3 3 3 3 3
Fellowship Project
Experlrr?e_ntal Project To Stimulate 18.0 210 3 3 3 3 3
Competitive Research (EPSCoR)

STEM Education and Accountability 42.0 - - - -- -- --
Minority University Research 320 B B B B B B
Education Project '

STEM Education and Accountability
. 10.0 - - - - - -
Projects
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National Aeronautics and Space Administration

FY 2020 PRESIDENT'S BUDGET REQUEST SUMMARY

Budget Authority ($ in millions)
Safety, Security, and Mission Services

Center Institutional Capabilities
Center Programmatic Capabilities
- Agency Management and Operations
Agency Management
Safety and Mission Success
Safety and Mission Assurance
Chief Engineer
Chief Health and Medical Officer
Independent Verification and
Validation
Agency IT Services (AITS)
IT Management
Enterprise IT

Strategic Capabilities Asset Program
Construction and Environmental Compliance
and Restoration

Institutional CoF
Exploration CoF
Space Operations CoF
Science CoF

Inspector General
NASA Total

Fiscal Year
Operatin
g Plan Enacted PBR
2018 2019 2020 2021 2022 2023 2024

363.7
175.7
49.2
83.0
4.4

39.1

277.3
29.4
2479
26.8

39.0
20,736.1

39.3
21,500.0

41.7

21,019.0

3,084.6

1,627.6

421
21,229.2

3,084.6

1,613.4

425

21,4415

2,871.6

1,459.2

423.8 430.8 439.5 446.8 451.6
390.4 397.0 402.3 336.9 343.0
192.0 192.0 194.2 186.2 186.2
57.0 57.0 59.0 51.0 51.0
91.5 91.5 91.5 91.5 91.5
4.4 44 4.6 4.6 4.6
39.1 39.1 39.1 39.1 39.1
275.7 275.7 263.9 271.1 260.1
18.3 18.3 19.2 20.6 19.1
257.4 257.4 244.7 250.5 241.0
1615 1615 171.3 171.4 176.5

43.0

21,655.9

2,871.6

1,454.2

43.4

21,872.5

FY 2018 reflects funding amounts specified in Public Law 115-41, Consolidated Appropriations Act, 2018, as adjusted by NASA's FY
2018 Operating Plan. Table does not reflect emergency supplemental funds also appropriated in FY 2018, totaling $81.3 million.

The FY 2019 Operating Plan was not approved at the time the budget was prepared. Therefore, only specific marks from Public Law
116-006, Consolidated Appropriations Act, 2019, as well as projects in development, are included in the FY 2019 column.
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FY 2020 Budget Reque\st Executive Summary
MESSAGE FROM THE ADMINISTRATOR

As the international leader in space for 60 years, NASA has achieved inspiring feats of
exploration, discovery, science and technology. We have changed the way the world flies,
communicates, navigates, predicts weather, and so much more.

President Trump’s Fiscal Year 2020 NASA budget is one of the strongest on record for our
storied agency. In keeping with Space Policy Directive-1, it provides for the foundation of a
national exploration campaign that will use the experience of the NASA workforce, coupled with
the agility and innovation of our commercial and international partners, to create an exploration
architecture that is open, sustainable and agile. This unified effort will inspire generations and
change the course of history as we realize the next great scientific, economic and technical
achievements in space.

The 2020 NASA budget supports a sustainable campaign of exploration, returning humans to
lunar orbit and then the surface of the Moon, and eventually embarking on human missions to
Mars and other destinations.

In low-Earth orbit, our Commercial Crew program remains strong and will soon be delivering
American astronauts, on American rockets, from American soil to the International Space Station
for the first time since 2011. The successes of our commercial and international partnerships on
the International Space Station are now serving as the foundation for moving deeper into space.

For the first time in a decade, NASA has a budget for pursuing activities on the lunar surface.
We have called on American companies to help design and develop human lunar landers and
reusable systems for surface activities. The Space Launch System and Orion, critical components
of our exploration architecture, will reach important milestones in construction and testing this
year, and our new lunar command module, the Gateway, will see international and commercial
partnerships solidified and construction begin.

With this budget we will initiate the first round trip mission to the Red Planet with a Mars
sample return mission, and many of the technological advancements we achieve moving forward
to the Moon will provide critical data and capabilities for future robotic and crewed Mars
missions. NASA is positioned to provide American leadership across each of these key
destinations, empowering industry and the international community to move off the Earth in a
unified, collaborative way.

As this Administration places a priority on human exploration, the whole of NASA benefits with
robust budgets and synergy across our mission directorates. We will continue to pursue
transformative aeronautics technology as we develop the next generation of aircraft and make air
travel safer and more efficient. We will increase our understanding of our home planet and move
out on ambitious programs to study the far reaches of our solar system and beyond. Through the
leadership and investment of this Administration, the world will participate together in
civilization-changing discoveries and achievements. The fiscal year 2020 NASA budget is
strong. We will explore, discover and inspire, and all of humanity will benefit from our efforts.
We are NASA.
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We will increase our understanding of our home planet and move out on ambitious
programs to study the far reaches of our solar system and beyond:

Through the leadership and investment of this Administration, the world will participate
together in civilization-changing discoveries and achievements.

The fiscal year 2020 NASA budget is strong. We will explore, discover and inspire,
and all of humanity will benefit from our efforts.

We are NASA, Ad astra

Administrator
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FY 2020 Budget Request Executive Summary
NOTES ON THE BUDGET

The President’s strong support and vision for NASA are reflected in the FY 2020 President’s Budget,
which will drive new exploration. NASA’s historic and enduring purpose is captured in four major
strategic thrusts: Discover, Explore, Develop, 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 the near-Earth region of space.

NASA conducts its missions in support of and aligned to six National strategic themes:

Making New Discoveries, Expanding Human Knowledge and Pushing Human Presence Deeper into
Space

NASA’s discoveries re-write science textbooks and transform our knowledge of ourselves, our planet,
solar system, and universe. Through its missions and sponsored research, NASA provides access to the
farthest reaches of space, time, and essential information about our home planet. We seek to solve the
mysteries of the Universe and to better prepare for continued journeys beyond Earth. On the practical
side, NASA research into the human body and cutting-edge developments are areas that have a direct
relationship with our quality of life and our economy. From scientific discovery, expanding human
presence in space, to helping the nation in other ways, are all built upon developing new technologies that
fuel this exploration.

One of NASA’s core missions is to expand scientific knowledge through exploration. Currently, we do
this by tackling some of the world’s greatest questions: Are we alone? How does our planet work? What
can the Moon teach us about the history of the Earth, and the development of life in our solar system?
Addressing these and other questions yields insights into the human condition and advances humanity’s
scientific knowledge.

Strengthening Global Engagement and Diplomacy

Since its establishment in 1958, international cooperation has been a significant component of NASA’s
missions, playing a unique role in U.S. global engagement and diplomacy. This role extends from data
sharing agreements to joint science and technology payloads, all the way up to major diplomatic
initiatives. For example, NASA recently opened a regional data center in the increasingly strategic area of
West Africa that will help capacity building and development efforts in this region. Over two-thirds of
our science missions have foreign partners who enhance missions in ways we could not achieve on our
own. The International Space Station (ISS), a complex partnership of 15 nations, relies upon partner
contributions for essential elements, from launching astronauts to on-orbit operations.

Expanding Commercial Partnerships

NASA is pursuing a Lunar Exploration Campaign to establish U.S. preeminence to, around, and on the
Moon through commercial and international partnerships, and using new procurement approaches. NASA
plans to end direct U.S. financial support for the International Space Station as reliance on commercial
partners for low Earth orbit research and technology demonstration requirements becomes commonplace.
NASA intends to pursue commercial partnerships related to its new lunar robotic exploration program and
Earth science data buys.
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Providing Leadership and Inspiration

From big firsts to dramatic discoveries, to sharing its information and programs globally, NASA is a
platform for U.S. leadership and inspiration. Our plans to return to the Moon first before we move on to
Mars and other destinations will provide significant opportunities for participation by both industry and
our international partners. We are most successful when we lead through example and practice, attracting
partners who realize the benefits of shared values. Such principles include a shared understanding of the
responsible use of space, free and open data policies, and the broad benefits of fundamental public R&D.

Additionally, leadership in space is due in part to our ability to inspire and create access to challenges.
NASA plans to partner with industry to land robotic missions on the surface of the Moon, paving the way
for a return of our astronauts—this time not just to visit, but to lay the foundation for further journeys of
exploration and the expansion of our economy into space. The Budget supports a space exploration
program that Americans can be proud of — one that reflects American ingenuity, ambition, and leadership.

Even as over 80 percent of NASA funds go out externally to industry and academia, the Agency
continues to retain and serve as a unique national resource of systems engineers, scientists, business and
international specialists, and technologists. From this foundation and the facilities that support them,
NASA provides the nation a tool for leadership and inspiration.

Driving Economic Development and Growth

NASA has always been a driver of national economic development and growth. As nations vie for
advantage on the global stage, economic growth and productivity are the engines that drive national
power. Such power is measured in a variety of ways, but one important way is through competitiveness,
or the ability of a nation’s firms to perform in the global marketplace. Drawing upon a highly diffuse and
technical supply chain and workforce, firms at the leading edge of exploration and aircraft development
represent a benchmark of national capability across a wide spectrum of activities.

With the growth of technologies and innovations outside of the Agency, NASA will utilize a partnership
acquisition strategy, in part focusing on leveraging and collaborating with the private sector and academia
to harness their innovations for our missions. NASA recognizes that American companies are on the
cutting edge of space technology and are developing ground-breaking new technologies that will unleash
new opportunities and economic growth.

In this Budget, NASA plans to pursue commercial partnerships related to its communications networks,
its new lunar robotic exploration program, and further afield commercial launch services.

With this budget, NASA continues transitioning Low Earth Orbit (LEO) activities to the commercial
sector, while the core of NASA’s future work re-focuses on exploration, new lunar missions, and keeps
an eye towards Mars.

Addressing National Challenges

NASA strives to maintain its importance, utility, and relevance to the U.S. public by tackling significant
national challenges and providing invaluable benefits to citizens.
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EXTENDING HUMAN PRESENCE INTO THE SOLAR SYSTEM

NASA’s primary goal is opening the space frontier with the objective of extending human presence
deeper into the solar system starting with returning humans to the Moon through a sustainable human and
robotic spaceflight program. The Agency has initiated a strategic, pioneering approach to expand the
distance and duration of human space exploration, building off the research happening today on the
International Space Station. NASA is pushing human presence deeper into space while making new
discoveries, and strengthening the Nation’s diplomatic posture.

The FY 2020 budget request includes $10.7 billion to pursue the exploration campaign, focusing on
transitioning [LEO operations to commercial providers and returning humans to the Moon & cislunar
space, with eventual missions to Mars and beyond. NASA will evolve its core capabilities through
continued technical advancements, and new approaches and industrial partnerships to maintain the U.S.’s
leadership role in human spaceflight. The agency has developed a phased approach for this activity,
starting with lunar landers and progressing to human activity in cislunar space, the lunar surface, then
eventually to Mars and beyond. The campaign will be enabled by pursuing near-term milestones for lunar
exploration, such as the commercial launch of the power propulsion element, a key element of the Lunar
Gateway. The Lunar Discovery and Exploration program is supporting innovative approaches to achieve
human and science exploration goals by funding contracts for commercial transportation services and the
development of instruments and rover capabilities to meet lunar science and exploration needs.

The Exploration Systems Development programs are creating critical components of the architecture for
human exploration beyond low Earth orbit. Orion will take humans to cislunar space atop the Space
Launch System (SLS), the heavy-lift rocket that is also supported by Exploration Ground Systems (EGS)
for integration and launch. 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 creative new solutions to meet
demands never before encountered by humans.

TECHNOLOGY LLEADERSHIP

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,
produets, and services that yielded lasting benefits. A technology-driven NASA will continue to help fuel
our Nation’s economic engine for decades to come.

New technology is critically needed to enable these goals, Exploration Technology rapidly develops,
demonstrates, and infuses revolutionary, high-payoff technologies through transparent, collaborative
partnerships, expanding the boundaries and increasing the capability and affordability of NASA’s
exploration capability. These transformative technologies enable NASA’s lunar and deep space
exploration missions to meet human space exploration needs, as well as foster commercial expansion in
low Earth orbit, cislunar space and beyond.

For example, NASA will begin testing a multicore processor to enable advanced precision landing and
autonomous operations, and advanced cryogenic fluid management capabilities, through Tipping Point
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partnerships with industry and NASA-led activities. Under the new Lunar Surface Innovation Initiative,
Exploration Technology will develop and integrate systems used for in situ resource utilization, including
oxygen, water, and hydrogen, reducing mission mass, cost, and risk. NASA’s Kilopower technology will
transition into a demonstration mission - building on the 2018 demonstration of a small, lightweight
nuclear fission power system that would permit long-duration crewed missions on the surface of the
Moon. The Initiative will bring together the full range of stakeholders, including entrepreneurs, academia,
small businesses, industry and the NASA workforce, to catalyze development of new technologies such
as space weather monitoring tools and improve systems and components to allow survival and operation
through the cold lunar night.

Exploration Technology contributes to growing the U.S. industrial and academic base to continue the
Nation’s economic leadership and strengthen our national security. Exploration Technology has
developed a diverse portfolio of early-stage research and technology creating a technology pipeline to
solve the Agency and Nation’s most difficult exploration challenges by partnering with researchers across
academia and industry. Public-private partnerships will enable NASA to share the risk and financial
interest with private sector industry to better leverage government investments. For example, Exploration
Technology is partnering with industry to demonstrate robotic manipulation of structures and remote
manufacturing of structural trusses in space. These shared risks and gains include incentivizing technical
performance and spurring future commercial markets in the process of developing new capabilities.

LIVING AND WORKING IN SPACE

NASA capabilities create pathways for discovery and human exploration of space, making discoveries,
creating economic and commercial markets and applications, while addressing societal challenges.

These capabilities include research on, or operation of, crew and cargo transportation to ISS; rocket
propulsion testing; safe, reliable, and affordable access to space for NASA science missions and
communications satellites, as well as other civil sector missions such as weather satellites for NOAA; and
secure, dependable communications with crewed and robotic missions across the solar system and
beyond.

ISS is an unparalled global project that exhibts National leadership and engages the public and students.
It offers a unique platform for NASA and its international partners to learn how to live and work in space.
Research, technology demonstrations, tests, and experiments on ISS continue to advance the capabilities
required for future long-duration missions. 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 in basic research in biological
and physical sciences. The ISS National Lab, managed by the non-profit Center for the Advancement of
Science in Space (CASIS), is making great strides in getting new users to the ISS, including private
industry and other U.S. government agencies. These entities are using the ISS for research into
pharmaceuticals, biotechnology, and in-space manufacturing, among others, as well as being able to
iterate on technology design before moving to operational production.

NASA and the U.S. space transportation industry are well on the way to developing an affordable
capability to carry crew to ISS by the end of 2019, bolstering American leadership while eliminating
reliance on the Russian Soyuz to. transport American astronauts. This competitive commercial approach,
distinct from a traditional NASA-owned and operated system, allows the Agency to reduce costs, improve
affordability and sustainability, and stimulate the private sector space industry. With U.S. commercial
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industry providing cargo resupply services to ISS, NASA is funding development activities for
commercial crew systems. The Agency will purchase commercial crew transportation services using the
same model used for cargo services.

NASA is working to implement a step-wise transition of ISS from the current regime of NASA
sponsorship and direct NASA funding, to a regime where NASA is one of many customers purchasing
services from a LEO non-governmental human space flight enterprise. NASA will gradually transition
from current ISS operations to this new regime to ensure that the United States always has access to a
crewed space station in LEO. As part of this transition, NASA plans to purchase needed LEO services
from a commercial operator of ISS and/or new commercial LEO destinations. The rationale for this
transition is threefold:; to encourage and facilitate the development of a robust LEO ecosystem that will
lead to economic growth; to turn over LEO operations to the private sector so NASA can focus on the
challenges of exploration beyond LEO; and reducing costs for meeting NASA needs in LEO that will
help support a sustainable approach for human exploration of the Moon and eventually Mars.

SCIENCE IS ANSWERING ENDURING QUESTIONS IN, FROM, AND ABOUT SPACE

NASA’s Science program funds on-going discovery and exploration of our planet, other planets and
planetary bodies, our star system in its entirety, our galaxy, and the universe beyond. Through the
development of space observatories and probes, NASA will continue to inspire the next generation of
scientists, engineers, and explorers, provide National leadership in space, and expand human knowlege.

This budget continues the work of the Lunar Discovery and Exploration program that partners with
industry to go to the Moon and advance science and exploration objectives. It provides funding for a
Mars Sample Return mission launching from Earth in 2028, later returning the first sample of another
planet. It also proposes to launch the Europa Clipper mission, which will conduct flybys of Jupiter’s icy
moon, in 2023 on a commercially procured launch vehicle, saving over $700 million that can be used on
other missions.

NASA missions continue to enhance our understanding of the Earth. The Sustainable Land Imaging
program will provide U.S. users with high-quality, global, land imaging measurements that are
compatible with the existing 45-year Landsat record. This budget supports launch of Landsat 9 as early as
FY 2021. The request fully funds Surface Water and Ocean Topography (SWOT); NASA-ISRO Strategic
Aperture Radar (NISAR); and many other future Earth Science missions.

The request fully funds major missions to advance our understanding of the Sun and its impact on the
Earth, including Solar Orbiter Collaboration (SOC). The request also funds the Ionospheric Connection
Explorer (ICON) mission. ICON’s goal is to understand the tug-of-war between Earth’s atmosphere and
the space environment, in the "no man’s land" of the ionosphere. The request also supports interagency
efforts to improve space weather predictive capabilities. The James Webb Space Telescope, a successor to
the Hubble Space Telescope, will launch in 2021.

The budget also supports initiatives that use smaller, less expensive satellites and/or public-private
partnerships to advance science. A Science-wide CubeSat/SmallSat initiative is implementing the
recommendations from a recent study of the National Academies that concluded that, with ongoing
technological progress in both private sector and through federal investments, these small satellites are on
a path to address specific high-priority science goals. A targeted investment strategy focuses technology
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development on CubeSats/SmallSats in all four SMD science themes to exploit this value, and will
provide novel partnership opportunities between commercial partners and NASA.

AERONAUTICS RESEARCH TO ADDRESS AVIATION’S CHALLENGES

The air transportation system of today is a vital part of the U.S. and global economies. It enhances our
national security and the industrial base and provides a key catalyst to the nation’s economic development
and growth. Aviation is the primary mechanism for connecting major population centers in the U.S. and
countries across the world for people and cargo. NASA conducts aeronautics research to bring
transformational advances in the safety, capacity, and efficiency of the air transportation system and to
enable breakthroughs in the speed and efficiency of transport aircraft that are the backbone of today’s
aviation system as well as innovative new aircraft concepts and technologies that will enable new aviation
markets.

The FY 2020 budget request for NASA Aeronautics supports development of a supersonic X-plane, the
X-59 QueSST, scheduled for first flight in 2022. The X-59 will demonstrate quiet overland supersonic
flight which will enable U.S. industry to open a new market. The request supports cutting edge research to
demonstrate and validate new aircraft configurations and propulsion systems. NASA will advance new
electric propulsion technologies with a focus on developing 1 megawatt electric propulsion systems for
flight.

The request supports a robust investment in air traffic management improvements that will safely increase
air traffic capacity and reduce flight delays. In cooperation with FAA, NASA will complete a series of
flight tests to demonstrate new concepts and technologies that will increase the rate of airport arrivals and
departures. NASA Aeronautics will complete demonstrations of key technologies that will integrate
unmanned aircraft systems (UAS) operations in the National Air Space, as well as realize safe, low-
altitude operations of small UAS. NASA will accelerate urban air mobility (UAM) research to support
industry readiness to perform advanced safety and operations testing for this emerging global UAM
market.

MANAGING NASA’S PEOPLE AND CAPABILITIES TO SAFELY ACCOMPLISH OUR
MISSION

NASA’s Mission Support Directorate directly enables NASA’s portfolio of missions in space exploration,
science and aeronautics. The Safety, Security, and Mission Services 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 authority required to reduce risk to life and program objectives for all
missions. These mission support activities provide the proper 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 this 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.
In FY 2020, NASA will strengthen cybersecurity capabilities, safeguarding critical systems and data.
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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.

The Construction and Environmental Compliance and Restoration account enables NASA to manage the
Agency’s facilities with a focus on reducing infrastructure, implementing efficiency and high
performance upgrades, and prioritizing repairs to achieve the greatest return on investment. In FY 2020,
NASA continues to consolidate facilities via institutional construction projects to achieve greater
operational efficiency, replacing old, obsolete, costly facilities with fewer, high performance facilities.
Programmatic construction of facilities projects provide the specialized technical facilities required by the
missions. NASA will decommission and continue preparations to dispose of property and equipment no
longer needed for 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 past NASA activities.

NASA’s WORKFORCE

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 2020 Budget support NASA’s scientists, engineers,
researchers, managers, technicians, and business professionals workforce. It includes civil service
personnel at NASA Centers, Headquarters, and NASA-operated facilities. The mix of skills and
distribution of workforce across the Agency is, however, necessarily changing.

NASA will continue to explore opportunities across the Agency to find efficiencies in workforce
productivity, especially in mission support functional areas. The Agency will apply the valued civil
service workforce to priority mission work, adjusting the mix of skills where appropriate. Centers will
explore cross-mission opportunities for employees whenever possible, use the range of tools available to
reshape the workforce, and continue to identify, recruit, and retain a multi-generational workforce of
employees who possess skills critical to the Agency.
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The FY 2019 Enacted column in budget tables displays appropriations enacted in the Full Year
Appropriations Law for 2019 (P.L. 116-06). The amounts included for FY 2018 reflect actual funding as
set forth in NASA’s final FY 2018 operating plan. As of budget release, an initial FY 2019 operating plan
has not been developed and submitted to the Congress. As a result, budget tables show only account-level
appropriations for FY 2019. Tables also show tentatively planned FY 2019 funding for projects in
development (subject to change pending finalization of the FY 2019 initial operating plan). Budget
structures and figures are adjusted for comparability to the FY 2020 budget structure.
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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 and checkout;
¢ Phase E: operations and sustainment; and

jmplementation ¢ 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 te 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 o  The project addresses a critical NASA need;
¢ 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 to program
requirements and constraints, including resources;
e The maturity of the project’s mission/system definition and associated plans is
sufficient to begin Phase B; and
e The mission can likely be achieved within available resources with acceptable risk.
Preliminary The lifecycle review in which the decision authority evaluates the completeness/consistency
. . of the planning, technical, cost, and schedule baselines developed during Formulation. This
Design Review . . . . . . .
(PDR) review .also assesses f:omphance of the preliminary d_es1gn with applicable requirements and
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 e The project’s planning, technical, cost, and schedule baselines developed during
Formulation are complete and consistent;

¢  The preliminary design complies with mission requirements;

¢ The project is sufficiently mature to begin Phase C; and

o The cost and schedule are adequate to enable mission success with acceptable risk.

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
determines if the design is appropriately mature to continue with the final design and
fabrication phase.

Critical Design
Review (CDR)

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;

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

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

Launch Readiness | The date at which the project and its ground, hardware, and software systems are ready for
Date (LRD) launch.
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Other Common Terms for Mission Planning

Term

Definition

Decision Authority

The individual authorized by the Agency to make important decisions on programs and
projects under their authority.

Formulation
Authorization
Document

The document that authorizes the formulation of a program whose goals will fulfill part of
the Agency’s Strategic Plan and Mission Directorate strategies. This document establishes
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 anthority 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.

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

v 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:/modis3.gsfc.nasa.gov/mpg_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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FY 2020 Budget

Actual 10P Request
Budget Authority (in $ millions) FY 2018 FY 2019 FY 2020 FY 2021 FY 2022 FY 2023 FY 2024

Exploration Campaign TOTAL  $10,449.0 $10,927.6 $10,712.3 $11,147.1 $11,542.3 $12,637.9 $13,068.0

Deep Space Exploration Systems $4,790.0 $5,050.8 $5,021.7 $52955 $5481.4 $6,639.0 $7,042.3
Exploration Technology $760.0 $926.9 $1,014.3 $976.1 $995.4 $964.4 $943.1
LEO & Spaceflight Operations $4,749.2 $4,639.1 $4,285.7 $4,369.5 $4,369.5 $4,2355 $4,182.3
Exploration Campaign COF $119.8 $42.8 $71.6 $0.0 $0.0 $0.0 $0.0
Elements of Science+ $30.0 $268.0 $319.0 $506.0 $696.0 $799.0 $900.3
Change from FY 2019 PBR $-215.3

Percentage change from FY 2019 -2.0%

+Elements of Science: Lunar Discovery & Exploration Program and Mars Sample Return

Space Policy Directive 1 calls for the United States to lead the return of humans to the Moon for long-
term, sustainable exploration and utilization, followed by human missions to Mars and other destinations.
Based on this objective the National Space Exploration Campaign Report, submitted to Congress in
September 2018, laid out five strategic goals for NASA’s near-term exploration:

1. Transition U.S. human spaceflight in LEO to commercial operations that support NASA and the
needs of an emerging commercial economy;

2. Lead the emplacement of capabilities that support lunar surface operations and facilitate missions
beyond cislunar space;

3. Foster scientific discovery and characterization of lunar resources through a series of robotic
missions;

4. Return U.S. astronauts to the surface of the Moon for a sustained campaign of exploration and
utilization; and

5. Demonstrate on the Moon the capabilities required for human missions to Mars and other
destinations.

Additionally, NASA will continue to engage with partners, and expand purchase of competitive
commercial services and international cooperative agreements to carry out the Exploration Campaign.

The FY 2020 President’s Budget prioritizes human exploration and lunar related activities, and proposes
significant funding increases in support of these objectives. With the funding requested in FY 2020 and
outyears, by 2028, NASA seeks:

» Provide opportunities for at least 13 deep space CubeSat missions, including 7 to the Moon (on
EM-1)

» Complete 6-7 Exploration Missions with SLS and Orion, strengthening American capabilities
to launch astronauts and spacecraft

» Fund the deployment of at least one commercial space station in Low Earth Orbit and begin
conducting science, technology development, and human research on this new platform

» Fly up to 10 Commercial Lunar Payload Services (CLPS) missions, enabling new science and
demonstrating new technologies supporting human return to the lunar surface;
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» Complete assembly, and begun supplying, the Lunar Gateway using competitively procured
commercial launch vehicles - establishing the initial exploration infrastructure orbiting the
Moon

» Demonstrate, for the first time, industry-led lunar descent vehicles and a reusable lunar ascent
vehicle

» Use, for the first time on the Moon, key exploration technologies including precision landing,
cryogenic fluid management, in-situ resource utilization, and surface nuclear power, and
invested in technologies for long-term utilization

» Launch a Mars Sample Return mission as early as 2026, later returning the first sample of
another planet back to Earth

» Return humans to the lunar surface
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Over the last year, NASA took specific steps to continue implementation of the program of space
exploration laid out above, with goals of looking at more innovative procurement models and increasing
sustainability of the program.

e In November 2018, NASA selected nine companies as part of the Commercial Lunar Payload
Services (CLPS) procurement, making them eligible to provide transportation services to the
lunar surface for science, technology, and exploration payloads.

o In February 2019, NASA selected twelve NASA-provided payloads that could be flown on the
early CLPS missions.

e In Q2 of calendar year 2019, additional payloads will be selected from the Lunar Surface
Instrument and Technology Payloads NASA Research Announcement (NRA) which includes the
broader U.S. scientific community, as well as technology and exploration payloads.
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e The Commercial Crew Program (CCP) is expecting crewed test flights during Summer of 2019
for both commercial providers, with flights to ISS by the end of calendar year 2019;

e For the Lunar Gateway system, the contract for the Power & Propulsion Element (PPE) is
planned for award in Q2/Q3 of calendar year 2019;

e Also for Gateway, NASA issued RFP’s for the habitation & logistics modules;

o NASA issued a Broad Agency Announcement (BAA) seeking partners to study and develop a
human-rated lunar lander system;

o NASA commissioned twelve studies from industry to describe how a future commercial economy
in LEO would be structured and financed to inform the first Commercial LEO Development
solicitation; and

¢ NASA is maturing technologies and systems in preparation for deep space missions to the Lunar
Gateway, and is developing advanced power and propulsion capability.

The FY 2020 Budget Request maintains the existing budget structure for the Exploration Campaign, as it
will continue to be a cross-functional effort at Headquarters and across the Centers. NASA continues to
assess the proper organizational structure to manage the Exploration Campaign and intends to notify the
Congress in FY 2019 if any reorganization is necessary.

Deep Space Exploration Systems

NASA continues to develop the Lunar Gateway, which will reside in cislunar space, including a power
and propulsion element by 2022, with a habitation module, and the required logistics capabilities
following soon after. NASA will use this infrastructure as part of a broader strategy to explore and utilize
the Moon and its surface.

Advanced Cislunar and Surface Capabilities funding supports lunar exploration efforts by developing a
reusable human lunar landing architecture utilizing innovative public-private partnerships.

Exploration Technology

Research and development of new technologies and capabilities lays the groundwork for enhancing and
enabling lunar and deep space exploration. Exploration Technology will consolidate the technology
research and development programmatic content previously funded by Space Technology Mission
Directorate and Advanced Exploration Systems, integrating and refocusing these activities toward lunar
and deep space exploration. This will enable NASA’s workforce, in concert with industry and academia,
to focus on innovative ways to further humankind’s space exploration from conception to testing to
spaceflight.

The Exploration Technology request supports the Lunar Surface Innovation Initiative as well as
technology research and development projects along the entire Technology Readiness Level spectrum that
align with NASA exploration needs and support commercial expansion in space. The Lunar Surface
Innovation Initiative serves as a catalyst for lunar surface technology development priorities such as:
surface power, in situ resource utilization (ISRU), autonomous operations, and extreme environment
technology. NASA is implementing this Initiative by embracing competition and external partnerships
with industry, universities, and other government agencies.
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LEO & Spaceflight Operations

The Low Earth Orbit (LEO) and Spaceflight Operations account funds NASA’s efforts to expand
government and commercial access to space and lays the foundation to support future commercial
operations in LEO. These activities support existing and future space operations, commercialization, and
space and flight support capabilities for all NASA and non-NASA missions.

NASA’s industry partners have proven themselves capable of successfully launching and returning cargo
to and from Earth, and NASA is building upon that partnership with commercial crew launches to and
from the ISS expected by the end of 2019.

NASA will continue its mission in low earth orbit (LEO) with the International Space Station (ISS) to
enable exploration with humans to the Moon and on to Mars, continuing to perform research that benefits
humanity, supporting National Lab research by private industry and other organizations, and working
towards reducing operations and maintenance costs. The Commercial LEO Development effort is
providing resources for NASA to assist industry in developing a commercial low Earth orbit presence,
with and without crews. Once these new commercial capabilities have been deployed in orbit, NASA will
begin transitioning LEO operations to private industry. Together, NASA’s ISS and Commercial LEO
Development efforts will lay the foundation for the emergence of an environment in LEO where NASA is
one of many customers of a non-governmental human space flight enterprise.

Scientific Exploration

The final element of exploration comes from NASA’s Science Mission Directorate (SMD), which will
continue its efforts to explore and enhance scientific discovery. This account line is made up of the Lunar
Development & Exploration Program (LDEP), and the Mars Sample Return mission.

NASA is developing a series of instruments, experiments, and other payloads for robotic lunar missions
to the surface of the Moon. NASA is utilizing innovative acquisition approaches to engage U.S. industry
capabilities as the agency moves toward human exploration of the lunar surface. NASA intends to also
work with international partners in this endeavor, delivering meaningful scientific exploration and
technology development work in a cost-effective way.

Amid the ongoing lunar exploration work, SMD will also continue to study and explore other bodies in
our Solar System including a Mars Sample Return mission launching from Earth as early as 2026.

Through these activities, NASA’s budget will realize exploration opportunities in the near-term and set
the stage for America space leadership decades to come. NASA’s FY 2020 budget proposal lays out an
aggressive exploration program of work for NASA, and includes more than $10.7 billion in funding to
achieve those objectives. This funding will empower American global leadership, spur innovation and

economic growth, and return the United States to the forefront of space exploration.
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Actual Enacted  Request
Budget Authority (in $ millions) FY 2018 FY 2019 FY 2020 FY 2021 FY 2022 FY 2023 FY 2024
Exploration Systems Development 4395.0 4092.8 3441.7 3441.0 3468.4 3788.5 3654.7
Exploration Research & Development 395.0 958.0 1580.0 1854.5 2013.0 2850.4 3387.6
Total Budget 4790.0 5050.8 5021.7 5295.5 5481.4 6639.0 7042.3

FY 2018 reflects funding amounts specified in Public Law 115-41, Consolidated Appropriations Act, 2018, as
adjusted by NASA's FY 2018 Operating Plan. Table does not reflect emergency supplemental funds also
appropriated in FY 2018, totaling $81.3 million.

The FY 2019 Operating Plan was not approved at the time the budget was prepared. Therefore, only specific marks
from Public Law 116-006, Consolidated Appropriations Act, 2019, as well as projects in development, are included
in the FY 2019 column.

Deep Space Exploration Systems .........ccccoevvvvviiivevennnnnn, DEXP-2
Exploration Systems Development ... DEXP-4
ORION PROGRAM ...ttt ettt e e et e e e e e eeeees DEXP-6
Crew Vehicle Development [Development]..........oooiiiiieiiiee e DEXP-8
SPACE LAUNCH SYSTEM ...t e e e et e e e e e nennnes DEXP-22
Launch Vehicle Development [Development] ..o DEXP-24
EXPLORATION GROUND SYSTEMS ...t DEXP-37
Exploration Ground Systems Development [Development]................cccco. DEXP-39
Exploration Research & Development ... DEXP-50
ADVANCED EXPLORATION SYSTEMS. ... DEXP-52
ADVANCED CISLUNAR AND SURFACE CAPABILITIES ......cccoiiiiiieeeiin. DEXP-61

G AT E W AY e e e e ettt ettt e e e e e e e ee ettt e e e e aeeeenee DEXP-66
HUMAN RESEARCH PROGRAM......coiiiiii e DEXP-75
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DEEP SPACE EXPLORATION SYSTEMS

FY 2020 Budget

Actual Enacted Request
Budget Authority (in $ millions) FY 2018 FY 2019 FY 2020 FY 2021 FY 2022 FY 2023 FY 2024
Exploration Systems Development 4395.0 4092.8 3441.7 3441.0 3468.4 3788.5 3654.7
Exploration Research & Development 395.0 958.0 1580.0 1854.5 2013.0 2850.4 3387.6
Total Budget 4790.0 5050.8 5021.7 5295.5 5481.4 6639.0 7042.3
Change from FY 2019 -29.1
Percentage change from FY 2019 -0.6%

FY 2018 reflects funding amounts specified in Public Law 115-41, Consolidated Appropriations Act, 2018, as
adjusted by NASA's FY 2018 Operating Plan. Table does not reflect emergency supplemental funds also
appropriated in FY 2018, totaling $81.3 million.

The FY 2019 Operating Plan was not approved at the time the budget was prepared. Therefore, only specific marks
from Public Law 116-006, Consolidated Appropriations Act, 2019, as well as projects in development, are included
in the FY 2019 column.

NASA has been charged with leading an innovative and sustainable exploration program. Beginning with
missions beyond low-Earth orbit (LEO), the United States will lead the return of humans to the Moon and
lunar surface for long-term exploration and utilization, followed by human missions to Mars and other
destinations. This direction means NASA must more effectively organize government, commercial, and
international efforts to generate new scientific and economic markets and opportunities, and more
efficiently procure government systems.

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 consists of the Orion crew capsule, the Space Launch System (SLS) rocket, and the Exploration
Ground Systems (EGS) that support integration and launch. This space transportation system is a key
component of NASA's strategy for exploration in cislunar space and will have a first un-crewed test flight
and crewed test flight in the near future; launch dates are currently under review. NASA’s Orion
spacecraft and Space Launch Systems are a backbone for deep space exploration, from which private
companies could one day provide an equivalent commercial capability, thus perpetuating the relationship
of government and commercial capabilities that started in low-Earth orbit.

ERD is comprised of four areas: Advanced Cislunar and Surface Capabilities (ACSC), Lunar Gateway,
Advanced Exploration Systems (AES) and the Human Research Program (HRP). The overarching goal of
ERD is to infuse technologies and research, and develop high-priority capabilities and missions to enable
the return of humans to the Moon and lunar surface for long-term exploration and utilization, followed by
human missions to Mars and other destinations. ERD programs pursue these goals using a combination of
unique in-house activities and public-private partnerships.

In the FY 2020 President's Budget, there are three major initiatives:
(1) Gateway funding focuses on developing a small way station that will orbit the Moon and enable lunar

landers and surface activities, to include a Power and Propulsion Element by 2022, and the habitation,
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airlock, and logistics elements thereafter; (2) ACSC funding focuses on design analysis, technology
maturation, system development and integration, and spaceflight demonstrations for a human lunar
landing system. ACSC is developing human lunar landing, lunar robotic, and surface capabilities through
commercial and international partnerships as well as in coordination with other NASA programs. This
includes leveraging the SMD development of smaller landers for capabilities such as navigation and
precision landing and investments through exploration technology and the lunar surface initiative; (3)
AES funding includes next generation risk reduction and habitation capabilities. AES ground test
habitation prototypes are being developed by private-public-partnerships to evaluate human factors for
different habitat configurations, assess how the various systems interact together and with other
capabilities like propulsion modules and airlocks, and provide platforms to test and ensure that the
standards and common interfaces being considered are well designed. Additional risk reduction activities
include advanced subsystems development such as avionics and Environmental Control and Life Support
Systems (ECLSS). AES will continue to work on identifying and addressing knowledge gaps existing
outside of the astronaut habitats. Major areas of work include space communication, near earth object
monitoring, robotic precursor small satellites, and potential improvements on how spacecraft are
powered.

In addition, HRP is dedicated to 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, and providing appetizing food and optimal nutrition, HRP scientists and
engineers work to predict, assess, and solve the problems that humans encounter in space. Planned future
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 programmatic information, go to: http://www.nasa.gov/directorates/heo/home/index.html.
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EXPLORATION SYSTEMS DEVELOPMENT

FY 2020 Budget

Actual Enacted Request
Budget Authority (in $ millions) FY 2018 FY 2019 FY 2020 FY 2021 FY 2022 FY 2023 FY 2024
Orion Program 1350.0 1350.0 1266.2 12457 1146.7 1119.3  1000.0
Crew Vehicle Development 13395 13395 12557 12352 1136.2 1107.2 990.0
Orion Program Integration and Support 10.5 -- 10.5 10.5 10.5 121 10.0
Space Launch System 2150.0 2150.0, 17754 18375 1933.0 22212 22533
Launch Vehicle Development 20939  2099.1 17153 17728 18717 2160.0 21973
SLS Program Integration and Support 56.1 -- 60.1 64.7 61.3 61.1 56.0
Exploration Ground Systems 895.0 592.8 400.1 357.8 388.7 448.1 401.3
Exploration Ground Systems Development 878.2 587.8 396.5 350.1 385.1 4445 401.3
EGS Program Integration and Support 16.8 -- 3.6 7.7 3.6 3.6 0.0
Construction & Envrmtl Compl Restoration 95.9 259 521 0.0 0.0 0.0 0.0
Exploration CoF 95.9 259 52.1 0.0 0.0 0.0 0.0
Total Budget 44909 41187 34938 34410 34684 37885 3654.7

Change from FY 2019 -624.9

Percentage change from FY 2019 -15.2%

FY 2018 reflects funding amounts specified in Public Law 115-41, Consolidated Appropriations Act, 2018, as
adjusted by NASA's FY 2018 Operating Plan. Table does not reflect emergency supplemental funds also

At night, on November 1, 2018, a test version of the
Orion capsule is pulled into the well deck of the USS
John P. Murtha during Underway Recovery Test-7
(URT) in the Pacific Ocean. URT-7 is one in a series of
tests conducted by the Exploration Ground Systems
Recovery Team to verify and validate procedures and
hardware that will be used to recover the Orion
spacecraft and its crew after it splashes down in the
Pacific Ocean following deep space exploration
missions.

appropriated in FY 2018, totaling $81.3 million.

The FY 2019 Operating Plan was not approved at the
time the budget was prepared. Therefore, only specific
marks from Public Law 116-006, Consolidated
Appropriations Act, 2019, as well as projects in
development, are included in the FY 2019 column.

NASA's Exploration Systems Development
programs are working together to build the space
transportation system made up of the Orion crew
vehicle, Space Launch System (SLS) rocket, and
the Exploration Ground Systems. This system will
enable the Agency's mission to extend human
presence into the solar system, by first transporting
a crew to the Gateway, who will then return to the
Moon's surface for long-term exploration. These
program objectives support National Space Policy
Directive-1, and Agency Strategic Goal two 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 for periods of 21 days. Building upon
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EXPLORATION SYSTEMS DEVELOPMENT

more than 50 years of spaceflight research and development, Orion is designed to meet the evolving
needs of our nation's deep space exploration program for decades to come. Its versatile design will be able
to not only carry crew to space, but provide emergency abort capability, sustain crew during space travel,
and provide safe reentry at deep space return velocities. With modifications and the addition of new
modules, most of the Orion capsule systems could be capable of operating in deep space for periods of
time up to 1,000 days. 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 super heavy-lift launch vehicle for a new era of exploration beyond Earth’s orbit into
deep space. SLS will launch astronauts in the Orion spacecraft on missions to cislunar space so they can
return to the surface of the Moon and other destinations. SLS has the potential to launch a variety of
missions to ensure NASA is able to expand human knowledge through new scientific discoveries. With
the capability to evolve to the highest-ever payload mass and volume capability and energy to send
missions into space, SLS is designed to be flexible and evolvable, to meet a variety of crew and cargo
mission needs to enable exploration across the solar system.

The objective of the Exploration Ground Systems is to prepare Kennedy Space Center (KSC) to process
and launch next-generation vehicles and spacecraft, like Orion and SLS. To achieve this transformation,
NASA is developing new ground systems while refurbishing and upgrading infrastructure and facilities to
meet tomorrow's demands. This modernization effort keeps maximum flexibility in order to accommodate
a multitude of government, commercial, and other customers. Drawing on five decades of excellence in
processing and launch, NASA is paving the way to the spaceport's future. KSC is now the multi-user
spaceport that was envisioned post Shuttle retirement.

As NASA works towards building a sustainable Exploration Campaign, the Agency is focused on looking
at ways to reduce production and operations costs. Through reduction in costs, the Agency can focus on
capabilities needed for future deep space systems and successful exploration missions.
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ORION PROGRAM

FY 2020 Budget

Actual Enacted  Request
Budget Authority (in $ millions) FY 2018 FY 2019 FY 2020 FY 2021 FY 2022 FY 2023 FY 2024
Crew Vehicle Development 1339.5 1339.5 1255.7 1235.2 1136.2 1107.2 990.0
Orion Program Integration and Support 10.5 -- 10.5 105 10.5 121 10.0
Total Budget 1350.0 1350.0 1266.2 1245.7 1146.7 1119.3 1000.0
Change from FY 2019 -83.8
Percentage change from FY 2019 -6.2%

FY 2018 reflects funding amounts specified in Public Law 115-41, Consolidated Appropriations Act, 2018, as
adjusted by NASA's FY 2018 Operating Plan. Table does not reflect emergency supplemental funds also
appropriated in FY 2018, totaling $81.3 million.

The FY 2019 Operating Plan was not approved at the time the budget was prepared. Therefore, only specific marks
from Public Law 116-006, Consolidated Appropriations Act, 2019, as well as projects in development, are included
in the FY 2019 column.

The Orion spacecraft will play an integral part of NASA deep space exploration objectives. The Orion
Program is continuing to take major steps toward transporting humans safely to deep space and back.
Orion will serve as an exploration vehicle that will carry crew to space, provide emergency abort
capability, sustain crew during space travel, and provide safe re-entry from deep space return velocities.
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 orbit and to the
Moon.

Orion design, development, and testing (including the flight tests) will have the spacecraft ready to carry
crew on Exploration Mission (EM-2); but the launch date is under review pending the completion of an
independent assessment of the integrated mission schedule, to be completed spring 2019. Given ongoing
challenges, meaningful delays are anticipated. These challenges are unrelated to available budget, and the
proposed FY2020 President's Budget level is sufficient to support a launch at the earliest technically
feasible date. Future flights of the Space Launch System (SLS) and the Orion spacecraft into cislunar
space will extend our capability

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

Program Elements
ORION PROGRAM INTEGRATION AND SUPPORT

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

exploration. Coordination and timely integration across the three programs enables the Agency to avoid
potential design overlaps, schedule disconnects, and cost issues.

CREW VEHICLE DEVELOPMENT

See the Crew Vehicle Development section.

DEXP-7



Deep Space Exploration Systems: Exploration Systems Development: Orion Program

CREW VEHICLE DEVELOPMENT

FY 2020 Budget

Actual Enacted Request
Budget Authority (in $ millions) Prior FY 2018 FY 2019 FY 2020 FY 2021 FY 2022 FY 2023 FY 2024 | BTC  Total
Formulation 4510.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 45104
Development/Implementation 3011.1 1308.4 1182.3 8458 567.0 213.8 18.8 0.0 0.0 7147.2
Operations/Close-out 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2019 MPAR LCC Estimate 75215 1308.4 1182.3 8458 567.0 213.8 18.8 0.0 0.0 11657.6
Total Budget 75304 1339.5 13395 12557 12352  1136.2 11072  990.0 0.0 15933.7
Change from FY 2019 -83.8
Percentage change from FY 2019 -6.3%

FY 2018 reflects funding amounts specified in Public Law 115-41, Consolidated Appropriations Act, 2018, as
adjusted by NASA's FY 2018 Operating Plan. Table does not reflect emergency supplemental funds also
appropriated in FY 2018, totaling $81.3 million.

The FY 2019 Operating Plan was not approved at the time the budget was prepared. Therefore, only specific marks
from Public Law 116-006, Consolidated Appropriations Act, 2019, as well as projects in development, are included
in the FY 2019 column.

The difference between the total budget and the MPAR LCC estimate is the total budget includes content outside of
EM-2 and excludes CoF; LCC only includes EM-2 content, including CoF.

The total budget prior line represents FY 2011 pre-formulation and FY 2012 - FY 2017 budgets, excluding CoF and
additional expenditures from 2005-2011 under the
Constellation program.

PROJECT PURPOSE

In support of the agency’s strategic goal to
extend and sustain human activities across the
solar system, Orion will be capable of
transporting humans to and around the Moon,
sustaining them longer than ever before, 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.
For further programmatic information, go to
http://www.nasa.gov/orion.

On November 6, 2018, the European-Built Service Module
that will propel, power, and cool during Orion’s flight to the
Moon on EM-1 arrived from Bremen, Germany to KSC to
begin final outfitting, integration and testing with the crew
module and other Orion elements.
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CREW VEHICLE DEVELOPMENT

EXPLANATION OF MAJOR CHANGES IN FY 2020

NASA has realized the six months of risk in the previous plan, and therefore the Exploration Mission — 1
(EM-1) LRD is currently NET June 2020. NASA believes there is continuing risk involving SLS end item
completion (e.g. Engine Section), functional test and integration of the Core Stage for delivery to Stennis
Space Center, and completion of Green Run test that precedes delivery to Kennedy Space Center (KSC).
Given these challenges, further delays beyond June 2020 are anticipated.

In October 2018, the SLS program began an assessment of core stage production. The assessment
included representatives with experience in aerospace manufacturing and covered production schedule
risks, risk mitigation approaches in work, and recommendations for additional schedule risk mitigations
and corrective action and was presented to HEO in February 2019. On March 4, 2019, HEO chartered an
assessment of other activities planned to achieve a launch in 2020. Specifically, this assessment will
evaluate alternate approaches for hardware processing and facilities utilization for key components. The
goal of this activity is to maintain an early as possible launch date. This activity, scheduled to conclude
April 15, 2019, could result in a proposed new plan to include update to the EM-2 planning LRD based
on identified schedule constraints between EM-1 and EM-2; but EM-2 should still be within the ABC of
April 2023.

After completion of the HEO assessment, an independent schedule risk review led by the NASA Office of
the Chief Financial Officer, set to begin mid-April 2019, will assess the proposed new plan to include:

the integrated, detailed schedule and associated risk factors ahead of EM-1; considering technical
complexity, as well as delays caused by the government furlough. The OCFO assessment report will
include evaluation of schedule risks to critical milestone dates to include: SLS Core Stage delivery to
SSC for Green Run Test, SLS Core Stage and Orion Crew Service Module deliveries to KSC, and is
expected to be completed late spring. NASA leadership will review the results of these assessments in late
spring 2019 at an Agency Program Management Council, before considering potential updates to the EM-
1 and EM-2 launch planning dates.

Project Parameters

Orion will be able to carry a crew of four astronauts to cislunar space and beyond, and provide habitation
and life support for up to 21 days. The spacecraft’s three components are the Crew Module (CM),
European Service Module (ESM), and Launch Abort System (LAS). The Service Module (SM),
comprises of a Crew Module Adapter (CMA) and the ESM, is designed and developed by European
Service Agency (ESA). The SM provides in-space power, propulsion, and other life support systems. The
CM, the pressure vessel, will be mounted to the SM to become the Crew and Service Module (CSM).
Atop the CSM will sit the LAS, which in the event of an emergency during launch or climb to orbit, will
activate within milliseconds to propel the CM away from the launch vehicle to safety. 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 jet the LAS.
The vehicle will travel 280,000 miles from Earth and thousands of miles beyond the Moon. 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 from
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reentry during a high-speed return from the lunar vicinity — heating that will exceed that experienced by
any human spacecraft in over four decades.

ACHIEVEMENTS IN FY 2018

Completed production and installation in August of EM-1 major hardware including the heat shield to
protect the vehicle upon its 5,000 degree return to Earth; and critical components for the ESM such as the
Pressure Control Assembly Valves, the propellant tanks and Orbital Maneuvering System Engine, the
CMA and the CM in September. These components will be delivered to KSC for assembling and testing,
not just for EM-1, but also for subsequent exploration missions.

Completed a series of tests on the ESM Structural Test Article (STA) in June at Lockheed Martin (LM)
facility near Denver, CO such as acoustics, modal, and static loads to ensure the space-bound article is
ready to withstand the pressure and loads it will endure during launch, flight, and landing. Modified
testing for sound and vibration evaluations has confirmed Orion can withstand the intense noise and
shaking that launch on the SLS rocket will produce.

In September, the program successfully released EM-1 final software that enable the command and
control of the Orion during nominal and emergency operations such as ascent aborts, 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.

In September, the program Flight Operations Directorate flight control team successfully sent commands
to the Orion CM for the first time via Near Earth Network at KSC and via the Tracking and Data Relay
Satellite System (TDRSS) from Mission Control Center (MCC) in Houston. The Space Communication
and Navigation Office also executed file downlink from Orion through TDRSS

In August, the program completed the CM primary structure welding of the EM-2 and delivered to KSC
to begin final assembly for Orion’s first crewed flight. The pressure vessel is the primary structure that
holds the pressurized atmosphere that astronauts will breathe and work in while in the vacuum of deep
space.

Completed the final test to qualify Orion’s parachute system for flights with astronauts in September,
checking off an important milestone on the path to send humans on missions to the Moon and beyond.
The parachute system is the only system that must assemble itself in mid-air and must be able to keep the
crew safe in several failure scenarios.

Completed a series of recovery operations scenarios with the United States Navy in January to evaluate
recovery of the CM in different sea conditions, time of day, and equipment scenarios. The tests are
structured to improve the processes and ground support hardware to recover astronauts and the Orion
capsule once they splash down in the Pacific Ocean just off the coast of California.

Completed the Ascent Abort (AA-2) CM initial power-on test in June to ensure the vehicle is healthy, can
work in an integrated fashion and provides correct test data to the ground.
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Delivered the AA-2 CM and completed the acoustic testing at GRC’s Plum Brook Station in Ohio in
August. The testing successfully characterized how the structure will respond to the abort environment
during flight.

Delivered the AA-2 CM and Separation Ring to JSC in September for integration of avionics, onboard
computers and software. They were then shipped and mated together at KSC in the same month.

WORK IN PROGRESS IN FY 2019

Completed the first Propulsion Qualification Module (PQM) 5-second firing and a successful 20-second
firing of the PQM with active control of the pressurization system in October. It was one of the
prerequisites for ESA to ship the ESM to the United States for integration. Other PQM testing will
continue throughout FY 2019 in order to qualify the ESM.

Airbus delivered the first ESM from its aerospace site in Bremen, Germany on November 6, 2018 by
Antonov cargo aircraft to NASA’s KSC. Function checkouts were completed to ensure all elements are
working properly before integration. Following the functional tests, the ESM was mated with the CMA to
complete the SM assembly. The completed SM will be subsequently joined to the CM, resulting in the
combined CSM in the spring 2019. This will mark the first time all three major elements will be
integrated.

The program will ship the integrated EM-1 CSM to Plum Brook Station later in the fiscal year for thermal
vacuum, acoustics, and electromagnetic interference testing which is a crucial step towards launch
readiness. Once completed, the mated CSM will be returned to KSC for final launch processing.

Continuing the manufacturing efforts for EM-2, the program will complete CM secondary structure and
component assembly such as the heatshield to lower backshell pre-fit and begin Clean Room Operations
for Environment Control and Life Support System (ECLSS) welding. Once complete, the EM-2 CM will
be ready to mate with the SM.

ESM-2 preparations have begun with the integration of the second SM in its clean room. Long-lead
activities, such as welding of high- pressure valves and engine manufacturing are underway.

The program has delivered the AA-2 test article to KSC and will complete the final assembly and
stacking operations in support of the test flight in June 2019, which will demonstrate the ability to safely
separate the CM from the SLS during an ascent abort scenario. This will be the test campaign to
demonstrate the LAS function.

KEY ACHIEVEMENTS PLANNED FOR FY 2020

The Integrated Test Lab (ITL) will conclude its testing on the EM-1 software and will begin its testing of
the EM-2 software. This lab will simulate flight environment and test the flight software functions such as
ascent aborts, safe mods, fault detections, isolation and recovery optical navigation, maneuver plan
management and propulsion failure detection for both EM-1 and EM-2. These tests are essential for
identifying software problems and validating proper functionality and performance of the spacecraft.
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NASA will complete the EM-1 STA configuration test in Denver and ship it to LaRC for subsequent
water impact testing. This is the last action in the series of test that will complete the test campaign on the
full scale replica of the EM-1. jThese test are conducted to ensure the space bound article is ready to
withstand the pressure and loads it will endure during launch, flight and landing.

NASA will begin stacking and integrating the CSM in the LAS Facility and mate the LAS to the CSM for
EM-1. After the mating, it will be delivered to Exploration Ground Operations at KSC for final
preparation and stacking in the Vertical Assembly Building (VAB). The uncrewed mission will take the
spacecraft beyond the Moon in order to demonstrate its capabilities. After the 21-days launch, Orion
program will conduct the EM-1 Mission and Post Flight Analysis along with recovery and offloading for
component reuse for future flights.

In preparations for an EM-2, the first crewed mission. Orion will complete outfitting the CM Pressure
Vessel at KSC’s Operation and Checkout (O&C) building. During FY 2020, the Orion program will
install ECLSS for the crew to live and work, the core avionics for the navigation and control and the
heatshield to protect the vehicle and crew from extreme temperatures. Once installed, Orion will conduct
a series of power-on, leak, functional and proof pressure tests to ensure the health of the vehicle. These
outfitting efforts will ensure the CM will be prepared for sustaining its crew members.

The production of the EM-2 CMA will be completed, which serves as the interface between the ESM-2
and the CM. To prepare for mating to the ESM-2, the CMA will undergo perform proof pressure and leak
tests followed by subsystem installations, harness testing, and Developmental Flight Instrumentation
(DFI) testing.

Orion will complete manufacturing of ESM-2 and delivery of to KSC’s O&C which will provide power,
propulsion and air support. Once the ESM-2 is delivered and functional tests are performed, it will be
mated to the CMA. After mating, the EM-2 SM will undergo clean room operations for ECLSS welding,
followed by proof pressure and leak tests in preparation for integrating with the CM-2 in 2021.

The development of the rendezvous and docking capability will be underway to enable rendezvous,
proximity operations, docking and undocking (RPODU) for integrated Orion/Gateway activity and lunar
surface.

Long-lead material purchases for EM-3 will arrive and Orion will start vehicle production. The EM-3 will
be the first crewed mission to utilize the docking capability for RPODU in order to begin the construction
of the Gateway.

The program will initiate long lead material purchases for EM-4 and EM-5, which will enable the
program to meet an annual flight rate to support lunar exploration. These missions represent United States
commitment and a core piece of NASA’s infrastructure for exploration. Essential to building a sustainable
exploration strategy will be finalizing development and reducing production and operation costs.
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SCHEDULE COMMITMENTS/KEY MILESTONES

System Design Review (SDR) Aug 2007
PDR Aug 2009
Key Decision Point (KDP)-A Feb 2012 Feb 2012
Resynchronization Review Jul 2012
KDP-B Q1FY 2013 Jan 2013
Delta PDR Q4 FY 2013 Aug 2014
EFT-1 Launch Dec 2014 Dec 2014
KDP-C, Project Confirmation FY 2015 Sep 2015
CDR Oct 2015 Oct 2015
Abort Ascent (AA)-2 Flight Test FY 2020 FY 2019
EM-1 Launch Readiness FY 2018 Under review
EM-2 Launch Readiness* FY 2023 Under review

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

*
2015 | 6,7684 | 70| 2019 | 71472 | +56% EM-2 | Apr2023 June -10

2022

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.

* The Current Year Development Cost Estimate and Milestone data reflects the planning for the EM-2 mission
based on a June 2022 launch date. The EM-1 and EM-2 launch dates are under review pending completion of
independent assessments of SLS core stage production and the integrated mission schedule. NASA leadership will
review the results of these assessments in spring 2019 before considering potential updates to the EM-1 and EM-2
launch planning dates.

Development Cost Details

TOTAL: 6,768.4 7,147.2 +378.8
Mission Operations 281.6 273.8 -7.8
Program Management 671.5 665.3 -6.2
Safety and Mission 1914 180.8 106
Assurance

Spacecraft and Payload 3,205.1 4,490.3 +1,285.2
Systems Engineering and 539.3 684.4 +145.1
Integration

Test and Verification 460.6 544.6 +84.0
Other Direct Project 1,418.9 308.0 1.110.9

Costs

Program UFE was held in “Other” category in the base year estimate and realigned to other elements as the
program matured.
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Development

The Current Year Development Cost Estimate and Milestone data reflects the planning for the EM-2 mission based
on a June 2022 launch date. The EM-1 and EM-2 launch dates are under review pending completion of
independent assessments of SLS core stage production and the integrated mission schedule. NASA leadership will
review the results of these assessments in spring 2019 before considering potential updates to the EM-1 and EM-2
launch planning dates.

Project Management & Commitments

launch or climb to orbit.

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

. . . Change from
Element Description Provider Details Baseline
The transportation capsule Provider: JSC
provides a safe habitat for the Lead Center: JSC
crew as well as storage for . ]
Crew Module consumables and research Performing Center(s): Ames Research None
instruments, and serves as the | CeNter (ARC), GRC, JSC, and Langley
docking port for crew Research Center (LaRC)
transfers. Cost Share Partner(s): N/A
The service module, the Provider: ESA
powerhouse th_at fuels and Lead Center: GRC
. propels the Orion spacecraft .
Service Module | ., support the Crew Module | Performing Center(s): ARC, GRC, JSC, None
from launch through and LaRC
separation before reentry. Cost Share Partner(s): ESA
Provider: JSC
The LAS maneuvers the Crew | | aad Center: LarRC
Launch Abort Module to safety in the event .
System of an emergency during Performing Center(s): JSC, LaRC, and None

Project Risks

Risk Statement

Mitigation

on EM-2

If: Re-use of EM-1 core Avionics hardware

Then: There is a possibility that the EM-2
launch will be delayed due to the turnaround
time associated with refurbishment of
Avionics boxes from EM-1

At the MPCV (Multi-Purpose Crew Vehicle) Program Control
Board (MPCB) in December 2018, NASA approved to build and
test the eleven core Avionics components in support of EM-2.
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Acquisition Strateqy

NASA is using a competitively awarded 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 HEOMD requirements to include the current flight test plan and the EM-2 flight
readiness date. The Orion Program released a Request for Proposal from Lockheed Martin for the
Production & Operations (P&O) effort in January 2018. The Orion Program issued a Justification for
Other than Open Competition for Production and Operations (P&Q) beginning with EM-3 and expects
the sole-source contract with Lockheed Martin to be in place in the spring of 2019. NASA signed an
Implementing Arrangement with ESA to provide service modules for the Orion spacecraft for EM-1 and
EM-2. 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.
Orion is discussing with ESA about their contribution for EM-3 and subsequent missions.

MAJOR CONTRACTS/AWARDS

Element Vendor Location (of work performance)

Orion Design and Development Lockheed Martin Littleton, CO

INDEPENDENT REVIEWS

. Date of Next
Review Type Performer Review Purpose Outcome Review

To evaluate the
program’s functional
and performance
requirements
ensuring proper

Svstem Readiness ;?\?ii'\;g formulation and Program cleared to
ySt Mar 2007 correlation with proceed to next N/A
Review (SRR) Board Agency, and phase
(SRB) ’ '

HEOMD’s strategic
objectives; assess

the credibility of the
program’s estimated
budget and schedule.
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Development

SDR

SRB

Aug 2007

To evaluate the
proposed program
requirements and
architecture;
allocation of
requirements to
initial projects;
assess the adequacy
of project pre-
formulation efforts;
determine if
maturity of the
program’s definition
and plans are
sufficient to begin
implementation.

Program cleared to
proceed to next
phase.

N/A

PDR

SRB

Sep 2009

To evaluate
completeness and
consistency of the
program’s
preliminary design,
including its
projects, is meeting
all requirements
with appropriate
margins, acceptable
risk, and within cost
and schedule
constraints;
determine the
program’s readiness
to proceed with the
detailed design
phase.

Program cleared to
proceed to next
phase.

N/A
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Development

Resynchronization
Review

SRB

Jul 2012

The purpose of the
review is to realign
the program’s
preliminary design
to the current
Exploration system
development
requirements.
NASA policies
allow changes to a
program’s
management
agreement in
response to internal
and external events.
An amendment to
the decision
memorandum signed
at the KDP-B review
held before PDR if a
significant
divergence occurs.

Program cleared to
proceed to next
phase.

N/A

Delta PDR

SRB

Aug 2014

To update the
program’s
preliminary design;
ensures
completeness and
consistency;
determine the
program’s readiness
to proceed with the
detailed design
phase.

Program cleared to
proceed to next
phase.

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

To evaluate the
integrity of the
program integrated
design. This
includes its projects
and ground systems,
its ability to meet
mission
requirements with
appropriate margins | Program cleared to
ESM CDR SRB Oct 2016 and acceptable risk, | proceed to next N/A
planned within cost | phase.
and schedule
constraints;
determine if the
integrated design is
appropriately mature
to continue with the
final design and
fabrication phase for
EM-1.
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Development

CIR/System Integration
Review (SIR)

N/A

Nov 2016

To evaluate the
readiness of the
program, including
its projects and
supporting
infrastructure, to
begin system AI&T
with acceptable risk,
and within cost and
schedule constraints.

Program cleared to
proceed to next
phase.

N/A

EM-2 CDR

IA/IRT

Dec 2018

To evaluate the
integrity of the
program integrated
design. This
includes its projects
and ground systems,
its ability to meet
mission
requirements with
appropriate margins
and acceptable risk,
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 EM-1
Independent Schedule
Assessment

Schedule
assessors
from
OCFO

Begins
April 2019

Programmatic
assessment and
analysis of EM-1
schedules across all
ESD programs with
an emphasis on
program
performance and
risks

After NASA
leadership review in
late Spring 2019,
update EM-1 launch
date

N/A
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The purpose of this
review is to evaluate
whether a specific
end item is
sufficiently mature
for shipment from
the supplier to its
designated
operational facility
or launch site.

System Acceptance
Review/Design (SAR) IA/IRT TBD
Certification Review

N/A N/A

To assess risks and
plans for starting
integration of all
hardware into the
structure to build up
the flight vehicle

System Integration

Review (SIR) IWIRT | TBD

N/A N/A

The purpose of this
review is to evaluate
whether a specific
Operation Readiness end item is

Revigw (ORR)_/FIight IAIRT TBD suffic!ently mature
Readiness Review for shipment from
(FRR) the supplier to its
designated
operational facility
or launch site.

N/A N/A

The purpose of this
review is to evaluate
whether a specific
Launch Readiness Date end item is
(LRD)/Industrial sufficiently mature
Operations Capabilities IAIRT TBD for shipment from
(10C) the supplier to its
designated
operational facility
or launch site.

N/TA N/A
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SPACE LAUNCH SYSTEM

FY 2020 Budget

Actual Enacted  Request
Budget Authority (in $ millions) FY 2018 FY 2019 FY 2020 FY 2021 FY 2022 FY 2023 FY 2024
Launch Vehicle Development 2093.9 2099.1 1715.3 1772.8 1871.7 2160.0 2197.3
SLS Program Integration and Support 56.1 -- 60.1 64.7 61.3 61.1 56.0
Total Budget 2150.0 2150.0 1775.4 1837.5 1933.0 2221.2 2253.3
Change from FY 2019 -374.6
Percentage change from FY 2019 -17.4%

FY 2018 reflects funding amounts specified in Public Law 115-41, Consolidated Appropriations Act, 2018, as
adjusted by NASA's FY 2018 Operating Plan. Table does not reflect emergency supplemental funds also
appropriated in FY 2018, totaling $81.3 million.

The FY 2019 Operating Plan was not approved at the time the budget was prepared. Therefore, only specific marks
from Public Law 116-006, Consolidated Appropriations Act, 2019, as well as projects in development, are included
in the FY 2019 column.

NASA seeks to expand the boundaries of human
space exploration, Space Launch System (SLS)
is looking to lead the way by preparing to carry
humans, infrastructure, supporting equipment,
and science missions farther into deep space than
ever before.

SLS will play an instrumental role in carrying
out the Exploration Campaign objectives, as a
critical component for delivering crew to the
Lunar Gateway. The Agency will continue to
identify and implement affordability strategies to
ensure SLS can be a sustainable exploration
capability for decades to come.

The EM-1 intertank structural test article in the test jig at

Marshall Space Flight Center ready to undergo testing For further programmatic information, go to:
that will ensure structural intearitv of the core staae.

http://www.nasa.gov/exploration/systems/sls/index.html.
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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 SLS systems’ performance 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 with
other 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
enables the Agency to avoid potential design overlaps, schedule disconnects, and cost issues

LAUNCH VEHICLE DEVELOPMENT

See Launch Vehicle Development section.
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FY 2020 Budget

Actual Enacted Request
Budget Authority (in $ millions) Prior FY 2018 FY 2019 FY 2020 FY 2021 FY 2022 FY 2023 FY 2024 | BTC  Total
Formulation 2674.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2674.0
Development/Implementation 5967.1 1168.3 618.4 296.2 0.0 0.0 0.0 0.0 0.0 8050.0
Operations/Close-out 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2019 MPAR LCC Estimate 8641.1 1168.3 618.4 296.2 0.0 0.0 0.0 0.0 0.0 10724.0
Total Budget 10021.9 2093.9 2099.1 17153 17728 18717 2160.0 2197.3 0.0 23932.0
Change from FY 2019 -383.8
Percentage change from FY 2019 -18.3%

FY 2018 reflects funding amounts specified in Public Law 115-41, Consolidated Appropriations Act, 2018, as
adjusted by NASA's FY 2018 Operating Plan. Table does not reflect emergency supplemental funds also
appropriated in FY 2018, totaling $81.3 million.

The FY 2019 Operating Plan was not approved at the time the budget was prepared. Therefore, only specific marks
from Public Law 116-006, Consolidated Appropriations Act, 2019, as well as projects in development, are included
in the FY 2019 column.

The difference between the total budget and the MPAR LCC estimate is the total budget includes content outside of
EM-1 and excludes CoF; LCC only includes EM-1 content, including CoF.

The Current Year Development Cost Estimate and Milestone data does not accurately reflect current planning and
are based on prior planning for an EM-1 launch date in June 2020. The EM-1 and EM-2 launch dates are under
review pending completion of independent assessments of SLS core stage production and the integrated mission
schedule. NASA leadership will review the results of these assessments in spring 2019 before considering potential
updates to the EM-1 and EM-2 launch planning dates.
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PROJECT PURPOSE

In support of the agency's strategic goal to
extend and sustain human activities across the
solar system, 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 be able to
explore space beyond low Earth orbit (LEO) and
return astronauts to the Moon, a charge toward
reinvigorating America's human exploration.

EXPLANATION OF MAJOR CHANGES

IN FY 2020
EM-1 flight Intertank shown at the completion of welding . '
and assembly work on October 14, 2018, at the Michaud The '_:Y 2020 President's Budget proposes
Assembly Facility in New Orleans. funding to support launches at the earliest

technically feasible dates. However, due to
ongoing performance challenges NASA has realized the six months of risk in the previous year's launch
readiness plan, and therefore the Exploration Mission — 1 (EM-1) LRD is currently NET June 2020.
NASA believes there is continuing risk involving SLS end item completion (eg. Engine Section),
functional test and integration of the Core Stage for delivery to Stennis Space Center, and completion of
Green Run test that precedes delivery to Kennedy Space Center (KSC). Given these challenges, further
delays beyond June 2020 are anticipated.

In October 2018, the SLS program began an assessment of core stage production. The assessment
included representatives with experience in aerospace manufacturing and covered production schedule
risks, risk mitigation approaches in work, and recommendations for additional schedule risk mitigations
and corrective action and was presented to HEO in February 2019. On March 4, 2019, HEO chartered an
assessment of other activities planned to achieve a launch in 2020. Specifically, this assessment will
evaluate alternate approaches for hardware processing and facilities utilization for key components. The
goal of this activity is to maintain an early as possible launch date. This activity, scheduled to conclude
April 15, 2019, could result in a proposed new plan to include update to the EM-2 planning LRD, but
EM-2 should still be within the ABC schedule of April 2023.

After completion of the HEO assessment, an independent schedule risk review led by the NASA Office of
the Chief Financial Officer, set to begin mid-April 2019, will assess the proposed new plan to include:

the integrated, detailed schedule and associated risk factors ahead of EM-1; considering technical
complexity. The OCFO assessment report will include evaluation of schedule risks to critical milestone
dates to include: SLS Core Stage delivery to SSC for Green Run Test, SLS Core Stage and Orion Crew
Service Module deliveries to KSC, and is expected to be completed late spring. NASA leadership will
review the results of these assessments in late spring 2019 at an Agency Program Management Council,
before considering potential updates to the EM-1 and EM-2 launch planning dates.
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While the SLS Block 1B configuration with the Exploration Upper Stage (EUS) remains an important
future capability, there have been significant delays and cost overruns in EM-1 SLS core stage
manufacturing and design updates related to the Exploration Upper Stage (EUS) requirements. These
delays and performance issues require that NASA concentrate in the near term on the successful
completion of EM-1 and EM-2 and supporting a reliable annual flight cadence. As a result, SLS Block
1B final design efforts are deferred. This approach is intended to speed up the timeline for lunar surface
exploration and increase the sustainability of the exploration program.

PROJECT PARAMETERS

SLS is an integral part of the Exploration Campaign and will launch Orion to the Moon. Launch Vehicle
Development leverages hardware designed for previous programs, including using adapted and
refurbished Space Shuttle main engines, five-segment Shuttle-derived solid rocket boosters, and an
interim cryogenic propulsion stage (ICPS) from a derivative of 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.
The SLS rocket will be the most powerful rocket ever built with a total thrust greater than that of the
Saturn V.

In an effort to achieve schedule and cost efficiencies, future SLS development will include block
evolution, in which future upgrades share the same core stage while adding capability to accommodate
more challenging missions. Initially, SLS will exceed its required 70 metric ton lift capability to LEO,
and will use its Trans-Lunar Injection (TLI) performance to send nearly 25-30 metric tons to cislunar
space, which will be used to launch the Orion crew capsule. Current estimates of lift capability to LEO
are at 85 metric tons. Future block upgrades will add a more powerful upper stage, and improve vehicle
lift performance to more than 105 metric tons to LEO and more than 40 metric tons to cislunar space,
launching the Orion crew capsule and co-manifested payloads. Ultimately, after addressing obsolescence
issues with the old Shuttle-era boosters and replacing depleted hardware using today's standard of
practice, SLS is expected to be capable of carrying over 130 metric tons to LEO or more than 45 metric
tons to cislunar space. SLS enables an increasing capability to demonstrate deep space technologies and
hardware needed for future missions independent of Earth.
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ACHIEVEMENTS IN FY 2018

SLS program content continues to progress for EM-1, while simultaneously the future EM-2 elements
core stage, solid rocket sections, and related structures were rapidly taking shape for both future flights.
The Engine Section presented particularly challenging manufacturing difficulties, which were largely
resolved. EM-1 critical issues include first-time production issues for the SLS core stage, such as the
engine section, and early production issues are not unprecedented for an activity of this scope and
ambition.

The Orion Stage Adaptor was finalized and shipped to KSC. The Launch Vehicle Stage Adapter, which
finished welding in FY 2017, was finalized for flight and prepared for shipment in FY 2019. SLS
continued conducting multiple development engine tests on the A-1 Test Stand at Stennis Space Center
(SSC). The combined lab testing, and hot-fire testing on the A-1 test stand advanced the flight
certification of the Engine Controller Units (ECU), which completed in early FY 2018.

Structural test stands for new core stage test articles at MSFC were completed and testing of the Engine
Section successfully completed. The Engine Section was stressed and twisted to extremes beyond what
will be experienced during flight and passed successfully. The large LH2 and LOX structural test stands
were completed and readied for testing in FY 2019.

During launch and flight, the all-important flight software and associated avionics will fly the rocket.
SLS completed significant activities for this effort, including release of flight software build 14 and
associated avionics.

WORK IN PROGRESS IN FY 2019

During FY 2019, SLS continues to progress towards EM-1 while concurrently building hardware for EM-
2, and development of the Block 1B/EUS, consistent with appropriations direction. EM-1 launch vehicle
stage adapter will complete assembly and check out and will ship to KSC in preparation for integration.
The completed EM-1 RS-25 flight engines are in storage at Michoud Assembly Facility (MAF) and are
ready for integration into the core stage. The core stage sections continue outfitting with avionics, testing,
and joining into the full flight core stage.

In addition to making considerable progress towards EM-1 fabrication, qualification, and assembly of
flight elements, SLS is making strides towards EM-2 flight components including core stage-2, casting
solid rocket booster segments, ICPS-2, and other elements.

Additionally, work continued on developing the new RS-25 engines for future missions. The RS-25
engines are based on the Space Shuttle Program heritage and will achieve a 33 percent cost reduction with
innovative and advanced manufacturing methods. The full scale core stage mock up, a Pathfinder for
major core stage handling maneuvers, completed in FY 2018 will deliver to SSC for B2 test stand
confirmation planned during FY 2019.

Flight software and related avionic components will continue testing in the software integration
laboratory at MSFC. All of the EM-1 booster components including, aft skirt assemblies, and forward
assemblies will be completed and (along with the already completed segments and nozzle assemblies) and
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delivered to KSC. The EM-1 core stage components including RS-25 engines, the engine section,
hydrogen tank, inter-tank, and oxygen tank will complete joining. Shipment date from MAF to SSC for
hot fire green run testing is under review. Green run is the term used for the hot fire testing of the flight
core stage with all four engines as it is secured in the test stand at SSC.

KEY ACHIEVEMENTS PLANNED FOR FY 2020

The EM-1 flight is preceded by hot fire green run testing scheduled for FY 2020. Planning dates for green
run testing are under review. Green run testing will test fire the flight core stage with a full load of fuel
and liquid oxygen in test stand B2 at SSC. Upon the successful green run test, the core stage will ship to
KSC and complete vehicle certification with the conclusion of the Design Certification Review Board in
preparation for the EM-1 Flight Readiness Review.

With all EM-1 SLS hardware at KSC, SLS will effectively hand off all the launch components to
Exploration Ground Systems (EGS). EGS will integrate the rocket with the Orion capsule in the Vehicle
Assembly Building (VAB) using a co-developed Design Center concept. SLS will provide subject matter
expertise as needed to support vehicle build-up and Integrated Test and Checkout, but will have limited
VAB floor presence to minimize potential obstructions to integration flow operations. SLS and EGS will
conduct daily meetings to communicate and coordinate integration operations.

With delivery of EM-1 hardware, the SLS program focus shifts to EM-2 and future flights. Fabrication
and testing of elements of EM-2 will continue, to include Core Stage, solid rocket booster components,
and additional flight elements. Additionally SLS will continue efforts to restart RS-25 engine
manufacturing to support EM-4+ missions.

Schedule Commitments/Key Milestones

Milestone Confirmation Baseline Date FY 2020 PB Request
KDP-A Nov 2011 Nov 2011
Formulation Authorization May 2012 May 2012
SRR/S May 2012 May 2012

KDP-B Agency Project

Management Council (APMC) Jul 2012 Jul 2012
PDR Board Jun 2013 Jun 2013
KDP-C APMC Jan 2014 Jan 2014
CDR Board Jul 2015 Jul 2015
Design Certification Review Sep 2017

Date under review
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EM-1 Launch Readiness Nov 2018 Date under review

Development Cost and Schedule

EM-1 .
2015 | 7,021.4 70 2020 |  8,050.0 | +14.6% | Launch | Nov 2018 23828 +19
Readiness

Note: The confidence level estimates reported reflect an evolving process as NASA improves its confidence related
estimation techniques and actual expenditures reporting processes. 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. 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.

The Current Year Development Cost Estimate and Milestone data does not accurately reflect current planning and
is based on prior planning for an EM-1 launch date in June 2020. The EM-1 and EM-2 launch dates are under
review pending completion of independent assessments of SLS core stage production and the integrated mission
schedule. NASA leadership will review the results of these assessments in spring 2019 before considering potential
updates to the EM-1 and EM-2 launch planning dates.

Development Cost Details

TOTAL: 7,021.4 8,050.0 +1,028.6
Stages Element 3,138.6 4,455.5 +1,316.9
Liquid Engines Office* 1,198.3 4955 -702.8
Booster Element 1,090.3 981.8 -108.5
SPIE 4471 564.2 +117.1
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Other 1,147.1 1,553.0 +405.9

The Agency Baseline Commitment previously included fixed and shared costs with the RS-25 production restart
activity (in the Liquid Engines Office) which supports EM-1 and later missions. SLS removed those costs from the
estimate and significantly lowered the EM-1 Liquid Engines Office and Current Year Development Cost Estimate.

The Current Year Development Cost Estimate and Milestone data does not accurately reflect current planning and
is based on prior planning for an EM-1 launch date in June 2020. The EM-1 and EM-2 launch dates are under
review pending completion of independent assessments of SLS core stage production and the integrated mission
schedule. NASA leadership will review the results of these assessments in spring 2019 before considering potential
updates to the EM-1 and EM-2 launch planning dates.
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Development

Project Management & Commitments

Element Description Provider Details Change_from
Baseline
Responsible for development, | Provider: MSFC
testing, production, and Lead Center: MSFC
Booster support for the five-segment oy ) 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: MSFC
Engines and support for both core . ) N/A
stage (RS-25) and upper stage Performing Center(s): MSFC and SSC
liquid engines Cost Share Partner(s): N/A
Responsible for development, L
testing, production, and Provider: MSFC
support of hardware elements, | Lead Center: MSFC
Stages including core and upper Performing Center(s): MSFC/MAF, and | N/A
stages, liquid engine SSC
!ntegrat!on, and avionics Cost Share Partner(s): N/A
integration
Responsible for development,
testing, production, and Provider: MSFC
Spacecraft support of hardware e_Iements Lead Center: MSEC
Payloads and for integrating the Orion and Performing Cent . MSFC. LaRC N/A
Intearation payloads onto SLS, including | Performing Center(s): » Lart,
g the ICPS, Orion stage adapter, | 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

Given new Propellant, Liner, and Insulation
(PLI) materials requirements levied for SLS,
and new design and stress state information
identified during the QM-1 Aft Segment
Investigation, there is the risk that structural
& fracture concerns may prevent
development of acceptable flight rationale.

New PLI materials have properties that are very different from
historical materials. The recent QM-1 Aft Segment Investigation
resulted in a PLI system design change to the barrier coating, and
found that the cure process may result in insulation mechanical &
fracture properties where acceptable EM-1 flight rationale cannot
be developed. HEOMD accepted a SLS proposal to remove the
barrier coating on future flight segments, complete analysis of
the no-barrier design for review at the SLS Design Certification
Review (DCR), and continue work on flight rationale for
completed segments with the barrier.

Given multiple schedule-related challenges
(timeliness of component deliveries, rate of
infrastructure development progress, testing
impacts, quality structural article testing and
hot fire Green Run, and barge availability),
one or more of these challenges will result in
a schedule delay and associated cost
overruns.

Stages process for schedule risk identification, assessment,
tracking, and reporting of all top level schedule critical path
drivers (with days of negative or positive slack) are reported
monthly. Updated mitigation actions are employed as necessary
preserving and improving schedule margin. Actions include
reallocating budget, increasing activity to parallel paths (schedule
resequencing), multi-shifting, later installation, etc. for in-house
activities as well as prime contract based efficiencies. Early

FY 2018 analysis shows improving trends. Threats and
opportunities are addressed on a daily basis.

Given that the SLS program is employing a
dynamic test philosophy and methodology
different from heritage programs using an
integrated dynamic test of the vehicle stack,
there is a possibility that prior to EM-1 flight,
element or vehicle analyses or tests reveal
that math models are insufficient. This
characterization model uncertainty may
result in the need to repeat virtual modeling
analysis and lead to a potential launch delay.

Mitigation is through a building block testing including static &
modal tests of Stages, ICPS & MPCV. These individual elements
are then integrated into vehicle modal tests including Partial
Stack Modal Test (PSMT), Integrated Modal Test (IMT), and
Dynamic Rollout Test (DRT). In addition, planning is under way
for a full-scale Mobile Launcher only modal test. Results of this
test will correlate and update the dynamic flex models to assess
impact, if any, on design of the integrated vehicle loads and
control systems of the vehicle. If negative impacts arise, they will
be assessed as part of flight dynamics risk assessment and
mitigated accordingly.
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Development

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)

Boosters

NGIS (formerly Orbital ATK)

Magna, UT

Core Stage Engine

Aerojet Rocketdyne

Desoto Park, CA and SSC

ICPS United Launch Alliance under Huntsville, AL
contract to Boeing Aerospace
Stages Boeing Aerospace New Orleans, LA

Upper Stage Engines

Aerojet Rocketdyne

West Palm Beach, FL
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INDEPENDENT REVIEWS

Development

NASA established an SRB to perform the independent reviews of the Space Launch Vehicle project as
required by NPR 7120.5.

To evaluate the
completeness/
consistency of the
planning, technical,
cost, and schedule
baselines developed
during formulation;
assess compliance of

The SRB evaluated
the project and
determined the
project is

project constraints,
including available
resources. To
determine if the
design is
appropriately mature
to continue with the
final design and
fabrication phase.

PDR SRB Aug 2013 the oreliminar sufficiently mature N/A
prefiminary to begin Phase C
design with L

: and begin final
applicable .

. . design and
requirements; and fabrication
determine if the '
project is sufficiently
mature to begin
Phase C.

To evaluate the

integrity of the

project design and its

ability to meet

mission requirements The SRB evaluated
with appropriate .

. the project and

margins and "
. determined the
acceptable risk roiect is
within defined projec
CDR SRB Jul 2015 sufficiently mature N/A

to progress to major
manufacturing,
assembly and
integration.
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Development

DCR

SLS Independent

To certify the
implemented design
complies with
applicable
requirements and

Certification of the

N/A

Review Team Unt_jer necessary verification SLS Block 1 design
review activities are

satisfactorily

completed.

To evaluate the

integrity of the Block

1B design and its The IRT will

ability to meet evaluate Block 1B

mission requirements | content to assess if
HEOMD with appropriate the program has
Independent NET Oct margins and achieved sufficient N/A
Review Team 2020 acceptable risk. To maturity to progress
(IRT) determine if the to major

design is
appropriately mature
to continue with the
final design and
fabrication phase.

manufacturing,
assembly and
integration.
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Development

Independent
assessment of the
ongoing Stages
production

effort. Includes
assessment of
production schedule
risks, risk mitigation
approaches in work,
and

program performance
and risks

date

. Prepare

recommendations for .
Core Stage Independent additional schedule recommendations
Independent P March 2019 | . A for NASA N/A

Review Team risk mitigations and . .
Assessment corrective Leadership review
. by April 15, 2019

actions. Focus areas

include parts,

supplies and material

flows; work

instructions;

schedule; drawings;

people; production

management; and

risk management and

lessons learned.

Programmatic

assessment and
ESD EM-1 analysis of EM-1 After NASA
Independent | Schedule assessors . schedules across all Ieadershlp reviewin

April 2019 - late Spring 2019, N/A
Schedule from the OCFO ESD programs with
. update EM-1 launch

Assessment an emphasis on
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FY 2020 Budget

Actual Enacted  Request
Budget Authority (in $ millions) FY 2018 FY 2019 FY 2020 FY 2021 FY 2022 FY 2023 FY 2024
Total Budget 895.0 592.8 400.1 357.8 388.7 448.1 401.3
Change from FY 2019 -192.7
Percentage change from FY 2019 -32.5%

FY 2018 reflects funding amounts specified in Public Law 115-41, Consolidated Appropriations Act, 2018, as
adjusted by NASA's FY 2018 Operating Plan. Table does not reflect emergency supplemental funds also
appropriated in FY 2018, totaling $81.3 million.

The FY 2019 Operating Plan was not approved at the time the budget was prepared. Therefore, only specific marks
from Public Law 116-006, Consolidated Appropriations Act, 2019, as well as projects in development, are included
in the FY 2019 column.

The Exploration Ground System (EGS) program enables 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 assembly, test, launch, and recovery
of the SLS and Orion flight elements. EGS is also modernizing communication and control systems to
support these activities. Upon completion, the KSC launch site will be able to provide a more flexible,
affordable, and responsive national launch capability compared to prior approaches.

The EGS program based at KSC, develops and operates the systems and facilities necessary to process,
assemble, transport, and launch spacecraft and rockets. EGS’s mission is to transform the center from a
historically Government-only launch complex focusing on a single type of launch vehicle, such as Saturn
V or space shuttle, to a spaceport that can handle multiple varieties of spacecraft and rockets—both
government and commercial.

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

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
Operations Mission Directorate 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 enable the Agency to avoid potential design overlaps, schedule disconnects, and cost
issues.
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EXPLORATION GROUND SYSTEMS DEVELOPMENT
See the Exploration Ground Systems Development.
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FY 2020 Budget

Actual Enacted Request
Budget Authority (in $ millions) Prior FY 2018 FY 2019 FY 2020 FY 2021 FY 2022 FY 2023 FY 2024 | BTC  Total
Formulation 965.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 965.8
Development/Implementation 13853 3234 360.7 175.5 0.0 0.0 0.0 0.0 0.0 22449
Operations/Close-out 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2019 MPAR LCC Estimate 23511 3234 360.7 1755 0.0 0.0 0.0 0.0 0.0 3210.7
Total Budget 21334 8782 587.8 396.5 350.1 385.1 4445 4013 0.0 5577.0
Change from FY 2019 -191.3
Percentage change from FY 2019 -32.5%

FY 2018 reflects funding amounts specified in Public Law 115-41, Consolidated Appropriations Act, 2018, as
adjusted by NASA's FY 2018 Operating Plan. Table does not reflect emergency supplemental funds also
appropriated in FY 2018, totaling $81.3 million.

The FY 2019 Operating Plan was not approved at the time the budget was prepared. Therefore, only specific marks
from Public Law 116-006, Consolidated Appropriations Act, 2019, as well as projects in development, are included
in the FY 2019 column.

The difference between the total budget and the MPAR LCC estimate is the total budget includes content outside of
EM-1 and excludes CoF; LCC only includes EM-1 content, including CoF.

The Current Year Development Cost Estimate and Milestone data does not accurately reflect current planning and
are based on prior planning for an EM-1 launch date in June 2020. The EM-1 and EM-2 launch dates are under
review pending completion of independent assessments of SLS core stage production and the integrated mission
schedule. NASA leadership will review the results of these assessments in spring 2019 before considering potential
updates to the EM-1 and EM-2 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 lunar
exploration. 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 Pad
39B, the Vehicle Assembly Building (VAB), the
mobile launcher and other smaller facilities to move

The Mobile Launcher atop crawler-transporter 2 erm_Space Shuttle fO(fuse_d to support e_xplc_>ration
traveling 4.4 miles to Launch Complex 39B to missions. The modernization efforts maintains
undergo a fit check, followed by several days of flexibility on Pad 39B and in the VAB in order to
systems testing. accommodate other potential users and commercial

partners. Additionally, following the EM-1 launch of
SLS and Orion, the mobile launcher, VAB, and Pad will undergo modifications to accommodate crewed
flight.

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

EXPLANATION OF MAJOR CHANGES IN FY 2020

The EM-1 and EM-2 launch dates are expected to be further delayed. Launch dates are under review
pending completion of independent assessments of core stage production and the EM-1 integrated
mission schedule. In addition, an independent schedule review lead by the NASA Office of the Chief
Financial Officer is assessing the integrated, detailed schedule and associated risk factors ahead of EM-1,
taking into account technical complexity and delays caused by the government furlough. The assessment
report will include an evaluation of schedule risks to critical milestone dates to include SLS Core Stage
and Orion Crew Service Module deliveries to Kennedy Space Center (KSC). NASA leadership will
review the results of these assessments in spring 2019 before considering potential updates to the EM-1
and EM-2 launch planning dates.

The FY 2020 President's Budget proposes funding is sufficient to support launches at the earliest
technically feasible date.

Consistent with provisions in the FY 2018 Consolidated Appropriations Act (P.L. 115-141), as well as the
NASA Administrative Provision in P.L. 115-141 pertaining to the Agency’s Operating Plan, NASA is
proceeding with a contract award in 2019 to start building the second mobile launcher platform.

Although NASA began design and construction on the second mobile launcher platform, additional

funding to complete the project is being deferred. NASA does not have plans to utilize the second mobile
launcher in the near term and a final Block 1B design has not been set. NASA is deferring these activities
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until needed but allowing core design and construction of the platform to continue while awaiting a
decision on the upper stage configuration for future missions.

PROJECT PARAMETERS

EGS is modernizing and upgrading KSC’s ground systems and facilities required to enable integration of
SLS and Orion, move the integrated vehicle to the launch pad, and launch it successfully into space. For
the Exploration Missions (EMs), like EM-1 and EM-2, the EGS team is developing procedures and
protocols to process the spacecraft, rocket stages, and launch abort system before assembly into one
vehicle. Additional work required to launch astronauts into space includes modifying the mobile launcher
and crawler-transporters; preparing Launch Complex (LC)-39B at KSC, modernizing computers,
software, tracking systems, and other network communication.

ACHIEVEMENTS IN FY 2018

Underway Recovery Test (URT)-6 occurred off the coast of San Diego in January 2018 aboard a Landing
Platform Dock class ship. This was the first URT to attempt night operations. The test allowed NASA and
the United States Navy to continue to demonstrate and evaluate the recovery processes, procedures, and
hardware before committing to conducting actual recovery operations of the Orion spacecraft.

Spacecraft offline processing began in April 2018. During this process, the program validated all systems
hardware and software in order to determine the system readiness for a safe and successful launch.

The System Integration Review was completed in June, which evaluated readiness of multi-element
V&YV . Validation and Verification (V&V) in the Multi-Payload Processing Facility was completed in
June 2018. The program began the operations and integration phase in preparation for multi-element
V&YV for the Mobile launcher, Pad, and VAB.

The mobile launcher made the 4.4-mile journey atop crawler-transporter-2 to Launch Pad 39B to undergo
a fit check, followed by several days of systems testing in August. The 380-foot-tall mobile launcher is
equipped with the crew access arm and several umbilicals that provides power, environmental control,
pneumatics, communication and electrical connections to SLS and Orion spacecraft.

The mobile launcher departed Launch Pad 39B and returned to VAB High Bay 3 to start multi-element
V&YV testing with the platforms. This was the first time that the modified mobile launcher made the trip to
the pad and the VAB. The mobile launcher will spend seven months in the VAB undergoing testing. The
program is preparing the ground systems necessary to launch SLS and Orion on EM-1.

The umbilical lines and accessories that connect from the mobile launcher to the SLS and Orion were
tested at the Launch Equipment Test Facility (LETF). A total of 21 umbilicals and launch accessories
were tested on various simulators at the LETF before being transferred to the mobile launcher for
installation.
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The program completed construction on updates to the flame deflector/flame trench at Launch Pad 39B.
The flame deflector will safely deflect the plume exhaust from the SLS rocket during launch. It will divert
the rocket's exhaust, pressure and intense heat away from SLS and Orion at liftoff.

The program conducted studies on the requirements to support SLS upgrades for EM-2 on
communication systems, the mobile launcher, VAB and requirements for additional liquid hydrogen
capacity at the pad. In accordance to the FY 2018 Consolidated Appropriations Act (P.L. 115-141) the
program was provided $280M to support a second mobile launcher platform. The program began the
solicitation process for a second mobile launcher platform in May with plans to award the construction
contract in FY 2019.

WORK IN PROGRESS IN FY 2019

The program performed two successful water flow tests on the Ignition Overpressure Protection and
Sound Suppression (IOP/SS) water deluge system at Launch Pad 39B in October. At peak flow, the water
reached about 100 feet in the air above the pad surface. During the launch of EM-1 and subsequent
missions, this water deluge system will release approximately 450,000 gallons of water across the mobile
launcher and Flame Deflector to reduce the extreme heat and energy generated by the rocket.

The first high speed retraction test on the Orion Service Module Umbilical (OSMU) on the mobile
launcher was completed in October 2018. The test verified umbilical arm alignment, rotation speed, and
latch back systems. The OSMU will transfer power, data, and coolant for the electronics, and purge air for
the environmental controls to the Orion service module and Launch Abort System.

Exploration Ground Systems engineers conducted URT-7 off the coast of San Diego, California, using a
mock Orion Spacecraft capsule. With astronauts on hand to add their perspective, the team worked to
perfect the capabilities that will be used for recovery of future missions to the Moon and beyond. During
recovery operations, future astronauts aboard Orion will have the choice to stay in the capsule while it is
pulled into the well deck of a United States Navy ship, or be pulled out immediately and put on the "front
porch™ until taken by small boat back to the ship. URT-7 is one in a series of tests to verify and validate
procedures and hardware used to recover the Orion spacecraft after it splashes down in the Pacific Ocean
following deep space exploration missions. Orion will have emergency abort capability, which will
sustain the crew during space travel and provide safe re-entry from deep space return velocities.

The European Service Module (ESM) arrived at KSC in November. The service module will undergo a
host of tests and integration work ahead of EM-1. Engineers will complete functional checkouts to ensure
all elements are working properly before connecting to the Orion crew module. Teams will weld together
fluid lines to route gases and fuel and make electrical wiring connections. The service module and crew
module will be mated, and the combined spacecraft will be sent to NASA’s Glenn Research Center’s
Plum Brook Station in Ohio early next year where it will undergo 60 days of continuous testing in the
world’s largest thermal vacuum chamber to ensure Orion can withstand the harsh environment of deep
space. Once that testing is complete, it will return to KSC for integration with the SLS rocket in
preparation for launch. The ESM will propel, power and cool Orion during EM-1
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EGS will continue ground systems development efforts including efforts for mobile launcher structural
modifications, installation of GSE, VAB HB3/HB4 platforms and completion of Environmental Control
System. Upon design completions, construction activities for the new VAB platforms, mobile launcher,
and LC-39B's new liquid hydrogen storage tank will begin, as well as fabrications of the new umbilicals
necessary to support the new SLS vehicle configuration.

Consistent with provisions in the FY 2018 Consolidated Appropriations Act (P.L. 115-141), as well as the
NASA Administrative Provision in P.L. 115-141 pertaining to the Agency’s Operating Plan, NASA is
proceeding with a contract award in 2019 to start building the second mobile launcher platform.

KEY ACHIEVEMENTS PLANNED FOR FY 2020

The program will complete software development efforts and MEVV of the ground systems to support
EM-1. Spacecraft processing operations for Orion will take place at the MPPF, followed by SLS flight
hardware assembly, SLS/Orion integration, and integrated testing at the VAB to support an EM-1. The
program will complete URT 8 and 9 to ensure safe recovery of the Orion crew module post the EM-1
mission. Completion of all ground processing operations in support of an EM-1 integrated launch.
Following the completion of EM-1, the landing and recovery operations to recover the Orion Crew
Module will be completed and the CM will be returned to KSC.

In addition, EGS will continue ground systems development efforts in support of future mission
requirements including the first crewed flight on EM-2. This includes modifications to the pad and VAB
Environmental Control System (ECS), upgrades to the Converter Compressor Facility (CCF),
modifications to the mobile launcher to support crew missions, as well as continuation of Liquid
Hydrogen Sphere Construction activities at launch pad 39B

Although NASA began, work on the second mobile launcher platform and will award a contract to begin
design and construction, additional funding to complete the project is being deferred. NASA does not
have plans to utilize the second mobile launcher in the near term and a final Block 1B design has not been
set. NASA is deferring these activities until needed but allowing core design and construction of the
platform to continue while awaiting a decision on the upper stage configuration for future missions.
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Schedule Commitments/Key Milestones

KDP-A Feb 2012 Feb 2012
Formulation Authorization Apr 2012 Apr 2012
SRR/SDR Aug 2012 Aug 2012
KDP-B APMC Nov 2012 Nov 2012
PDR Board Mar 2014 Mar 2014
KDP-C APMC May 2014 May 2014
CDR Board Dec 2015 Dec 2015
SIR June 2018 Under Review
EM-1 Launch Readiness December 2018 Under Review

Development Cost and Schedule

EM-1 *June
2015 1,843.5 80 2018 2,245.0 21.8% Nov 2018 19

Readiness 2020

The estimates reported reflect an evolving process as NASA improves its probabilistic estimation techniques and
actual expenditures reporting processes. NASA continues to review past reporting and estimates do not necessarily
accurately incorporate actual expenditures to date. Additionally, cost and confidence levels don't 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.

The Current Year Development Cost Estimate and Milestone data does not accurately reflect current planning and
are based on prior planning for an EM-1 launch date in June 2020. The EM-1 and EM-2 launch dates are under
review pending completion of independent assessments of SLS core stage production and the integrated mission
schedule. NASA leadership will review the results of these assessments in spring 2019 before considering potential
updates to the EM-1 and EM-2 launch planning dates.

DEXP-44



Deep Space Exploration Systems: Exploration Systems Development: Exploration
Ground Systems

EXPLORATION GROUND SYSTEMS DEVELOPMENT

Development Cost Details

Current Year
Base Year Development Development Cost Change from Base Year
Element Cost Estimate ($M) Estimate ($M) Estimate ($M)
TOTAL: 1,843.5 2,245.0 401.5
Mobile Launcher 213.1 471.4 258.3
LC-39B Pad 77.5 45.4 (32.1)
VAB 92.7 34.5 (58.2)
Command, Control, and 198.0 424.6 226.6
Communications
Offline Processing and 110.2 81.3 (28.9)
Infrastructure
Other 1152.0 1,187.9 35.9

*Qther includes Crawler Transporter, Launch Equipment Test Facility, Integrated Operations, Program
Management, Logistics, S&MA, and SE&lI.

The Agency Baseline Commitment for LC-39B, VAB, and Offline Processing and Infrastructure previously
integrated Operations cost which support EM-1 and later missions. EGS realigned those costs from each element
and moved those costs to the Other element; significantly lowering those elements' Current Year Development Cost
Estimate. In addition the program removed $27M 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.

The Current Year Development Cost Estimate and Milestone data does not accurately reflect current planning and
are based on prior planning for an EM-1 launch date in June 2020. The EM-1 and EM-2 launch dates are under
review pending completion of independent assessments of SLS core stage production and the integrated mission
schedule. NASA leadership will review the results of these assessments in spring 2019 before considering potential
updates to the EM-1 and EM-2 launch planning dates.
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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, launch, and recover Orion
elements.

Development

Change from

Element Description Provider Details .
Baseline
GSl is responsible for the
design, development, build,
hardware/software Provider: KSC
Ground Systt_ams intggra_tion, verification and Lead Center: KSC
Implementation | validation (V&V), test, and . ] N/A
(GSI) transition to operations for Performing Center(s): ARC
Program facility systems and | Cost Share Partner(s): N/A
Ground Support Equipment
(GSE).
. O&TM is responsible for Provider: KSC
Operations and conducting overall planning .
Test . . Lead Center: KSC
Management and execution of both flight . ] N/A
© &TgM) hardware and ground systems | Performing Center(s): N/A
processing activities. Cost Share Partner(s): N/A
Command, dCS Isl respontSIble fotr_ ; Provider: KSC
Control. evelopment, operation, an Lead Center: KSC
Communication sustainment of End-to-End Performing Cent N/A N/A
©3) Command and Control and erforming Center(s):
Communications services. Cost Share Partner(s): N/A
PMT includes project .
Proaram management, safety and Provider: KSC
Magagement mission assurance, logistics, Lead Center: KSC N/A
Team (PMT) systems engineering, utilities | Performing Center(s): NA

and facility operations, and
maintenance.

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

Risk Statement Mitigation

If: There is insufficient time to perform all V&V
activities, Adding notification milestones to program schedule to tr
Then: There is a possibility of a schedule delay | ack and manage progress throughout V&V

to the EGS Operations Readiness Date.

If: The mobile launcher GSE installation design
is running in parallel with ground subsystem
GSE and vehicle designs,

Then: There is a possibility that unplanned
revisions to the GSE Installation Design will be | Acceleration Schedule is under review by mobile launcher
required and installation construction contract team and contractors.

cost and schedules may be significantly
impacted. This has a significant impact to the
Mobile Launcher operational readiness date to
support launch.

If: The Ground Flight Application Software
Team (GFAST) internal/external dependencies
on GSE subsystems, SCCS, Models and
Emulators, SLS, Orion and ICPS to provide

requirements, data products and hardware are The program approved additional funding for Firing Room
not within the currently defined GFAST assets, which will lower the risk when hardware is installed
schedule, and available for GFAST use.

Then: There is the possibility GFAST will not
be ready to perform integrated processing with
flight hardware and GSE in the VAB/Pad and
MPPF in time to meet Cross-Program objective
and schedules while remaining within allocated
budgets.

Acquisition Strateqy

To retain flexibility and maximize affordability, 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, since they are subject to any losses incurred.
In addition, it imposes a minimal administrative burden upon the contracting parties.
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Development

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.

Mobile Launcher Structural and

Facility Support Modification J.P. Donovan Construction, Inc. KSC
Contract

VAB ngh Bay Platform Hensel Phelps Construction, Inc. KSC
Construction

Mobile Launcher -2 Design Build TBD KSC

INDEPENDENT REVIEWS

All SRB

Nov 2012

To provide independent
assessment of program
technical plan, cost
estimates, schedules, and
risks at KDP-B

Program cleared to

proceed to next phase NIA

PDR SRB

Mar 2014

To evaluate
completeness and
consistency of program
preliminary design;
determine readiness to
proceed with detailed
design phase

Program cleared to

proceed to next phase N/A

CDR SRB

Mar 2016

To demonstrate that
program design is
mature; support full-
scale fabrication,
assembly, integration,
and test; and meet
overall performance
requirements within cost
and schedule constraints.

Program cleared to

proceed to next phase NIA
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Development

R_Ig;ga;/v Performer gg\tﬁ e?; Purpose Outcome R':\(ji):atw
To evaluate the readiness
of the program, including
KSC its projepts _and
Independent supporting infrastructure, Program cleared to
SIR h Mar 2018 to begin system N/A
Review A blv. Intearation proceed to next phase
Team (IRT) SSEMDYY, Integ '
and Test with acceptable
risk and within cost and
schedule constraints.
Block 1B HEOMD NET May To evaluate the integrity | The IRT will N/A
Delta CDR Independent | 2019 of the Block 1B design evaluate Block 1B
Review and its ability to meet content to assess if
Team (IRT) mission requirements the program has
with appropriate margins | achieved sufficient
and acceptable risk. To maturity to progress
determine if the design is | to major
appropriately mature to manufacturing,
continue with the final assembly and
design and fabrication integration.
phase.
ESD EM-1 | Schedule Begins Programmatic After NASA N/A
Independent | assessors February 2019 | assessment and analysis | leadership review in
Schedule from OCFO of EM-1 schedules late Spring 2019,
Assessment across all ESD programs | update EM-1 launch
with an emphasis on date
program performance
and risks
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FY 2020 Budget

Actual Enacted  Request
Budget Authority (in $ millions) FY 2018 FY 2019 FY 2020 FY 2021 FY 2022 FY 2023 FY 2024
Advanced Exploration Systems 237.8 -- 255.6 239.8 188.3 146.7 130.1
Advanced Cislunar and Surface 0.0 -- 363.0 647.0 967.7 1775.9 2360.0
Capabilities
Gateway 17.2 - 821.4 827.7 717.0 787.8 757.5
Human Research Program 140.0 -- 140.0 140.0 140.0 140.0 140.0
Total Budget 395.0 958.0 1580.0 1854.5 2013.0 2850.4 3387.6
Change from FY 2019 622.0
Percentage change from FY 2019 64.9%

FY 2018 reflects funding amounts specified in Public Law 115-41, Consolidated Appropriations Act, 2018, as
adjusted by NASA's FY 2018 Operating Plan. Table does not reflect emergency supplemental funds also
appropriated in FY 2018, totaling $81.3 million.

The FY 2019 Operating Plan was not approved at the time the budget was prepared. Therefore, only specific marks
from Public Law 116-006, Consolidated Appropriations Act, 2019, as well as projects in development, are included
in the FY 2019 column.

(ERD) theme is comprised of four areas:
Advanced Cislunar Surface Capabilities (ACSC),
Lunar Gateway, Advanced Exploration Systems
(AES) and the Human Research Program. The
overarching goal of ERD is to infuse
technologies and research, and develop high-
priority capabilities and missions using a
combination of unique in-house activities,
public-private partnerships and international
partnerships. ERD is developing and testing
prototype systems and planning and developing
flight missions to lunar orbit and the Moon that
NASA performed tests at the agency’s Johnson Space will form the basis for future human spaceflight
Center in Houston to help engineers refine NASA’s missions thrOUghOUt the Exploration Campaign-
requirements for the design of a deep space habitat.

- \\ W — : The Exploration Research and Development

.

The ultimate goal of the ACSC program is to
establish a sustainable U.S. human presence on
the Moon. Working in parallel with scientific lunar exploration, and space technology exploration, NASA
is planning to develop a series of progressively more capable missions to the surface of the Moon. ACSC
will utilize public-private partnerships and international participation to promote innovative approaches to
lunar robotics, a cislunar presence, and lunar landing capabilities to enhance U.S. leadership. ACSC is in
close collaboration and partnership with other HEOMD programs, the Science Mission Directorate, and
the Exploration Technology Account. ACSC will solicit, engage, and nurture growing capabilities and
progress to the ultimate goal of landing a crew of astronauts and land on the lunar surface by 2028.
Through development of sustaining operations and in-situ resource utilization (ISRU) with refueling
options, reusable vehicles will be able to transport astronauts back and forth between Gateway and the
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surface of the Moon. ACSC has accelerated development of a human lunar landing architecture that will
include uncrewed demonstration missions in 2024 and 2026, leading to the crewed demonstration mission
in 2028 to return humans to the lunar surface. Each mission/element launch builds upon the previous,
growing the capabilities for the 2028 crewed mission with reusable elements.

As a key part of the Exploration Campaign, ERD will lead development of the Lunar Gateway, a small
way station that will orbit the Moon, to serve as an outpost for human and robotic missions to the surface
of the Moon. The Gateway will be a temporary home for astronauts and a way station supporting
sustainable human lunar surface exploration missions, including by supporting reusable human lunar
landers.

AES will invest in development and demonstration of exploration capabilities to reduce risk, lower life
cycle cost and validate operational concepts for future human missions. Ground habitation prototypes
developed through public-private partnerships will be tested to evaluate human factors for different
habitat configurations; assess how the various systems interact together and with other capabilities like
propulsion modules and airlocks; and provide platforms to test and ensure that standards and common
interfaces being considered are well designed. AES will continue to mature and test capabilities in
Habitation Systems, Habitation Capabilities and other risk reduction activities.

Gateway and ACSC programs will be utilizing a variety of agreements and contracts that enable NASA
and private industry as well as academia and international partnerships to share in the risk and gain of
Government investments. These shared risks and gains include incentivizing technical performance,
building future commercial markets and a shared financial interest in developing capabilities. Those
programs, as well as the Advanced Exploration Systems effort, are also utilizing the unique skills of the
NASA workforce to perform risk reduction, develop life support systems, and build some elements for
the Gateway and ACSC programs.

In order to enable NASA's Exploration Campaign, ERD will invest in development and demonstration of
exploration capabilities to reduce risk, lower life cycle cost and validate operational concepts for future
human missions. The technology capabilities and processes pioneered by ERD will enable the first
intrepid crews of the new space age to cross countless frontiers, stay safe and healthy, deliver scientific
discoveries, and sustain new homes away from home, for the benefit of all humankind.

EXPLANATION OF MAJOR CHANGES IN FY 2020
None.
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FY 2020 Budget

Actual Enacted  Request
Budget Authority (in $ millions) FY 2018 FY 2019 FY 2020 FY 2021 FY 2022 FY 2023 FY 2024

Total Budget 237.8 - 255.6 239.8 188.3 146.7 130.1

FY 2018 reflects funding amounts specified in Public Law 115-41, Consolidated Appropriations Act, 2018, as
adjusted by NASA's FY 2018 Operating Plan. Table does not reflect emergency supplemental funds also
appropriated in FY 2018, totaling $81.3 million.

The FY 2019 Operating Plan was not approved at the time the budget was prepared. Therefore, only specific marks
from Public Law 116-006, Consolidated Appropriations Act, 2019, as well as projects in development, are included
in the FY 2019 column.

The Advanced Exploration Systems (AES)
activities infuse technologies and develop high-
priority capabilities using a combination of unique
in-house activities and public-private partnerships
to develop and test prototype systems that will
form the basis for future human spaceflight
missions. With a focus on design, development,
and demonstration of exploration technologies to
reduce risk, lower life cycle cost and validate
operational concepts needed for future deep space
elements; AES leads development of new
approaches to project and engineering
management.

In order to enable NASA's Exploration Campaign,
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, systems and the 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.

Universal Waste Management System toilet stall
enclosures on ISS

AES technologies include development and testing of ground habitation prototypes developed through
public-private partnerships to evaluate human factors for different habitat configurations and assess how
the various systems interact together. AES will continue to work on identifying and addressing
knowledge gaps existing outside of the astronaut habitats and deliver fundamental capabilities to provide
astronauts a place to live and work with integrated life support systems, radiation protection, fire safety,
avionics and software, logistics management, and systems to manage waste.

Other major areas of development include spacecraft fire safety experiments, avionics and software, and
potential improvements on how space crafts are powered. AES will also deliver CubeSat payloads for
Exploration Mission -1 (EM-1) that will study space communication, near earth object monitoring and
robotic lunar prospecting,
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AES provides the critical technologies to enable human crewed missions to cislunar space including
capabilities that enable surface missions. The technology capabilities and processes pioneered by AES
will enable the crews of the new space age to cross countless frontiers, stay safe and healthy, make
scientific discoveries, and sustain new homes away from Earth, for the benefit of all humankind.

EXPLANATION OF MAJOR CHANGES IN FY 2020

None.

ACHIEVEMENTS IN FY 2018

In FY 2018, AES continued a crucial set of activities to leverage past achievements from development
work performed from FY 2012 — FY 2017. Key activities included gaining a fundamental understanding
of novel habitation structures, integrated advanced life support systems, logistics reduction, fire safety,
and radiation protection as well as avionics and software for increased autonomy. AES continued work on
additional technologies including synthetic biology applications, in-space manufacturing, robotic
precursor missions, and vehicle systems including modular power systems, advanced propulsion, and
lander technologies. Together, these technologies will close critical capability gaps necessary for deep
space missions, including the Exploration Systems Development (ESD) Programs, and future human
crewed missions to cislunar space such as the Gateway.

The Bigelow Expandable Activity Module (BEAM) successfully completed its two-year original contract.
NASA signed a new agreement to support utilization as an International Space Station (ISS) stowage
module with a life extension through the end of ISS life. Expandable habitats are designed to be packaged
into a smaller volume for launch, but provide greater volume for living and working in space once
deployed. BEAM is berthed to the ISS and has demonstrated that inflatable habitats have the integrity to
withstand the harsh environment of space.

AES began assembly of Saffire-1V, V, and VI, the final three in a series of six spacecraft fire safety flight
experiments on a Cygnus vehicle. The Saffire payloads help us understand how large-scale fires spread in
microgravity and test 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.

AES continued to integrate advanced autonomy software, sensors, and feedback controls with advanced
life support hardware to demonstrate improved overall efficiency and increased autonomy. Reliable
systems with increased autonomy are essential for missions beyond low Earth orbit in the context of both
crew time and limited communications back to Earth.

AES continued the Next Space Technologies for Exploration Partnerships (NextSTEP) with commercial
industry to prototype habitats, life support systems, and other habitation technologies ready to feed
forward and conduct integrated ground and 1SS based testing to reduce risk for deep space missions.

Work continued on development of Habitation Capabilities that will improve life support and
environmental monitoring technologies and increase resource recovery, effectively reducing dependence
on resupply from Earth. New capabilities from this work to be demonstrated on the ISS include an
airborne particulate monitor, a spacecraft atmospheric monitor (SAM), a brine processor assembly (BPA),
a Universal Waste Management System (UWMS), and a Plasma Pyrolysis Assembly (PPA). The airborne
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particulate monitor is based on an 1SS demonstration model flown in 2018 and will detect small airborne
particles that cause allergies and irritate crew members’ eyes and noses. The SAM will monitor
atmosphere composition and also detect hazardous contaminants in the ISS air. For future missions,
additional water must be reclaimed due to the significant resupply challenge for missions beyond low
Earth orbit. NASA matured the BPA to potentially recover 98% of the water in urine. The UWMS will
provide a more efficient commode for the Orion and other future crewed vehicles. The PPA will recover
hydrogen from methane to potentially increase overall oxygen recovery on ISS from 50% to 75%. Other
technologies also continued development in 2018, including advanced trace contaminant control,
particulate filtration, carbon dioxide removal, high pressure oxygen replenishment for EVA and medical
use, trash processing, and water and microbial monitors.

Through Habitation Systems, flight demonstrations of these new Habitation Capabilities, as well as
improvements to the current ISS life support, environmental monitoring, fire safety, and crew health
systems are progressing. In addition to efforts described above, improvements for better reliability and
performance of the ISS oxygen generation assembly, 1SS Urine Processor Assembly, ISS Water
Processor Assembly and Temperature and Humidity Control condensing heat exchangers continued in
2018, as well as development of improved technologies for carbon dioxide removal. Ground
development of smaller, more efficient exercise devices is also continuing for upcoming ISS flight
demonstrations.

In FY 2018, a series of Synchronized Position Hold, Engage, Reorient, Experimental Satellites
(SPHERES) runs were performed aboard the ISS. SPHERES are bowling ball-sized spherical satellites
that are used inside ISS to test a set of autonomous rendezvous and docking maneuvers, which will free
up crew to perform other work and research on ISS.

The first generation Autonomous Power Control platform was delivered to the Integrated Power,
Avionics, and Software laboratory in 2018, furthering the modular power system architecture goals for
minimized maintenance operations, improving power system availability, and reducing the volume of
unique spare parts necessary to enable sustained future exploration missions.

AES maintained investments in efforts that reduce logistics requirements, including in-space
manufacturing technology development and demonstration on I1SS. A BAA was released and three
companies selected to deliver prototypes for a multi-material fabrication laboratory which is a small-scale
workshop offering advanced in-space fabrication.

To prove the capabilities of the Disruption Tolerant Network (DTN), AES team members completed a
data transfer from the National Science Foundation- McMurdo Station in Antarctica to the ISS. The
demonstration served as a precursor to how DTN can be infused into NASA's space communication
network.

WORK IN PROGRESS IN FY 2019

As NASA works to extend human space exploration beyond low Earth orbit, AES will continue to
develop reliable life support systems, deep space habitats, and overall capabilities to reduce logistics
requirements to support future human spaceflight missions.

The NextSTEP Phase 2 habitation prototype development will be completed in early FY 2019 when the
industry partners provide NASA the functional habitat ground prototype units for ground testing. The
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ground prototypes will allow NASA and the NextSTEP habitation partners to evaluate configurations and
habitability attributes of the habitat, assess how the various systems interact together and with other
capabilities such as propulsion modules and airlocks, and provide platforms to test and ensure standards
and common interfaces to enable interoperability.

Through a consistent test and verification approach, NASA will incorporate and test subsystems,
facilities, crew training approaches, and receive feedback on human factors. The intended outcome of
these activities is a complete set of long-duration deep space architecture designs (including standards,
common interfaces, and testing approaches) from the awarded contractors as well as development and test
of full-size ground prototypes.

Space radiation environments must be measured to determine astronaut exposures. In FY 2019, the
Hybrid Electronic Radiation Assessor will be deployed on ISS to refine radiation data analysis and serve
as an opportunity to evaluate the hardware prior to the EM-1 flight.

In 2019, AES will begin ISS flight demonstrations of life support and environmental monitoring
subsystems including the Spacecraft Atmosphere Monitor, the Universal Waste Management System
(UWMS), and one of three planned advanced carbon dioxide removal systems. In addition, a UWMS
will be delivered to Orion for its EM-2 mission. Development and production work continues in all other
life support, logistics reduction, environmental monitoring, and crew health improvements toward ISS
flight demonstrations in 2020 and beyond. Additionally, AES will embark on a ground-based test
campaign to conduct testing of life support technologies intended to complement 1SS-based testing and
gather further reliability and performance data to ensure these systems are ready for use in missions
beyond LEO.

AES will continue to support development of Orion by leading integration of the Ascent Abort-2 (AA-2)
flight test article. The AA-2 flight test will demonstrate the ability of the launch abort system to function
as the spacecraft breaks through the speed of sound. The avionics and core flight software developed by
AES will be used on the AA-2 test flight and is planned to be utilized on other systems for future
capabilities.

The Ka-Band Objects Observation and Monitoring activity will transform into a radar facility, the Ka-
Band Array Radar for Near Earth Object Accurate Characterization. The transition to a permanent facility
will greatly increase the capability for accurate characterization of object surface porosity, composition
and rate of rotation.

AES is developing four small satellites for launch on EM-1 in 2020: BioSentinel, Near Earth Asteroid
(NEA) Scout, Lunar IceCube and 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 planned to occur this year. These CubeSats will not only help answer strategic
knowledge gaps associated with the Moon, asteroids and effect of space radiation on biological systems,
but will also develop capabilities for deep space CubeSats enabling future missions for academia and
industry.
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KEY ACHIEVEMENTS PLANNED FOR FY 2020

AES will launch and operate Saffire-1V in early FY 2020 while also continuing the development of
Saffire-V and VI flight experiments to demonstrate combustion products monitoring and post fire
cleanup.

The CubeSat payloads will be integrated and ready for launch on EM-1. BioSentinel will study the effects
of the deep space radiation environment on yeast DNA, NEA Scout CubeSat will visit a candidate
asteroid for future human exploration using a solar sail, Lunar IceCube will prospect for water in its
various forms by scanning the lunar surface, and the LunIR satellite will capture and downlink infrared
images of the lunar surface.

AES habitation technologies 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
beginning in 2019, 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, a
brine processor to recover water from urine, and improvements to the ISS urine and water processors.
Work will continue on all other advanced habitation systems toward 1SS flight demonstration 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.

Program Elements

Five strategic technology development element areas drive NASA’s Advanced Exploration Systems
division, each focusing on a specific capability required for future human space exploration.

HABITATION

Habitation capabilities and systems deliver the fundamental capability to provide integrated life support
systems, 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 deep space for missions lasting up to
one thousand days.

Activities include the expandable habitat BEAM, NextSTEP deep space habitation prototype
development efforts, life support systems, logistics reduction, 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 transition to the capabilities to define, design, and
develop future habitation capabilities and systems for use in exploration missions

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
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internal stakeholders, including the Exploration Technology Account, 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 low
Earth orbit that intersects with the Agency’s long-duration, deep-space habitation requirements, along
with any potential options to leverage commercial low Earth orbit advancements and promote commercial
activity in low Earth orbit. The multiple phases of NextSTEP are informing NASA’s acquisition strategy
for its deep space, long-duration habitation capability.

VEHICLE SYSTEMS

In the area of Vehicle Systems, AES develops technologies to enhance the transport of people and
payloads across the solar system. Technologies include modular power systems, and the Ascent Abort-2
flight test article.

FOUNDATIONAL SYSTEMS

AES is making investments today to shape the building blocks needed for the missions of tomorrow.
Foundational systems enable exploration by providing efficient mission and ground operations that
reduce dependence on Earth’s resources. AES work in this area fosters autonomous mission operations,
avionics and software, in-space manufacturing, as well as communication and networking technologies.

RoBOTIC PRECURSOR ACTIVITIES

Robotic Precursor Activities acquire strategic knowledge about potential destinations for human
exploration. These efforts inform systems development through activities such as prospecting for lunar
ice, instrument development, and research and analysis.

STRATEGIC OPERATIONS, INTEGRATION, AND STUDIES

AES conducts studies and analysis to translate strategy into developmental (technology and capability)
priorities and operational efficiencies. Activities include the CubeSat Launch Initiative, the development
of SPHERES and the Astrobee free flyer for ISS, and the NASA Agency Video, Audio and Imagery
Library.

Program Schedule
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Date

Significant Event

March, 2019

Deliver Spacecraft Atmosphere Monitor (SAM) Flight Demonstration Unit

March, 2019

Demonstrate Refabricator operations on 1SS

April, 2019

Issue RFP for NextSTEP Habitation Phase 3

May, 2019

Conduct Ascent Abort(AA)-2 flight test

June, 2019

Deliver RFID Enabled Autonomous Logistics Management(REALM)-2
mobile reader for launch

August, 2019

Deliver Saffire-1V flight hardware for launch on NG-12

August, 2019

Complete ground testing of prototype habitats

September, 2019

Deliver Brine Processor Assembly (BPS) Flight Demonstration Unit

September, 2019

Demonstrate baseline Astrobee functionality on ISS

Program Management & Commitments

HEOMD executes AES activities, and the Directorate’s Associate Administrator has 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: HQ
Performing Center(s): JSC, MSFC, ARC, GRC, KSC and 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, GSFC, and JPL
Cost Share Partner(s): None

Foundational Systems

Provider: NASA Centers

Lead Center: HQ

Performing Center(s): ARC, JSC, MSFC
Cost Share Partner(s): None
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Program Element Provider

Provider: NASA Centers

Lead Center: HQ

Performing Center(s): GRC, JSC
Cost Share Partner(s): None

Vehicle Systems

Provider: NASA Centers
Lead Center: HQ
Performing Center(s): ARC
Cost Share Partner(s): None

Strategic Operations

Provider: NASA Centers

Lead Center: HQ

Performing Center(s): MSFC, JPL, ARC
Cost Share Partner(s): None

Robotic Precursors

Acquisition Strateqy

AES selected initial activities through an internal competition in which NASA centers submitted
proposals specifically to address the highest priority capabilities for human exploration beyond low Earth
orbit. Each year, AES evaluates how the portfolio aligns with human exploration priorities and
technology gaps, and either terminates activities that do not demonstrate adequate progress or realigns
them, and/or 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 and Advanced Cislunar
Surface Capabilities (ACSC). Teams are provided limited procurement funding to purchase materials,
equipment, access and coverage of NASA test facilities. AES strives to maximize specialized skills within
the civil service workforce, but may also utilize a small amount of contractor effort in areas where NASA
can cost effectively leverage external skills and knowledge. AES will also use the Small Business
Innovation Research program to engage small businesses for risk reduction and technology maturation.
AES continues the use of competitively selected external awards and public-private partnerships.

MAJOR CONTRACTS/AWARDS

Element Vendor Location (of work performance)
Habitat Systems: Universal Waste United Technologies Aerospace
JSC

Management System Systems
Habitat Systems: Inflatable Module | Bigelow Aerospace North Las Vegas, JSC
Habitation Systems: Brine Water Paragon Tucson Arizona, MSFC
Processor
NextSTEP BAA Awards Boeing, Bigelow Aerospace,

Lockheed Martin, Orbital ATK, JSC, MSFC, KSC

Dynetics,
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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.
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FY 2020 Budget

Actual Enacted  Request
Budget Authority (in $ millions) FY 2018 FY 2019 FY 2020 FY 2021 FY 2022 FY 2023 FY 2024

Total Budget 0.0 -- 363.0 647.0 967.7 1775.9 2360.0

FY 2018 reflects funding amounts specified in Public Law 115-41, Consolidated Appropriations Act, 2018, as
adjusted by NASA's FY 2018 Operating Plan. Table does not reflect emergency supplemental funds also
appropriated in FY 2018, totaling $81.3 million.

The FY 2019 Operating Plan was not approved at the time the budget was prepared. Therefore, only specific marks
from Public Law 116-006, Consolidated Appropriations Act, 2019, as well as projects in development, are included
in the FY 2019 column.

NASA is continuing to advance its lunar
campaign through the Advanced Cislunar and
Surface Capabilities (ACSC) program to
establish United States preeminence to, around,
and on the Moon. NASA is developing a series
of lunar missions that build in capability to
return humans to the surface in the late 2020s.
Utilizing commercial and international partners
as appropriate to enhance United States
leadership and ensure affordability, ACSC will
use new approaches to accelerate human-class
lander capability development.

ACSC has accelerated development of a human
Through the Advanced Cislunar and Surface Capabilities lunar landing architecture that will include
Program, NASA will return humans to the Lunar Surface. uncrewed demonstration missions in 2024 and a
crewed demonstration mission to return humans
to the lunar surface.

The ACSC program is an integral part of NASA's Exploration Campaign, working in parallel with
exploration technology, scientific lunar exploration, Orion, Gateway, and SLS and commercial launch
capabilities. Agency partnerships through the Exploration Campaign will continue with the Science
Mission Directorate (SMD) Lunar Discovery and Exploration Program (LDEP) and Exploration
Technology account. The partnership with SMD includes coordinating and identifying NASA payloads to
fly on commercial lunar transportation services missions, and identifying long-term exploration needs.
Exploration Technology's Tipping Point program includes six awards that are related to lunar landers.
ACSC will work with the Exploration Technology account to ensure that the technologies developed are
relevant and have high potential to on-ramp to the lunar missions.

ACSC will solicit, engage, and nurture growing capabilities and progress to the ultimate goal of landing a
crew of astronauts on the lunar surface by 2028. Through development of sustaining operations and in-
situ resource utilization (ISRU) with refueling options, reusable vehicles will be able to transport
astronauts back and forth between Gateway and the surface of the Moon.
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EXPLANATION OF MAJOR CHANGES IN FY 2019

ACSC has accelerated development of a human lunar landing architecture that will include uncrewed
demonstration missions in 2024 and 2026, and a crewed demonstration mission in 2028 to return humans
to the lunar surface. The program will focus on working with industry to create an affordable and
sustainable capability.

ACHIEVEMENTS IN FY 2018

In FY 2018, Human Exploration and Operations/Lander Technologies released a Request for Information
(RFI) soliciting emerging commercial capabilities, short and long term mission plans, information on
what commercial sector opportunities there are that would be enabled through regular access to the lunar
surface, and innovative public-private partnership acquisition approaches.

WORK IN PROGRESS IN FY 2019

The responses from the RFI released in 2018 and were used to develop a 2019 solicitation released in
February to support joint risk reduction activities. Using a new appendix under the Next Space
Technologies for Exploration Partnerships (NextSTEP) Phase 2 Broad Agency Announcement (BAA),
NASA is soliciting lander risk reduction activities and concepts from industry leading to sending humans
to the surface of the Moon and bringing them home safely as part of a sustainable campaign of
exploration.

These activities will be closely coordinated with SMD and the LDEP so that NASA ensures continued
options to on-ramp new commercial robotic / cargo landing capabilities as those services become
available and economically sustainable.

FY 2018 accomplishments from the Advanced Exploration Systems (AES) Lunar Cargo Transportation
and Landing by Soft Touchdown (Lunar CATALYST) partnerships continue to be assessed to evaluate
efforts that are directly applicable to ACSC. The CATALYST partnerships encourage development of
robotic lunar landers that can be integrated with United States commercial launch capabilities to deliver
payloads to the lunar surface.

Through a partnership with the Korea Aerospace Research Institute, ACSC will deliver the ShadowCam
flight instrument for the Korea Pathfinder Lunar Orbiter. NASA will provide Deep Space Network lunar
navigation and trajectory assistance in return for instrument space on their orbiter. The ShadowCam will
image the shadowed regions on the Moon's poles.

KEY ACHIEVEMENTS PLANNED FOR FY 2020

In 2020 ACSC will primarily be focused on partnering with industry to develop the FY 2024 human-class
lunar lander (descent element) which will be sized for the largest commercial launch vehicle available at
that time. Operational analysis will begin in order to study how to integrate future landers with a lunar
surface payloads at the Gateway, allowing for the largest possible payload and increased extensibility for
the human lander.
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ACSC will release studies, develop architecture designs, and perform risk reduction activities for the FY
2026 reusable transfer vehicle which will serve as a means of transport between Gateway and Low Lunar
Orbit (LLO), as well as begin development of a reusable human ascent element to return astronauts to the
Gateway after landing on the lunar surface. ACSC will continue risk reduction activities on
Extravehicular Activity (EVA) suits for astronauts on the lunar surface. Studies and risk reduction
activities will begin on a refueling element that will refuel the reusable elements near the Gateway to
allow a sustainable cadence of missions to the lunar surface and prepare for missions beyond the Moon

ACSC will also continue to partner with the Science Mission Directorate and the Exploration Technology
account for related lander and surface systems.

PROGRAM ELEMENTS

LUNAR LANDER MISSIONS

2024 DESCENT ELEMENT DEMONSTRATION

The first demonstration mission will focus on the descent element of the human landing system. The 2024
mission is intended to demonstrate extended cryogenic fluid management operations that are needed to
establish a high performance, reusable propulsion system for sustainable human-class landing systems on
later missions. Development of the descent element is intended to be achieved through industry-led
design and development using a fixed-price/milestone based contract approach for this demonstration and
follow-on missions. NASA is currently targeting a lunar pole for the first landing site because of its
potential to collect and utilize lunar polar resources including water. HEO/ACSC and SMD/LDEP will
continue to assess existing lunar data sets and information from planned lunar missions, including
Commercial Lunar Payload Services (CLPS) missions, to further identify and characterize specific
candidate sites for the 2024 mission and beyond.

FUTURE LANDER MISSIONS

ACSC is also planning a demonstration mission in 2026 and a human crewed mission to the surface in
2028. The 2026 lander mission will be an end-to-end test flight of an uncrewed human-class lunar landing
system. The 2026 mission will demonstrate the full lunar surface access architecture including the
Transfer Vehicle from Gateway to Low Lunar Orbit (LLO), the full human-class Descent Element from
LLO to the lunar surface and the full human-class Ascent Element return to Gateway from the lunar
surface. Both the Transfer Vehicle and the Ascent Element will be tested for reusability for future
missions to demonstrate landing sustainability.

In 2028, the third ACSC lander mission will land a crew of astronauts on the Moon and return them
safely to Gateway. For this mission, ACSC will demonstrate EVVA space suits on the lunar surface, as
well as utilize the reusable Transfer Vehicle and Ascent Element to carry astronauts from Gateway to
LLO and to the lunar surface and back, respectively. ACSC will continue the assessment of fueling /
refueling capability near Gateway for the lowest amortized cost and sustainability for the human landing
system and deep space missions. To support lunar exploration missions after the 2028 human landing,
ACSC plans to develop lunar surface capabilities, including ISRU systems that harvest lunar resources
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such as oxygen and hydrogen as well as produce propellant for the Descent Element so that it can be
reused between the lunar surface and Gateway. Development of these ISRU system capabilities will build
on technologies matured by the ET account.

ACSC will also continue conducting studies to determine the scope of future lander missions and
evolvability to Mars landings.

ACSC LANDER TECHNOLOGY

Activities like Lunar CATALYST will continue to develop necessary technologies, such as propellant
liquefaction, and next generation propellant tank health monitoring to enable lunar surface missions.
ACSC will continue to focus on lander capabilities, completed designs, and overall risk reduction and
access to the lunar surface.

ACSC CoORE

In the Core area, ACSC will focus on non-landing capabilities tied to lunar exploration. Activities include
lunar mapping and participation in international partnerships for lunar orbiters.

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 2019, NASA will make significant
progress on establishing milestones, program implementation assignments, and acquisition strategy
beyond the initial engagements.

Date Significant Event

February 2019 Issued NextSTEP BAA Appendix for initial risk reduction capabilities
May 2019 Select awardees from NextSTEP BAA for Phase A

July 2019 Award Phase A contracts of NextSTEP BAA

September 2019 Deliver ShadowCam instrument to KARI
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Program Management & Commitments
HEOMD will execute the ACSC activities.

Program Element Provider

Provider: TBD
Lead Center:

Lunar Lander Missions Performing Center(s): MSFC, LaRC, GRC, GSFC, JSC, JPL KSC, ARC,
AFRC

Cost Share Partner(s): TBD

Provider: TBD

Lead Center: TBD

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

ACSC Lander Technology

Provider: TBD

Lead Center: TBD

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

ACSC Core

Acquisition Strateqy

Acquisition plans for all functions/elements of ACSC will be determined over the course of FY 2019 and
FY 2020 as required and will utilize full and open competition, public-private partnerships, and
international partnerships.

MAJOR CONTRACTS/AWARDS

Future awards for the ascent and transfer vehicle elements will also be occurring in the late FY 2020 and
early FY 2021 timeframe.

INDEPENDENT REVIEWS

An independent review board will be established in 2019 to participate in the major reviews for the
Human Landing System.
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FY 2020 Budget

Actual Enacted  Request
Budget Authority (in $ millions) FY 2018 FY 2019 FY 2020 FY 2021 FY 2022 FY 2023 FY 2024

Total Budget 17.2 -- 821.4 827.7 717.0 787.8 757.5

FY 2018 reflects funding amounts specified in Public Law 115-41, Consolidated Appropriations Act, 2018, as
adjusted by NASA's FY 2018 Operating Plan. Table does not reflect emergency supplemental funds also
appropriated in FY 2018, totaling $81.3 million.

The FY 2019 Operating Plan was not approved at the time the budget was prepared. Therefore, only specific marks
from Public Law 116-006, Consolidated Appropriations Act, 2019, as well as projects in development, are included
in the FY 2019 column.

As a key part of the Exploration Campaign, NASA will establish the Lunar Gateway, a way station that
will orbit the Moon and enable human and robotic missions to the lunar surface. The Lunar Gateway will
support exploration on and around the Moon, and sustainable human lunar surface exploration missions
by supporting reusable human lunar landers. It will be a temporary home for astronauts and will foster
growing domestic and international economic opportunities for commercial logistics and refueling
services, as well as provide robust communications with spacecraft in cislunar space and on the lunar
surface. The Lunar Gateway will allow for a continuously expanding knowledge base in the area of deep
space maneuvering and solar electric propulsion (SEP). Through the development of Lunar Gateway, the
U.S. will maintain its leadership in space exploration and discovery as it pioneers a new era of space
travel, research, logistics, and economic development.

The Lunar Gateway will be assembled in orbit around the Moon where it will be used immediately as a
staging point for missions to the lunar surface. It can evolve depending on mission needs, and although
there are various concepts for its configuration that continue to be evaluated, current analysis suggests
that the functionality will support lunar landers and include four main functions: A Power and Propulsion
Element (PPE), habitation, an airlock to enable Extra-Vehicular Activities (EVA), and a logistics
capability for cargo delivery. These functions will provide critical abilities for the Lunar Gateway to
support human-class reusable landers, landing a crew of up to four astronauts on the lunar surface by
2028 and ultimately developing sustaining lunar operations on the Moon. Additional capabilities could
enable science utilization, exploration technology demonstrations, and potential commercial utilization.

The PPE is the first element of the Lunar Gateway which will be launched on a commercial rocket in
2022 and placed in orbit around the Moon. Working in partnership with Exploration Technology, PPE
will demonstrate advanced high-power SEP bus systems that will support both future NASA and
commercial applications. It is being acquired as a public-private partnership and following a spaceflight
demonstration period of up to one year, when NASA will then likely take over operations of PPE from
the industry partner. The PPE will supply power and propulsion for elements and systems on the Lunar
Gateway as well as accommodations for research payloads, and communication to and from Earth, space-
to-space, and space-to-lunar. The Lunar Gateway is intended to be capable of supporting human-class
lander deployments and operations using multiple docking ports. Once the PPE and habitation capabilities
have been delivered to cislunar space, a crew of four - launched on Orion - will visit the Lunar Gateway
on missions lasting up to 30 days.

The focus of the Lunar Gateway is on enabling sustainable lunar surface capability as soon as possible. It
will support a reusable human lunar landing system, in addition to supporting other science and human
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exploration objectives on and around the Moon. Delivery of Lunar Gateway and lunar lander elements,
including refueling of these elements, will create a reusable hub for sustainable lunar activity and feed
forward to Mars.

EXPLANATION OF MAJOR CHANGES IN FY 2020

In the FY 2020 budget request, refinements made to the Lunar Gateway implementation strategy
continued, focusing on maintaining a lean approach to the final configuration. Adjustments include re-
phasing the PPE budget to align with updated planning. In order to enable deep space crew operations on
the first mission to Lunar Gateway, NASA has included planning for a Utilization Module and ESPRIT to
allow for an early initial crew visit thereby increasing overall utilization potential. Additional rephasing to
the habitation budget will allow for more time to evaluate a final design incorporating what international
and industry partners should contribute.

This budget also integrates the NASA Docking System (NDS) into the modules of the Lunar Gateway.
Implementing the NDS for Lunar Gateway missions as the common docking standard reduces the
development cost by only having to develop one docking system that allows NASA, international and
commercial partners to easily dock with Lunar Gateway to support lunar landers (including reusable
human), the Lunar Gateway itself and science objectives.

ACHIEVEMENTS IN FY 2018

The Agency conducted an Acquisition Strategy Meeting (ASM) in August of 2018, leading to the Lunar
Gateway Formulation Sync Review kickoff, which is the equivalent of a program-level System
Requirements Review (SRR). The SRR is a preliminary look at functional and performance requirements
defined for the system to ensure that the requirements and the selected concept will satisfy the Agency
priorities and goals and was recently successfully completed.

Lunar Gateway released several requests for information (RFI) regarding utilization of Lunar Gateway
science, technology, and commercial entities, as well as emerging commercial surface capabilities to
enable regular access to the lunar surface. In February, NASA hosted a Lunar Gateway science workshop
to gather information that is being used to inform utilization opportunities. A few of the science
possibilities resulting from these efforts include opportunities for Earth, Heliophysics, Astrophysics and
fundamental physics investigations; additional transportation infrastructure (low lunar orbit) tug/pallet,
surface access, sample return capability that can enable additional lunar science; and external sample
collections that will provide science about cometary material, solar composition, interstellar particles, and
near-Earth objects. Additional opportunities include important tests of the effects of radiation on
biological organisms.

Using the Next Space Technologies for Exploration Partnerships (NextSTEP) Broad Agency
Announcement (BAA), NASA solicited inputs from U.S. industry on their current capabilities and plans
that could be leveraged to provide an advanced SEP-based spacecraft bus for the Lunar Gateway. The
request identified 23 topic areas including potential commercial synergies to support development of a
PPE. These studies will provide data on U.S. commercial capabilities for PPE while NASA continues to
define objectives and requirements as well as how to reduce risk for a new powerful and efficient SEP
technology in deep space that will be used on future exploration missions.
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PPE selected five proposals for further industry study from the inputs received in FY 2017. These
industry studies provided data on U.S. commercial capabilities for PPE and were successfully completed
in March 2018. Other progress included developing PPE requirements and planning for acquisition and
partnership approaches including interactions with industry through release of a draft solicitation and
holding an industry day. A final BAA for a public-private partnership for spaceflight demonstration of
PPE was released on September 6, 2018.

WORK IN PROGRESS IN FY 2019

As a decision from the Lunar Gateway Acquistion Strategy Meeting (ASM) in August 2018, the Lunar
Gateway program leadership will transition in 2019 from NASA Headquarters-led formulation to Center-
led execution as the program matures through the life cycle.

Lunar Gateway PPE will award one or more contracts for the spacecraft development in FY 2019 and
mature plans with industry to baseline the preliminary design. Critical to the approach is realization of a
deep space operational power and propulsion capability that is directly applicable to a wide range of
commercial, robotic, and human spaceflight missions. This will also allow NASA to leverage existing
commercial space communication capabilities.

NASA is formulating the Lunar Gateway by defining system requirements, developing design and
interoperability standards, establishing program and system-level control boards, developing strategy and
execution mechanisms to acquire Lunar Gateway modules, and developing an integrated ground test plan
for prototype habitats. The NextSTEP Phase 2 Habitation contracts, funded in Advanced Exploration
Systems (AES), are developing prototype deep space Lunar Gateway habitats that are allowing NASA
and the NextSTEP habitation partners to: 1) evaluate configurations and habitability attributes of the
habitat, 2) assess how the various systems interact together and with other capabilities such as propulsion
modules and airlocks, 3) provide platforms to test and validate standards and common interfaces, and 4)
reduce the risk of Lunar Gateway development and assembly.

At the end of NextSTEP Phase 2 study contracts, industry partners will provide the functional habitat
ground prototype units to NASA for testing. Ground testing beginning in 2019 will further enable Lunar
Gateway habitation design through a demonstrated consistent test and verification approach, allowing
NASA to incorporate and test subsystems, facilities, crew training approaches, and human factors. The
intended outcome of these activities is a complete set of long-duration deep space architecture designs
(including standards, common interfaces, and testing approaches) from the awarded contractors as well as
development and test of full-size ground prototypes.

While the NextSTEP Habitation activities are identifying potential U.S. industry implementation
approaches and partnerships for the Lunar Gateway, concurrent assessments are underway by the
International Space Station (ISS) partners to evaluate alternative/complementary approaches for
implementation that focuses on international capabilities and contributions for the Lunar Gateway buildup
in cislunar space.

During FY 2019, NASA will further relationships with both its commercial and international partners to
solidify acquisition and partnership plans.
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The ISS approach to international partnerships will serve as a model that has proven to be flexible and
adaptable with international entities. It has presented opportunities for NASA to provide a global
leadership role, while advancing exploration goals and objectives.

With the growing number of commercial activities in space, partnerships with the private sector offer
increasingly beneficial opportunities to help NASA achieve its mission objectives. Public-private
partnerships with domestic entities may also present opportunities for NASA to advance exploration goals
and objectives in a cost- and/or time-efficient manner. For these reasons, Lunar Gateway shall seek both
international and domestic collaborations with industry and academia to strengthen the overall endeavor.
A RFI for Lunar Gateway Logistics was released in October to help NASA understand service options to
transport cargo, equipment and other goods, like food, to and from the orbiting outpost. Responses were
due in November and results are being incorporated into a future solicitation planned for later in 2019.

KEY ACHIEVEMENTS PLANNED FOR FY 2020

NASA will continue working with the newly-selected PPE industry partner(s) to enable successful
delivery of their development schedule. The expected milestones will include requirements and design
reviews, and component procurements. PPE will work with NASA internal partners to codify deliverables
and ensure NASA's confirmation baseline is established.

As Lunar Gateway formulation continues, NASA anticipates making selections for the U.S. habitation
module development in 2020. Agreements for internationally provided contributions will be finalized
including international partner provided European System Providing Refueling, Infrastructure, and
Telecommunications (ESPRIT).

Building upon the current NextSTEP commercial engagement contracts, the Lunar Gateway will continue
to advance commercial habitation, avionics, flight software, life support, in-space refueling capabilities,
and other commercial space industries that may be incorporated into the Lunar Gateway modules.

Program Elements

The Lunar Gateway functionality and capabilities evolve over the course of each stage of the assembly
sequence. The Lunar Gateway will be launched on competitively procured commercial launch vehicles.

PROGRAM INTEGRATION AND MANAGEMENT

The Program Integration and Management Element is responsible for cross-element and cross-program
integration to the Systems Engineering and Integration (SE&I) and the Programmatic, Planning, and
Control (PP&C) office. The Lunar Gateway program office is responsible for the overall systems
engineering and integration of the Lunar Gateway. The PP&C office provides programmatic guidance,
executes oversight and insight, and provides assessments (technical, cost, schedule, acquisition,
legislative) of Lunar Gateway development health.
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POWER AND PROPULSION ELEMENT (PPE)

The first element of the Lunar Gateway is the PPE. It is a robotic spacecraft that will provide electrical
power and propulsion, orbital station keeping, orbital translation, and communication for the Lunar
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 capability and align with
anticipated industry needs. It will provide transportation for the Lunar Gateway between cislunar orbits as
well as perform needed orbital maintenance. It will provide altitude control for the Lunar Gateway in
multiple configurations, accommodations for external research payloads, communication to and from
Earth, space-to-space communication, and space-to-lunar communication. PPE will incorporate the NDS
for docking and provide refueling capabilities for other Lunar Gateway elements. At the end of the Lunar
Gateway operational life, PPE will move the integrated Lunar Gateway stack to a disposal orbit.

PPE works with U.S. industry while also leveraging Exploration Technology investments in Advanced
Electric Propulsion Systems (AEPS). PPE will demonstrate an advanced 50 kW class SEP system. PPE
has a targeted launch readiness no earlier than December 2022.

HABITATION ELEMENT

The Habitation Element is where the astronauts will live and work. With the intention of using the Lunar
Gateway as a technology demonstration activity to enable future, more ambitious missions, the Habitation
Element provides a relatively austere living space when compared to similar ISS modules or the
envisioned exploration modules for future long duration missions.

The Lunar Gateway Habitation Element provides a livable section and short-duration life support
functions for the crew in cislunar space. The docking ports allow for attachment to the PPE, other
elements and visiting vehicles. The habitat also provides attach points for external robotics, external
payloads or rendezvous sensors; thermal radiators provide heat rejection and micro-meteoroid protection;
and additional habitat systems provide accommodations for crew exercise, science/utilization and
stowage. Some functions may be outfitted via future logistics flights.

The internationally provided ESPRIT will deliver the fuel tanks and pumps, advanced lunar
communications and redundant Earth communications, docking interfaces, and habitable and stowage
volumes.

LOGISTICS ELEMENT

The functional reality of human habitation anywhere is that it involves the consumption of resources and
the generation of waste. The Logistics Element handles transportation of “stuff” to and from the Lunar
Gateway. The orbit of the Lunar Gateway is optimized to enable Orion access and commercial logistics
delivery for on-going resupply of the Lunar Gateway.

NASA is currently assessing specific configurations and strategy for pressurized and unpressurized
logistics delivery, refueling, commercial launch vehicle, and the Orion pressurized logistics. All potential
concepts deliver cargo to the Lunar Gateway to enable extended crew mission durations, science
utilization, exploration technology demonstrations, potential commercial utilization, and other supplies.
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The first Logistics Module flight is planned to deliver the international Robotic Arm. The Robotic Arm is
envisioned to be a symmetric seven-Degree-Of-Freedom (DOF) manipulator, with the ability to self-
deploy and translate to multiple locations on the Lunar Gateway using Low Profile Grapple Fixtures
(LPGF). The Robotic Arm includes multiple cameras to provide situational awareness and inspection
capability, the capacity to support maintenance using both robotic and EVA based repairs, and Worksite
Interface (WIF) sockets and translation aids to assist in EVA. To support cislunar and beyond operations,
the Robotic Arm includes some automation such as automated alignment with LPGF and the ability to
change base locations.

NASA envisions Logistics Modules having their own power, propulsion, and navigation systems to
rendezvous with the Lunar Gateway in cislunar orbit, and docking at a radial port. The Logistics Modules
could provide consumable resupply, outfitting equipment, and cargo delivery including utilization and
spares. They could also be capable of providing additional stowage volume while attached to Lunar
Gateway, and trash disposal upon departure.

AIRLOCK ELEMENT

A key mission objective for the Lunar Gateway is demonstrating that humans can live and work in a
deep-space environment. While the Gateway will be designed to minimize a need for extra vehicular
activity (EVA), experience has shown that complex spacecraft and long-term missions may eventually
require the utility of EVAs. The airlock element provides the Lunar Gateway with the capability to enable
astronaut EVAs as well as the potential to accommodate docking additional elements, observation ports,
or a science utilization airlock.

The Airlock is currently planned as the final flight of the Lunar Gateway assembly. The Airlock will
provide EVA capability for the Lunar Gateway crew while allowing other crew members to continue
working in other Lunar Gateway modules. Multiple concepts are currently being assessed and feasibility
studies have identified several different approaches ranging from small, single chamber airlocks to large,
dual chamber airlocks with inflatable crew locks. The current design assumes two chambers — an
Equipment Lock enabling EVA preparation, including suit servicing, and a Crew Lock allowing egress
and ingress. The Equipment Lock provides an alternate ingress path if needed in a contingency. The
Airlock also provides an additional docking port and logistics to the Lunar Gateway.
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Program Schedule

The Lunar Gateway elements and final configuration are still in the formulation phase. During FY 2019,
NASA will make significant progress on establishing milestones, program implementation assignments,

and acquisition strategy.

Date Significant Event

Q1 FY2020 Lunar Gateway System Definition Review (SDR)
Q1-2 FY2021 Lunar Gateway Preliminary Design Review (PDR)
Late 2022 PPE Launch Readiness Date (LRD)

Program Management & Commitments

The Human Exploration and Operations Mission Directorate (HEOMD) AA assigned authority for the
Lunar Gateway Program to transition from Headquarters-led to JSC. The Program Manager reports
directly to the HEOMD AA in coordination with the HQ Human Lunar Lander and Lunar Gateway

Integration Lead.

Program Element

Provider

Power and Propulsion Element

Provider: NASA Centers

Lead Center: GRC

Performing Center(s): GRC and JSC
Cost Share Partner(s): TBD

Habitat

Provider: TBD

Lead Center: MSFC

Performing Center(s): MSFC, JSC, KSC, GRC
Cost Share Partner(s): TBD

Logistics

Provider: TBD

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

Airlock

Provider: TBD

Lead Center: JSC

Performing Center(s): TBD

Cost Share Partner(s): Potential International Partner

Acquisition Strateqy
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The acquisition of the Lunar Gateway will incorporate a hybrid mix of contracted development,

international and domestic partnerships, in-house builds, as well as innovative 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 Lunar Gateway

acquisition strategy is adherence to NASA'’s strategic principles for sustainable exploration.

MAJOR CONTRACTS/AWARDS

Element

Vendor

Location (of work performance)

PPE (planned for Q3 FY 2019)

Logistic Services (planned for late
FY 2019/early FY 2020)

INDEPENDENT REVIEWS

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

Review Date of Next
Performer . Purpose Outcome .
Type Review Review
Equivalent to a
strategic
requirements review
(SRR), the FSR
evaluated the Lunar
Formulation program’s functional Gateway
. Program cleared to L
Synchroniza | Independent February | and performance Preliminary
. . ! ) proceed to next :
tion Review | Review Team 2019 | requirements Design
- phase. .
(FSR) ensuring proper Review
formulation and (FY2021)
correlation with
Agency, and
HEOMD’s strategic
objectives.
Independent . PPE
; Independent review :
Review Team 0 SuDort HEOMD Baseline
Performance | (IRT) (GSFC- Jul 2017 pport Tt Passed Completion
. DPMC decision to :
chaired, NASA roceed with PPE Review FY
members) P 2020*
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Independent

Review Team

(IRT) (LaRC- Independent review Lunar

chaired, NASA of Lunar Gateway Gateway
Performance members) which Sept 2018 Formulation Sync Passed SDR

will transition to a Review FY 2020
Standing Review
Board (SRB)
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FY 2020 Budget

Actual Enacted  Request
Budget Authority (in $ millions) FY 2018 FY 2019 FY 2020 FY 2021 FY 2022 FY 2023 FY 2024

Total Budget 140.0 -- 140.0 140.0 140.0 140.0 140.0

FY 2018 reflects funding amounts specified in Public Law 115-41, Consolidated Appropriations Act, 2018, as
adjusted by NASA's FY 2018 Operating Plan. Table does not reflect emergency supplemental funds also
appropriated in FY 2018, totaling $81.3 million.

The FY 2019 Operating Plan was not approved at the time the budget was prepared. Therefore, only specific marks
from Public Law 116-006, Consolidated Appropriations Act, 2019, as well as projects in development, are included
in the FY 2019 column.

Sending astronauts into space involves a
multitude of complicated systems, but perhaps
the most complex is the human system — human
health, human factor (how crew 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,
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
understanding and mitigating the highest risks to
astronaut health and performance to ensure
crews remain healthy and productive during long-duration missions beyond low Earth orbit.

In this photo from Expedition 56, NASA astronaut Serena
Aufidn-Chancellor examines her eye with a Funduscope.

As NASA prepares to conduct crewed missions in cislunar space using Space Launch System (SLS) and
Orion, then on the lunar surface and eventually further in deep space, HRP is developing the scientific
and technological capabilities to support missions to the lunar orbiting Gateway and lunar surface.
Coordinating with the National Academies, National Council on Radiation Protection and Measurements,
and other domestic and international partners, HRP continues to deliver products and strategies to protect
crew health and performance during and after exploration spaceflight missions. Current experiments on
the International Space Station (ISS), as well as in ground-based analog environments and laboratories,
are 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 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 research development of 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 developing long-term
health effects manifesting later in life from space radiation exposure, health and performance decrements
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that develop during the mission, and decrements in capabilities immediately upon return to Earth. HRP is
working with Advanced Exploration Systems (AES), Crew Health and Safety 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 provide radiation protection. The collaborative efforts involve defining permissible
exposure limits, requirements for real-time medical response, optimized mission architectures, biomedical
monitoring, 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
understanding of the effects of spaceflight on human physiological systems, behavioral responses to
isolation and confinement, and space radiation health effects. This knowledge is critical to NASA’s plans
for long-duration human space missions beyond low Earth orbit. In addition, as is the case with many
space-based medical investigations, this research may also lead to significant advancements in treating
patients on Earth.

EXPLANATION OF MAJOR CHANGES IN FY 2020

None.

ACHIEVEMENTS IN FY 2018

HRP researchers conducted approximately eleven ISS biomedical research investigations during each
mission increment, completed three flight investigations, and initiated six new flight research
investigations 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
for detecting behavioral health risks during exploration missions; 2) exploration food technology
assessments on how a repetitive menu affects food acceptability and a study to assess long-term food
stowage quality during spaceflight; 3) core measurements on human spaceflight risks from astronauts
before, during, and after long-duration missions; 4) human factors assessment on the impacts of switching
operational tasks in order to reduce negative consequences and improve individual and team
effectiveness; 5) exploration research supporting development of a continuous fresh-food production
system; 6) physiological research on quantitative computerized tomography (CT) and Magnetic
Resonance Imaging (MRI)-based modeling assessment of dynamic vertebral strength and injury risk
following long-duration spaceflight.

HRP implemented 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 variation in the astronaut population
in response to diverse duration exposures to spaceflight. The primary focus is to ensure that an optimized
minimal set of measures is consistently captured from all ISS crewmembers in order to characterize the
health of a human in space in preparation for exploration missions. The results will function as a data

DEXP-76



Deep Space Exploration Systems: Exploration Research & Development

HUMAN RESEARCH PROGRAM

repository and be available to investigators to develop hypotheses, provide supporting experimental data,
or be used in astronaut and Earth-based epidemiology assessments. HRP investigators also continued
analyzing the 1SS One-Year Mission and Twins Study data to support future publication of results, and
made recommendations to ISS regarding future One-Year Missions and use of ISS as an exploration
analog to assess impacts of crew isolation.

HRP supported the Translational Research Institute for Space Health (TRISH) as they continued to solicit
research as well as educate the next generation of space life scientists and is fully executing on its mission
to lead a national effort to translate cutting-edge emerging terrestrial research into mitigation strategies for
exploration missions. TRISH focuses on rapidly translating fundamental research concepts into practice,
thereby generating tangible health outcomes—in this case, for astronauts. During 2018, TRISH identified
biomedical innovations and has 22 projects in the Science and Technology pipeline including three
program grants and two flight studies; released two research announcements: i) Biomedical Research
Advances for Space Health solicited six deep-space relevant topic areas and ii) the industry solicitation
solicited proposals from small U.S.-based companies for technologies that would be essential for self-
reliant healthcare in deep space; initiated its industry-focused program, partnering with the Consortia for
Improving Medicine with Innovation and Technology; and solicited and funded outstanding postdoctoral
fellows and supported training for future NASA’s flight surgeons.

In the area of behavioral health and performance and the effects of isolation, HRP relies on ground
analogs to support risk mitigation. In FY 2018, HRP completed four 45-day isolation study campaigns
using the Human Exploration Research Analog (HERA) facility. HERA is a unique three-story habitat
designed to serve as an analog for isolation, confinement, and remote conditions in exploration scenarios.
Each HERA campaign uses crews of four and is supported by a mission control team. A variety of
experiments are supported during each 45-day simulated mission. Additionally, HRP continues
preparations for long-duration isolation and confinement studies at the NEK facility in Moscow, Russia in
collaboration with the Russian Institute for Biomedical Problems. This includes the two-week SIRIUS-17
mission which commenced in early FY 2018 to test the feasibility of systems in support of longer
duration missions, along with mission planning, science integration and subject selection for the four-
month SIRIUS-18 mission which will commence in the spring of 2019.

HRP also undertook joint NASA/NSF Antarctic analog studies to support behavioral health and
performance research. Working with the NSF Polar Program, HRP is integrating behavioral health and
performance research studies into the Antarctic winter-over campaign sites that serve as operational
research analogs by providing long duration, isolation, confinement, and extreme conditions to stress the
research participants. During the 2018 winter-over, HRP conducted a research study using U.S. Antarctic
program volunteers located at the McMurdo and Amundsen-Scott South Pole Stations. Over

100 volunteer subjects completed periodic computer-based questionnaires, provided saliva samples, and
wore a monitor that recorded sleep and wake cycles. Researchers used these collective tools to look for
signs of stress and changes in psychological health of the volunteers during their time in Antarctica.
Research in these areas has obvious benefits for living in space but could also prove beneficial to people
living and working under similar conditions on Earth.

HRP conducted joint NASA/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 :envihab facility in Cologne, Germany. HRP participated in a
research study in early FY 2018, funding four investigators whose studies were also implemented in the
facility. The objective of the studies was to determine whether 30 days of bed rest with a six-degree
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head-down tilt under elevated carbon dioxide exposure, similar to what is experienced on the ISS and
could occur on future exploration missions, affects physiological and psychological functions. Mission
planning, science integration and subject selection for a joint NASA/European Space Agency (ESA)
60-day bed rest study that will commence in the spring of 2019 is currently underway.

In support of future human exploration missions, HRP delivered recommended updates to physiological
medical standards to better protect muscle and aerobic capacity and recommendations on methods to
maintain team function and performance during isolation and confinement of long-duration missions.
Additionally, HRP initiated development of the medical data architecture to support medical operations
for deep space missions. The successful implementation of a medical system in the resource-constrained
environment of exploration missions will depend on closer coupling of medical resources with other
vehicle systems.

Finally, HRP continued space radiation research at the NASA Space Radiation Laboratory (NSRL) with
three annual runs (spring, summer and fall) to better understand the health risks to astronauts. In 2018,
NASA demonstrated the NSRL Galactic Cosmic Ray (GCR) simulator to rapidly switch ion species and
energies, allowing for a more realistic simulation of the actual radiation environment found in space.

WORK IN PROGRESS IN FY 2019

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; implement a research plan that fully utilizes the ISS biomedical
research capabilities to test mitigation approaches and validate countermeasures; HRP will collaborate
with Crew Health and Safety on ISS studies related to visual impairment, carbon dioxide analysis,
exercise systems and cognitive function measures; and HRP will leverage resources and expertise through
collaborative research with other NASA programs, international partners and other U.S. agencies such as
DoD, DOE, NSF, HHS and the 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) another potential
One-Year Mission; 2) ISS as an exploration analog to assess impacts of crew isolation; 3) continue the
advanced food technology study to assess long term stowage quality in space; 4) develop the Advanced
Twin Lifting and Aerobic System (ATLAS) deep space exercise device for testing and validation as part
of exploration system maturation project.

ISS research publications for both the One-Year Mission and Twins Study will be published in early
2019. These publications will document the health impacts of long-duration spaceflight at both the
physiological and genomic levels. Initial assessments identified spaceflight-specific changes including
decreased body mass, telomere elongation, carotid artery distension and increased intima-media
thickness, altered ocular structure, transcriptional and metabolic changes, DNA methylation changes in
immune- and oxidative-stress related pathways, gastrointestinal microbiota alterations, and cognitive
decline post-flight. Although average telomere length, global gene expression and microbiome changes
returned to near preflight levels within six months after return to Earth, increased numbers of short
telomeres were observed and expression of some genes was still altered. These multi-omic, molecular,
physiological, and behavioral datasets provide a valuable roadmap of the putative health risks for future
human spaceflight.
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In support of exploration medical capability, HRP will continue to develop the medical data architecture
(MDA) which is a prototype system to comprehensively manage and process medically-relevant
information to support exploration medical operations. HRP is also collaborating with the Canadian
Space Agency to integrate their novel Astroskin biosensor, a wearable vest that collects biometric
information such as heart and breathing rates, into the prototype medical system.

HRP will implement a bedrest study with the European Space Agency (ESA) to assess the use of artificial
gravity as human physiology countermeasure using the DLR :envihab facility. The Artificial Gravity bed
rest study consists of two campaigns of head down tilt, each campaign lasting 60 days and including

12 test subjects. During each 60-day campaign, the subjects will be assigned to one of three groups: one
group will experience centrifugation for 30 continuous minutes each day; the second group will
experience centrifugation in six bouts of five minutes each, with a five minute rest between bouts; and the
final group will serve as a control, and will not experience centrifugation. NASA has selected four
researchers and ESA has selected seven researchers to participate in these campaigns aimed at better
understanding the potential of artificial gravity as a countermeasure to mitigate the effects of long
duration space flights.

In understanding the behavioral health challenges associated with isolation and confinement, HRP will
continue implementing a collaborative NASA/NSF human health and performance study on the effects of
remote location, extreme isolation, and confinement during winter-over missions in Antarctica using the
NSF polar station. HRP will also undertake two missions on long-duration isolation and confinement
studies in collaboration with Russia which includes the SIRIUS-18 (four-month) and 19 (eight-month)
missions, and they will continue the 45-day HERA studies at Johnson Space Center.

In support of Gateway development and future missions, HRP will continue work with NASA’s Deep
Space Exploration Habitation development to define and evaluate exploration habitats; support Gateway
Crew Health and Performance System requirements definition; deliver habitat standards and evaluation
tools; and deliver food system requirements and nutritional recommendations for the exploration Gateway
food system. Additionally, HRP continues to work on defining test objectives for the Gateway missions,
providing final recommendations on food mass reduction for Orion missions, and defining lunar surface
research opportunities.

KEY ACHIEVEMENTS PLANNED FOR FY 2020

HRP intends to implement an ISS flight research plan critical to mitigating crew health and performance
risks for exploration missions. As part of this ISS research plan, HRP will implement the Standard
Measures Project with the objective to ensure consistent capture of a core set of physiological and
performance measures from crew members until the end of the ISS in order to characterize the adaptive
responses to and risks of long-duration in spaceflight. The data from the Standard Measures Project will
support high-fidelity monitoring of countermeasure effectiveness, meaningful interpretation of health and
performance outcomes, and support future research on planetary missions. HRP will issue the first ISS
Standard Measures report once samples are returned and processed. HRP will continue planning with the
ISS program for additional one-year missions to validate exploration countermeasures. HRP will also
develop and complete ground testing of an advanced exploration exercise system in preparation for ISS
deployment as part of exploration system maturation plans.

HRP will continue leveraging resources through multiple partnerships including international partnering
on isolation, confinement and physiology studies with Russia, DLR and European Space Agency. HRP
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plans to continue future bed rest studies at the DLR :envihab facility in Cologne, Germany and discussing
potential opportunities for collaboration and data sharing with European investigators.

HRP’s effort to advance mitigation of recognized human health and performance risks and enable future
exploration missions will continue including: implement a microbial risk assessment study to ensure crew
safety and allow increased dependence on bioregenerative food systems; developing space habitat
standards and evaluation tools for use in designing and evaluating vehicle volume and layout to optimize
crew performance and health; completing a study to determine optimal methods for detecting individual
performance susceptibilities to sleep loss and circadian desynchronization to inform individualized
countermeasures during spaceflight, and developing requirements and technical objectives for Gateway
and lunar surface missions.

Program Elements

EXPLORATION MEDICAL CAPABILITY

As NASA makes plans to extend human exploration beyond low Earth orbit, identifying and testing
next-generation medical care and crew health maintenance technologies is vital. Health care options
evolve based on experience, anticipated needs, and input from flight surgeons and crew offices. 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 must 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, etc.) and help keep astronauts healthy and
productive during space travel and after their return to Earth. Researchers provide biomedical expertise;
they are responsible for understanding the normal physiologic effects of spaceflight, and then developing
countermeasures to those with 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
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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. They then work to develop countermeasures, equipment, and other
interventions to minimize these risks.

SPACE RADIATION

As NASA expands human presence through the solar system, it is critical that crews are 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 low Earth orbit. Thus, NASA and the DOE have partnered on a facility at Brookhaven
National Laboratory in New York to simulate the deep space radiation environment which researchers use
to help understand its biological effects.

ISS MEDICAL PROJECTS

The ISS provides a unique testbed for HRP activities. The medical projects team plans, integrates, and
implements approved biomedical flight experiments on the ISS, as well as research studies that use
ground-based spaceflight analog facilities to accomplish program objectives. This includes pre and
post-flight activities, coordinating flight or ground resources with our international partners, maintaining
ISS biomedical research racks and flight hardware, and developing crew training for both flight and
ground investigations. Teams also operate a Telescience Support Center, which provides real-time
support and data services to all HRP flight experiments. Strong interfaces with external implementing
organizations, such as the ISS payloads office, analog coordination offices, and international partners, are
critical to maintaining a robust research program. This group is also responsible for operating the HERA
analog facility at NASA, Johnson Space Center (JSC) and arranging access to other analog facilities
required by HRP researchers, including NSF Antarctic facilities, other national isolation analogs, and
international partner facilities in Germany and Russia.
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Program Schedule

Date Significant Event

Nov 2018 Delivered recommendations on using High Intensity Interval Training (HIIT) in spaceflight to
Space Medicine

Dec 2018 Delivered Medical System Functional Gateway Requirement Recommendations to the Human
Health and Performance Directorate Gateway Delegate

Jan 2019 Conduct 2019 HRP Investigators’ Workshop

May 2019 2018 Human Exploration Research Opportunity (HERO) NASA Research Announcement
Selections

Aug 2019 Release 2019 Human Exploration Research Opportunity (HERO) NASA Research Announcement

Sept 2019 Deliver a Neurobehavioral Conditions Checklist for Space Medicine Operations

Sept 2019 Deliver updated Nutritional Recommendations for Exploration Food System

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 Associate Administrator delegated the authority, responsibility,
and accountability of HRP management to the Space Life and Physical Sciences Research and
Applications (SLPSRA) Division at NASA Headquarters. Working closely with the Office of the Chief
Scientist, and the Office of the Chief Health and Medical Officer, the SLPSRA 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): None
Provider: JSC

Human Health Lead Center: JSC

Countermeasures Performing Center(s): ARC and GRC
Cost Share Partner(s): None
Provider: JSC

Human Factors and Lead Center: JSC

Behavioral Performance Performing Center(s): ARC, GRC, and KSC
Cost Share Partner(s): None
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Program Element Provider

Provider: JSC

Space Radiation Lead Center: JSC
Performing Center(s): LaRC

Cost Share Partner(s): None

Provider: JSC

ISS Medical Project Lead Center: JSC
Performing Center(s): ARC and KSC

Cost Share Partner(s): None

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.

HRP plans to release the Human Exploration Research Opportunities umbrella NASA Research
Announcement (NRA) that will request research proposals across all of 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

Element Vendor Location (of work performance)

Translational Research Institute for

Program Management Space Health

Baylor College of Medicine

DEXP-83



Deep Space Exploration Systems: Exploration Research & Development

HUMAN RESEARCH PROGRAM

INDEPENDENT REVIEWS

Review of NASA Informed program
Quality National Academies | Dec 2017 research on human research Dec 2020
health risks prioritization
National Council on Review of space Established research
Quality Radiation Nov 2017 radiation heslth risks priorities for space Feb 2019
Protection (NCRP) radiation research
Quality Peer Review Panel | Nov 2018 Peer review of NRA | Selected grantees Mar 2019
Independent Review of program Verify adherence to
Quality Program June 2019 management policies | NASA program June 2021
Assessment and practices management policies
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EXPLORATION TECHNOLOGY

Actual Enacted  Request
Budget Authority (in $ millions) FY 2018 FY 2019 FY 2020 FY 2021 FY 2022 FY 2023 FY 2024
Early Stage Innovation and Partnerships 91.9 -- 123.4 118.0 123.0 118.0 123.0
Technology Maturation 1515 -- 282.5 227.2 250.3 246.7 328.0
Technology Demonstration 321.7 -- 397.5 411.8 3914 362.3 231.2
SBIR and STTR 194.8 - 210.8 219.1 230.8 2375 261.0
Total Budget 760.0 926.9 1014.3 976.1 995.4 964.4 943.1

FY 2018 reflects funding amounts specified in Public Law 115-41, Consolidated Appropriations Act, 2018, as
adjusted by NASA's FY 2018 Operating Plan. Table does not reflect emergency supplemental funds also
appropriated in FY 2018, totaling $81.3 million.

The FY 2019 Operating Plan was not approved at the time the budget was prepared. Therefore, only specific marks
from Public Law 116-006, Consolidated Appropriations Act, 2019, as well as projects in development, are included

in the FY 2019 column.

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.

Exploration Technology .....ccooovvviiiiiiiii e ET-2

EARLY STAGE INNOVATION AND PARTNERSHIPS ...

TECHNOLOGY MATURATION ...ttt ettt e e eeeans
TECHNOLOGY DEMONSTRATION ..ottt ettt eeaans
TDM Laser Comm Relay Demo (LCRD) [Development].............uuvivieirimieininieinininininininnn.
TDM Solar Electric Propulsion (SEP) [Formulation]...............ueuuveiriiiririnieirinisininininninn.
Restore/In-Space Robotic Servicing (ISRS) [Formulation] ............cccooee e,
SBIR AND ST TR ettt e e et s e e e et e e e eatn e e e e eaaneaaees
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FY 2020 Budget

Actual Enacted  Request
Budget Authority (in $ millions) FY 2018 FY 2019 FY 2020 FY 2021 FY 2022 FY 2023 FY 2024
Early Stage Innovation and Partnerships 91.9 -- 123.4 118.0 123.0 118.0 123.0
Technology Maturation 151.5 -- 282.5 227.2 250.3 246.7 328.0
Technology Demonstration 321.7 -- 397.5 4118 391.4 362.3 231.2
SBIR and STTR 194.8 -- 210.8 219.1 230.8 2375 261.0
Total Budget 760.0 926.9 1014.3 976.1 995.4 964.4 943.1
Change from FY 2019 87.4
Percentage change from FY 2019 9.4%

FY 2018 reflects funding amounts specified in Public Law 115-41, Consolidated Appropriations Act, 2018, as
adjusted by NASA's FY 2018 Operating Plan. Table does not reflect emergency supplemental funds also
appropriated in FY 2018, totaling $81.3 million.

The FY 2019 Operating Plan was not approved at the time the budget was prepared. Therefore, only specific marks
from Public Law 116-006, Consolidated Appropriations Act, 2019, as well as projects in development, are included
in the FY 2019 column.

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.

Technology development is essential to achieving
mankind's return to the moon, and beginning human
exploration of Mars. Exploration Technology
investments serve as a catalyst for the new technology
required to “lead the return of humans to the Moon for
long-term exploration and utilization (Space Policy
Directive-1).”

Through the Agency's lunar surface exploration
efforts, including a new Lunar Surface Innovation
Initiative, NASA will advance technology readiness of
key systems and components to facilitate lunar surface
demonstrations over the next five years leading to
more affordable missions that are less dependent on
support from Earth.

The new Lunar Surface Innovation Initiative, which
aims to spur the creation of novel technologies needed
for lunar surface exploration and accelerate the

NASA and Department of Energy successfully
completed a full power test of the Kilopower space

fission power system in FY 2018, NASA is technology readiness of key systems and components,
developing mission concepts and performing will target the critical technologies needed for lunar
additional risk reduction activities to prepare for a surface activities over the next five years, including:
future flight demonstration as part of the Lunar

Surface Innovation Initiative. ° In Situ Resource Utilization,
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e Nuclear surface power, and
¢ New technologies that enable survival and operation through the cold lunar night.

The Lunar Surface Innovation Initiative activities will be implemented through a combination of in-house
activities, competitive programs, and public-private partnerships. The Initiative will bring together the
full range of stakeholders, including entrepreneurs, academia, small businesses, industry and the NASA
workforce to catalyze technology development. For example, this Initiative will develop and integrate
systems used for in situ resource utilization and processing into mission consumables, including oxygen,
water, and hydrogen. This capability will reduce mission mass, cost, and risk of human exploration, and
increase independence from the Earth's resources. NASA’s Kilopower technology will transition into a
demonstration mission - building on the 2018 demonstration of a small, lightweight nuclear fission power
system that would permit long-duration crewed missions on the surface of the Moon. Furthermore, the
Initiative will jumpstart fuel cell development, space weather monitoring, and improve systems and
components to allow survival and operation through the cold lunar night.

Beyond the Lunar Surface Innovation Initiative, Exploration Technology is funding an array of efforts to
accelerate NASA's broader lunar exploration campaign. For example, the Agency will begin testing a
powerful, radiation hardened, multicore processor that will enable advanced precision landing and
autonomous operations; and advanced cryogenic fluid management capabilities to enable long term
storage of cryogens both in space and on the lunar surface. Such efforts will be pursued through a
combination of multiple "Tipping Point" partnerships with industry and NASA led activities.

Exploration Technology investments target crosscutting technologies that benefit both human and robotic
exploration, actively engaging with internal NASA organizations, industry, academia, and other Federal
government agencies to help define investment content. Through a combination of unique in-house
activities, procurements, research announcements, and public-private partnerships, Exploration
Technology investments develop and test technologies that drive space exploration. Public-private
partnerships enable NASA to share the risk and financial interest with private sector industry to better
leverage government investments. The shared gains include incentivizing technical performance and
spurring future commercial markets in the process of developing new capabilities.

U.S. 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 long-term 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.

EXPLANATION OF MAJOR CHANGES IN FY 2020

This request reflects accelerated and enhanced research and development of lunar exploration
technologies, with a focus on middle and lower Technology Readiness Levels. Through this account,
NASA will also be implementing a Lunar Surface Innovation Initiative which will coordinate and
encourage innovation and commercial participation in future lunar surface developments.
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Funding from across NASA's accounts for certain aeroscience capabilities have been consolidated and
placed into a single project within Safety, Security, and Mission Service’s Shared Capability Asset
Program. (Please see the SSMS section for more information.)

ACHIEVEMENTS IN FY 2018

NASA and the Department of Energy demonstrated a new nuclear reactor power system that could
provide surface power on the Moon and Mars. The 1kW nuclear fission reactor is scalable to a 10kW-
class system which enables abundant energy for surface exploration. The Kilopower project conducted
full ground testing at design temperatures in early FY 2018 at the Nevada National Security Site.

Among a host of supported activities, NASA delivered spacecraft for three small satellite missions
enabling advanced communications technologies for NASA and industry application. Among them, the
Optical Communication and Sensor Demonstration mission successfully completed space-to-ground
optical communications for the first time. Designed and built by The Aerospace Corporation in El
Segundo, California, the spacecraft sent a laser signal from low-Earth orbit to a ground station at the
company's facilities, at a data rate of 200 megabits per second — 100 times greater than typical
communication systems for this size spacecraft. The JPL developed reflectarray antenna, pioneered for
use in spaceflight for the Integrated Solar Array Reflectarray Antenna mission last July, was an integral
part of the successful data relay conducted by the two MarCO spacecraft during the Insight landing on
November. The reflectarray was demonstrated to be capable of data rate transmission of up to 100
megabits per second (Mb/s), an order of magnitude over prior CubeSat state of the art.

NASA announced 10 new lunar focused Tipping Point partnerships with six U.S. companies, and
awarded more than 550 small business contracts, totaling more than $180 million.

The Restore-L project completed its Preliminary Design Review. A team of engineers completed ground
demonstrations of the autonomous capture portion of the Restore-L satellite servicing project.

A team of NASA engineers demonstrated a technology first: fully autonomous X-ray navigation in space,
which could revolutionize NASA’s ability to pilot robotic spacecraft to the far reaches of the solar system
and beyond. Station Explorer for X-ray Timing and Navigation Technology, or SEXTANT, showed that
millisecond pulsars could be used to accurately determine the location of an object moving at thousands
of miles per hour in space — similar to how the Global Positioning System, widely known as GPS,
provides positioning, navigation, and timing services to users on Earth with its constellation of 24
operating satellites.

NASA'’s three In-space Robotic Manufacturing and Assembly partners (Made in Space Inc., Northrop

Grumman Innovation Systems, and Maxar Technologies) completed ground demonstrations of robotic
arms, vision systems, additive techniques and other cutting-edge technologies to assemble structures in
space.

NASA'’s Flight Opportunities program funded more than 40 payload flight demonstrations, providing
opportunities for researchers to test new technologies and helping mature the suborbital flight industry,
including conducting a sounding rocket test of Game Changing Development's umbrella-like heat shield,
the Adaptable, Deployable, Entry and Placement Technology (ADEPT) aeroshell. Launched on UP
Aerospace's SL-12 Launch, ADEPT achieved full deployment and configuration lock prior to reaching 80
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kilometers altitude on descent. Developed by NASA’s Ames Research Center in California’s Silicon
Valley, ADEPT’s unique design could be used for planetary lander and sample return missions.

WORK IN PROGRESS IN FY 2019

Exploration Technology investments continue to support a number of technologies being delivered for
flight, including Solar Electric Propulsion, Laser Communications Relay Demonstration, Deep Space
Optical Communications, and Mars 2020 technologies (Terrain Relative Navigations, Mars Oxygen In-
Situ Resource Utilization Experiment, Mars Environmental Dynamics Analyzer and Mars Science
Laboratory (MSL) Entry, Descent, & Landing Instrument-2). In addition, a steady cadence of small
spacecraft technology missions are conducted each year to further enhance the capabilities of this
emerging research and development platform.

NASA's Robotic Refueling Mission-3 concluded a crucial series of tests at NASA’s Kennedy Space
Center in Cape Canaveral, Florida. Tests confirmed its electrical compatibility with the space station and
validated successful methane operations on the ground. After completing rigorous testing at

NASA’s Goddard Space Flight Center in Greenbelt, Maryland, where the module was built, and Kennedy
complete, RRM-3 was delivered to the International Space Station in early December to pioneer
techniques for storing and replenishing cryogenic spacecraft fuel.

The Deep Space Atomic Clock (DSAC) is a small, low-mass atomic clock based on mercury-ion trap
technology that will be demonstrated in space, providing unprecedented stability needed for next-
generation deep space navigation and radio science. DSAC offers the promise of 50 times greater
accuracy than today’s best deep space navigation clocks and will rideshare as part of the U.S. Air Force
STP-2 mission aboard a SpaceX Falcon Heavy booster. Riding along is NASA's Green Propellant
Infusion Mission that will demonstrate a propulsion system using a significantly less toxic propellant than
hydrazine provides 40 percent higher performance by volume. The launch of both DSAC and GPIM are
slated for mid-20109.

Astrobee completed ground testing and delivered a flight unit to the International Space Station (ISS).
Once on-orbit commissioning is complete, Astrobee will replace the Synchronized Position Hold,
Engage, Reorient, Experimental Satellites (SPHERES). Astrobee builds on the success of SPHERES,
NASA'’s first generation free-flyer now aboard the ISS that can take on research, housekeeping, and
monitoring duties without astronaut supervision.

In early FY2019, both Virgin Galactic and Blue Origin flew their first dedicated suborbital space flights
for NASA technology demonstrations. These flights carried a series of space exploration and utilization
technologies, including research that could aid future missions in how they interact with the lunar surface
to mitigate the impact of dust on humans and equipment, separate gas and liquid for in situ resource
processing and on orbit fuel transfer, and understand plant behavior to potentially grow food for sustained
human activity beyond Earth. In February, Virgin Galactic demonstrated four additional payloads, flying
for the second time in just three months.

The eCryo project will begin its Structural Heat Intercept-Insulation-Vibration Evaluation Rig (SHIIVER)
testing in July 2019 before handing off that technology to interested stakeholders in support of NASA's
Exploration activities and industry. This test will demonstrate the effectiveness of new multi-layer
insulation and evaluate the potential benefit of using vapor vented from a propellant tank to intercept heat
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coming into the tank through structural elements. This will be especially important precursor
demonstration to enable long duration in-space cryogenic storage for the Deep Space Transport vehicle.

NASA will complete a number of Mars 2020 technology developments including Terrain Relative
Navigation, Mars Oxygen ISRU Experiment, Mars Environmental Dynamics Analyzer, and Mars Entry,
Descent and Landing Instrumentation-2 with deliveries between fall 2018 and spring 2019 to support the
Mars 2020 schedule.

KEY ACHIEVEMENTS PLANNED FOR FY 2020

NASA is conducting pre-formulation activities in FY 2019 and FY 2020 to ready critical lunar surface
demonstrations, building on successful ground demonstrations of mid-TRL technologies: Cryogenic Fluid
Management, a combined surface power and In Situ Resource Utilization demo, and Precision Landing
(with High Performance Spaceflight Computing). Each of these capabilities are essential in order to
establish and sustain a human presence on the lunar surface.

Flight Opportunities will see the infusion of key technologies tested on suborbital demonstration flights
into NASA and commercial missions, including the terrain relative navigation system for the NASA Mars
2020 lander and the hazard detection and avoidance system for the Astrobotic Peregrine lunar lander.

Upon a successful launch and on-orbit operations of the Green Propellant Infusion Mission, NASA will
complete demonstration of the Air Force developed hydroxyl ammonium nitrate propellant formula,
thrusters, and the integrated propulsion system, establishing a higher performing, safe alternative to
highly toxic hydrazine. In addition, Deep Space Atomic Clock project will demonstrate space clock
navigational accuracy improvements for deep space and provide a technology to improve gravity science
measurements.

NASA, in partnership with United Launch Alliance, will fabricate an inflatable aerodynamic decelerator
technology for a flight test in the Earth's atmosphere to determine the feasibility of this technology in
supporting high mass Entry Descent and Landing.

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

Programs

EARLY STAGE INNOVATION AND PARTNERSHIPS

This program funds early stage research and development sourced from academia, industry,
entrepreneurs, and from the NASA workforce to bring pioneering approaches to the Agency’s difficult
and far reaching exploration challenges. NASA sustains these Early Stage investments at eight to ten
percent of the overall Exploration Technology budget. This account also supports several Agency
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integration functions, including technology transfer and technology commercialization activities,
extending the benefits of NASA’s technology investments so they have a direct and measurable impact,
and the Agency's prizes and challenges activities (including Centennial Challenges). By leveraging
industry for technology development that could aid NASA’s missions, this approach ensures that NASA
technologies energize the commercial space sector and provide the greatest benefit to the United States.

TECHNOLOGY MATURATION

Within Technology Maturation, NASA focuses on advancing disruptive space technologies from a proof
of concept to demonstration, maturing transformational technologies across the critical gap that resides
between early stage research and flight demonstration. Technologies are prioritized for alignment with
NASA's Exploration Campaign objectives, including technology for lunar surface demonstrations through
the Lunar Surface Innovation Initiative.

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. Ground and flight
demonstrations are prioritized to enhance and enable deep space human exploration. This account
includes development of Small Spacecraft technologies and demonstration missions, and facilitates access
to relevant flight demonstration environments through the Flight Opportunities suborbital flight
demonstration platforms.

SBIR AND STTR

Small Business Innovation Research and Small Business Technology Transfer continues to support early-
stage research and mid-Technology Readiness Level (TRL) development, performed by small businesses
through competitively awarded contracts. These programs produce innovations for both government and
commercial applications. SBIR and STTR provides the high technology, small business sector with
opportunities to develop space technology for NASA and commercialize those NASA-funded
technologies that have the potential to address national needs in the aerospace industry and other sectors.
Annual solicitations maintain commitment to an integrated Agency-wide SBIR/STTR program that
supports both commercial interests and NASA missions with added emphasis on the Lunar Exploration
Campaign.
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FY 2020 Budget

Actual Enacted  Request
Budget Authority (in $ millions) FY 2018 FY 2019 FY 2020 FY 2021 FY 2022 FY 2023 FY 2024

Total Budget 91.9 -- 123.4 118.0 123.0 118.0 123.0

FY 2018 reflects funding amounts specified in Public Law 115-41, Consolidated Appropriations Act, 2018, as
adjusted by NASA's FY 2018 Operating Plan. Table does not reflect emergency supplemental funds also
appropriated in FY 2018, totaling $81.3 million.

The FY 2019 Operating Plan was not approved at the time the budget was prepared. Therefore, only specific marks
from Public Law 116-006, Consolidated Appropriations Act, 2019, as well as projects in development, are included
in the FY 2019 column.

In support of the Exploration Campaign,
Exploration Technology investments integrate
the early stage technology research and
development and foundational activities with a
primary focus on exploration requirements. This
integrated program consists of investments in
Early Stage Innovation, Technology Transfer,
Prizes and Challenges and Agency Technology
and Innovation. Together, these efforts spur
collaboration with innovators across the Nation,
A team of optical physicists at Goddard Spaceflight Center | to capitalize on the ideas, talent and experience

is using an ultrafast laser to bond dissimilar materials, of a diverse set of contributors to achieve

such as the samples in this image, with the goal of NASA's exploration objectives.

ultimately eliminating epoxies that outgas and

contaminate sensitive spacecraft components. With Early Stage Innovation supports applied

support from the Center Innovation Fund, the group is research, and early technology development to
also exploring the technology’s use i fabricating and spur innovation and transform future capabilities.
packaging photonic integrated circuits, an emerging By leveraging the technical capabilities of the

technology that could benefit everything from

> : experts across the nation, from academia,
communications and data centers to optical sensors.

industry, entrepreneurs, to the NASA Centers,
the Agency gains new ideas and alternative
approaches to solving NASA’s difficult and far reaching exploration challenges.

NASA funds prize competitions and challenges as well as citizen science and other open innovation tools
as appropriate to support NASA’s R&D objectives and to enhance the agency’s connections with the
American and global public. This includes Centennial Challenges, the NASA Tournament Lab, NASA
Solve, and Innovation Connector (iTech) to leverage high public interest and support on NASA's
Exploration objectives.

NASA responds to Administration priorities and legislative requirements to promote technology transfer,
including commercialization of technologies that emerge from NASA’s research and development
activities.
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The Exploration Technology account also funds the operations of the Office of the Chief Technologist
(OCT), which manages Agency technology strategy, and promotes innovative culture and partnerships
within and outside of NASA.

EXPLANATION OF MAJOR CHANGES IN FY 2020
No Major Changes

ACHIEVEMENTS IN FY 2018

At the end of FY 2018, approximately 392 Early Stage technologies were active, each with the
potential to enable or enhance the next generation of capabilities within and beyond NASA.
Selected Early Stage Innovation topics include: Advanced Coating Technology for Space Fission
Power and Propulsion Systems; Crosscutting Technologies for Extremely High Frequency Band
Space Applications; and Lightweight Multifunctional Lattice Materials for Space Structures.

The Centennial Challenges Program awarded $220,000 in prize funding after initiating Phase 3 of
its 3D Printed Habitat Challenge. NASA also awarded three finalists a total of $150,000 in the
NASA Earth and Space Air Prize, a competition being conducted in partnership with the Robert
Wood Johnson Foundation to advance the development of aerosol sensor technologies useful in
both human space flight as well as on Earth.

NASA Tournament Lab supported 76 competitions on behalf of NASA and other Federal
Agencies. Among its accomplishments, NASA Tournament Lab also shepherded the
development and implementation of the NASA Earth and Space Air Prize, NASA’s first prize
competition run using prize authority granted to all federal agencies and codified within the
Stevenson-Wydler Technology Innovation Act of 1980 (as amended).

NASA’s iTech initiative identified 10 finalists to present innovative ideas that address important
problems here on Earth and also holds great potential to overcome critical technology hurdles in
future space exploration. NASA facilitated a forum for these entrepreneurs to present their
solutions to the Agency and potential industry partners. Artificial intelligence, nanotechnology
and 3D printing are just a few of the technology threads pitched during the third cycle of the
NASA iTech competition.

NASA has simplified reporting new inventions (New Technology Reports) through launch of the
e-NTR system. The new system has standardized and streamlined the agency’s invention
disclosure process, reducing to a third the number of questions asked.

The Office of the Chief Technologist continues to coordinate the interagency Science and
Technology Partnership Forums, bringing together leaders from the aerospace, defense, science
and technology Federal teams to look for areas to partner of mutual interest and priority. Through
these collaborations, NASA is gaining insight into other Federal science and technology policy
and investment priorities, using that knowledge to forge Federal and American commercial
partnerships. The office held multiple Technology Interchange Meetings among other
government agencies, industry and academia.

WORK IN PROGRESS IN FY 2019

In addition to issuing the annual solicitations for NASA Innovative Advanced Concepts (NIAC),
Space Technology Research Grants, and the Center Innovation Fund, NASA will select up to two
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research institutes in the areas of revolutionary propulsion and deep space habitat autonomous
operations to enable new technologies that lay groundwork to enhance and enable deep space
exploration.

The Centennial Challenges Program will award up to $250,000 in the first phase of the CO2
Conversion Challenge and will launch Phase 2 of the Space Robotics Challenge by the end of the
fiscal year. NASA selected Space Center Houston as the Allied Organization and is working with
the Space Robotics Challenge team to finalize the rules and details of a competition to advance
robotics software and autonomy.

The Office of the Chief Technologist is refining the Agency's space technology taxonomy and
Technology Integration Framework that will be used to inform the next NASA Strategic
Technology Investment Plan and any future technology roadmaps. The office will continue to
foster NASA's innovation ecosystem, working with the National Academies of Sciences on a
workshop to benchmark the agency's culture of innovation. The office also is co-chairing with
the Office of the Chief Information Officer a study on NASA's digital transformation efforts. The
study will result in a proposed policy, strategy and implementation plan for digital transformation
at the agency.

KEY ACHIEVEMENTS PLANNED FOR FY 2020

The Centennial Challenges Program will be formulating two new challenges focused on In Situ
Resource Utilization, one demonstrating scalable solutions for life support inside a lunar or other
planetary habitat.

NASA Innovative Advanced Concepts intends to implement Phase 111 studies to complement its
portfolio of Phase | and Phase Il concepts. Phase 11 studies will be designed to strategically
transition the most promising NIAC concepts to other NASA programs, other government
agencies, or commercial partners.

Early Stage Innovation will emphasize investigations in areas such as breakthrough propulsion,
challenges in deep space human habitation, space-optimized energy systems, radiation protection,
and advanced materials to enhance future exploration missions.

Using the Early Career Initiative model, up to $5 million per year will be allocated to focus
technology projects that will result in new Lunar Surface capabilities. These two to three year
efforts will be competitively awarded in the fall of 2019, and encourage NASA Centers to partner
with industry and/or academia to rapidly develop technologies for lunar surface operations.
NASA has commissioned a study of its intellectual property policies to best engage, support, and
collaborate with commercial space community partners of all types in various technology
development and commercialization activities. The study will propose, define, and analyze
options for intellectual property clauses in collaborative agreements such as Space Act
Agreements and Cooperative Research and Development Agreements, as well as intellectual
property licensing policies and processes. The Technology Transfer program will implement
recommendations resulting from this study in FY 2020.
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Program Elements

EARLY STAGE INNOVATION

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. This is why a balance of early
stage, mid-Technology Readiness Level (TRL), and technology demonstration investments is critical for
an effective technology development portfolio.

NASA's Early Stage Innovation activities employ various approaches to engage technical 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 between NASA and various external
partners, and will 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
(STRG), NASA Innovative Advanced Concepts (NIAC), and the Center Innovation Fund (CIF), which
are described further below:

Space Technology Research Grants

Space Technology Research Grants conducts a series of annual and biannual competitive solicitations
targeting high-priority technology areas that challenge the entire spectrum of academic researchers, from
graduate students to early career and senior faculty members, making space activities more effective,
affordable, and sustainable. In the process, close collaborations between U.S. universities and NASA are
established and nurtured. Since its inception in 2012, Space Technology Research Grants has funded
exciting space technology research via 595 grants - at 107 universities across 43 states and one U.S.
Territory. In FY 2018, NASA made 14 Early Stage Innovations awards, 11 Early Career Faculty awards
and 56 NASA Space Technology Research Fellowship awards; there are currently more than 275 active
awards.

e One recent success was the work performed by Andrew Owens from the Massachusetts Institute
of Technology, who developed new spacecraft models for planning supply requirements for long-
duration crewed missions beyond Low Earth Orbit. Owens determined that enabling a lower level
repair of Oxygen Generation Assembly replacement units leads to a 20 percent mass saving on a
1,200 day Mars mission. In addition, analysis using International Space Station data on current
systems found that utilizing in-space manufacturing to develop spares would enable a multi-ton
reduction in the total spares mass needed to complete a Mars mission.

e The inaugural Space Technology Research Institutes - The Center for Utilization of Biological
Engineering in Space (CUBES), led by the University of California, Berkeley, and The Institute
for Ultra-Strong Composites by Computational Design (US-COMP), led by Michigan
Technological University, both successfully completed the first year of these five-year awards.
CUBES, working to advance the practicality of an integrated, multi-function, multi-organism
biomanufacturing system on a Mars mission, demonstrated a microbial electrocatalysis system
which reduces Martian dinitrogen levels to the levels needed for sustainable plant production, and
developed a method to synthesize a bone regeneration hormone in lettuce leaf tissue as a possible
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microgravity countermeasure for crew health. US-COMP, in its efforts to enable
computationally-driven development of carbon nanotube tube based ultra-high strength
lightweight structural materials, demonstrated an improvement in the microstructure of four ply
core spun yarns, completed preliminary mechanical tests, and successfully fabricated small yarn
composite samples.

NASA Innovative Advanced Concepts

NASA Innovative Advanced Concepts executes annual solicitations seeking exciting, unexplored,
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 far-term capabilities, and
spawn disruptive innovations that make space exploration more effective, affordable, and sustainable.
Phase | and continuation Phase 11 solicitations are open to NASA centers, other government agencies,
universities, industry, and individual entrepreneurs. In 2018, NASA Innovative Advanced Concepts made
16 Phase | and nine Phase Il awards across industry, academia, and NASA centers, while completing 15
Phase | and eight Phase Il studies. Former Fellow Robert Hoyt’s work in on-orbit, cost-saving
construction of large space structures continued through both NASA’s and DARPA’s SBIR programs.
Dr. Hoyt’s "SpiderFab" study has now developed into three flight experiments scheduled for launch in the
next two years: Refabricator will 3D print and recycle materials on the ISS; and the MakerSat and
Dragonfly technology demonstration missions will demo 3D printing and assembling large structures in
space. NASA Innovative Advanced Concepts intends to implement Phase 11 studies to complement its
portfolio of Phase I and Phase Il concepts. Phase 111 studies are designed to continue maturation of Phase
Il transformative ideas allowing NASA to strategically transition the most promising NIAC concepts to
other NASA programs, other government agencies, or commercial partners.

Center Innovation Fund

Center Innovation Fund 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. Center Innovation Fund activities are competitively selected to explore
alternative approaches or develop enhanced capabilities that will feed into NASA's Deep Space
Exploration objectives. Partnerships with academia, private industry, individual innovators, as well as
between NASA Centers and government agencies are highly encouraged. An integrated review of all
Center Innovation Fund candidates is conducted to ensure a strategic and coordinated portfolio. These
investments have led to multiple successful NASA and commercial applications such as “Pulsar
Navigation for Crewed Exploration of the Solar System” which has been utilized as an instrument on the
ISS to provide x-ray data from different pulsars across the sky. The reliable information coming from
pulsars provides a GPS-like method of timing and direction measurement to allow independent navigation
anywhere in the solar system.

As an element of the Center Innovation Fund, the Early Career Initiative provides the opportunity to grow
early career civil servants by allowing them to propose and work on technology projects with industry
partners, engage in hands-on technology development opportunities, and learn different approaches to
project management. In order to maximize the effectiveness of the early career projects, each team is
mentored by local Center expert(s) as well as NASA's principal technologists. In FY 2020, NASA will
target specific technology demonstrations to rapidly develop technologies needed to support lunar surface
operations, giving NASA civil servant innovators the opportunity to have their technologies demonstrated
on the lunar surface.
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AGENCY TECHNOLOGY AND INNOVATION

Agency Technology and Innovation funds the operations of the Office of the Chief Technologist and
Agency activities for promoting innovative culture and partnerships within and outside of NASA,
including with industry and commercial partners.

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

For example, the Office of the Chief Technologist held 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. Technical Interchange Meeting topics have included In Space Assembly and Cybersecurity. These
exchanges are working to leverage synergies and influence portfolios through partnerships that reduce
duplication of effort and investment across government, while advancing the technology readiness levels
of technology applications that will benefit Agency missions. This innovative interagency collaboration
combines the expertise, experiences and perspectives of the national space technology development
community and leverages sharing of resources. The activity has created new opportunities for advancing
technology while reducing costs to the taxpayer.

The Office of the Chief Technologist is also working on developing a new Technology Strategic
Integration Framework, to more efficiently identify and connect technology investments to needs in order
to help NASA achieve its aeronautics, science, and human exploration missions, including future deep
space exploration to destinations such as the moon, Europa and Mars and strengthen the US industrial
base. This effort will better inform future versions of the agency's Space Technology Implementation
Plan.

In addition, the Office of the Chief Technologist is the Agency champion for promoting a culture of
innovation at NASA, particularly in regard to collaboration and workforce development. The office is
working with other stakeholders to develop strategies to expand NASA’s innovation ecosystem to
leverage investments and developments outside of our traditional circle; create agility in our engineering
and mission support processes to accommodate the accelerating pace of technology; and design a flexible
workforce that can adapt skill-sets at the rate of technology evolution. Recent activities have included an
innovation workshop hosted by the National Academy of Sciences that brought Agency leadership
together with innovation leaders from around the nation to discuss and suggest ways to improve NASA’s
innovation ecosystem. An Agency wide innovation portal is being developed to better connect various
innovation related activities from around the Agency to mission goals and objectives and improve
ideation, innovation, collaboration and communication among NASA employees. The office also serves
as the NASA lead for the interagency Science and Technology Partnership Forum. For more information
about the Office of the Chief Technologist, go to: http://www.nasa.gov/oct.
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TECHNOLOGY TRANSFER AND PARTNERSHIPS

Technology Transfer provides Agency-level management and oversight of NASA-developed and NASA-
owned intellectual property, and manages 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 (i.e., numbers of new inventions, patents, licenses, cooperative research and development
agreements, and software use agreements).

For example, the NASA Technology Transfer System houses all tech transfer information (from licensing
to marketing efforts) and serves as the database that informs other tools used by tech transfer (like the
NASA Technology Transfer website). In addition, NASA uses the NASA Software Catalog to inventory
software tools NASA has created in the course of its work, to make available to industry, academia and
other government agencies.

Technology Transfer will continue to streamline and automate internal processes in order to increase
ability to conduct outreach to industry. Technology Transfer also intends to work to broaden outreach to
areas that have typically not felt the NASA presence, as well as continue to improve and explore new
existing tools to maximize use of online marketing of our portfolios. Several successful initiatives have
launched, including the NASA Remote Sensing Toolkit (RST). RST was created to help entrepreneurs
and other agencies find and use NASA remote sensing data. This toolkit serves as a searchable, all-in-one
location for dozens of satellite data repositories, tools to analyze that data, and NASA software to make
new, unique tools to analyze data. NASA implemented a coordinated marketing push to inform the public
about the new tool including a press release, YouTube video, social media content, and a series of
webinars explain the toolkit. RST can be found at: https://software.nasa.gov/remotesensing/.

PRIZES AND CHALLENGES (INCLUDES CENTENNIAL CHALLENGES)

NASA seeks to advance space exploration technologies using a variety of methods. In addition to
developing technologies in-house as well as through grants, contracts, cooperative agreements and public-
private partnerships, NASA has recognized 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 as well as to make payments only once they have received satisfactory solutions to meet their
needs. This approach includes utilizing agency platforms such as the NASA Tournament Lab, and
Centennial Challenges.

NASA utilizes the NASA Tournament Lab to enlist crowdsourcing to tackle real-world challenges being
faced by NASA and other Federal Agencies. NASA Tournament Lab, which is managed by the Center of
Excellence for Collaborative Innovation at Johnson Space Center, offers a wide variety of open
innovation platforms that engage the crowdsourcing community in challenges to create the most
innovative, efficient and optimized solutions.

The strategic use of prize competitions and challenges as well as citizen science and other open
innovation tools supports NASA’s R&D objectives and enhances the Agency’s connections with the
American and global public. NASA achieves this by examining and taking actions to strengthen NASA

ET-14


https://software.nasa.gov/remotesensing/

Exploration Technology

EARLY STAGE INNOVATION AND PARTNERSHIPS

policies and infrastructure to support prizes and challenges and other open innovation approaches. Prizes
and Challenges activities also include support for 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.

Centennial Challenges offers incentive prizes to generate revolutionary solutions aimed to support future
NASA missions. The program seeks innovations from diverse and non-traditional sources by directly
engaging the public in the process of developing advanced technology. Competitors are not provided
government funding for their development; rather, awards are only made to successful teams when the
challenges are met. The program partners with organizations inside and/or outside of NASA to manage
challenges with the goal of maximizing return on investment to the agency.

NASA is in the process of formulating additional challenges, to include In Situ Resource Utilization
production prize competition targeting a large scale, end-to-end, system; and a portable energy storage
challenge to enable powering a rover through several cycles of lunar daylight and darkness. These
challenges will be announced in early FY 2020. The Budget request includes $10 million in new prize
authority (no-year funding) to support these challenges. In addition, the following Centennial Challenges
are funded and in progress:

e Cube Quest Challenge - NASA’s first in-space challenge, the objective of this challenge is to
advance communication and propulsion technologies for small spacecraft. Prizes will be awarded
based on the distance the CubeSats go in space, and how long they can communicate with Earth
as they travel. Following a series of Ground Tournaments, three winners were selected as
secondary payloads on the first integrated flight of NASA’s Orion spacecraft and SLS rocket. The
next phase of the challenge will start once the CubeSats reach lunar or deep space orbits. Teams
will be competing for a share of more than $4 million to be awarded to the CubeSats that
communicate for the longest period of time with Earth and/or travel the farthest from Earth.

o 3D Printed Habitat Challenge - The purpose of the 3D Printed Habitat Challenge is to advance
additive construction technology to create sustainable housing on Earth and beyond. Seventeen
teams have signed up for the third and final phase of the competition which will take place at the
Caterpillar Testing Facility in Peoria, lllinois, in May 2019. The teams will demonstrate their
abilities to use autonomous additive manufacturing technology to construct 1:3 scale habitats.

e Vascular Tissue Challenge - The purpose of the challenge is to produce viable thick-tissue assays
that can be used to advance research both on earth and in space environments. Awards will be
made to the first three teams to achieve the goals within a three-year timeframe. Twelve teams
have signed up for the competition.

ET-15



Exploration Technology

TECHNOLOGY MATURATION

FY 2020 Budget

Actual Enacted  Request
Budget Authority (in $ millions) FY 2018 FY 2019 FY 2020 FY 2021 FY 2022 FY 2023 FY 2024
Total Budget 151.5 -- 2825 227.2 250.3 246.7 328.0

FY 2018 reflects funding amounts specified in Public Law 115-41, Consolidated Appropriations Act, 2018, as
adjusted by NASA's FY 2018 Operating Plan. Table does not reflect emergency supplemental funds also
appropriated in FY 2018, totaling $81.3 million.

The FY 2019 Operating Plan was not approved at the time the budget was prepared. Therefore, only specific marks
from Public Law 116-006, Consolidated Appropriations Act, 2019, as well as projects in development, are included
in the FY 2019 column.

NASA is advancing disruptive space
technologies from proof of concept to
demonstration, maturing transformational and
foundational technologies that primarily reside
between early stage research and flight
demonstration. Development of new
technologies and capabilities lays the
groundwork that enhances and enables lunar
surface activities and space exploration beyond
low earth orbit.

These investments will also support the Science
Mission Directorate on exploration-related
technology and research that also has relevance
to achieving science goals.

NASA successfully hot-fire tested a 3-D printed copper
combustion chamber liner with an E-Beam Free Form
Fabrication manufactured nickel-alloy jacket. The
hardware must withstand extreme hot and cold
temperatures inside the engine as extremely cold
propellants are heated up and burned for propulsion.

The Technology Maturation portfolio develops
and demonstrates technologies needed to enable
exploration, in particular those that address
technical challenges faced by human explorers

in the following areas:

In-Situ Resource Utilization;

Entry, Descent and Landing;

Power and propulsion technologies;

Advanced communications, navigation and avionics;

Advanced materials;

In-space manufacturing and on-orbit assembly;

Advanced Environmental Control and Life Support Systems; and
Autonomous operations.

Public-private partnerships are an important mechanism used by NASA for Technology Maturation
projects - as such agreements enable NASA and private sector industry to share in the risk and benefit of
government investments. These shared risks and benefits include incentivizing technical performance, the
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building of future commercial markets, and a shared financial interest in the development of capabilities.

NASA will execute a technology portfolio that enables human exploration, and bring new knowledge and
opportunities back to Earth enabled by the high priority technology focus areas described in further detail
below.

EXPLANATION OF MAJOR CHANGES IN FY 2020

NASA is initiating a Lunar Surface Innovation Initiative to drive coordination and encourage innovation
and commercial participation in future lunar surface developments. Capabilities prioritized through this
initiative include: In Situ Resource Utilization technologies to enable conversion of lunar ice to water,
water to cryogenic propellant, and regolith to oxygen; lunar dust mitigation; and robotics suitable for
exploring extreme terrain under extreme conditions.

ACHIEVEMENTS IN FY 2018

e Completed Critical Design Review for the Mars Entry, Descent and Landing Instrumentation
(MEDLI2) and Mars Environmental Dynamics Analyzer (MEDA) technology instrument
projects.

¢ Refined the nuclear thermal propulsion fuel element and reactor conceptual design to include
reactor general design, performance analysis, mechanical design, core fabrication development,
and fuel fabrication development.

o Completed cold life testing of Bulk Metallic Glass planetary gears to enable more robust mobility
systems for future extreme environment exploration and science missions.

o Successful sounding rocket test of the Adaptable, Deployable, Entry and Placement Technology
(ADEPT) aeroshell. Launched on UP Aerospace's SL-12 Launch. ADEPT achieved full
deployment and configuration lock prior to reaching 80 kilometers altitude on descent.

o The Low Cost Upper Stage project successfully completed a hot-fire test of a combustion
chamber and nozzle developed using additive and free form fabrication manufacturing processes.
To date, NASA has accumulated more than one hour of hot-fire test time bringing this rocket
engine closer to application as a flight certified engine.

WORK IN PROGRESS IN FY 2019

e Technology Maturation began transitioning its focus on the advancement of technologies that are
directly applicable to activities on the moon’s surface. In this transition, a number of candidate
payloads were identified that could be quickly prepared for demonstration and made available for
demonstration on the Commercial Lunar Payload Services (CLPS) landers. The agency selected a
number of these technologies as payloads to prepare for flight within the next year, including a
Navigation Doppler Lidar system developed by the Johnson Space Center, a neutron
spectrometer, and a stereo camera for studying lunar surface plumes.

o NASA will demonstrate the capability of the fuel and fuel element design for Nuclear Thermal
Propulsion, and provide an assessment of technical viability and affordability of an engine ground
demonstration with confident cost and schedule metrics. The project will also complete the
Rocket Exhaust Capture System Subscale Phase 1 testing and conduct the System Feasibility
Review.
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e Inthe area of In Space Manufacturing, NASA delivered refrabricator technology to the ISS. This
machine can not only print plastic parts, but can also recycle them back into reusable raw
materials to make more and/or different parts. In addition, the Agency partnered with three U.S.
companies, to create a prototype, on-demand fabrication capability (Interlog Corporation of
Anaheim, California; Techshot, Inc. of Greeneville, Indiana; and Tethers Unlimited, Inc. of
Bothell, Washington).

e Inthe area of entry descent and landing systems, the Entry Systems Modeling project in
coordination with the MEDLI-2 project will complete the PICA-N High Fidelity Model
Validation using the Mars Curiosity MEDLI data, and deliver MEDLI-2 and MEDA flight
hardware to Mars 2020. In addition, NASA will conduct ground demonstrations of the navigation
Doppler LIDAR and complete prototyping of advanced hazard detection and descent and landing
computing capability. NASA will partner with Masten to perform a flight demonstration of
Terrain Relative Navigation technology.

e To substantially improve computing capacity of spaceflight computers, NASA will complete a
space rated chiplet design and define single board architecture needs, as well as initiate the
Advanced Memory project in partnership with the Air Force Research Laboratory to target
volatile and non-volatile memory devices to support processor and digital devices.

o NASA will conduct a flat floor functional deployment test for Deployable Composite Boom
project that focuses on maturing deployable space structures for small volume spacecraft (i.e.
CubeSats) and EELYV Secondary Payload Adapters (ESPA) class satellites.

KEY ACHIEVEMENTS PLANNED FOR FY 2020

As a key part of the Lunar Surface Innovation Initiative, Technology Maturation will prioritize and begin
development of a number of In Situ Resource Utilization components and subsystems. The project will
spend FY 2019 and 2020 buying down technology risk and formulating integrated systems in preparation
for several sub-scale lunar demonstrations on commercial landers. These early developments will lead to
an integrated system for resource acquisition and processing into mission consumables, including oxygen,
water, and hydrogen, that can reduce mission mass, cost, and/or risk of human exploration and led to
Earth independence. Ultimately, the aim is to conduct an integrated demonstration in the 2025 timeframe.
Key areas of focus and investment in the FY 2020-2024 horizon and will lead to the sub-scale and
integrated demonstrations include:

o Autonomous and robotics systems to enable surface mining/excavation capabilities

o Mission Consumable Production (02, H2, Fuel) of propellants for reusable robotic
landers, fuel cell consumables and eventual support of life support for crew on surface
missions

o Lunar Polar Water/Volatiles for Polar Regolith

Lunar Dust Mitigation/Contamination Control Technologies

o Architecture studies on power needs for excavation/mining and plant operations.

o

e After establishing design requirements for embedded heat pipes, head interface designs, and
mission concept requirements for a technology demonstration, the Kilopower project will
transition from a pre-formulation to a Technology Demonstration Mission.
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o NASA's Safe and Precise Landing Integrated Capabilities (SPLICE) project will deliver units of
the Navigation Doppler Lidar (NDL), Descent Landing Computer (DLC), Terrain Relative
Navigation (TRN), and Hazard Detection Lidar to Blue Origin to support their future sub-orbital
flight and potential closed loop demonstration in 2021. All are vital components leading to an
integrated suite of technologies for a future lunar demonstration that emphasizes partnerships
between NASA and industry.

e NASA will conduct system integration and testing of the High Performance Spaceflight
Computing multi-core rad-hard processor before using the processor to conduct a precision
landing suborbital demonstration in partnership with Safe and Precise Landing Integrated
Capabilities (SPLICE) in the 2023 timeframe.

e NASA's Jet Propulsion Laboratory will complete a field test of multiple autonomous Pop Up Flat
Folding Exploration Robots (PUFFERS). PUFFER could potentially serve as initial scouting
robots on the lunar surface.

e The Evolved Regenerative Fuel Cell project will support the Lunar Surface Innovation Initiative
through completion of the preliminary design and critical design reviews of the 100 W-class
autonomous engineering model for the fuel cell, targeting an integrated demonstration in FY 2023
to validate for use on the lunar surface.

o NASA will complete the design and combustion testing of the Thruster for the Advancement of
Low-temperature Operation in Space (TALOS), leading to qualification testing in FY 2020. The
qualification test will validate the thruster's performance in a relevant environment. This
technology will then be shared with Frontier, through a public private partnership to develop a
complete set of flight thrusters to be integrated onto the Astrobotic's Peregrine Lander.

e Extreme Environmental Space Power will deliver a transformational solar array prototype that is
much more efficient than current technology enabling reliable power for science and exploration
missions requiring operations through low sunlight intensity and low temperature. The prototype
will demonstrate at least 37% greater efficiency at beginning of life and at least 28% greater
efficiency at end of life than the state of the art. The industry awardee, Applied Physics
Laboratory will supply two of these transformational array strings for the DART mission.

o The Bulk Metallic Glass Gears Project will complete pyroshock and vibration testing to
demonstrate that bulk metallic glasses have sufficient toughness to survive shock and vibration
loads experienced during launch. Mechanical testing and characterization will be completed to
develop a database of design parameters that will enable the design of gear systems to meet future
mission specific requirements. Both of these activities will facilitate the adoption of bulk metallic
gears in future Lunar and deep space exploration missions (e.g., Europa Lander).
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Program Elements

As part of the Lunar Surface Innovation Initiative, NASA will jumpstart efforts on novel technologies
needed to increase the viability of oxygen extraction from lunar resources, develop lunar surface power
generation and storage capabilities, and improve thermal management. These capabilities are essential for
humans and systems to successfully live and operate on the lunar surface. The new key lunar surface
technology areas that NASA will focus on include (but are not limited to):

o Extreme Access: Demonstrate 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 Extreme Environments: Develop technologies and other strategies to enable rovers,
manipulators, and other systems to operate throughout the full range of lunar surface conditions
including lunar noon (up to 150 C), night (down to - 180 C), multiple day/night cycles, and
permanently shadowed regions (down to -240 C).

o Surface Construction: Demonstrate technologies enabling affordable, autonomous manufacturing
or construction (e.g., of a landing pad, berm, or shielding) using lunar surface materials.

e Sustainable Power: Demonstrate technologies to enable continuous power throughout the lunar
day and night and capable of scaling to tens of kilowatts for long-term surface operations.

e Cryogenic Propellant Management: Demonstrate technologies enabling autonomous transfer and
storage of cryogenic hydrogen, capable of scaling to tens of metric tons, with negligible losses for
at least a year in space and on the lunar surface.

o Lunar Dust Mitigation: Develop concepts to mitigate lunar dust hazards, enabling affordable,
sustained operations both on the lunar surface and with transfers to and from Lunar Gateway or
other orbital platforms.

e Space Weather Modeling: Develop technologies to model and enable mitigation of space weather
hazards, including 24-hour warning of solar proton event threats.

In-Situ Resource Utilization must first be demonstrated (on the ground and on the Moon/Mars) before it
can be mission-critical. This project will target a subscale demonstration of critical technologies on
Commercial Lunar Payload Services (CLPS) landers (e.g. excavation, mineral beneficiation, regolith
processing) in the early to mid-2020’s. The project will design pilot/human mission relevant scale
demonstrations of ISRU mining and processing for oxygen and water; possibly tied to demonstration of
nuclear power on the Moon. Following development and maturation of ISRU technologies at the
component, subsystem, and system level, the project will demonstrate them in ground based analog
environments to enable production of propellants, other mission consumables, products, and infrastructure
from regolith and atmospheric resources at a variety of destinations. Mature ISRU technologies will be
brought to a system-level TRL 6 to support future flight demonstration missions. The project objective
will be to validate, high fidelity ISRU systems mass, power, and volume data for incorporation into
Exploration architecture options analysis.

This effort will be supported through a balance of in-house and external work to mature the technologies
and capabilities, with NASA center involvement responsibilities based on expertise and past/current
development efforts. External work will be funded through several contracting mechanisms (SBIR/STTR,
BAAs, RFP, etc.) and competitions. This project will also be instrumental in leveraging a potential ISRU
institute as well as challenge ideas.
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ENTRY, DESCENT AND LANDING SYSTEMS

In order for NASA to land more mass, more accurately on planetary bodies, as well as improve
capabilities to return spacecraft from low Earth orbit and deep space, the Agency must develop more
capable entry, descent, and landing systems, materials, and modeling capabilities. NASA invests in
technologies focused on the design, analysis, and testing of advanced materials for thermal protection and
aeroshell architectures required for future exploration vehicles and planetary entry missions. Key projects
within the Entry, Descent and Landing Systems include:

o Safe and Precise Landing Integrated Capabilities Evolution (SPLICE), a precision landing and
hazard avoidance technology, will be infused into future robotic missions. The project will strive
to tie entry uncertainty to a safe & precise landing. By the end of the project, the goal is to reach
200m/s with Line of Sight Velocity and greater than 4km in Line of Sight Range. Precision
planetary landing, where many high-resolution images need to be processed in seconds, is a
particularly demanding operation that benefits from HPSC. The precision landing and high-speed
computing experts have collaborated for many years, and the two funded activities (SPLICE and
HPSC) are now able to leverage each other in their development paths.

e In August 2018, STMD announced the selection of two Tipping Point technology development
partnerships. These activities will accelerate the commercial sector’s use of Terrain Relative
Navigation (TRN), to be demonstrated on the Mars 2020 mission. Astrobotic plans to develop a
commercially-available TRN package, enabling a multitude of future missions to take advantage
of the capability to choose a safe landing site within a landing footprint. Their activity will
culminate with a lunar flight test. Blue Origin will also adopt TRN, combine it with a Navigation
Doppler Lidar (NDL) for precise velocimetry, and mature altimetry and hazard detection
capabilities, as well. These will be flight-tested on Blue Origin’s New Shepard vehicle, up to an
altitude of 100 km, and readied for lunar lander implementation.

e Mars 2020 Entry, Descent and Landing Instrumentation: In collaboration with Science,
Exploration Technology will develop the second-generation sensor suite for incorporation into
the mission heat shield. This effort will further improve our understanding of entry system
performance by acquiring flight data from an actual Mars mission, informing NASA designs for
future exploration missions.

SPACE POWER AND PROPULSION

NASA is making critical advancements in power generation and energy storage technologies for
exploration missions. Propulsion investments focus on higher thrust and efficiency, including alternatives
to traditional chemical propulsion systems for deep space exploration spacecraft systems. Specific
investments include development of solar array technology that can generate energy in extreme
environments including low light intensity and low temperature; with the successful test of a 1kW testing
of surface fission power, further investment in Kilopower is underway; and rapid transit nuclear thermal
propulsion technology utilizing low-enriched uranium that could potentially provide 20 percent shorter
travel time to Mars while substantially improving mission flexibility. Key projects that support this thrust
area include the following:

o Nuclear Thermal Propulsion (NTP): In FY 2019, the nuclear thermal propulsion project will test
fuel low and moderate temperature thermo-chemical stability, engine environment performance
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of fuel element design, complete feasibility assessment, and demonstrate ability to capture
exhaust in a ground demonstration. Such investments will help efforts to enable more efficient
spaceflight by developing improved fuel element sources to support potential future nuclear
thermal propulsion efforts.

¢ High fidelity engineering model hardware, acceptance test data, and validated performance
models for a 90K cryocooler with a 150W refrigeration capacity for propellant conditioning,
pressure control, and liquefaction of soft cryogens (LOX, LCH4, LN2), and for a 20K cryocooler
with a 20W refrigeration capacity for zero boil off storage of LH2 enabling to Nuclear Thermal
Propulsion.

o Fuel Cell Development: Develop and demonstrate a primary fuel cell system to support Entry,
Descent, and Landing and other applications for a Lunar Mission. Fuel Cells will be required
once the spacecraft reaches lunar orbit, operate throughout landing sequence, and support initial
operations on the Lunar Surface. Fuel cells will also be needed 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 on the Moon. FY 2020 will complete
preliminary design and critical design reviews of an autonomous engineering model for the fuel
cell which will lead to a full integration of the regenerative fuel cell for ground testing in FY 2023
in preparation for a potential future demonstration on the lunar surface.

e The Thruster for the Advancement of Low-temperature Operation in Space (TALOS) will bring a
new class of thrusters to the aerospace community for deep space missions. These thrusters will
use MON-25/MMH propellants, which can provide superior thermal performance due to lower
freezing points and mass savings over other thrusters with comparable performance. In FY 2019
the project will complete the electrical discharge machining for the Workhorse engine injector
and complete the hot-fire testing of the Workhorse Engine. Astrobotic (Pittsburgh, PA) has
baselined the TALOS thrusters for its Peregrine lander. Through a public-private partnership with
Frontier, NASA will build upon the TALQOS effort, providing the first flight set of axial thrusters
for the Astrobotic mission for integration on the Peregrine Lander.

o NASA continues to work with Ad Astra Rocket Company of (Webster, TX), Aerojet Rocketdyne
Inc. (Redmond, WA), and MSNW LLC (Redmond, WA) to develop propulsion technology
systems in the 50- to 300-kilowatt range to meet the needs of a variety of deep space mission
concepts. Companies who are able to conduct vacuum chamber tests of high-power electric
propulsion systems for 100 continuous hours will be eligible for follow-on opportunities.

e 600W Hall Thruster Qualification Life Test: Through an Announcement of Collaborative
Opportunity in FY 2018, NASA awarded Busek a three-year project to perform life testing of
their BHT-600 Hall effect thruster and BHC-1500 hollow cathode assembly coupled to a power
processing unit. This technology could be infused into sub-kilowatt power level electric
propulsion systems to enable more affordable missions with smaller spacecratft.

ADVANCED COMMUNICATIONS, NAVIGATION AND AVIONICS

NASA will fundamentally transform spacecraft systems through investment in high payoff technologies
that increase communication data rate and advance deep space navigation and flight avionics. Key
projects within this portfolio include the following:

o High Performance Spaceflight Computing: High Performance Spaceflight Computing will lead to
vastly improved in-space computing performance, energy management, and increased radiation
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fault tolerance. The new radiation tolerant microprocessor will offer a 75 times improvement in
performance relative to the current state of the art RAD750 processor while requiring the same
power. The project includes a chiplet (a multi-core rad-hard processor) contracted to Boeing,
Seattle WA, Advanced Rad-hard Memory (led by Air Force Research Laboratory), and a NASA
led single board computer. High performance computing solutions require both high speed
processing (via the Chiplet) and high speed memory storage and access. Precision planetary
landing, where many high-resolution images need to be processed in seconds, is a particularly
demanding operation that benefits from HPSC. The precision landing and high-speed computing
experts have collaborated for many years, and NASA intends to pair high performance
spaceflight computing to conduct precision landing demonstrations beginning in FY 2021.
Software Defined Reliability for Mission Critical Operations: through an FY 2018 public-private
partnership award, Astrobotic Technology will mature its software-defined reliability system for
computing.

ADVANCED MATERIALS

NASA supports innovation in materials development and low-cost manufacturing that enables increased
mission cargo capacity by reduction of structural mass. NASA looks for opportunities to improve the
manufacturing technologies, processes, and products prevalent in the acrospace industry. NASA’s unique
needs enable a network of collaboration and partnerships with industry, academia, and other government
agencies to accelerate innovative manufacturing methods and technologies. Key projects within this
portfolio include the following:

Bulk Metallic Glass: Bulk Metallic Glass gears improve rover mobility performance at low
temperatures by eliminating the need for gear lubricant and associated heaters. This project will
deliver planetary gears and strain wave gears that will enable planetary surface missions where
temperatures drop below the freezing point of typical lubricants.

The Rapid Analysis Manufacturing Propulsion Technology (RAMPT) project will develop and
advance large-scale light weight manufacturing techniques and analysis capabilities required to
reduce design and fabrication cycles for regenerative-cooled liquid rocket engine components.
RAMPT impacts all phases of the thrust chamber life cycle by reducing design, fabrication,
assembly schedules (60 percent) and allowing for reduced parts, increased reliability, and
significant weight reduction (70 percent). RAMPT will partner with industry through a public-
private partnership to design and manufacture component parts of the thrust chamber.

The Super-lightweight Aerospace Composites (SAC) project seeks to scale up the manufacturing
and use of high-strength carbon nanotube composite materials. Led by NASA’s Langley
Research Center in Hampton, Virginia, a team of researchers is working with other NASA
centers, government agencies, academia, and industry partners to move this technology forward.
Eventually, carbon nanotube materials could be used to make rocket and spacecraft components.
To do that, NASA needs a much higher production rate of the carbon nanotube material. Using a
Phase 111 Small Business Innovative Research (SBIR) contract with Nanocomp Technologies Inc.
of Merrimack, New Hampshire, NASA is scaling up manufacturing capabilities and lowering
production costs of high-strength carbon nanotube yarn, building on previous SBIR awards from
the Department of Defense and NASA.
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IN-SPACE MANUFACTURING AND ON-ORBIT ASSEMBLY

Having an integrated capability for on-demand manufacturing and repair of components and systems
during space missions will be integral for sustainable exploration missions. In-space manufacturing and
assembly is a rapidly-evolving, disruptive area in which NASA intends to continue working with industry
and academia to develop these technologies through collaborative mechanisms.

In an effort to provide efficient mission and ground operations with reduced dependence on Earth
resource, NASA is continuing to invest in in-space manufacturing technologies, including the
development of the FabLab for ISS. The project will complete the following key objectives over
the next two years: Refabricator Technology Demonstration Installation and activation on the
ISS; Technical Interchange Meetings with the Multi-Material Fabrication Laboratory (FabLab)
Phase A awardees. NASA will award Phase B of a space-based, on-demand fabrication capability
by partnering with U.S. companies to develop a multi-material fabrication laboratory (FabLAB)
and conduct Critical Design Reviews, leading to an on-orbit FABLAB in the 2025 timeframe.
Deployable Composite Boom: The objective of this project is to mature deployable composite
boom technology for use in low-cost, small volume, CubeSat/ESPA class spacecraft deployable
systems. The lack of reliable deployable structural systems for low cost, small volume, rideshare-
class spacecraft, such as CubeSats, currently limits the potential of small satellite platforms for
use in low-cost science and exploration missions, and in particular, deep space missions, where
relatively large deployed structures are required for power, communications, and in some
instances propulsion. These types of booms enable high power solar arrays, antennas for high
data rate communications, and high Delta-V propulsion systems to be included on small
CubeSat/ESPA class spacecraft.

ENVIRONMENTAL CONTROL AND LIFE SUPPORT SYSTEMS

NASA will fundamentally transform spacecraft systems through investment in high payoff technologies
that advance atmospheric capture and conversion aspects of closed-loop life support systems, and develop
capabilities to mitigate space radiation. Key projects within this portfolio include the following:

Spacecraft Oxygen Recovery: Oxygen recovery systems are critical when oxygen resupply from
Earth is not available, and will be enabling for long-duration human missions. NASA awarded
two contracts, Honeywell Aerospace and UMQUA Research Co., to develop technologies that
will increase the oxygen recovery rate aboard human spacecraft to at least 75 percent while
achieving high reliability. Future maturation of these technologies may be used by the ISS as a
proving ground to retire risk and gain experience with capabilities needed for deep-space
exploration.

Space Synthetic Biology will demonstrate the ability of synthetic biology to impact mission
architectures by enabling greater in situ resource utilization and manufacturing by demonstrating
the ability to produce high-value products on demand. The project will include investigations in
BioNutrients which will culminate in a five-year flight experiment and demonstration in FY 2019
and CO2-Based Manufacturing for Mission Extensibility.
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AUTONOMOUS OPERATIONS

Autonomous operations are critical when exploring or operating in an extreme environment, on Earth or
in space). This portfolio supports technologies that benefit space exploration and also support
manufacturers, businesses and other entities. Key technology efforts include:

Autonomous Medical Operations: The objective of this project is to develop a “medical decision
support system” to enable astronauts on long-duration exploration missions to operate
autonomously while independent of Earth contact. Such a system is not intended to replace a
“Chief Medical Officer” (CMO), but rather to support the CMO’s medical actions by providing
advice and procedure recommendations during emergent care and clinical work. The
Autonomous Medical Operations system will enable rapid, assured acquisition and analysis of
sensor data to support differential diagnosis; analysis from medical on-board notes and on-board
databases (including tailoring to individual astronauts); and automated reasoning using structured
and unstructured data.

The Integrated System for Autonomous and Adaptive Caretaking (ISAAC) effort will build upon
FY 2019 formulation and work towards a multi-year project developing/enhancing key
technologies for the autonomous operation of complex, space based infrastructure that provide
the capability to support operations where human intervention is limited as well as provide new
capabilities for spacecraft for in-space operations and adaptive vehicle caretaking. At the end of
the formulation phase, ISAAC will perform a demonstration to validate the initial MAST
(Modular Autonomous Systems Technology) architecture on a Lunar Gateway-analog platform.
Autonomous Pop Up Flat Folding Exploration Robot: The objective of this project is to enable
the “Pop-Up Flat Folding Explorer Robots” (PUFFER) to operate autonomously, both
individually and as a multi-robot team. PUFFER is a miniature mobile robot that is designed as a
low-volume, low mass, low-cost mission enhancement for accessing new high interest extreme
terrains. PUFFER is capable of supporting future lunar, Mars and icy moon missions, as well as
extreme terrains on Earth.

Astrobee is a free flying robot to support station keeping on the ISS. Astrobee will be used by
mission control to perform mobile sensor and camera work as well as by researchers for zero-g
robotics experiments. Astrobee launched to the ISS in early FY 2019. Once on-orbit testing and
demonstration is performed, Astrobee will be transitioned to HEO to operate the Astrobee
facility, replacing the SPHERES facility.

ET-25



Exploration Technology

TECHNOLOGY DEMONSTRATION

FY 2020 Budget

Actual Enacted  Request

Budget Authority (in $ millions) FY 2018 FY 2019 FY 2020 FY 2021 FY 2022 FY 2023 FY 2024
Laser Comm Relay Demo (LCRD) 215 17.2 0.0 0.0 0.0 0.0 0.0
Solar Electric Propulsion (SEP) 34.2 -- 43.4 20.9 4.0 2.6 0.0
Restore/In-Space Robotic Servicing (ISRS) 130.0 180.0 45.3 453 453 0.0 0.0
Small Spacecraft, Flight Opportunities & 136.0 -- 308.8 345.6 342.1 359.6 231.2
Other Tech Demonstration

Total Budget 321.7 - 397.5 411.8 391.4 362.3 231.2

FY 2018 reflects funding amounts specified in Public Law 115-41, Consolidated Appropriations Act, 2018, as
adjusted by NASA's FY 2018 Operating Plan. Table does not reflect emergency supplemental funds also
appropriated in FY 2018, totaling $81.3 million.

The FY 2019 Operating Plan was not approved at the time the budget was prepared. Therefore, only specific marks
from Public Law 116-006, Consolidated Appropriations Act, 2019, as well as projects in development, are included
in the FY 2019 column.

The Technology Demonstration portfolio conducts both
ground-based testing to determine feasibility, and space
flight demonstrations to transition new capabilities, to
NASA exploration missions, and potentially to industry
and other government agencies.

Current and future projects in this portfolio enable and
enhance NASA’s Exploration Campaign, with an
emphasis on lunar exploration technology needs (some of
which contribute to the Lunar Surface Innovation
Initiative). The areas of technology focus include: power
and propulsion technologies, including cryogenic fluid

Archinaut project manager and fellow Made In

Space engineer fine-tune the Extended management and solar electric propulsion; advanced
Structure Additive Manufacturing Machine -- communications and navigation demonstrations; in-situ
the core of this In Space Manufacturing resource utilization; entry, descent and landing; and in-
project’s innovative, in-space 3-D printing space manufacturing and on-orbit assembly technologies.

capability -- during thermal vacuum testing at
NASA's Ames Research Center in Moffett Field, | While these technologies primarily benefit space
California. exploration, several of these technologies offer the
potential for commercial benefits, as well. Where this
potential is high, public-private partnerships will be used to enable NASA to share the risk and financial
interest with private sector industry and better leverage government investments. For example, in-space
manufacturing and assembly offers a broad range of potential benefits while entry, descent and landing
technologies required for exploration could provide the capability to return large payloads to Earth
enabling the re-use of space systems and potentially the affordable return to Earth of objects
manufactured in space.

This account also supports platforms that enable technology demonstrations in relevant environments
through Flight Opportunities suborbital flights and to demonstrate capabilities and acquire strategic
knowledge through Small Spacecraft platforms (including CubeSats). Examples include using vertical
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takeoff, vertical landing rockets to demonstrate precision landing and hazard avoidance software and
avionics, and using CubeSat robotic precursor activities to acquire strategic knowledge about potential
destinations for human exploration such as prospecting for lunar ice.

EXPLANATION OF MAJOR CHANGES IN FY 2020

The Laser Communications Relay Demonstration launch has slipped to 2020 due to delays with the
STPSat-6 bus development.

ACHIEVEMENTS IN FY 2018

The Deep Space Optical Communications project completed subsystem Preliminary Design
Reviews in preparation for the System Preliminary Design Review and Key Decision Point-C to
align with the Science Mission Directorate Psyche mission schedule. This system will be capable
of delivering information rates at least 10 times faster than conventional systems that use
comparable mass and power.

The three In-Space Robotic Manufacturing and Assembly contractors completed the ground
based development and testing phase and submitted proposals for potential follow-on flight
demonstrations.

The Restore-L project held a Preliminary Design Review in early FY 2018 while continuing to
make steady progress on robotics, propellant transfer, avionics, and rendezvous and proximity
operations subsystem technologies. An Industry Day was held to help enable transfer of the
critical satellite servicing technologies to aid the nascent commercial satellite servicing industry.
The Laser Communications Relay Demonstration payload completed hardware build, system
integration and environmental and performance testing.

The Optical Communications and Sensor Demonstration (OCSD) mission, developed and
operated by The Aerospace Corporation, transmitted at an error-free data rate of 200 megabits per
second (approximately a 100 times increase over CubeSat state of the art) to a 30cm telescope. A
second demonstration successfully completed by OCSD’s twin 1.5 unit spacecraft, involved a
propulsive rendezvous with water-fueled maneuvering thrusters to rejoin the spacecraft after a
460km post deployment drift to a closest approach of six meters.

The Jet Propulsion Laboratory (JPL) developed reflectarray antenna, pioneered for use in
spaceflight for the Integrated Solar Array Reflectarray Antenna (ISARA) mission last July, was
an integral part of the successful data relay conducted by the two MarCO spacecraft during the
Insight landing on November 26th. The reflectarray on ISARA was demonstrated to be capable of
data rate transmission of up to 100 megabits per second (Mb/s), an order of magnitude over prior
CubeSat state of the art.

WORK IN PROGRESS IN FY 2019

The Deep Space Atomic Clock (DSAC) is a small, low-mass atomic clock based on mercury-ion
trap technology that will be demonstrated in space, providing unprecedented stability needed for
next-generation deep space navigation and radio science. DSAC offers the promise of 50 times
greater accuracy than today’s best deep space navigation clocks and will rideshare as part of the
U.S. Air Force STP-2 mission aboard a SpaceX Falcon Heavy booster. Riding along is NASA's
Green Propellant Infusion Mission that will demonstrate a propulsion system using a significantly
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less toxic propellant than hydrazine which provides 40 percent higher performance by volume.
The launch of both DSAC and GPIM is slated for summer 2019.

NASA will build on its ground demonstration of In-Space Robotic Manufacturing and Assembly
through the continued use of public-private partnerships to conduct a flight demonstration for
new technologies used to build large structures in a space environment.

The eCryo project will begin its Structural Heat Intercept-Insulation-Vibration Evaluation Rig
(SHIIVER) testing in July 2019. Testing will be completed in February 2020, before handing off
that technology to interested stakeholders in support of NASA's Exploration activities and
industry. This test will 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.

NASA will complete a number of Mars 2020 technology developments including Terrain
Relative Navigation, Mars Oxygen ISRU Experiment, Mars Environmental Dynamics Analyzer,
and the Mars 2020 Entry, Descent and Landing Instrumentation with deliveries between fall 2018
and spring 2019 to support the Mars 2020 schedule.

Masten Space will conduct a terrestrial flight demonstration of the Draper Terrain Relative
Navigation camera to support the Exploration Campaign

The first two Pathfinder Technology Demonstrator missions that will test new small spacecraft
propulsion and deep space attitude determination and control technologies will be readied for
flight by late FY 2019. Those missions make use of commercial spacecraft provided by Tyvak
Nanosatellite Systems Inc. of Irvine, California and services to test small spacecraft subsystem
payloads developed through public-private partnerships.

The Lunar Flashlight mission, led by JPL, will be readied for flight. Once launched on the SLS
EM-1 as a secondary payload, Lunar Flashlight will scan the lunar surface to locate and measure
ice deposits in shadowed craters at the lunar south pole. Knowledge of the location and
concentration of water and other hydrogen volatiles is critical to inform sustainable exploration
mission architectures that makes use of in situ resource utilization.

KEY ACHIEVEMENTS PLANNED FOR FY 2020

As a key component of the Lunar Surface Innovation Initiative, NASA will prepare technologies
for conducting precursor demonstrations on the lunar surface including: In Situ Resource
Utilization technologies and surface power technologies (follow-on to the successful Kilopower
ground demonstration).

NASA will integrate and perform system testing with the STPSat-6 payload and launch the Laser
Communications Relay Demonstration (LCRD) in August 2020. In addition, the Deep Space
Optical Communications project will conduct its Critical Design Review.

The Solar Electric Propulsion Project will complete the Critical Design Review for the electric
propulsion subsystem, and build qualification units to conduct qualification testing of the Solar
Electric Propulsion engineering development units for the high power electric propulsion string.
Blue Origin will conduct two suborbital flight demonstrations as part of awarded Tipping Point
2018 awards, ‘Cryogenic Fluid Management-Enhanced Integrated Propulsion Testing for Robust
Lander Services’ and ‘Advancing Sensor Suites to Enable Landing Anywhere on the Lunar
Surface.
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The following small spacecraft missions are projected to reach flight readiness in FY 2020:

e The CubeSat Lasercom Infrared Crosslink (CLICK) mission is targeting flight of a risk reduction
mission in 2020 ahead of demonstrating full duplex spacecraft to spacecraft optical
communications crosslinks between two small CubeSats in FY 2021.

e The third Pathfinder Technology Demonstrator mission will target very high bandwidth optical
downlink at 200 gigabits per second from a CubeSat. The Starling-Shiver distributed spacecraft
demonstration mission in partnership with the Air Force Research Laboratory will launch in 2020
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 (ACS3) mission will demonstrate deployment of an
80 m2 sub-scale composites boom supported solar sail system in low Earth orbit as pathfinder for
a future 500 m2 solar sail system suitable for low-cost deep space missions for heliophysics,
small body planetary science, and human space flight support.

Program Elements

POWER AND PROPULSION

In addition to the projects below, NASA is developing Solar Electric Propulsion technology with higher-
power, longer-life thrusters and power processing units. The first demonstration of this system will be a
50 kilowatt class Power and Propulsion Element for Lunar Gateway. This project in development is
described further in a separate section that follows.

Kilopower

A key demonstration as part of the Lunar Surface Innovation Initiative, the Kilopower project will begin
in FY 2020, building on the 2018 demonstration of a small, lightweight fission power system that could
enable long-duration crewed missions to the Moon, Mars and destinations beyond. In FY 2020, the
project will transition into a Technology Demonstration Mission following determination of system level
requirements for system configuration, design life, launch/landing/deployment constraints, radiation
signature, user load integration, and concept-of-operations in preparation to develop a 1-3kW flight
qualified system for the moon. The flight system will optimize engines, flight radiators, radiation hard
flight control electronics, and identify launch safety and security requirements with a target demonstration
on a midsize lunar lander in the 2026 timeframe.

Upon successful demonstration, the technology is extensible to produce 10 kilowatts needed for surface
and space missions, and will address the need for continuous power for day and night operations, and
enables mission operations in harsh environments such as permanently shadowed craters.

Evolvable Cryogenics/Cryogenic Fluid Management

The Evolvable Cryogenics (eCryo) project is conducting a series of ground demonstrations at Marshall
Space Flight Center and Glenn Research Center to validate the performance of propellant storage tanks
designed for long-term on-orbit storage. In addition to managing the propellant boil-off by validating the
effectiveness of advanced multi-layer insulation, the team is evaluating the reduction of ancillary system
mass and complexity. The project has investigated using the remaining boil-off gases to replace existing
pressurization and attitude control systems, and to provide electrical power for the Space Launch System
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Exploration Upper Stage and other launch vehicle systems. The team is also developing new cryogenic
monitoring instrumentation and analytical models to assist in determining cryogenic system health during
in space operations. For NASA, these technologies enable beyond low-Earth orbit exploration missions,
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 is
prioritizing technologies needed by Exploration, including SLS upper stage development, and the long-
term needs of the aerospace industry as a whole. The project will build on the knowledge gained from
previous investments and utilize existing Agency assets and test facilities capable of maturing cryogenic
propellant transfer and storage technologies.

NASA is initiating further development of Cryogenic Fluid Management technologies as a key
component of lunar exploration efforts. Using the results of an internal NASA road-mapping activity, a
Cryogenic Fluid Management Request for Information, and direct discussions with industry partners to
formulate the technology demonstration priorities and acquisition approach. The first phase of these
technology maturation projects came in the form of Tipping Point public private partnerships that were
awarded in the fall of 2018. These proposals will include a lunar lander sub-orbital demonstration and a
flight test of an advanced insulation.

Green Propellant Infusion Mission

Green Propellant Infusion Mission is 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. Once
demonstrated in-space, rapid incorporation could occur into a variety of spacecraft. NASA selected AF-
M315E 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 will perform a series
of in-space demonstration tests. NASA secured a rideshare opportunity for this technology demonstration
mission via the STP-2 launch of a SpaceX Falcon Heavy, which is scheduled to launch in May 2019. In
addition, NASA continues to work with Aerojet Rocketdyne to revise the one-Newton thruster design to
implement improvements to better enable commercial infusion potential following the in-space
demonstration, through a public-private partnership collaboration.

IN-SPACE MANUFACTURING AND ASSEMBLY OF SPACECRAFT AND SPACE
STRUCTURES

In addition to the projects below, NASA is investing in satellite servicing technologies by leveraging
commercial interests to develop servicing tools and capabilities. This project in development is described
further in a separate section that follows.

In-Space Robotic Manufacturing and Assembly

In partnership with commercial 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. Presently, launch-shroud size, lift capacity, and launch
loads/environments limit the size and capabilities of systems pre-assembled on the ground and deployed
using a single launch. With advances in ultra-lightweight materials, additive manufacturing, robotics, and
autonomy, in-space manufacturing, assembly, and aggregation concepts are now at a tipping point. Three
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competitively awarded proposals successfully completed ground development of unique approaches to
robotic manufacturing and assembly.

This budget request continues funding to conduct follow-on activities for an affordable flight
demonstration of in-space manufacturing and robotic assembly technologies. Two In-Space Robotic
Manufacturing and Assembly projects, Space System Loral Dragonfly (Palo Alto, CA) and Made-In-
Space Archinaut (Moffett Field, CA), were selected in October 2018 for negotiation of a flight
demonstration of their capabilities. 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. These crosscutting technologies could also greatly reduce cost
while increasing capabilities for both NASA and commercial space applications.

IN SITU RESOURCE UTILIZATION

Lunar In-Situ Resource Utilization

Following successful Earth-based demonstrations funded through Technology Maturation, NASA will
initiate In Situ Resource Utilization (ISRU) technology demonstrations to be conducted on the Lunar
Surface beginning with subscale demonstrations of critical technologies on Commercial Lunar Payload
Services landers (e.g. excavation, mineral beneficiation, regolith processing) in the early to mid-2020’s.
This will be followed by pilot demonstrations of human mission relevant scale ISRU technologies such as
mining and processing for oxygen and water; possibly tied to demonstration of nuclear surface power on
the Moon in the mid 2020’s. This is a key component of the Lunar Surface Innovation Initiative.

Mars Oxygen In-Situ Resource Utilization (ISRU) Experiment (MOXIE)

The Mars Oxygen In-Situ Resource Utilization Experiment (MOXIE) will demonstrate in-situ resource
utilization technologies to enable propellant and consumable oxygen production from the Martian
atmosphere for future exploration missions. Specifically, MOXIE will produce oxygen from a Mars
atmosphere, demonstrate the feasibility of ISRU on Mars, validate analytical models for scaling up of
future ISRU systems, and provide valuable knowledge needed for future mission development. MOXIE
will fly on the Science Mission Directorate's Mars 2020 mission.

ENTRY DESCENT AND LANDING

Terrain Relative Navigation

The Terrain Relative Navigation 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 Terrain Relative Navigation, the Mars 2020 powered descent vehicle will estimate its
location while descending through the Martian atmosphere. This allows the vehicle to determine its
position relative to the ground with an accuracy of about 200 feet (60 meters) or less. Upon successful
demonstration, this technology will provide 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. This project delivered its flight hardware to Mars 2020 in fall
2018 for mission integration.
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Low Earth Orbit Flight Test of Inflatable Decelerator (LOFTID)

NASA, in partnership with United Launch Alliance, will conduct a flight test of inflatable aerodynamic
decelerator technology in the Earth's atmosphere to determine the feasibility of this technology in
supporting high mass Entry, Descent and Landing. This project will also demonstrate capabilities for a
high mass return to Earth from Low Earth Orbit that could enable commercial applications such as flight
hardware re-use and return of products manufactured in space for terrestrial use. The reentry vehicle will
be flown as a secondary payload on a ULA Atlas V launch vehicle, used to deliver a primary payload to
Earth orbit. After the primary payload is released, the aeroshell will be exo-atmospherically inflated and
the Atlas V Centaur upper stage will orient and de-orbit the reentry vehicle. The flight will test High Mass
Entry, Descent and Landing technology at a scale (6m) and at conditions relevant to identified Earth and
Mars mission infusion opportunities. By conducting this effort with an industry cost-sharing partnership,
NASA is significantly reducing the overall cost of this technology while enabling a potential commercial
capability to achieve efficient, high mass return to Earth from Low Earth Orbit.

COMMUNICATIONS, NAVIGATION AND AVIONICS

In addition to the projects below, the Laser Communications Relay Demonstration seeks to change the
way we send and receive data, video and other information, using lasers to encode and transmit data at
rates 10 to 100 times faster than today's fastest radio-frequency systems, using significantly less mass and
power. This project in development is described further in a separate section that follows.

Deep Space Optical Communication

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 RF system (Ka-band). This
capability will enable future advanced instruments, live high definition video, tele-presence, and deep-
space human exploration of the solar system. 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.

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 a high bandwidth flight laser optical
communication terminal on the Science Mission Directorate'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 100 times more accurate than today’s state of the art space clocks used for
spacecraft navigation systems. To be launched in summer 2019, the Deep Space Atomic Clock will
demonstrate 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 requirement for advanced communication
capabilities. 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 is planned for launch via rideshare
on a SpaceX Falcon Heavy (STP-2), and is funded in a partnership with SCaN.
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FLIGHT OPPORTUNITIES

NASA Flight Opportunities strategically invests in the
growth of the U.S. commercial spaceflight industry by
providing flight opportunities to test space exploration and
utilization technologies on commercially available
suborbital flight platforms. These suborbital flight
opportunities take technologies from the laboratory into a
relevant flight environment that facilitates technology
maturation, validates feasibility and reduces technical risks
for future missions. These investments help mature
innovative space technologies of interest to NASA while

Flight Opportunities conducted a sounding simultaneously supporting the development and use of
rocket test of Game Changing Development’s U.S. commercial spaceflight services and capabilities.
Adaptable, Deployable, Entry and Placement Flight O tuniti lect isina technoloaies f
Technology (ADEPT) aeroshell. Launched on 19 _ppor uni |es_, se _ec S prom|3|r)g ec_ nologies from
UP Aerospace’s SL-12 Launch, the umbrella- academia, research institutes, and private industry, NASA
like aeroshell achieved full deployment and and other government agencies that are in need of rapid
configuration lock prior to reaching 80 and affordable flight testing in space or a space-like

kilometers altitude on descent.

environment. The program facilitates the use of U.S.
commercial suborbital reusable launch vehicles for technology testing as well as high altitude balloons
and flights on aircraft following reduced gravity flight profiles, when those classes of vehicles are
appropriate.

Flight Opportunities targets technologies to support sustainable exploration of the lunar and Martian
surfaces, the commercialization of low Earth orbit, and the expansion of economic activity into cislunar
space. Technology efforts from academia, research institutes, and private industry will be selected to
receive funding towards the technology design, development, preparation, payload integration, suborbital
flight, and post flight analysis. Where appropriate and beneficial to the growth of the suborbital
spaceflight market, Flight Opportunities will also fund demonstrations of the utilization of suborbital
spacecraft for other technology development and research applications. In addition to partnering with
academia, research institutes, and private industry, Flight Opportunities will work with other NASA
programs to support and facilitate the use of U.S. commercial suborbital vehicles for the flight testing of
space exploration technologies developed under NASA programs. U.S. commercial vendors providing
flight services to date include Blue Origin, EXOS Aerospace, Masten Space Systems, Near Space
Corporation, Raven Aerostar, UP Aerospace, Virgin Galactic, World View, and Zero Gravity
Corporation. In 2018, the Flight Opportunities program facilitated the commercial suborbital flight testing
of 31 technology payloads across three vertical takeoff/vertical lander flight campaigns, three suborbital
reusable launch vehicle flight campaigns, six high-altitude balloon flights and two parabolic campaigns.

SMALL SPACECRAFT TECHNOLOGY

NASA develops and demonstrates the capabilities that enable small spacecraft to achieve exploration
missions in unique and more affordable ways. Sustainable human activity in deep space requires
exploration capabilities that can be fielded faster and at lower cost. Small spacecraft afford an
increasingly capable platform to precede and accompany human explorers to the moon, Mars, and other
destinations to scout terrain, characterize the environment, identify risks, and prospect for resources.
Distributed systems of small spacecraft can responsively provide cost effective communications,
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monitoring, and inspection infrastructure for human exploration missions and cis-lunar commercial
activity.

NASA invests in small spacecraft technology to enable new mission architectures through the use of
small spacecraft, expand the reach of small spacecraft to new destinations and challenging new
environments, enable the augmentation of existing assets and future missions with supporting small
spacecraft, and to help conduct missions that address strategic knowledge gaps for sustainable exploration
beyond Earth. NASA public-private partnerships and investments in small spacecraft technologies focus
on accelerating the pace of exploration and discovery by leveraging the growing small spacecraft
capabilities in U.S. industry and academia.

In support of these objectives, NASA also maintains the Small Spacecraft Systems Virtual Institute
(S3VI), hosted at NASA’s Ames Research Center in Moffett Field, California, to leverage the growing
small spacecraft community, promote innovation, identify emerging technology opportunities, and
provide an efficient channel for communication about small spacecraft systems with industry, academia,
and other government agencies.

Through 2019 and into 2020, NASA will develop small spacecraft technology and execute missions
demonstrating advanced propulsion for small spacecraft, optical communications crosslinks, formation
flight, inter-satellite networking, and distributed spacecraft mission capabilities in partnership with other
U.S. government agencies. These projects and missions seek to support the sustainable exploration of the
Moon and beyond and to aid the expansion of economic activity into cis-lunar space.
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TDM LASER CoMM RELAY DEMO (LCRD)

Development

FY 2020 Budget

Actual Enacted Request
Budget Authority (in $ millions) Prior FY 2018 FY 2019 FY 2020 FY 2021 FY 2022 FY 2023 FY 2024 | BTC  Total
Formulation 169.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1695
Development/Implementation 39.8 31.8 20.1 0.0 0.0 0.0 0.0 0.0 0.0 91.7
Operations/Close-out 0.0 0.0 15 0.0 0.0 0.0 0.0 0.0 0.0 15
2018 MPAR LCC Estimate 209.3 31.8 21.6 0.0 0.0 0.0 0.0 0.0 0.0 262.7
Total STMD Budget 183.3 215 17.2 0.0 0.0 0.0 0.0 0.0 0.0 2220
Change from FY 2019 -17.2
Percentage change from FY 2019 0.0%
Total NASA Budget 2093 318 216 0.0 0.0 0.0 0.0 0.0 0.0 262.7

FY 2018 reflects funding amounts specified in Public Law 115-41, Consolidated Appropriations Act, 2018, as
adjusted by NASA's FY 2018 Operating Plan. Table does not reflect emergency supplemental funds also

appropriated in FY 2018, totaling $81.3 million.

The FY 2019 Operating Plan was not approved at the time the budget was prepared. Therefore, only specific marks
from Public Law 116-006, Consolidated Appropriations Act, 2019, as well as projects in development, are included

in the FY 2019 column.

Laser Communications Relay Demonstration engineers
place Flight Modem 2 in the thermal vacuum chamber
for testing. LCRD’s flight modems are a critical part of
the LCRD payload. They encode data into laser light to
be transmitted to the ground. Laser Communications
Relay Demonstration seeks to prove the utility of bi-
directional optical communications relay services
between geosynchronous orbit and Earth.

PROJECT PURPOSE

The goal of the Laser Communications Relay
Demonstration 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
area. The outcome of this effort will prove optical
communications technology in an operational
setting, providing data rates up to 100 times faster
than today’s radio frequency based
communication systems. The demonstration will
measure and characterize the system performance
over a variety of conditions, develop operational
procedures, assess applicability for future
missions, and provide an on orbit capability for
test and demonstration of standards for optical
relay communications. This capability will have
major implications for NASA missions, as well as
crosscutting application for other agencies, and

U.S. satellite manufacturers and operators given the rising demand for bandwidth, consistent with the
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responses NASA received from the industry through a Request for Information. Set to fly as a hosted
payload with the U.S Air Force STP-Sat 6 mission, this project will demonstrate an order of magnitude
leap in communications capability that could be used for the architecture that succeeds today’s Tracking
and Data Relay Satellite satellites, and enable new capabilities and services for other government
agencies and commercial space communications providers. Upon a successful flight demonstration,
NASA will provide the communications industry access to the integrated system to test these new
capabilities for commercial application.

EXPLANATION OF MAJOR CHANGES IN FY 2020

The Laser Communications Relay Demonstration is scheduled to fly as a hosted payload on the U.S. Air
Force’s STPSat-6 mission. Due to delays involving the design and manufacture of the spacecraft bus, the
launch of this mission has been delayed. The project is currently going through the replan as a result of
the spacecraft bus technical and schedule issues, as such, cost and schedule are under review. NASA
expects the replan to be completed in March-April timeframe, at which point NASA will have and can
provide refined schedule and cost baselines.

PROJECT PARAMETERS

With application to both commercial and NASA operations, 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:

e Demonstrating bidirectional optical communications between geosynchronous Earth orbit and
Earth;

e Measuring and characterizing the system performance over a variety of conditions;
Developing operational procedures and assessing applicability for future missions; and

e Providing an on orbit capability for test and demonstration of standards for optical relay
communications.

ACHIEVEMENTS IN FY 2018

The project completed hardware build and payload integration and successfully performed functional and
environmental testing.

WORK IN PROGRESS IN FY 2019

The project will deliver the flight payload to the spacecraft integrator for integration and testing as a part
of the STP-3 mission. The project will support space vehicle integration and test, including end-to-end
testing with the LCRD Mission Operations Center.
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KEY ACHIEVEMENTS PLANNED FOR FY 2020
The project will support launch and early on-orbit checkout of the LCRD flight payload.

SCHEDULE COMMITMENTS/KEY MILESTONES

CDR December 2016 December 2016
KDP-C February 2017 February 2017
System Integration Review May 2018 July 2018*
KDP-D August 2018 August 2018*
KDP-E June 2019 August 2020*
Operational Readiness Review March 2019 March 2019*
Launch Readiness Review November 2019 June 2019*
Launch (or equivalent) November 2019 November 2019*

*Due to delays involving the design and manufacture of the spacecraft bus, the launch of this mission has been
delayed until no earlier than August 2020.

DEVELOPMENT COST AND SCHEDULE
The development cost estimate includes HEOMD/SCaN ($28.6M) funding as well as STMD ($63.1M).

63.1 Nov Novem-
2017 (STMD) 70 2019 63.1 0 Launch 2019 ber 2019
91.8 Nov Novem-
2017 (NASA) 70 2019 91.8 0 Launch 2019 ber 2019

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.
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Development

DEVELOPMENT COST DETAILS

TOTAL: 91.8 91.8 0.0
Aircraft/Spacecraft 9.9 21.0 111
Payloads 20.2 25.7 55
Systems 1&T 4.1 8.2 3.9
Launch Vehicle 0.0 0.0 0.0
Ground Systems 6.3 6.0 -0.3
Science/Technology 2.6 45 1.9
Qiner Direct Project 1 487 26.4 223

*Due to delays involving the design and manufacture of the spacecraft bus, the launch of this mission has been
delayed until no earlier than August 2020. Cost estimates will be updated once impact is fully understood.

PROJECT MANAGEMENT & COMMITMENTS

Project Management,

E;ogram LCRD Payload, LCRD Goddard Space Flight Center No change
anagement - .
Mission Operations Center

Optical Ground Stations,
Optical RF Ground Station and
Ground Station | STPSat-6 Mission Control HEOMD/SCaN No change

Center
Technology Technology Transfer for Massachusetts Institute of No Chanae
Transfer Payload Technology: Lincoln Laboratory g
Ground Station | Optical Ground Station 1 Jet Propulsion Lab No Change
Spacecraft and : USAF & Northrop Grumman
Launch Elffcarf S/eshpi?;(l:scraﬁ and (Spacecraft vendor); ULA (Launch No Change
Vehicle Vehicle)
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PROJECT RISKS

Given that the spacecraft integrator Northrop Grumman schedule assessment indicates
schedule performance has been poor, readiness to launch no earlier than August 2020.

there is significant risk that the launch Solidifying of cost numbers is anticipated near-term

date will slip beyond the Agency following results of the Senior Steering Group to complete
Baseline Commitment date and have its re-plan.

associated cost increases to the Agency

Baseline Commitment Cost.

ACQUISITION STRATEGY

All major acquisitions are in place.

MAJOR CONTRACTS/AWARDS

Technology Transfer for
Payload and Optical Ground
Station

Massachusetts Institute of
Technology: Lincoln Laboratory

Lexington, MA

INDEPENDENT REVIEWS
Completed Independent assessment prior to KDP-C.

Determine realistic
50/70 percent CL 70 percent CL used

\éooim‘idence Tecolote Oct 2016 | Pudgetand to define Program- |\
Level (CL) schedule IAW held UFE above
Agency project for KDP-C

requirements
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Development

Project has sound
programmatic and
December technical System
Standing 8-9 _ _ approaches_, risk Integration
Review (technlca_l Provide STMD and plap and milestone | Review
Board/Indep | Various subject presentatio G_SFC Center deliverables are (SIR) _that
endent matter experts n); Director acc_ep_table LCRD feeds into
Readiness December | programmatic satisfied a!l review KDP-D
Team 14, 2016 assessment success criteria, Currently
(Program and is ready to scheduled
matic) proceed into for 5/2018
implementation
phase
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FY 2020 Budget

Actual Enacted  Request
Budget Authority (in $ millions) FY 2018 FY 2019 FY 2020 FY 2021 FY 2022 FY 2023 FY 2024
Total Budget 34.2 -- 43.4 20.9 4.0 2.6 0.0

FY 2018 reflects funding amounts specified in Public Law 115-41, Consolidated Appropriations Act, 2018, as
adjusted by NASA's FY 2018 Operating Plan. Table does not reflect emergency supplemental funds also
appropriated in FY 2018, totaling $81.3 million.

The FY 2019 Operating Plan was not approved at the time the budget was prepared. Therefore, only specific marks
from Public Law 116-006, Consolidated Appropriations Act, 2019, as well as projects in development, are included
in the FY 2019 column.

PROJECT PURPOSE

Through a project at the Glenn Research Center,
NASA will continue development of Solar Electric
Propulsion (SEP) with higher-power, longer-life
thrusters and power processing units. The first
demonstration of this system will be through a 50
kilowatt class Power and Propulsion Element for
Lunar Gateway. 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.

Electric Propulsion thruster in testing. The project The SEP system will not only meet the objectives for
will be conducting a spaceflight dem_onstration of a future NASA exploration purposes, but will support
30-50kW class solar electric propulsion system on the growing demand for increased electric propulsion
the Lunar Gateway Power and Propulsion Element. 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 the state-of-the-
art, are already being incorporated into commercial satellite product lines. For example, Space Systems
Loral and Deployable Space Systems are flight qualifying the Rollout Solar Array (ROSA) for use in its
commercial communication satellites, and Orbital ATK is using a smaller version of technology similar to
MegaFlex on the Cygnus cargo vehicle. In addition, the Air Force Research Laboratory sponsored a
space demonstration of the NASA-developed ROSA solar array design on the ISS in July 2017.

Hall-effect thrusters with magnetic shielding have been developed, tested, and operated at approximately
13 kilowatts, permitting years of continuous operations without degradation. NASA awarded a three-year
contract for engineering and qualification unit delivery of thrusters and power processing units in spring
2016 to Aerojet Rocketdyne, Inc. In FY 2018, Aerojet Rocketdyne completed the preliminary design of
the electric propulsion string and is nearing completion of engineering test units that will support the final
design. In FY 2019, Aerojet Rocketdyne will build and test the engineering test units to ensure the final
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design meets performance requirements. Following Critical Design Review scheduled in FY 2020,
qualification hardware will be built and qualification testing will begin. Once qualified, high-powered
Solar Electric Propulsion will be delivered to Lunar Gateway for the Power and Propulsion Element to
demonstrate the technology needed to efficiently propel more ambitious, robotic science and human
exploration missions beyond the Earth and into deep space. Furthermore, Solar Electric Propulsion will
enable more efficient orbit transfer of spacecraft and accommodate the increasing power demands for
government and commercial satellites.

EXPLANATION OF MAJOR CHANGES IN FY 2020
No Change. Cost and Schedule Baselines to be established in FY 2019.

PROJECT PRELIMINARY PARAMETERS

The goal of the project is to qualify a 30-50 kW-class solar electric propulsion string to be used as
primary propulsion for a spaceflight demonstration. Objectives include:

o 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 Solar Electric Propulsion 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 string for extended operations in deep space.

ACHIEVEMENTS IN FY 2018

Aerojet Rocketdyne completed the preliminary design of the electric propulsion string and is nearing
completion of engineering test units that will support the final design. NASA added the capability to test a
second electric propulsion string in the SEP Testbed.

WORK IN PROGRESS IN FY 2019

Aerojet Rocketdyne will build and test the electric propulsion string engineering test units to ensure the
final design meets performance requirements.

KEY ACHIEVEMENTS PLANNED FOR FY 2020

The project will begin building qualification units and begin testing.
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| Formulation

ESTIMATED PROJECT SCHEDULE

Formulation Authorization March 2015 (as part of ARRM)

KDP-A March 2015 (as part of ARRM)

Preliminary Design Review September 2017 September 2017
KDP-C January 2019 May 2019
Critical Design Review March 2020 July 2020
System Integration Review

(Plasma Diagnostics Package) May 2021
Deliver to Lunar Gateway CY 2021
for Integration

Formulation Estimated Life Cycle Cost Range and Schedule

Range Summary

Life cycle cost estimates are preliminary. A baseline cost commitment does not occur until the project
receives approval for implementation (KDP-C), which follows a non-advocate review and/or preliminary

design review.

7/2016

$230 | Transition to Gateway

CY 2021

Note: LCC was based on KDP-B held for the Asteroid Robotic Redirect Mission. SEP requirements were largely
maintained for application to the Power and Propulsion Element so a new KDP-B has not been held.
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| Formulation [ Development [ Operations ]

Project Management & Commitments

Manages AR contract,
Program thru_ster development life
Management testing, Develops SEP _ Glenn Research Center No change
Testbed, Plasma Diagnostics
Package
Thruster Thr_uster development life Jet Propulsion Laboratory No change
Development testing support
Flight Thruster Flight thruster and power
and Power system design and Industry - Aerojet-Rocketdyne No Change
System Design qualification

Project Risks

Given the schedule and cost performance on
the AEPS contract, there is a risk that the
project will not complete electric propulsion
string qualification prior to the date needed to
begin flight procurement by the Power
Propulsion Element.

Aerojet Rocketdyne completed a project replan in December
2018, submitting a draft Over Target Baseline (re-baseline) and
partial requirements for capability-based approach. The project is
working to perform a KDP-C review in mid FY 2019.

Acquisition Strategy

All major acquisitions are in place.

MAJOR CONTRACTS/AWARDS

Advanced Electric Propulsion
System Contract

Aerojet Rocketdyne Redmond, WA
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INDEPENDENT REVIEWS

PDR IRT 9/2017 | A\Ssess/approve Pass CDR
preliminary design

CDR IRT 212020 Ass_ess/approve final
design
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FY 2020 Budget

Actual Enacted  Request
Budget Authority (in $ millions) FY 2018 FY 2019 FY 2020 FY 2021 FY 2022 FY 2023 FY 2024
Total Budget 130.0 180.0 45.3 45.3 453 0.0 0.0
Change from FY 2019 -134.7
Percentage change from FY 2019 -74.8%

FY 2018 reflects funding amounts specified in Public Law 115-41, Consolidated Appropriations Act, 2018, as
adjusted by NASA's FY 2018 Operating Plan. Table does not reflect emergency supplemental funds also
appropriated in FY 2018, totaling $81.3 million.

The FY 2019 Operating Plan was not approved at the time the budget was prepared. Therefore, only specific marks
from Public Law 116-006, Consolidated Appropriations Act, 2019, as well as projects in development, are included
in the FY 2019 column.

PROJECT PURPOSE

In Space Robotic Servicing (ISRS), formerly Restore-
L, will demonstrate advanced technologies that enable
on-orbit satellite life extension. The project advances
servicing technologies to operational status, before
them transitioning to U.S. industry. Technology areas
to be demonstrated include dexterous robotics,
autonomous rendezvous, proximity operations and
docking, propellant transfer, and interchangeable
multipurpose robotic tools.

Grapple of Landsat-7 mock up by Robot arm.
NASA engineers use mock-ups to evaluate and

refine concepts. 2020

EXPLANATION OF MAJOR CHANGES IN FY

Consistent with the President’s FY 2018 and FY 2019
Budget Request, NASA is proposing to restructure and descope the Restore-L flight project. In its place,
for the ISRS project, NASA requests $45.3M in FY 2020 to continue development of the satellite
servicing technologies and better position it for the purposes of supporting a nascent commercial satellite
servicing industry. NASA believes $45.3M is a realistic and more sustainable budget profile for
advancing satellite servicing technologies to TRL 6 while maintaining a strong lunar focus on technology
development investments, and will continue to work with industry partners to enable demonstration on
their commercial platforms. At this funding level, the Goddard Space Flight Center (GSFC), with its
contractor team and robotics partner, West Virginia University, will continue to develop the satellite
servicing capabilities unique to the NASA project and make them available for interested partners through
technology transfer mechanisms and public-private partnerships.
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PROJECT PRELIMINARY PARAMETERS

With application to both commercial and NASA operations, ISRS will advance satellite servicing
capabilities. Objectives include:

e Autonomous, real-time relative navigation system includes sensors, algorithms and processors
join forces, allowing ISRS to rendezvous safely with its client.

e Servicing Avionics control ISRS's rendezvous and robotic tasks.
Dexterous Robotic Arms provide maneuverable arms for executing servicing assignments.
Software comes included.

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.

ACHIEVEMENTS IN FY 2018

Following a successful Mission PDR in November 2017, the project demonstrated an end-to-end
autonomous capture with space-like reaction forces using a target spacecraft simulator and a payload
mockup populated with a suite of subsystem components.

WORK IN PROGRESS IN FY 2019

During FY 2019, the Restore-L project will finalize its critical design and will complete component and
subassembly testing. Additionally, the project will advance its ground systems and concept of operations
for the mission. This will position the project to conduct a Critical Design Review in September of 2019.
In addition, the project will hold its fourth industry day in September 2019. Previous industry events
attracted 142 external participants, representing 79 different companies or organizations outside
government.

In February, the International Space Station (ISS) crew successfully installed the Robotic Refueling
Mission-3 robotic tools, the tool pedestal, and the interface plate on the Japanese airlock slide table. The
hardware will remain in the closed airlock until external robotic operations occur, tentatively planned for
early April.

KEY ACHIEVEMENTS PLANNED FOR FY 2020

Following Critical Design Review, the project would target completion of the following technologies
through qualification (TRL-6):

Several components of the Navigation System

Servicing Avionics & software (partially tested)

Robot Arm & software elements

Tool Drive System & Tools (tested without zero-G dynamics)
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| Formulation [ Development [ Operations ]

The project would also leverage Technology Transfer mechanisms and pursue partnerships with
interested U.S. companies through Space Act Agreements.

ESTIMATED PROJECT SCHEDULE

Formulation Authorization

KDP-A May 2016 May 2016
KDP-B January 2017 January 2017
KDP-C April 2018 July 2019
CDR November 2018 September 2019
System Integration Review July 2019
KDP-D September 2019

This budget assumes project
Operational Readiness Review March 2020 will be transitioned to a
ground demonstration

KDP-E November 2020

Launch November 2020

Formulation Estimated Life Cycle Cost Range and Schedule
Range Summary

Life cycle cost estimates are preliminary. A baseline cost commitment does not occur until the project
receives approval for implementation (KDP-C), which follows a non-advocate review and/or preliminary
design review.

January 2017 $629 - $756 | LRD June-December 2020
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Project Management & Commitments

Propellant Provider:

Transfer Develop, test, and build of Lead Center: KSC No change
Subsystem propellant transfer system. )

(PTS) Performing Center(s): KSC, GSFC

Provide Landsat-7 to
Client Satellite decommissioning orbit for Provider: USGS No change
access by Restore-L

Build and deliver a spacecraft | Provider: SSL
Spacecraft Bus | bus to carry the Restore-L Lead Center: GSFC
payload

Contract
awarded in 2017

Project management, payload | | oad Center: GSEC
development and delivery, No change

mission integration

Program
Management

Project Risks

Given the funding resources required to
complete the Restore-L mission with a

December 2022 launch, there is a
possibility that the higher priority NASA proposes to turn this project into a ground demonstration

technology development activities to ensure focus on advancing key servicing technologies.
needed to enable the lunar exploration
objectives will not be achieved.
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| Formulation

Acquisition Strateqgy

The Robotic Servicing Vehicle is a GSFC in-house activity with subcontractors providing the spacecraft
bus and key components of the payload.

Robot Arm

In-house development

GSFC with MacDonald, Dettwiler
and Associates (MDA) as major
sub

Rendezvous & Proximity Ops
(RPO) Cameras

NASA Competition

Neptec Design Group

LIDAR

In-house development

Vision Sensor Subsystem (VSS)
Cameras

NASA Competition

Malin Space Science Systems

Propellant Transfer System (PTS)

Competition/Justification for Other
than Full and Open Competition
(JOFOC)

Valve Tech, FHM Aerospace,
Vacuum and Air Components
Company of America, Hoffer

Motors Arm, next generation Tool
Drive (ATDS), Pan/Tilt Unit
(camera), Motorized Zoom Lenses

Omnibus Multidiscipline
Engineering Services (OMES II)
contract

CDA InterCorp, Triump, Avior

MAJOR CONTRACTS/AWARDS

Build and delivery of spacecraft bus

SSL

Palo Alto, CA

INDEPENDENT REVIEWS

Mission
Concept
Review
(MCR)

Affirm mission need,
examine proposed
mission’s objectives,
and validate the
concept for meeting
those objectives.

April 2016

Passed SRR
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Formulation

Examines the
functional and
System perfc_)rmance
Requireme | Standing Review requirements an_d the
; Oct 2016 | preliminary project Passed PDR
nts Review | Board (SRB)
plan. Ensures the
(SRR) :
requirements and
selected concept will
satisfy the mission.
Joint Determine realistic
Confidence 50/70 percent
Tecolote Nov 2017 | confidence level on N/A
Level
(acL) reference budget and
schedule
Demonstrates the
Preliminary preI|m|r|1|ary design
Design meets all system
. SRB Nov 2017 | requirements with Passed CDR
Review -
(PDR) ac_ce_ptable risk and
within cost and
schedule constraints.
Joint Determine realistic
Confidence 50/70 percent
Tecolote June 2019 | confidence level on CDR
Level
(acL) budget and schedule
to be approved
Demonstrate the
maturity of the
Critical design is appropriate
Design September | to support
Review SRB 2019 | proceeding with full SIR
(CDR) scale fabrication,
assembly,
integration, and test.
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FY 2020 Budget

Actual Enacted  Request
Budget Authority (in $ millions) FY 2018 FY 2019 FY 2020 FY 2021 FY 2022 FY 2023 FY 2024

Total Budget 194.8 - 210.8 219.1 230.8 237.5 261.0

FY 2018 reflects funding amounts specified in Public Law 115-41, Consolidated Appropriations Act, 2018, as
adjusted by NASA's FY 2018 Operating Plan. Table does not reflect emergency supplemental funds also
appropriated in FY 2018, totaling $81.3 million.

The FY 2019 Operating Plan was not approved at the time the budget was prepared. Therefore, only specific marks
from Public Law 116-006, Consolidated Appropriations Act, 2019, as well as projects in development, are included
in the FY 2019 column.

NASA’s Small Business Innovation Research
(SBIR) and Small Business Technology Transfer
(STTR) programs leverage the Nation’s innovative
small business community to support research and
development in support of NASA's mission in
human exploration, science and aeronautics. These
programs provide the small business sector with
an opportunity to develop technology for NASA,
and to commercialize that technology to spur
economic growth.

The Agency actively works to facilitate the
infusion of NASA-funded SBIR and STTR
technologies into its missions and projects.
Research and technologies funded by SBIR and
STTR contracts have made important

ISS on September 21st, 2014, under a partnership include in—space propulsion systems to reduce
agreement with NASA Marshall Space Flight Center. travel time and cost; research to revolutionize

With a Phase | and subsequent Phase Il award to build
an Additive Manufacturing Facility (AMF) for on-
demand fabrication in space, Made In Space
successfully deployed its innovation and became the first
company to manufacture in zero gravity.

space travel with new technologies to generate
electrical power and store energy; technologies to
enable a growing number of potential applications
for small spacecraft; and advances in instruments
that can be used as inspection tools for locating
and diagnosing material defects like a micro
meteoroid impact.

Small Businesses are contributing to NASA's mission through advancements in robotic mobility,
manipulation, and sampling, as well as technologies for breaking through barriers to enable greater use of
Unmanned Aircraft Systems in NASA research and in civil aviation. 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.
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EXPLANATION OF MAJOR CHANGES IN FY 2020
No Major Changes

ACHIEVEMENTS IN FY 2018

PHASE | & Il AWARDS MADE IN FY 18

VALUE OF AWARDS

NUMBERS
OF PROPOSALS

304 AWARDS

PHASE IIE/X AWARDS

SBIR PHASE | 1512
™
)
SBRPHASEN 323 45 $12.2M $8.1M
AWARDS | SBIR/STIR | | MATGHING
FUNDING | INVESTMENT
% OF AWARDS | (@
WOFAWARDS o oF AWARDS TOFIRMS  T0 WOMAN-DWNED n
DISADVANTAGRD  WITH<SOEMPLOVEES SMALLBUSINESSES
SALL
BUSINESSES

SBIRGSTTR  SBIRGSTTR
PHASE | PHASE Il

The program’s annual solicitation calls for technologies in the areas of aeronautics, human exploration
and operations, science and space technology across a breadth of research and development needs. In the
2018 solicitation, the program continued to support small satellites, small launch vehicle technology,
additive manufacturing, and Nuclear Thermal Propulsion (NTP). Other technologies funded through the
Phase | and Phase Il awards include:

e Low-power, ultra-fast, deep-learning neuromorphic computer chips designed for unmanned
aircraft systems, such as delivery drones;

e A solid-state oxygen concentrator and compressor designed to minimize hardware mass, volume
and power footprint, while still performing at the required capabilities for future crewed space
environments;

e Sensors and cameras for detecting and tracking near-Earth asteroids, to help scientists detect,
count and track near-Earth asteroids; and
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o Distributed electric propulsion to help NASA test the next generation of electric propulsion
aircraft.

To assist firms in advancing their technologies and transitioning to commercialization, 42 SBIR and three
STTR Phase Il awardees received additional assistance through the Phase Il E/X initiative. These awards
were valued at over $12.2 million, and were matched by over $8.1 million from investors outside the
SBIR/STTR program (other NASA programs, other government agencies, and commercial investors). In
addition, over $7.8 million was infused into SBIR and STTR companies through utilization of their
NASA awarded technologies via 32 Phase 111 awards. NASA has also continued an interagency
agreement with the National Science Foundation to provide training grants for participation in the 1-Corps
program to enable small businesses to commercialize their innovations. Fourteen SBIR and three STTR
Phase | awardees from the 2018 solicitation took advantage of this opportunity.

e The program underwent an operational and technical modernization effort throughout 2018 by
rolling out new modules of the program’s Electronic Handbook (EHB) system with each process
in the cycle. The EHB is the primary technology interface for firms and internal NASA users and
typically handles about 1600 proposals, 3000 evaluations, 400 awards, and 4000 deliverables
annually on an ongoing basis throughout the year. The modernization effort utilized input
collected through more than 100 input sessions throughout FY 2017 and 2018 including:
interviews, design sessions, inputs to the 2017 RFI, and suggestions from Industry Day and on
the website. Key objectives were to provide an enhanced system that provides: seamless user
experience with an intuitive and user-friendly interface; user-centric rather than process-centric
business rules; scalability and flexibility for future program and user needs; multi-layer security
to protect sensitive and SBC proprietary intellectual property; integrated data analytics and
visualization capabilities; accessibility of EHB content to people with disabilities (Section 508
compliance); responsive design for multiple device platforms; focus on federated data access
rather than duplicative systems; prevention of data duplication; and increased interoperability
with other systems (NASA or other government agency)..

e To enable small businesses to commercialize their innovations, NASA established an interagency
agreement with the National Science Foundation to provide training grants for participation in the
I-Corps program to six SBIR and five STTR Phase | awardees from the 2017 solicitation.

WORK IN PROGRESS IN FY 2019

e The FY 2019 annual solicitation was released in February. NASA plans to announce new Phase |
selections in June, and Phase Il SBIR and STTR selections (from the 2018 solicitation) in May
and November, respectively.

o NASA will continue to offer Post-Phase Il award opportunities through vehicles like the Phase |1
E/X programs to increase technology transitions and commercialization, and NASA will continue
to make I-Corps training grants awards for Phase | awardees to encourage commercialization of
technology funded through awards.

e A new cycle of the Civilian Commercialization Readiness Pilot Program (CCRPP) will be offered
in early 2019 after taking a year off in 2018, and the program will stand up a Phase Il Sequential
program in 2019.

e NASA will continue to seek small business feedback to increase collaboration with small
businesses through an annual industry day and Request for Information.
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KEY ACHIEVEMENTS PLANNED FOR FY 2020

e The SBIR and STTR Programs will continue to work with the other NASA mission directorates,
centers and industry to identify subtopics. NASA plans to release the annual SBIR and STTR
solicitations in early 2020, and award new Phase | and Phase Il selections the following summer

e The program will stand up a new Phase Il Commercialization Assistance Program (CAP) to be
implemented starting in FY 2020.

o NASA will continue to offer Post-Phase 1l award opportunities through vehicles like the new
Phase Il sequential program and the existing Phase 1l E/X programs to increase technology
transitions and commercialization; and modernize its business capabilities to reduce barriers to
entry for firms, to increase the quality of proposals and to improve the value proposition for
firms.

e NASA will continue to pilot opportunities to accelerate the program’s ability to advance NASA
efforts in deep space exploration and those of the commercial aerospace sector, including
beginning a pilot with the NSF SBIR program to support growth-oriented commercial space
entrepreneurs.

Program Elements

SBIR

The SBIR program was established by statute in 1982 and was 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. In

FY 2018, the SBIR program is supported at a level of at least 3.2 percent of NASA’s extramural research
and development budget. The current maximum value for an SBIR Phase | contract will be $125,000 for a
period of performance of six months. For Phase 1, the maximum total value of an SBIR award will be
$750,000 over a 24-month period of performance. NASA also supports Phase Il Extended (11-E/X)
contract options with incentives for cost sharing to extend the research and development efforts of the
current Phase Il contract. NASA also supports Civilian Commercialization Readiness Pilot Program
(CCRPP) contracts with incentives for cost sharing to extend the research and development efforts of the
previous Phase Il contract with strong customer pull for technology maturation. NASA also supports |-
Corps training grants for Phase | awardees to enable small businesses to commercialize their innovations
through an interagency agreement with the National Science Foundation.

STTR

The STTR program was established by statute in 1992 and was 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. In FY 2019, the
maximum value for an STTR Phase | contract is $125,000 for a period of performance of thirteen months.
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For Phase I1, the maximum total value of an STTR award is $750,000 over a 24-month period of
performance. Phase 11-E/X contract options, CCRPP, and I-Corps are also available to STTR participants.

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
implementing role.

Cost Share Partner(s): SBIR Phase I1-E/X matches cost share funding with
SBIR and STTR SBIR and STTR up to $375,000 of non-SBIR and non-STTR investment(s)
from a NASA project, NASA contractor, or third party commercial investor
to extend an existing Phase 11 project to perform additional research. SBIR
CCRPP matches cost share funding with non-SBIR and non-STTR
investment(s) from a NASA project, NASA contractor, or third party
commercial investor to continue a former Phase Il project to perform
additional research for strong customer pull for the technology maturation.

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 | 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 | projects
are selected for Phase Il awards through a competitive selection process, based on scientific and technical
merit, expected value to NASA, and commercialization potential. Phase Il awards focus on the
development, demonstration, and delivery of the proposed innovation. Phase 1l Enhancement (11-E/X) and
the Civilian Commercialization Readiness Pilot Program support advancement of innovations developed
under Phase I1. Phase Il supports the commercialization of innovative technologies, products, and
services that result from a Phase | or Phase Il 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 1l contracts receive funding from sources other than
the SBIR and STTR programs and may be awarded without further competition.

SBIR and STTR program management work collaboratively with NASA Center Chief Technologists (for
STTR) and a Mission Directorate Steering Council (for SBIR) during the SBIR and STTR acquisition
process. This collaboration, from topic development through proposal review and ranking, supports final
selection. Mission Directorates and NASA center program personnel interact with SBIR and STTR award
winners to maximize alignment and implementation of the SBIR and STTR products into NASA’s future
missions and systems. Topics and subtopics are written to address NASA’s strategic priorities.
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SBIRAND STTR

INDEPENDENT REVIEWS

The GAO has been
tasked to assess all
SBIR and STTR
programs annually for
their performance in
complying with

spending
Government requirements. GAO found no
Performance Accountability Ongoing | Additionally, in concerns to address Ongoing
Office (GAO) FY18, the GAO for NASA.

conducted studies
about the SBIR/STTR
Benchmarks and
program efforts to
allow for Small
Business R&D
Venture Capital.

Historical Performance

The map below represents the FY 2018 SBIR and STTR Phase I, Phase 11, Phase I1-E/X, and CCRPP that
target technologies highly desired by NASA Mission Directorates, by geographic location.

Investment Totals
[ Less than $500k

[ 3500k to $1Mm

M s1M to$5Mm

[ ssmposiom

B Grester than $10M

ET-57



LEO AND SPACEFLIGHT OPERATIONS

Actual Enacted  Request
Budget Authority (in $ millions) FY 2018 FY 2019 FY 2020 FY 2021 FY 2022 FY 2023 FY 2024
International Space Station 1493.0 -- 1458.2 1448.5 1449.4 1352.6 1315.7
Space Transportation 2345.8 -- 1828.6 1854.1 1814.5 1746.2 1727.2
Space and Flight Support (SFS) 910.3 - 848.9 891.9 905.7 911.8 914.5
Commercial LEO Development 0.0 -- 150.0 175.0 200.0 225.0 225.0
Total Budget 4749.2 4639.1 4285.7 4369.5 4369.5 42355 4182.3

FY 2018 reflects funding amounts specified in Public Law 115-41, Consolidated Appropriations Act, 2018, as
adjusted by NASA's FY 2018 Operating Plan. Table does not reflect emergency supplemental funds also
appropriated in FY 2018, totaling $81.3 million.

The FY 2019 Operating Plan was not approved at the time the budget was prepared. Therefore, only specific

marks

from Public Law 116-006, Consolidated Appropriations Act, 2019, as well as projects in development, are included

in the FY 2019 column.

LEO and Spaceflight Operations...........ccccoeiviviiiiiivinnne, LSO-2
International Space Station
INTERNATIONAL SPACE STATION PROGRAM .....coviiiieie e LSO-4
ISS Systems Operations and MaiNtENANCE...........c.eiiiiiiiiee i LSO-7
[SS RESEAICI......eeeeeee et e e e e e LSO-13
SPACE TranNSPOITATION ....uuueiiiiiiiiiiiiiiiiiiii bbb aeaeee LSO-29
CREW AND CARGO PROGRAM ...ttt a e LSO-31
COMMERCIAL CREW PROGRAM ...t e e LSO-39
Space and Flight Support (SFS)
SPACE COMMUNICATIONS AND NAVIGATION ..o LSO-47
Space CommunicatioNs NETWOIKS ........cooiiiiiiiiiii e LSO-50
Space COMMUNICAIONS SUPPOI .....couuiiieiiiiieeiiiiie ettt et et e et e s nbee e e s nbeee e e eees LSO-59
HUMAN SPACE FLIGHT OPERATIONS ... LSO-66
LAUNCH SERVICES ... .ot e e e et e e e e aa e e eeas LSO-71
ROCKET PROPULSION TEST ..ot e e et e e e e e eean LSO-80
COMMUNICATIONS SERVICES PROGRAM ....ccviiii e LSO-86
Commercial LEO DevelopmeNnt..... ... LSO-88
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LEO AND SPACEFLIGHT OPERATIONS

FY 2020 Budget

Actual Enacted Request
Budget Authority (in $ millions) FY 2018 FY 2019 FY 2020 FY 2021 FY 2022 FY 2023 FY 2024
International Space Station 1493.0 -- 1458.2 1448.5 1449.4 1352.6 1315.7
Space Transportation 2345.8 - 1828.6 1854.1 1814.5 1746.2 1727.2
Space and Flight Support (SFS) 910.3 -- 848.9 891.9 905.7 911.8 914.5
Commercial LEO Development 0.0 -- 150.0 175.0 200.0 225.0 225.0
Total Budget 4749.2 4639.1 4285.7 4369.5 4369.5 4235.5 4182.3
Change from FY 2019 -353.4
Percentage change from FY 2019 -7.6%

FY 2018 reflects funding amounts specified in Public Law 115-41, Consolidated Appropriations Act, 2018, as
adjusted by NASA's FY 2018 Operating Plan. Table does not reflect emergency supplemental funds also
appropriated in FY 2018, totaling $81.3 million.

The FY 2019 Operating Plan was not approved at the time the budget was prepared. Therefore, only specific marks
from Public Law 116-006, Consolidated Appropriations Act, 2019, as well as projects in development, are included
in the FY 2019 column.

The Low Earth Orbit (LEO) and Spaceflight
Operations account, comprised of International Space
Station (ISS), Space Transportation, Space and Flight
Support, and Commercial LEO Development, enables
NASA to better plan both government and
commercial access to space, and lays the foundation
to support commercial operations in LEO. These
activities, which support existing and future space
operations, commercialization, and space and flight
support capabilities for NASA, and non-NASA
missions, are a catalyst for economic development.
Additionally, these activities advance scientific

NASA astronauts Kate Rubins (left) and Jeff knowledge, and foster new technologies that improve
Williams (right) prepare to grapple the SpaceX our lives.

Dragon supply spacecraft from aboard the . .
International Space Station. 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, and the continued growth of commercial activities in LEO
where NASA is one of many users purchasing those services. As those commercial LEO destinations are
available, and without a gap in human 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 of March 30, 2018.

The International Space Station 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, the station 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
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LEO AND SPACEFLIGHT OPERATIONS

and 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 continues to advance commercial
spaceflight and contributes to the increase in American jobs.

Commercial Crew Program (CCP) partnerships with the private sector are working to develop and operate
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 will lay the foundation for more affordable and sustainable future human space transportation.
These partnerships bolster American leadership, reduce our current reliance on foreign providers for this
service, help stimulate the American aerospace industry, and allow NASA to focus on building
spacecrafts and rockets for missions to the Moon and Mars.

Space and Flight Support programs continues to provide mission critical space communications, launch
and test services, and astronaut training to support their customer missions. The Space Communications
and Navigation program provides communication with missions in LEO and ISS with the Space Network.
The Near Earth Network communicates with suborbital missions and some lunar orbits, while the Deep
Space Network communicates with the missions most distant from Earth. The Communication Services
Program is being established to focus on demonstrating feasibility of commercially provided data relay
services. The Launch Services Program provides expertise and active launch mission management for
over 40 NASA and other civil sector 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
missions. To continue with the next step in human space exploration, NASA must prepare the human
system for living and working in the hostile environment of space. The Human Space Flight Operations
program provides the training and readiness to ensure crew health, safety and mission success.

For further programmatic information, go to https://www.nasa.gov/directorates/heo/index.html.
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LEO and Spaceflight Operations: International Space Station
INTERNATIONAL SPACE STATION PROGRAM

FY 2020 Budget

Actual Enacted  Request
Budget Authority (in $ millions) FY 2018 FY 2019 FY 2020 FY 2021 FY 2022 FY 2023 FY 2024
ISS Systems Operations and Maintenance 1117.6 -- 1105.5 1079.8 1088.7 1007.5 983.1
ISS Research 375.4 -- 352.7 368.7 360.7 345.1 332.6
Total Budget 1493.0 -- 1458.2 1448.5 1449.4 1352.6 1315.7

FY 2018 reflects funding amounts specified in Public Law 115-41, Consolidated Appropriations Act, 2018, as
adjusted by NASA's FY 2018 Operating Plan. Table does not reflect emergency supplemental funds also

appropriated in FY 2018, totaling $81.3 million.

The FY 2019 Operating Plan was not approved at the time the budget was prepared. Therefore, only specific marks
from Public Law 116-006, Consolidated Appropriations Act, 2019, as well as projects in development, are included

in the FY 2019 column.

The International Space Station photographed by Expedition 56
crew members from a Soyuz spacecraft after undocking. NASA
astronauts Andrew Feustel and Ricky Arnold and Roscosmos
cosmonaut Oleg Artemyev executed a fly around of the orbiting
laboratory to take pictures of the station before returning home
after spending 197 days in space.

International Space Station (ISS) is the
largest and most complex space-based
research facility ever constructed by
humanity, enabling distinct research
opportunities. Returns from the ISS
research investment are not limited to
scientific discovery and technology
advancement. ISS is a collaborative
venture with our international partners,
including the Canadian, European,
Japanese, and Russian space agencies.
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 has
established new processes and
relationships which will continue to
provide a cooperative foundation for the
global enterprise of space exploration. The
partnership allows members to collectively

risks in a way that all parties benefit.

allocate resources and manage operational

The ISS's crew members orbit the Earth about every 90 minutes and have continuously occupied the
facility since 2000. The U.S. segment is the portion of 1SS 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 over 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
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, a fitness center, a 360-degree
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LEO and Spaceflight Operations: International Space Station

INTERNATIONAL SPACE STATION PROGRAM

bay window, and state of the art scientific research facilities. In addition to external test beds, the U.S.
operating segment of the 1SS houses three major science laboratories (U.S. Destiny, European Columbus,
and Japanese Kibo).

NASA will continue research and technology efforts in low earth orbit (LEO) using the ISS to enable
exploration with humans to the moon and on to Mars, while continuing to perform research that benefits
humanity and leads to a robust ecosystem in LEO, supporting National Lab research by private industry
and other organizations, and working towards reducing operations and maintenance costs. NASA is
working to implement a step-wise transition of ISS from the current regime of NASA sponsorship and
direct NASA funding, to a regime where NASA is one of many customers purchasing services from a
LEO non-governmental human space flight enterprise. NASA will gradually transition from current ISS
operations to this new regime to ensure that the United States always has access to a crewed space station
in LEO. As part of this transition, NASA plans to purchase needed LEO services from a commercial
operator of ISS and/or new commercial LEO destinations. The full transition from ISS to new
commercial LEO destinations will be gradual. NASA, as the U.S. partner, is shifting its position from
owner/operator to being a customer and anchor tenant with a variety of potential models under study. The
rationale for this transition is threefold: to encourage and facilitate the development of a robust LEO
ecosystem that will lead to economic growth; to turn over LEO operations to the private sector so NASA
can focus on the challenges of exploration beyond LEO; and reducing costs for meeting NASA needs in
LEO that will help support a sustainable approach for human exploration of the Moon and eventually
Mars. NASA will continue leading the International Partnership that forms the basis of human
spaceflight continuity and will leverage the Partnership for the next steps beyond LEO at the moon for the
Gateway and onto Mars. The Partnership is also being leveraged to define exploration standards that will
allow commercial as well as international partnership in the exploration architecture. NASA will
continue to leverage its resources and capabilities to enable the development of a commercial market in
LEO and alternatives to government directed human spaceflight infrastructure in LEO.

The ISS plays an essential role in facilitating the expanding sphere of human space exploration from low
earth orbit to the Moon and eventually to Mars. The ISS is currently the only microgravity platform
capable of the long-term testing of new life support and crew health systems, advanced habitation
modules, and other technologies needed to expand our exploration horizons. NASA, with commercial
and international partners, is working to gradually transition from the 1SS to commercially operated LEO
destinations. The ISS and follow-on commercial LEO destinations are critical to continue long-term
testing of these systems for lunar and Mars exploration missions. Over the next several years, the research
program will continue to focus on capabilities needed to maintain a healthy and productive crew in deep
space. 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, 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 endless research possibilities in the
areas of fundamental biological and physical sciences.

More information on NASA's budgetary and programmatic support for commercial options to fulfill

research, science and technology requirements beyond ISS such as commercial orbital platform(s) can be
found in the Commercial LEO Development section. The four major focus areas of activity for the ISS
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INTERNATIONAL SPACE STATION PROGRAM

program include helping to return benefits to humanity on Earth through space-based research and
technology development, serving as a key stepping stone on the pathway to deep space exploration,
enabling the development and advancement of a commercial marketplace in low Earth orbit, and
maintaining U.S. global leadership of space exploration. Through its international and domestic
partnerships, the program continues to build relationships to further expand expertise in a myriad of
scientific fields to benefit humanity.

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
partners in government, academia, and industry to utilize its unique environment and advanced facilities
to perform investigations. The ISS National Laboratory program is managed by the Center for the
Advancement of Science in Space (CASIS). The focus of CASIS is to increase utilization of the ISS U.S.
segment by providing access to academia, the commercial sector, and other Government agencies through
partnerships, cost-sharing agreements, and other arrangements for research, technology development, low
Earth orbit commercialization, and education. Observing from and experimenting aboard, the ISS
provides the opportunity to learn about Earth, life, and the solar system from a very different perspective.
NASA and its partners also use this unique reference point to advance science, technology, engineering,
and mathematics efforts to inspire youth to pursue those fields. The results of the research completed on
the ISS can be applied to many areas of science, improving life on this planet, and furthering the
experience and increased understanding necessary to journey to other worlds. Innovative ISS research is
of incredible value to the U.S. and its citizens, making the ISS a worthwhile investment for the country.

For additional information 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 2020

NASA has challenged the ISS O&M project to find efficiencies and reduce its budget. These efforts
should begin to deliver significant savings in FY 2023 and FY 2024.

LSO-6


https://www.nasa.gov/mission_pages/station/main/index.html
https://www.nasa.gov/mission_pages/station/research/experiments_category.html

LEO and Spaceflight Operations: International Space Station: International Space
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ISS SYSTEMS OPERATIONS AND MAINTENANCE

FY 2020 Budget

Actual Enacted  Request
Budget Authority (in $ millions) FY 2018 FY 2019 FY 2020 FY 2021 FY 2022 FY 2023 FY 2024

Total Budget 1117.6 -- 1105.5 1079.8 1088.7 1007.5 983.1

FY 2018 reflects funding amounts specified in Public Law 115-41, Consolidated Appropriations Act, 2018, as
adjusted by NASA's FY 2018 Operating Plan. Table does not reflect emergency supplemental funds also
appropriated in FY 2018, totaling $81.3 million.

The FY 2019 Operating Plan was not approved at the time the budget was prepared. Therefore, only specific marks
from Public Law 116-006, Consolidated Appropriations Act, 2019, as well as projects in development, are included
in the FY 2019 column.

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. 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

NASA astronaut Ricky Arnold is pictured during a Operations and Maintenance (O&M) project
spacewalk he conducted with fellow NASA astronaut supports vehicle operations in the harsh

Drew Feustel (out of frame) on June 14, 2018. During the conditions of space with constant, around-the
S|x-_h(_)gr, 49-minute spacevyalk the duo |n§talled high- clock-support. The 1SS systems operate in
definition cameras to provide enhanced views of .
commercial crew spacecraft, including the SpaceX Crew extreme temperatu_res, pressures,_ and en<_arg|es
Dragon and the Boging Starliner, as they approach and that challenge engineering techniques with
dock with the International Space Station. minimal margin for error. The risks associated

with operating the ISS are critical 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 U.S. Exploration
Campaign to the Moon, Mars, and beyond.

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 require
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
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ISS SYSTEMS OPERATIONS AND MAINTENANCE

Replacement Spares (ORUS) like Inlet De-ionizing Bed, Microbial Check Valves, and Multi-Filtration
Beds, which are a key component of the Regenerative Environmental Control Life Support System
(Regen ECLSS) System. 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 the 1SS 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.

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 operational and available to
perform its research mission at all times.

Because the ISS is an international partnership, program decisions are not made in isolation; they require
collaboration with multiple countries to ensure all technical, schedule, and resources 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 Gateway and for lunar surface activities.

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 of nine highly complex on-orbit systems made up of hundreds
of unique Orbital Replacement Units. 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 2020

NASA has challenged the ISS O&M project to find efficiencies and reduce its budget. These efforts
should begin to deliver significant savings in FY 2023 and FY 2024.

ACHIEVEMENTS IN FY 2018

The ISS Systems O&M project continued to maintain resources both on-orbit and on the ground to
operate and utilize the ISS. The O&M project maintained success in providing all necessary resources,
including power, data, crew time, logistics, and accommodations, to support research while operating
safely with a crew of six astronauts. The O&M project supported the arrival and departure of crew and
cargo missions to the ISS approximately every three weeks. Each flight required extensive planning and
analyses in order to support on-orbit operations, as well as launching, docking, undocking, berthing,
unberthing, deorbiting, packing, manifesting, hardware processing, and the 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
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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. This past year, one of the ISS Latching End Effectors (LEES)
failed, prompting a contingency spacewalk by the ISS crew. A LEE has three share wires to catch the
grapple fixture shaft. Canadarm2 has two LEES, one at each end. Another LEE is on the Mobile Base
System's Payload ORU Accommodations (POA) unit. The POA LEE is used to temporarily hold large
ISS components. One more is on the Special Purpose Dexterous Manipulator (SPDM, also known as
"Dextre" or "Canada hand"). Six LEEs have been manufactured and used in various locations on the ISS.
Detailed preparation by the ground team, and coordination with the spacewalkers leading up to their task,
led to a successful LEE removal and replacement to ensure continued success of ISS operations.

The team supported two Russian EVAs and eight U.S. EVAs in FY 2018. The three U.S. EVAS in
October, January and February supported the LEE inspections, lubrication, and replacement. The EVA in
March 2018 installed the External Wireless Communications (EWC) Antennas on Node 3. Extending
EWC coverage is important for the external HD camera assemblies. The EVA in May relocated of a pair
of Pump Flow Control Subassemblies between external stowage platforms for inspection/data

retrieval. The PFCS is the mechanism which circulates ammonia throughout the external coolant loops.
The EVA in June deployed High Definition cameras to enable video coverage of docking activity at the
Node 2 forward port. Other tasks included Camera Port 8 External TV Camera Group R&R and P1
Radiator Beam Valve Module flex hose retrieval.

With a speed of 17,500 MPH and orbiting the Earth every 90 minutes, the ISS faces innumerable risks.
One example, in 2018, includes the August air leak. The crew of the International Space Station worked
August 30, 2018 to fix, at least temporarily, a minor air leak in a Soyuz spacecraft docked to ISS. NASA
controllers first noticed a minor drop in air pressure within the station at around 7 p.m. Eastern August 29.
Flight controllers allowed the crew to continue sleeping since the pressure drop did not pose an immediate
risk to the crew, who were notified of the problem when they woke up at their regular time. The station’s
crew traced the drop in air pressure to a hole about two millimeters in diameter in the orbital module of
the Soyuz MS-09 spacecraft docked to the station. They covered the hole with a piece of Kapton tape to
slow the rate of the leak temporarily, then an epoxy sealant was applied which stabilized the station's
internal pressure.

The current nickel-hydrogen batteries on the ISS are nearing their end of life. The O&M project will
continue replacing current nickel-hydrogen batteries with more efficient lithium-ion batteries over several
years using multiple EVAs. Astronauts replaced the first three batteries in January 2017. The next set of
lithium-ion batteries were delivered to 1SS in September 2018 on HTV 7. Due to the 56S anomaly in
October 2018, the batteries are in storage and will be installed on an EVA in FY 2019.

WORK IN PROGRESS IN FY 2019

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. A recent example is the October 11, 2018 inflight ascent abort and safe return to Earth of the 57
Soyuz flight. Within the very early stages of flight, apparent booster separation issues triggered an
automatic ballistic landing of the spacecraft. Russian search and rescue teams were deployed, and the
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cosmonaut and astronaut were safe. The USOS ground crews worked diligently to adjust the schedules,
logistics, and resources until the next Soyuz launch. In addition to providing anomaly resolution and
failure investigation as needed, they plan and provide real-time support for activities, such as EVA and
visiting vehicles.

The team plans to support two Russian EVAs and at least four U.S. EVAs in FY 2019. The first two in
the series of U.S. spacewalks will focus on replacing the aging batteries with more efficient lithium-ion
batteries. The EVA planned in January will install a jumper cable to provide the ISS robotic arm with
backup power in the event the main power supply is lost. The April EVA will install the Columbus Ka-
Band (ColKa) 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 for the ISS.

The ISS O&M project is also planning to support the first test flights and mission with U.S. astronauts
aboard Commercial Crew flights.

KEY ACHIEVEMENTS PLANNED FOR FY 2020

The ISS program will continue to work closely with the Commercial Crew Program and 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 EVA and
visiting vehicles.

The team will support six Russian EVAs and up to 18 U.S. EVAs in FY 2020. The U.S. EVAs will
support replacing the aging batteries with more efficient lithium-ion batteries, and work on the Alpha
Magnetic Spectromoter (AMS)

The NanoRacks Airlock Module is scheduled for launch in FY 2020. This is the first privately funded
commercial airlock and it will increase the capability of ISS for transferring equipment, payloads, and
deployable satellites. Commercial opportunities through this Airlock begin with cubesat and small
satellite deployment from station and include a full range of additional services to meet customer needs
from NASA and the growing commercial sector. Currently, cubesats and small satellites are deployed
through the government-operated Japanese Kibo Airlock. Additionally, the crew on board should be able
to assemble payloads typically flown in soft-stowage ISS Cargo Transfer Bags into larger items that
currently cannot be handled by the existing Kibo Airlock.
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PROJECT SCHEDULE

The table below provides a schedule for potential EVAs. However, the ISS conducts near-term, real-time
assessments of EVA demands along with other program objectives, to efficiently plan all required 1SS
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

Dec 2018 Russian EVA

Mar 2019 Two U.S. EVAs

Apr 2019 U.SEVA

May 2019 Russian EVA

July 2019 U.S. EVA

Oct 2019 Russia EVA; Six U.S. EVAs
Nov 2019 Four U.S. EVAs

Mar 2020 Six U.S. EVAs

Apr 2020 Russia EVA; U.S. EVA
July 2020 U.S. EVA

Aug 2020 Three Russia EVAs
Sept 2020 Russia EVA

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, Johnson Space Center
(JSC) in Houston, Texas leads project management of the ISS Systems O&M.

Acquisition Strateqy

The current Boeing vehicle sustaining engineering contract extends through September 30, 2020.
Requirements of this contract include sustaining engineering of U.S. on-orbit segment hardware and
software, technical integration across all of the ISS segments, end-to-end subsystem management for the
majority of the ISS subsystems and specialty engineering disciplines, and U.S. on-orbit segment and
integrated system certification of flight readiness.
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MAJOR CONTRACTS/AWARDS

U.S. on-orbit segment Sustaining
Engineering Contract

The Boeing Company JSC

INDEPENDENT REVIEWS

Provides independent | No new formal
Aug 2018 | guidance for the recommendations or 2019
NASA Administrator | findings

NASA Advisory

Other Council

Due to the potential
for delays in the
schedule for the first
CCP flights with
crew, senior NASA
leadership should
Provides independent | work with the
assessments of safety | Administration and
to the NASA the Congress to
Administrator guarantee continuing
access to ISS for
U.S. crew members
until such time that
U.S. capability to
deliver crew to ISS is
established.

NASA Aerospace
Other Safety Advisory Oct 2018
Panel

2019
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FY 2020 Budget

Actual Enacted  Request
Budget Authority (in $ millions) FY 2018 FY 2019 FY 2020 FY 2021 FY 2022 FY 2023 FY 2024

Total Budget 375.4 -- 352.7 368.7 360.7 345.1 332.6

FY 2018 reflects funding amounts specified in Public Law 115-41, Consolidated Appropriations Act, 2018, as
adjusted by NASA's FY 2018 Operating Plan. Table does not reflect emergency supplemental funds also
appropriated in FY 2018, totaling $81.3 million.

The FY 2019 Operating Plan was not approved at the time the budget was prepared. Therefore, only specific marks
from Public Law 116-006, Consolidated Appropriations Act, 2019, as well as projects in development, are included
in the FY 2019 column.

International Space Station (ISS) is an
orbiting platform that provides the only
current capability for human-assisted
space-based research and a unique venue
for developing technologies for future
human spaceflight exploration. 1SS
enables scientific investigation of
physical, chemical, and biological
processes in an environment very
different from Earth. As a research and
. : : : development (R&D) facility, ISS
e ™ R N ) 3 supports a variety of science laboratories,
fle o B ‘

"f“’*-‘*“w; ,'7‘ external testbeds, and observatory sites -
o both governmental as well as
Cameras outside the International Space Station captured a stark commercially owned and operated. The
and sobering view of Hurricane Florence the morning of research conducted aboard ISS is an
September 12, 2018, as it churned across the Atlantic in a west- integral component of the NASA
northwesterly direction with winds of 130 miles an hour. Strategic Plan where expanding human

knowledge through new scientific
discoveries is a focus, specifically understanding responses of physical and biological systems to
spaceflight.

Research facilities onboard the space station have evolved in recent years from primarily government
funded and operated to commercially owned and operated. Since 2012, commercial research facilities
have greatly increased the breadth and volume of ISS-supported research, with 15 such facilities in
operation at the start of FY 2019 and several more scheduled for deployment as discussed below. The
result of these new facilities is a three times increase in the number of active investigations in FY 2018
(492) as compared to the early years of ISS operations. These commercial endeavors help optimize
research capabilities and operations aboard ISS.

In addition, expanding capabilities to monitor and operate ISS facilities from the ground frees up valuable

crew-time and increases the number of investigations which can be conducted while also allowing
adjustments to be made to investigations as data becomes available on a more real-time and consistent
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basis. The SCORPIO-V control center in Hawaii, mentioned in the FY 2019 section as part of the HNu
Photonics Mobile SpaceLab (MSL), is a good example of this. MSL will host self-contained experiments
which can be controlled and monitored from Hnu’s own control center on the ground — minimizing
burden not only on crew-time but also any ISS ground personnel or facilities. New remote capabilities
and ground facilities such as this contribute to the increasing science return generated by ISS research.

The ISS Research budget funds fundamental and applied research in biological and physical sciences as
well as technology development, Earth imaging, and remote sensing activities to enable future human
exploration, pioneer scientific discovery in low Earth orbit and expand our understanding of our home
planet. At the conclusion of Expedition 56 in September 2018, 106 countries around the world have
performed over 2,582 research investigations utilizing ISS with more than 3,400 investigators
participating. Over 1,600 R&D results have been published in scientific journals and magazines based on
these investigations.

The ISS Research budget also funds multi-user systems support (MUSS) activities, which provide
strategic, tactical, and operational support to all NASA sponsored and non-NASA sponsored payloads,
including those of the international partners, as well as operation of in-orbit and ground control research
facilities. MUSS includes the development of new capabilities and technologies for ISS as well as

funding to enable commercial companies to demonstrate applications of microgravity for the development
of products that require production in space.

As a research and technology development facility, the ISS provides the capability for human-tended,
long-duration space-based research, which is critical to the research and development of technologies
supporting the Exploration Campaign. This enables scientific investigation of physical, chemical, and
biological processes in an environment very different from Earth, providing new insight into aspects of
fundamental physical processes masked by the powerful force of gravity. For example, in microgravity
hot air doesn’t “rise” and flames behave differently. Scientific investigations on ISS uncovered a new
form of combustion occurring at lower temperatures (370°C [700°F] & 200°C [400°F]) than previously
observed on Earth (760°C [1,400°F]). As researchers unravel the mechanisms of “cool flames,” this new
knowledge has the potential to lead to more-efficient, lower-emission liquid combustion engines, as well
as new ways to detect and extinguish fires on Earth and in space. Another example is how gravity effects
fluid flow on Earth. Fundamental fluid physics investigations on ISS have led to patents that involve
technology applications associated with space exploration such as thermal control systems and liquid fuel
tanks.

ISS research also supports investigations in human physiology and biotechnology. As NASA’s only
current long-duration crewed orbital testbed, the ISS is used by researchers to study the effects of long-
duration exposure to the space environment on the crew and devise and test countermeasures to offset
health risks. Research on model systems, spanning from cell culture to rodents, also benefit from the
long-term microgravity environment and yield insights relevant for both space exploration
countermeasures and human health and disease on Earth.

One set of ISS investigations focused on using nanofluidics to create a new and novel drug delivery
mechanism—an implantable nanochannel system capable of controlled dosage of medicines for weeks or
months. This device could be approved for human use on Earth by 2021. In 2018, a version was used in
an ISS rodent research investigation for delivery of a drug for treating muscle atrophy. Muscle atrophy is
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a serious concern for long-duration space missions, and this research has greatly advanced our
understanding and countermeasures needed.

Examples of ongoing and planned research activities presented below, including new facilities for
biomedical research, demonstrations of gene sequencing on-orbit, and NIH partnerships for tissue-chip
research, show that future research activities are building upon previous findings, further expanding our
understanding of the impacts on living and working in space.

Technology development activities supported by ISS research hold the promise of next-generation
technologies in health and medicine; robotics, manufacturing, and propulsion; and development of
applications that will benefit life on Earth. Additionally, researchers evaluate the extended performance of
equipment critical to long-duration exploration missions (such as Gateway) and satellite advancements by
testing the hardware’s ability to survive in the space environment, determining life-limiting issues and
repair capabilities, and evaluating upgrades to improve performance.

In addition to the physical and biological science activities ongoing within ISS and the materials exposure
studies taking place externally, ISS Research funding supports many Earth and astronomical observation
instruments mounted on the station. Data collected by ISS Earth observing instruments are another
example of open-access data.

Promoting the full and open sharing of data with research communities, private industry, academia, and
the general public is one of NASA’s long-standing core values and another way in which benefits, in
terms of scientific data generated from ISS research, are maximized. ISS is the primary science platform
for the Open Science Initiatives of GeneLab and Physical Sciences Informatics, these initiatives enable
next generation research by creating publicly available open-access data resources. Genelab is an open-
access resource for space biology. The GeneLab team routinely processes, archives, and provides omics
data to researchers around the globe. NASA’s Physical Science Informatics (PSI) initiative provides a
data repository for physical science experiments performed on ISS. At the start of FY 2019, the PSI
system contained data sets for more than 50 previously flown experiments in the areas of Combustion
Science, Complex Fluids, Fluid Physics, Fundamental Physics and Materials Science with 100’s of
additional data sets scheduled for upload. The ability by researchers to review the past flight data and
perform analysis across different types of experiments can allow the generation of new knowledge often
without the need to fly additional experiments.

The maturation of Earth observation technologies and analysis methods is another example of how
products and benefits emerge from the sharing of ISS research data. Once demonstrated on the space
station, new sensors, technologies, and methods of data analysis lead to better capabilities in other
satellites and Earth observing platforms. For example, since 2014, Visidyne, Inc. has demonstrated the
feasibility of studying powerful tropical cyclones from the ISS by measuring the altitudes of the cloud
tops within the eyewall. Imagery is gathered by simply aiming a camera that is mounted within the
Cupola—the dome-shaped Earth observatory of the ISS. Building on the success of the project to-date,
Visidyne has formed a new commercial company with plans to use high-altitude, solar-powered vehicles
and microsatellites to collect the data needed to characterize tropical cyclone eyewall clouds. Visidyne
will more accurately measure storm intensities, with the goal of achieving lifesaving advancements
concerning these devastating storms.
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For much of the world, real-time information on hazardous weather, such as hurricanes, typhoons, and
tropical cyclones (i.e., Hurricane Florence as shown in previous photo) is not available. Earth imaging
supplied by instruments on the ISS can provide real-time data to researchers, meteorologists and disaster
response authorities here on the ground. By improving the accuracy of weather modeling and storm track
prediction, these Earth observation data sets provide concrete benefits—both economic and quality of life.

ISS research has also spurred innovations in public-private partnerships. In the vanguard of this, the
Center for the Advancement of Science in Space (CASIS) is a non-profit organization that manages the
ISS U.S. National Laboratory (or Lab). Supported by the ISS Research budget and NASA’s MUSS
capabilities, the ISS National Lab focuses not only on scientific advancement but also on expanding U.S.
leadership in commercial space and inspiring the next generation. Under CASIS management, the ISS
National Lab enables use of ISS research facilities by the scientific community, the private sector and
non-NASA Government agencies to benefit the U.S. economy. Since CASIS assumed management of the
ISS National Lab in 2012, 185 new-to-space users and 135 commercial researchers in the life sciences,
physical sciences, technology development, and remote sensing have been selected to conduct ISS R&D
activities. As described below, these numbers are expected to continue to grow in the next few years
ultimately driving new market creation by building demand, enabling supply, and facilitating investment.

The ISS National Lab also provides programmatic and grant-funding support to private sector activities
that support this R&D. The growing number of commercially operated facilities are supported by 1SS
National Lab management and represent a critical supply-side enhancement to the current LEO economy
onboard the ISS. More than fifty percent of ISS National Lab grant funding directly supports these
commercial facility operators in their implementation of individual 1SS National Lab R&D projects.
Additionally, increased use of ISS by the private sector for R&D includes projects sourced by the ISS
National Lab from Apple, IBM, Lockheed Martin, Merck, Novartis, Eli Lilly, Delta Faucet, Goodyear,
and others.

EXPLANATION OF MAJOR CHANGES IN FY 2020

The ISS Research budget includes an additional $5 million for Biological and Physical Sciences, which
will support additional research grant awards, increasing ISS utilization and expanding the fundamental
knowledge base which supports NASA's human spaceflight and Low Earth Orbit commercialization
activities.

ACHIEVEMENTS IN FY 2018

FY 2018 saw new research facilities and Earth observation instruments come online, new capabilities
piloted and an increasingly diverse portfolio of commercial, fundamental science, and technology
demonstration investigations conducted. The ISS Research budget supported, either directly or through
MUSS integration services, 492 active investigations across all ISS partners. NASA and the ISS National
Lab combined to sponsor 226 U.S. research investigations, an increase of 27 percent from the previous
fiscal year.

This increase in U.S. research was due in part to an increase in available crew time by adding an
additional USOS crew member starting in July 2017 through October 2018. Real-time data access for
investigators and ground-control capabilities of commercial facilities also increased. However, as
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discussed later in the acquisition strategy section, efficiencies in MUSS integration activities and
implementation of the new Research, Engineering, and Mission Integration Services contract (REMIS)
also contributed. In FY 2018, REMIS was used for over 20 different research activities with cost savings
estimated at over 50 percent as compared to prior processes allowing support for integration and
operations of the increased research. Overall, this resulted in an increased capacity for research — thus
increasing the return to taxpayers for ISS research dollars spent.

The ISS National Lab continued to focus on academic, private sector, and non-NASA government agency
use of the ISS to benefit the U.S. economy. Private sector R&D represented more than 70 percent of the
payloads delivered to the ISS National Lab in FY 2018. In addition, FY 2018 saw 50 newly selected
projects and programs added to the queue. ISS National Lab new research partners in FY 2018 included
Fortune 500 companies, startups, nonprofits, academia, and other government agencies, with many
projects individually or sponsor-funded. Furthermore, new 1SS National Lab relationships with future
potential platform owners and aerospace companies (e.g., Airbus DS North America, Bigelow Space
Operations, and Sierra Nevada Corporation) were an important next step toward enabling a transition
from the ISS to commercial LEO platforms.

In total, the individual science and technology investigations within the 1SS National Lab R&D portfolio
leveraged more than $150 million in non-CASIS, non-NASA funding (a 50 percent increase from the
previous year). Third-party sponsors of ISS National Lab projects include the National Institutes of
Health (NIH), the National Science Foundation (NSF), and Boeing—all previous program sponsors
returning to support additional R&D—as well as Teledyne Brown Engineering and Target Corporation
(for a program focused on ecological sustainability). The ISS National Lab actively recruits these
program-level sponsors to diversify funding for space-based science; and additionally, prioritizes for
selection individual projects that commit to substantial cost sharing. For example, projects from IBM
(artificial intelligence), Lockheed Martin (radiation shielding), MIT (satellite technology), Palo Alto
Veteran’s Research Institute (muscle loss), and University of California, Santa Barbara (soil science) are
all examples of future investigations (awarded this year) that will require no ISS National Lab funding.

Two new commercially operated facilities onboard the ISS National Lab—the Multi-use Variable-gravity
Platform (MVP, a centrifuge operated by Techshot, Inc.) and the Materials ISS Experiment Flight Facility
(MISSE-FF, developed by new facility manager Alpha Space Test and Research Alliance, LLC)—entered
service in 2018. The ISS National Lab has 14 commercially operated laboratory facilities managed by
eight companies. Not only do these facilities open up R&D opportunities for more investigations which
can be hosted in a given year, they mitigate business risk, serving as a training ground for private industry
in learning how to conduct business in space. In effect, these commercial facilities, along with a growing
diverse user base of paying customers, a diverse pool of investors, and the REMIS services contract
represent a growing market economy centered around ISS research activities.

Highlights of research accomplishments in FY 2018, representing both NASA and CASIS ISS National
Lab efforts included:

Four patent applications published in FY 2018, two of which were granted to Procter & Gamble (P&G)

and detail advancements relevant to commercial product function and shelf life. A commercial product
containing these enhancements is expected as soon as FY 20109.
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Genelab ‘open source database’ is sole source to two scientific articles published in high impact journals
as a result of new analyses of spaceflight data. In one publication, microgravity was found to alter protein
expression as well as key mechanisms involved in inflammation, repair, and death of cells lining the
blood vessels of the mouse retina. The other publication identified potential “master regulators”
responsible for many increased health risks in spaceflight. Both findings advance our understanding of
key crew health threats for long-duration exploration and both made use of data from multiple 1SS
investigations, demonstrating the power of open-access databases to multiply the benefits derived from
ISS research.

The BEST (Biomolecule Extraction and Sequencing Technology) investigation was the first completed
test of real-time microbial analysis on ISS. DNA was extracted from microbial samples taken from ISS
surfaces and sequenced to identify the types of microbes collected. The BEST investigation also
implemented the first-ever direct sequencing in space of RNA (Ribonucleic acid-molecule), one of the
four major macromolecules essential for all known forms of life. Previously, swabbed samples had to be
returned to Earth for DNA and RNA analysis. On orbit analysis such as demonstrated in BEST is a
highly-desired capability both for research and operational (crew health) use, especially for long-duration
exploration missions.

The Cold Atom Laboratory (CAL) was installed and is producing clouds of ultracold atoms known as
Bose-Einstein condensates (BEC). It is designed to advance scientists' ability to make precision
measurements of gravity, probing long-standing problems in quantum physics (the study of the universe
at the very smallest scales), and exploring the wavelike nature of matter. This facility is the first of its
kind in space, and was the first time BECs have ever been produced in orbit.

The first-ever experiment modeling cryogenic fuel storage in space was conducted. Currently, storage
tanks for very cold liquids either dump, or “boil off,” some of their fluid to reduce excess pressure or use
heavy and complex active control systems. The Zero Boil-Off Tank (ZBOT) investigation used forced jet
mixing as an alternative means for controlling tank pressure. Successful use of this process could reduce
overall weight and complexity of storage tanks - thus reducing launch mass and decreasing risks
associated with cryogenic storage for both life support and propulsion systems for future human
exploration-class missions.

Three new biological hardware systems were delivered and validated on ISS. The Advanced Plant Habitat
which is using innovative environmental controls to enable advanced omics analysis provided its first
crop in space and is informing how food crops may be grown on future exploration missions. Bioculture
System is an incubator that supports tissue, cell and microbiological cultures with variable durations and
experiment methods. Researchers can use the Bioculture System to study a wide range of biological
processes in microgravity that are relevant to human health including: tissue engineering, regeneration,
and wound healing. The Biological Research in Canisters (BRIC)-Light Emitting Diodes (LED) was
developed as a low-cost rapid turnaround hardware enhancement to increase science output to grow a
wider variety of plants with advanced imaging capabilities in a closed system.

In the Earth Sciences arena, the NASA Science Mission Directorate-sponsored instrument ECOsystem
Spaceborne Thermal Radiometer Experiment on Space Station (ECOSTRESS) is providing a new space-
based measurement of how plants respond to changes in water availability. This data can help society
better manage agricultural water use. ECOSTRESS’s first images captured new imagery of variations in
surface temperature patterns in the Los Angeles County area as well as new imagery of wildfires burning
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in California and Nevada. ECOSTRESS imagery is more detailed than previous imagery largely because
ISS’s orbit allows acquisition at different times of the day. Such relevant images can be shared with the
International Charter for Disaster for Space and Major Disasters (https://disasterscharter.org/).

Rodent research from Houston Methodist Research Institute, in collaboration with Novartis and
NanoMedical Systems, focused on muscle atrophy. As mentioned in the introductory section, this study
tested an implantable drug delivery system in mice with spaceflight-induced muscle atrophy. This may
rapidly translate into a commercial product to safely administer a common treatment over a long period of
time without requiring daily injection, thereby improving patient quality of life.

Hewlett Packard Enterprise’s (HPE) Spaceborne Computer completed one year of successful operations.
This was the first long-term demonstration of supercomputing capabilities from a commercial off-the-
shelf computer system in space. Also, by using software to protect against radiation upsets and power
interrupts, HPE has eliminated the need for modified, highly shielded and radiation tolerant hardware,
which are heavy and have less computing power than today’s super computers. Exploration spacecraft
will require high speed and capable super computers that are radiation and interrupt tolerant to perform
the autonomous operations required of distance operations. Demonstration of this capability with off-the-
shelf components means that future exploration missions will not be burdened with the costs of design
and manufacture of a specialized computer system.

Made In Space completed the first-ever production of the optical fiber ZBLAN onboard the ISS,
demonstrating the feasibility of in-orbit manufacturing for exotic optical fibers. ZBLAN may exceed the
performance of other fibers in common use across many sectors—including medical devices, sensors for
the aerospace and defense industry, and telecommunications—terrestrially produced fibers suffer from
impurities that reduce performance.

Roughly 100 peer-reviewed journal articles were published in FY 2018 detailing results related to 1SS
research— including 17 tied to ISS National Lab investigations in the fields of biomedical research and
particle physics.

Furthermore, FY 2018 saw NASA’s Year of Education on Station initiative focus attention on ISS STEM
engagement activities for students. This effort included 64 live downlinks (4x greater than the average per
year) to U.S. schools and education-focused groups. In total, over 1000 student questions were answered
by astronauts with over 300,000 students and teachers attending these events representing 29 states,
Puerto Rico, the District of Columbia and Canada. Metrics indicate the social media reach of these
activities exceeded two million impressions.

Additional highlights from education and outreach initiatives include:

National Geographic filmed educational content using an ISS National Lab camera for their ten-episode
television series “One Strange Rock,” which was watched by 81 million viewers globally.

More than two million students, parents, and educators were reached by 1SS National Lab outreach
activities and educational content produced and managed by the Space Station Explorers consortium.

The Guardians of the Galaxy Space Station Challenge with Marvel Entertainment—a nationwide ISS
National Lab research competition—awarded two student investigations that will fly to the ISS National
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Lab. As part of this partnership, Marvel Entertainment developed two videos that explored aspects of real
science within the Marvel Universe. These garnered 369,761 views on YouTube, Twitter and Facebook.

The Space Station Ambassador program for educators now consists of more than 500 members (an
increase of 200 in FY 2018), offering opportunities to partner in support of ISS National Lab activities.

WORK IN PROGRESS IN FY 2019

FY 2019 planned activities continue to increase new research facilities and Earth observation instruments
on ISS, piloting of new capabilities and an increasingly diverse portfolio of commercial, fundamental
science, and technology demonstration investigations to be conducted. Commercial projects are expected
to continue to comprise more than 50 percent of the ISS National Lab portfolio.

Among the examples of expected new facilities provided below are a mix of commercially managed and
government procured. These facilities will increase capabilities in terms of cold stowage (both in-orbit
and in-transit) and cell culturing. They will also pilot new concepts for in-space manufacturing as well as
bio-printing of both tissues and organs.

As discussed in the introductory section, ISS National Lab partnerships leverage 1SS research funding
generating a greater amount of research onboard the ISS. Multi-year programs sponsored by NIH and
NSF account for $30 million in currently committed grant funding for ISS National Lab projects and
provide a powerful opportunity for research discoveries that fuel innovation, new-customer entry, and
national prominence. Six ISS National Lab research competitions in collaboration with NIH and NSF,
primarily focused on tissue engineering and fluid physics, have produced 20 projects to date, nine of
which are planned for launch in FY 2019. Tissue engineering and organ-on-chip research holds promise
to accelerate disease research and drug discovery, and fluid physics studies enhance design of advanced
materials, electronics, nanotechnologies, and other consumer and healthcare products.

Highlights of research planned in FY 2019, representing both NASA and the ISS National Lab efforts
include:

Payloads to be launched include ISS National Lab projects from Goodyear Tire and Rubber Co.
(materials science), Delta Faucet (fluid physics), and AstraZeneca (biomedical studies).

Also onboard the ISS National Lab, Made In Space will continue to pursue in-orbit production of the
optical fiber ZBLAN. In addition, Fiber Optics Manufacturing in Space and Physical Optics Corporation
also plan to launch projects in this area in FY 2019. Initial results in FY 2018 producing high-
performance ZBLAN on the ISS have been promising and could pave the way for future large-scale
commercial manufacturing of ZBLAN in low Earth orbit. (The fiber optic performance of ZBLAN is such
that the high cost of in-space manufacturing may be outweighed by the performance gains.)

Five projects co-sponsored by the NIH and the ISS National Lab will study human physiology research:
immune aging and its effects on healing, musculoskeletal disease, the blood-brain barrier, kidney
function, and lung immune response. Six investigations co-sponsored by the NSF and the ISS National
Lab will study water absorption, droplet spreading, fluid flow through heat pipes, heat removal in aircraft
electronics, internal combustion engine modeling, and flame propagation in confined spaces.
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To maximize science return from limited flight samples, Rodent Research Mission 8 will carry mice of
two different age groups to the ISS National Lab, biospecimens from which will be later distributed to
multiple investigators. Model organisms such as rodents, provide insight into effects of spaceflight that
mimic human disease on Earth—for example, bone loss, muscle wasting, heart disease, and immune
dysfunction—potentially improving treatments or leading to cures for diseases and aging on Earth.

Sponsored by the Science Mission Directorate (SMD), the Global Ecosystem Dynamics Investigation
(GEDI) will produce the first high resolution laser ranging observations of the 3D structure of Earth. The
GEDI system uses three lasers which fire 242 times per second, generating a 3D image. The precise
measurements of forest canopy height, canopy vertical structure, and surface elevation expected to be
generated will greatly advance our ability to characterize important carbon and water cycling processes,
and biodiversity and habitat. This data will be of great value for weather forecasting, forest management,
glacier and snowpack monitoring, and generation of more accurate digital elevation models.

Also sponsored by SMD, the Orbiting Carbon Observatory-3 (OCO-3) will retrieve vital climate change
data. Data obtained is expected to have the precision, resolution, and coverage needed to improve the
understanding of CO2 sources and sinks on regional scales (=1000 km), and refine the significance of
human-caused and natural fluxes on this important greenhouse gas.

The Robotic Refueling Mission 3 technology demonstration will test in-space rocket propellant transfer
technology. These new technologies, tools, and techniques could eventually give satellite owners
resources to diagnose problems on orbit, fix anomalies, and keep certain spacecraft instruments
performing longer in space by refueling them during their lifetime.

Each year new facilities expand the R&D capabilities of the ISS National Lab, allowing an increasingly
wider range of experiments to be conducted. In FY 2019 several new commercial facilities and tools are
expected to become operational:

MicroQ Technologies has applied its expertise in temperature-controlled shipping solutions on Earth to
create storage devices that will maintain a controlled temperature environment for experiments as they
travel to and from the station. These storage devices will also be capable of running on battery, freeing up
limited electrical capacity for other uses, and will have the ability to charge their battery during lower
electrical usage periods — a useful capability for long-duration exploration missions.

The Turbine SCM is a commercial in-space manufacturing device that will add to Made In Space’s
capabilities for additive manufacturing on ISS. This device allows manufacturing of single-piece
superalloy turbine blisk (blade/disk combination) in microgravity for commercial use on Earth. Turbine
SCM will expand utilization of the ISS into new commercial product areas not previously investigated.
Single-piece turbine blisks have significant advantages over early heritage turbine disk/blade assemblies
used in aircraft jet engines and integrated rotors. If produced successfully in microgravity, additional
gains can be made in the areas of part mass, residual stress and fatigue.

As mentioned in the introduction, Hnu’s Mobile SpaceLab is a tissue and cell culturing facility that will
provide investigators a quick-turnaround, configurable platform to perform sophisticated microgravity
biology investigations. Biology experiments can be performed for up to a month without the need for
crew operations. New facilities, such as this, contribute to the increasing science return generated by ISS
research.
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Techshot’s BioFabrication Facility (BFF) will be dedicated to manufacturing human organs and tissues in
space, with eventual primary use by patients on Earth. Currently, 22 people (on average) die while on the
transplant list each day due to organ shortages. Microgravity may be the missing component required to
finally realize the potential of three dimensional printed bioengineered organs as the support structures
required on Earth to counter gravity can be eliminated in a microgravity environment. Besides printing
tissue, the BFF also could help maintain the health of deep space exploration crews by producing food
and personalized pharmaceuticals on demand.

The Life Sciences Glovebox (LSG) will be delivered to ISS as a sealed work area that accommaodates life
science and technology investigations in a “workbench” type environment. It will provide a 2-person
space for conducting rodent operations. The LSG can be used with on-orbit support equipment—
including the Bar Code Reader, the Incubator, Cryosystem Vial Freezer (-180°C), and the Passive
Dosimeter for measuring biologically active space radiation during an experiment.

KEY ACHIEVEMENTS PLANNED FOR FY 2020

New processes for payload development and integration 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. Now in its full implementation, improved timelines are meeting the demands
of its users, resulting in quicker payload deliveries to ISS (within months in many cases). This transition
in payloads planning and processing is also bolstering the value proposition of space-based research and
development. Private sector users looking to leverage space-based activities to accelerate time to market
for product enhancements have a rapid path from project concept to flight. Similarly, research sponsored
by NASA and by commercial entities or 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.
This change in flight process has altered the way payloads are manifested, and as a result, the full flight
manifest for FY 2020 is still in development. However, key highlights of planned progress and upcoming
investigations expected to fly in FY 2020 include:

The Flow Boiling and Condensation Experiment will study large scale two—phase fluid flows to
characterize heat transfer mechanisms that will contribute to thermal management designs for long-
duration exploration.

The Flame Design investigation will evaluate the effects of flame structure on soot inception and flame
extinction to better understand how to reduce soot and nitrogen oxides that contribute to sources of air
pollution such as in the formation of smog and acid rain.

The Rodent Research-18 investigation will determine the extent to which an antioxidant,
metalloporphyrin, protects against spaceflight changes in retinal function, which could lead to a new
countermeasure for exploration and inform possible treatments of similar Earth-based neurovascular-
related diseases and retinal disorders.

The Rodent Research-10 investigation will seek to understand the role of gene CDKNZ1a/p21 in the arrest
of bone regeneration that is observed during microgravity exposure/unloading in an effort to mitigate
bone loss in long-duration spaceflight. This research also has implications for the treatment of bone-loss
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disease on Earth, and potential mitigation strategies for the astronauts in the NASA Exploration
Campaign.

The Plant Habitat-02 study will investigate the total effects of the space environment including
weightlessness, radiation, and altered magnetic shielding on growth, nutritional quality, mineral uptake
and viability of radish to better understand bioregenerative life support options and potential food sources
for long duration space missions.

The Veggie-05 investigation will study bioregenerative food production systems for the space station and
long-duration exploration missions and test specific pick and eat crops for micronutrient delivery and
consumption using foods like mizuna and tomatoes.

The CO-04 investigation will fly the tardigrade, Hypsibius dujardini, (water bear) to ISS identify both
immediate and multigenerational changes in global gene expression induced by space environments in an
effort to understand biological responses to stress. Tardigrades are among the most resilient known
animals with individual species able to survive extreme conditions that would be rapidly fatal to nearly all
other known life forms. They have a compact and well documented genome and a generation time of
about two weeks. It can also be cultured indefinitely and cryopreserved, making it an ideal species to
study biological responses to the space environment.

The Biosentinel investigation will use living cells as biosensors to test the radiation environment of ISS as
a pathfinder for radiation biosensors that could be used on future exploration platforms. On ISS, the
biosensor will seek to measure DNA damage-and-repair response to space radiation in living cells for
long-term space exposure; and correlate biological response with physical dosimeter data to validate
models of radiation effects on biology.

The Water Capture Device will test a new water separation technology capable of operating with various
condensing heat exchanger surface properties, resulting in new microgravity data that will inform the
development of future exploration Environmental Control and Life Support (ECLSS) Systems.

The ISS National Lab will also continue development of R&D programs to further enable economic
development of the LEO platform market, continuing its focus on highly innovative programs with high-
impact potential to enable specific markets. Key ISS National Lab R&D focus areas that address larger
challenges with terrestrial implications and potential future manufacturing capabilities include advanced
materials and tissue engineering:

Advanced materials drive technology innovation and how we communicate and construct the built
environment around us. Several NSF-sponsored projects in this area are likely to fly in FY 2020.

Tissue engineering and regenerative medicine improve human health and longevity, and FY 2020 flight
projects from multiple sponsors, including both NIH and NSF, will explore a range of related topics from
stem cell biology to 3D printing.

Additionally, the ISS National Lab will continue to leverage non-NASA, non-CASIS funding, with a goal
of reaching $200 million by year-end FY 2020—more than 2 times the funding provided. ISS National
Lab contractual relationships with diverse aerospace companies are expected to multiply and expand in
support of future low Earth orbit platforms capable of assisting long-term research and technology
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development initiatives. In partnership with NASA, the ISS National Lab supports the commercialization
of low Earth orbit and the private sector participants working toward that future.

Commercial facility enhancements and additions expected for FY 2020 span the fields of physical
sciences, biosciences, and remote sensing/tech development:

Following up on the FY 2019 proof-of-concept work on the Turbine SCM, Made In Space’s Turbine
CMM begins operation in 2020. This facility allows manufacturing of single-piece ceramic turbine blisk
(blade/disk combination) in microgravity for commercial use on Earth. With this facility, both superalloy
and ceramic turbine blisk manufacture will have been tested in microgravity.

Hnu plans to continue state-of-the art and remotely controllable microspcopy capabilities aboard the ISS.
The Microscopy SpacelLab facility will be a versatile imaging platform for physical and life sciences
investigations, in near real-time, with high-resolution bright-field, fluorescence, polarized, confocal and
3D microscopy capabilities. The Microscopy SpacelLab platform will be an integrated, automated, stand-
alone measurement instrument with full computational and analytical capabilities.

NanoRacks Bishop Airlock will be the first commercial airlock to operate on ISS and is expected to
increase capabilities in both R&D as well as station operations. (An airlock is a module used to transfer
payloads, including cubesats, between the interior and exterior of the space station.) The Bishop airlock
will have five times more capacity than the current airlock, will increase ISS capacity to downlink data
from external instruments, and will accommodate larger satellites (up to 150 kilograms). Technology
development and proof-of-concept missions using ISS capabilities have contributed significantly to the
rapid maturation of small satellite capabilities and helped to spur the rapid growth in this new commercial
market.

LaMont Aerospace’s RM3S small-satellite dispenser will further expand the small satellite capabilities of
ISS by providing capability to deploy constellations of nano-satellites (1-10 kg) and small satellites (200—
500 kg) using an externally mounted system. This will reduce crew time requirements, airlock cycles,
long-duration deployment windows, intravehicular activity safety compliance, and similar payload
subsystem issues. The system also has the capacity to deploy a large volume of nanosatellites within a
single deployment cycle, supporting frequent and reliable deployment opportunities.

Project Schedule

An increment is a period of time for ISS operations that spans from one Soyuz undock to the next Soyuz
undock. There are four increments per year that consist of cargo ship arrivals and departures, as well as
activities performed on-board, including the research performed. The table below outlines tentative
planned start dates of the upcoming increments to ISS.

Date Significant Event
Oct 2018 Increment 57
Dec 2018 Increment 58
Mar 2019 Increment 59

LSO-24



LEO and Spaceflight Operations: International Space Station: International Space
Station Program

ISS RESEARCH

Date Significant Event
Jun 2019 Increment 60
Oct 2019 Increment 61
Dec 2019 Increment 62
Mar 2020 Increment 63

Project Management & Commitments

Prioritization of research is an important component of maximizing the return from ISS Research funding.
The Space, Life, and Physical Sciences Research and Applications Division at NASA Headquarters
manages Biological and Physical Sciences (BPS) research. The division, working closely with the Office
of the Chief Scientist, establishes the overall direction and scope, budget, and resource allocation for the
project, which the NASA Centers implement. Recommendations from experts at the National Academy
of Sciences (NAS) drive NASA’s strategy for implementing BPS research. These recommendations are
documented in two publications: “Recapturing a Future for Space Exploration, Life and Physical Sciences
Research for a New Era” and “Assessment of Implementation of the Decadal Survey on Life and Physical
Sciences at NASA.” The ISS program office is the interface with CASIS and manages other ISS Research
activities such as MUSS and National Lab enabling activities.

Within NASA, mission directorates also prioritize their research investments based on exploration
roadmaps for technologies needed to support NASA’s National Space Exploration Campaign goals and
recommendations from the relevant National Academies of Science, Engineering and Medicine decadal
surveys.

Change from
Element Description Provider Details Formulation
Agreement

Provider: NASA Centers, contractors,
and principal investigators

Lead Center: Headquarters (HQ)
Biological and This element includes all Performing Center(s): Ames Research
Physical NASA-sponsored biological Center (ARC), Glenn Research Center N/A
Sciences and physical research. (GRC), Jet Propulsion Laboratory (JPL),
Marshall Space Flight Center (MSFC),
Kennedy Space Center (KSC)

Cost Share Partner(s): N/A
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o Provider: ISS program and contractors
MUSS activities support all Lead Center: JSC

MUSS (includes
National Lab
activities)

research on ISS, both NASA
sponsored and non-NASA
sponsored.

Performing Center(s): MSFC, ARC, N/A
GRC, KSC, JPL

Cost Share Partner(s): N/A

Acquisition Strateqy

NASA awards contracts and grants for conducting research on I1SS. NASA prioritizes ISS research based
on recommendations from the National Academies and the Decadal Survey on BPS in Space. NASA
selected CASIS to manage non-NASA ISS Research activities. This independent non-profit will further
develop national uses of ISS.

Peer review is the means to ensure a high-quality research program. Engaging leading members of the
research community to assess the competitive merits of submitted proposals is essential to ensuring the
productivity and quality of ISS Research. Biological and Physical Sciences research uses both traditional
and open science NASA Research Announcements to provide researchers, selected by peer-review, the
opportunity to develop complete flight experiments and allow universities to participate in flight and
ground research involving their scientists. CASIS also conducts independent reviews of science merit and
economic valuation in selecting experiments for use of the ISS as a National Lab.

MAJOR CONTRACTS/AWARDS

Vehicle Sustaining Engineering The Boeing Company Houston, TX
Contract

Huntsville Operations Support COLSA Corporation Huntsville, AL
Center

Mission Operations and Integration L .
(MO&) Contract Teledyne Brown Engineering Huntsville, AL
IIESnStigl;atlonal Lab Management CASIS Melbourne, FL
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INDEPENDENT REVIEWS

Review Date of Next
Performer . Purpose Outcome .
Type Review Review
. Provides independent | No new formal
Other QQ‘JS”'SII'A‘ dvisory Aug 2018 guidance for NASA recommendations or | 2019
Administrator findings for ISS
Due to the potential
for delays in the
schedule for the first
CCP flights with
crew, senior NASA
leadership should
Provides independent | work with the
Other QSSAAA\deC?Ssgfce Oct 2018 assessments of safety | Administration and 2019
Y y to the NASA the Congress to
Panel L .
Administrator guarantee continuing
access to ISS for
U.S. crew members
until such time that
US capability to
deliver crew to ISS is
established.
Review progress on _—
. for life and physical ;
Other Natlo_nal Academy Jan 2018 sciences research HEO FO. increase the 2021
of Science scientific
and recommend roductivity of 1SS
adjustments to BPS P y
. research
portfolio

HISTORICAL PERFORMANCE

In FY 2018, NASA estimates ISS partners performed 479 research and technology investigations,
including 191 new investigations. During this period, NASA estimates that NASA performed 233
investigations, including 134 new investigations. The charts below display historical data, by partner
agency, for research investigations performed on ISS since 1998, and a comparison of FY 2018 NASA-
sponsored and National Lab-sponsored investigations.

Research Disciplines of ISS Investigations by Partner Agencies
Expeditions 0-56
December 1998 — October 2018
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Investigations by Research Discipline

05o(ed

(\‘J'Oted

Expeditions 55/56

Expeditions 53/54
Feb 2018 - Oct 2018

Sep 2017 -Feb 2018

. Biology & Biotechnology
. Earth & Space Science
. Education & Cultural Activities

Expeditions 0-56
Dec 1998 - Oct 2018

Expeditions 57/58

Oct 2018 - Mar 2019

. Human Research 3
} } o
. Physical Science
&
. o)
. Technology Development & Demonstration NASP%Q
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FY 2020 Budget

Actual Enacted  Request
Budget Authority (in $ millions) FY 2018 FY 2019 FY 2020 FY 2021 FY 2022 FY 2023 FY 2024

Crew and Cargo Program 1613.9 -- 1726.6 1789.6 1751.2 1683.0 1662.6
Commercial Crew Program 731.9 -- 102.0 64.5 63.2 63.2 64.6
Total Budget 2345.8 - 1828.6 1854.1 1814.5 1746.2 1727.2

FY 2018 reflects funding amounts specified in Public Law 115-41, Consolidated Appropriations Act, 2018, as
adjusted by NASA's FY 2018 Operating Plan. Table does not reflect emergency supplemental funds also
appropriated in FY 2018, totaling $81.3 million.

The FY 2019 Operating Plan was not approved at the time the budget was prepared. Therefore, only specific marks
from Public Law 116-006, Consolidated Appropriations Act, 2019, as well as projects in development, are included
in the FY 2019 column.

Insert Space Transportation theme’s objective is
to transport U.S. astronauts and cargo safely
back and forth to space, including America’s
national laboratory in LEO, the International
Space Station (ISS). This theme includes the
Commercial Crew Program (CCP) and the
Crew and Cargo Program. Maintaining ISS
requires a fleet of vehicles and launch locations
to transport astronauts, science experiments,
critical supplies, and maintenance hardware;
replenish propellant; and dispose of waste.

CCP partners with the U.S. commercial sector
to develop and operate safe, reliable, and
affordable crew transportation to LEO. NASA

The Northrop Grumman (formerly Orbital ATK) Cygnus

resupply ship and its UltraFlex solar arrays figure ; .
prominently in this photograph of several 1SS components awarded Commercial Crew Transportation

with Earth in the background. At left are a set of basketball | Capability (CCtCap) contracts to Boeing and

court-sized solar arrays. In the foreground is the Cupola Space Exploration Technologies Inc. (SpaceX)
and a portion of the Tranquility module. At right is the in September 2014. Through its certification
Soyuz MS-09 spacecraft docked to the Rassvet module. efforts, NASA will ensure the selected

commercial transportation systems meet
NASA's safety and performance requirements for transporting crew to ISS.

Within the Crew and Cargo Program, NASA purchases cargo transportation to 1SS under Commercial
Resupply Services (CRS) contracts with Northrop Grumman, Sierra Nevada Corp., and SpaceX. NASA is
transitioning from purchasing crew transportation to ISS from the Russian Roscosmos State Corporation,
known as Roscosmos, to purchasing from commercial providers, Boeing and SpaceX. The budget also
supports related activities, such as integration work required to ensure that these visiting vehicles can
safely dock or berth to ISS and hardware like the NASA docking system.
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EXPLANATION OF MAJOR CHANGES IN FY 2020

None.

LSO-30



LEO and Spaceflight Operations: Space Transportation
CREW AND CARGO PROGRAM

FY 2020 Budget

Actual Enacted  Request
Budget Authority (in $ millions) FY 2018 FY 2019 FY 2020 FY 2021 FY 2022 FY 2023 FY 2024

Total Budget 1613.9 - 1726.6 1789.6 1751.2 1683.0 1662.6

FY 2018 reflects funding amounts specified in Public Law 115-41, Consolidated Appropriations Act, 2018, as
adjusted by NASA's FY 2018 Operating Plan. Table does not reflect emergency supplemental funds also
appropriated in FY 2018, totaling $81.3 million.

The FY 2019 Operating Plan was not approved at the time the budget was prepared. Therefore, only specific marks
from Public Law 116-006, Consolidated Appropriations Act, 2019, as well as projects in development, are included
in the FY 2019 column.

Maintaining the International Space Station
(1SS) requires a fleet of launch vehicles to
sustain a constant supply line of both crew and
cargo that is crucial to ISS operations and
research. Deliveries not only provide science
experiments, critical supplies and maintenance
hardware, but also rotate crewmembers, return
critical research and equipment for repair, and
dispose of waste.

The Crew and Cargo program manages

2l transportation services provided by both
D e | 3 international partners and domestic commercial
providers. NASA’s commercial service
The SpaceX Dragon cargo craft is pictured in the grips of contracts to resupply the ISS have changed the

the Canadarmz2 robotic arm as the International Space
Station was orbiting across the central coast of Namibia.
Dragon was later released for its splashdown in the Pacific
Ocean off the coast of California on May 5, 2018 ending the
SpaceX CRS-14 mission.

way the Agency does business in low Earth
orbit. With these contracts, NASA continues to
advance commercial spaceflight, while
supporting the American jobs created by this
industry.

Currently, NASA purchases cargo delivery to
the ISS from Northrop Grumman (formerly Orbital ATK) and SpaceX under the original Commercial
Resupply Services (CRS) contracts, which will end in 2020. These cargo vehicles provide between 2200
kg - 3400 kg each mission. The cargo provided to the ISS includes crew supplies, operations hardware
and numerous science research and technology demonstration investigations. In 2018 for increments
55/56, 237 investigations were performed with 96 of those investigations led by International Partners.

Northrop Grumman, SpaceX, and Sierra Nevada started work under the follow-on CRS-2 contracts for
missions beginning in 2020. For these commercial cargo flights to ISS, SpaceX currently and Sierra

Nevada will in the future, launch CRS missions from Cape Canaveral, Florida. Both of these providers
also have or will have the capability to return science experiments to Earth. SpaceX uses their Falcon 9

LSO-31



LEO and Spaceflight Operations: Space Transportation
CREW AND CARGO PROGRAM

rocket to launch their Dragon cargo vehicle, while Sierra Nevada will use the Atlas V rocket to launch
their Dream Chaser cargo vehicle. Northrop Grumman primarily launches their Cygnus cargo module on
their Antares rocket from the Mid-Atlantic Regional Spaceport at NASA's Wallops Flight Facility (WFF)
in Virginia. However, Northrop Grumman has also launched CRS missions on Atlas V rockets from Cape
Canaveral, Florida. Northrop Grumman provides trash disposal and conducts additional experiments
before the Cygnus spacecraft burns up in the atmosphere after leaving ISS. This is a critical capability to
provide studies for fire suppression, launching small satellites at high altitude or other experiments not
suited for ISS on board operation. The Crew and Cargo budget supports all milestone payments for these
contracted flights to provide for cargo transportation, including transportation for National Laboratory
science research payloads.

The CRS contract vehicle is among NASA's most successful public-private partnerships. NASA used a
series of fixed-price, milestone-based Space Act Agreements to support the development of several
companies' efforts to develop commercial cargo resupply capabilities. As a result, NASA is now able to
purchase these commercial services from several providers using fixed-price contracts, which has yielded
a cost savings for the Federal Government. This arrangement has resulted in a stronger U.S. space launch
industry, redundancy in the cargo resupply mission area that has increased mission assurance, and robust
private sector employment. NASA is leveraging these lessons learned in this program to improve the
CRS-2 contract vehicle and in other programs, such as Gateway, to expand the successful use of public-
private partnerships.

Crew transportation is currently provided using the Russian Soyuz vehicle. NASA will continue to use
Soyuz for crew transportation until a domestic capability is available. NASA has purchased Soyuz crew
transportation services through both the Russian Roscosmos State Corporation and through the Boeing
Company.

The Commercial Crew Program (CCP) manages the Commercial Crew transportation Capability
(CCtCap) contracts with Boeing and SpaceX to develop and provide domestic crew transportation to the
ISS. CCP is funding the initial Post Certification Missions (i.e., crew missions) to the ISS; subsequent
missions are funded by the Crew and Cargo Program. The first Post Certification Mission to ISS is
scheduled for FY 2019.

The Crew and Cargo Program also funds activities supporting visiting vehicles that provide transportation
for the ISS, including integration activities and the Low Earth Orbit version of the NASA docking
system.

EXPLANATION OF MAJOR CHANGES IN FY 2020

None.

ACHIEVEMENTS IN FY 2018

Northrop Grumman (NG) completed 11 CRS milestones in support of seven commercial resupply flights,
including milestones for successful completion of two flights in FY 2018. SpaceX (SpX) completed 17
CRS milestones in support of ten commercial resupply flights, including milestones for the successful
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completion of three flights in FY 2018. Under CRS-2, Northrop Grumman, Sierra Nevada, and SpaceX
continued to perform integration milestones to complete four milestones collectively. SpaceX has
successfully completed milestones through their Preliminary Design Reviews, while Northrop Grumman
completed milestones through their Critical Design Review (CDR). Sierra Nevada completed its vehicle
drop test which solidified several design aspects for its CRS-2 vehicle as they proceed to CDR. The
program funded CCtCap contract milestones for crew missions that will be flown by Boeing and SpaceX.
More information on CCtCap progress can be found under the CCP portion of this document.

Starting in March of 2017, Roscosmos reduced their crew size on the Russian segment from three to two
cosmonauts until late FY 2018. This provided an opportunity to purchase additional Soyuz crew
transportation in order to increase research capability on the ISS. Boeing acquired the rights to these
vacant seats, which were then procured by NASA from Boeing. As a result, beginning in September of
2017, NASA increased the U.S. operating segment (USOS) crewmembers on ISS from three to four
through October 2018. In total the program supported three Soyuz launches. The program also supported
three Progress launches (Russian cargo vehicle) and one HTV (Japanese cargo vehicle) launch that are
not funded by NASA.

WORK IN PROGRESS IN FY 2019

NASA expects five commercial resupply flights to deliver research and logistics hardware in FY 2019.
Northrop Grumman plans to launch two CRS flights and complete nine milestones in support of six
CRS/CRS-2 flights. SpaceX plans to launch three CRS flights and complete 16 performance milestones in
support of nine CRS/CRS-2 flights. Sierra Nevada plans to complete three performance milestones in
support of two CRS-2 flights. The program will also continue funding CCtCap contract milestones for
crew missions with Boeing and SpaceX. Currently those missions are planned to begin in August 2019.

To achieve these planned FY 2019 flights, NASA personnel are reviewing and concurring on vehicle
design solutions through a series of integration reviews to ensure new CRS-2 contract capabilities are
being met. In addition, NASA personnel are verifying closure of all spacecraft requirements by
reviewing test and analysis data provided by the CRS contractors.

To ensure a stable crew plan, NASA exercised an option with Boeing which provides Soyuz crew
transportation services for three USOS crew members in 2019. NASA is also considering contracting
with Roscosmos for two additional Soyuz seats and associated services, one in the fall of 2019 and one in
the spring of 2020. Currently, domestic crew capability is scheduled to become available in August 2019
for SpaceX and in December 2019 for Boeing. However, past experience has shown the difficulties
associated with achieving first flights on time in the final year of development. Typically, problems will
be discovered during these test flights. The consequences of no US crew on ISS warrant protection by
acquiring additional seats. The absence of U.S. crewmembers at any point would diminish ISS operations
to an inoperable state.

On October 11, 2018, the Soyuz 56S (MS-10) spacecraft launched from the Baikonur Cosmodrome in
Kazakhstan carrying American astronaut Nick Hague and Russian cosmonaut Alexey Ovchinin. Shortly
after launch, there was an anomaly involving the first-stage booster and the launch ascent was aborted,
resulting in a ballistic landing of the spacecraft. As designed, the vehicle’s launch abort system was
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initiated enabling the safe return of the crew. A thorough investigation was completed by a Roscosmos
commission, identifying the cause of the anomaly being the deformation of a contact sensor damaged
during the rocket’s assembly at the Cosmodrome in Kazakhstan. NASA was kept informed of the
progress of the commission. NASA established its own team that worked alongside our Russian partners.
The Soyuz successfully returned to flight on December 3, 2018, with Soyuz 57S.

The program will support a total of five Soyuz launches, including the aborted mission. The program will
also support three Progress launches and one HTV launch that are not funded by NASA.

KEY ACHIEVEMENTS PLANNED FOR FY 2020

The Crew and Cargo program will enable continued research and technology development by providing a
stable crew and cargo flight plan. Once U.S. commercial crew launch services become available, NASA
will be able to permanently increase the crew size on the USOS from three astronauts to four astronauts.
On average, this will double the total number of hours of crew time allocated to perform research on
board ISS each week. After the initial flights, the regular flight plan will provide for two commercial crew
flights per year carrying four crew each flight. However, the first two flights for each provider may be
scheduled more frequently to reduce risk and accomplish more research.

To achieve these planned FY 2020 flights, NASA personnel are reviewing and concurring on vehicle
design solutions through a series of integration reviews to ensure new CRS-2 contract capabilities are
being met. In addition, NASA personnel are verifying closure of all spacecraft requirements by
reviewing test and analysis data provided by the CRS contractors.

NASA expects six commercial resupply flights to deliver research and logistics hardware in FY 2020,
including the first CRS-2 flights. Northrop Grumman plans to launch two commercial resupply flights
and complete ten performance milestones in support of five CRS/CRS-2 flights. SpaceX plans to launch
three commercial resupply flights and complete 13 performance milestones in support of seven
CRS/CRS-2 flights. Sierra Nevada plans to launch one commercial resupply flight and complete three
performance milestones in support of two CRS-2 flights. These resupply flights will be vital for
delivering not only the "day to day" supplies needed, but also the experiments that will enable the
astronauts to continue important research on ISS. They will also support the increased research and
investigations enabled by the additional astronaut once commercial crew is available. The flight schedule
also includes two Soyuz launches, three Progress launches, and one HTV launch that are not funded by
NASA.

Project Schedule

Maintaining a regular rate of cargo delivery on a mix of NASA and partner vehicles ensures the ISS can
sustain nominal operations and maintenance, while allowing the program to respond to any anomalies that
might occur. The table below shows scheduled ISS flight plans for FY 2019 and FY 2020. NASA funds
SpaceX (SpX), Northrop Grumman (NG), and Sierra Nevada Corporation (SNC) cargo missions, Boeing
and SpaceX crew missions, as well as Soyuz seats related to USOS crew requirements. The planned
spacing of the Soyuz crew rotation flights ensures a continuous crew presence on the ISS, and smooth
transitions between crews.
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Operations

Date Significant Event
Oct 2018 Soyuz 56S (aborted)
Nov 2018 Progress 71P
Nov 2018 NG-10
Dec 2018 Soyuz 57S
Dec 2018 SpX-16
Mar 2019 Soyuz 58S
Apr 2019 Progress 72P
Apr 2019 NG-11
Apr 2019 SpX-17
Jul 2019 SpXx-18
Jul 2019 Soyuz 59S
Jul 2019 Progress 73P
Aug 2019 U.S. Crew Vehicle -1
Aug 2019 Soyuz 60S
Sep 2019 Soyuz 61S
Sep 2019 HTV-8
Oct 2019 NG-12
Dec 2019 SpX-19
Dec 2019 Progress 74P
Dec 2019 U.S. Crew Vehicle -2
Dec 2019 U.S. Crew Vehicle -3
Feb 2020 Progress 75P
Feb 2020 HTV-9
Mar 2020 SpX-20
Apr 2020 U.S. Crew Vehicle -4
Apr 2020 NG-13
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Operations

Apr 2020 Soyuz 625

Jun 2020 3R (Russian Proton launch of Multipurpose Laboratory Module)
Jul 2020 Progress 76P

Aug 2020 Spx-21

Sep 2020 SNC-1

Project Management & Commitments

JSC is responsible for management of the Crew and Cargo Program.

Until a domestic capability is
available, Soyuz will be used
for crew transportation to 1SS
either though Roscosmos or

Provider: Roscosmos; Boeing; SpaceX
Lead Centers: JSC, KSC

transportation

cargo transportation as part of
the 1SS partnership.
Roscosmos will also provide
nominal cargo transportation
via Soyuz purchased for crew
transportation.

Performing Center(s): Goddard Space
Flight Center (GSFC), KSC

Cost Share Partner(s): CSA, ESA, and
JAXA

t(;erl(rel\g:)ortation Boeing. Once available, Performing Center(s): N/A _ N/A
commercial crew Cost Share Partner(s): Canadian Space

transportation will be Agency (CSA), European Space Agency
provided by Boeing and (ESA), and JAXA
SpaceX.
Northrop Grumman, SpaceX,
and Sierra Nevada will
provide cargo transportation Provider: Northrop Grumman, SpaceX,
to the ISS via the major Sierra Nevada, JAXA, and Roscosmos
contracts_descrlt?ed belqv_v. Lead Center: JSC

Cargo JAXA will provide additional N/A

Acquisition Strateqy

The ISS program competitively procures all ISS cargo transportation services, excluding services
obtained via barter with our international partners or nominal cargo transportation provided by Soyuz. On
January 14, 2016, NASA competitively awarded CRS-2 contracts to Orbital ATK (now Northrop
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Grumman), Sierra Nevada, and SpaceX with cargo transportation services planned to begin in FY 2020.
Like the current CRS contracts, CRS-2 contracts are milestone-based, fixed-price indefinite
delivery/indefinite quantity (IDIQ) contracts.

Operations

NASA has purchased crew launches from Roscosmos through 2018, and crew rescue and return through
mid-2019. In addition, NASA purchased, through Boeing, crew transportation, rescue, and related
services for one USOS crew member on Soyuz in FY 2017 and one in FY 2018. The contract with
Boeing also provides Soyuz crew transportation services for three USOS crew members in 2019 to ensure
a stable crew plan until domestic commercial crew services are available.

In September 2014, NASA’s CCP awarded CCtCap contracts to Boeing and SpaceX for commercial crew
transportation. CCP is funding milestones on the initial Post Certification Missions. The Crew and Cargo
program will fund the subsequent missions. These crewed vehicles will provide a minimum of 220
pounds of cargo as specified by the 1SS program.

MAJOR CONTRACTS/AWARDS

Element Vendor Location (of work performance)
Crew transportation Roscosmos Moscow, Russia
Crew transportation Boeing Houston, TX
Crew transportation SpaceX Hawthorne, CA
Cargo transportation Northrop Grumman Dulles, VA
Cargo transportation Sierra Nevada Louisville, CO

Cargo transportation SpaceX Hawthorne, CA
INDEPENDENT REVIEWS
Review Date of Next
Type Performer Review Purpose Outcome Review
. Provides independent | No new formal
Other EQJSIQIA dvisory Aug 2018 guidance for the recommendations or | 2019
NASA Administrator | findings for the 1SS
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Operations

Other

NASA Aerospace
Safety Advisory
Panel

Oct 2018

Provides independent
assessments of safety
to the NASA
Administrator

Due to the potential
for delays in the
schedule for the first
CCP flights with
crew, senior NASA
leadership should
work with the
Administration and
the Congress to
guarantee continuing
access to ISS for
U.S. crew members
until such time that
U.S. capability to
deliver crew to ISS is
established.

2019
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FY 2020 Budget

Actual Enacted  Request
Budget Authority (in $ millions) FY 2018 FY 2019 FY 2020 FY 2021 FY 2022 FY 2023 FY 2024

Total Budget 731.9 -- 102.0 64.5 63.2 63.2 64.6

FY 2018 reflects funding amounts specified in Public Law 115-41, Consolidated Appropriations Act, 2018, as
adjusted by NASA's FY 2018 Operating Plan. Table does not reflect emergency supplemental funds also
appropriated in FY 2018, totaling $81.3 million.

The FY 2019 Operating Plan was not approved at the time the budget was prepared. Therefore, only specific marks
from Public Law 116-006, Consolidated Appropriations Act, 2019, as well as projects in development, are included
in the FY 2019 column.

With technical guidance and oversight from NASA, the
U.S. private sector is working to develop and operate safe,
reliable, and affordable crew transportation to space,
including to the International Space Station (ISS).
Partnering with the commercial space industry for access to
ISS and other low Earth orbit destinations bolsters
American leadership, reduces our current reliance on
foreign providers for this service, and helps stimulate the
American aerospace industry. Crew transportation is
currently provided using the Russian Soyuz vehicle. By
supporting the development of U.S. human spaceflight
capabilities, NASA is also contributing to the foundation of
a more affordable and sustainable future for human
spaceflight.

;
;‘
\
1
1

Through the Commercial Crew Program (CCP), NASA
provides technical insight and financial support to industry
partners during development of their crew transportation
systems using milestone-based contracts, and will certify
them to carry astronauts to and from the ISS. Under this
acquisition model, NASA defines requirements upfront and
pays the partner only once contract milestones are

SpaceX Falcon 9 rocket lifts off from Launch successfully completed. This approach shifts financial risk
Complex 39A at NASA’s Kennedy Space from taxpayers to the private sector, incentivizes increased

Center in Florida for Demo-1, the first cost-control, and decreases the cost of developing the
uncrewed mission of the Commercial Crew systems

Program. (March 2019)

The first phase of the development effort, which began in 2010, was a series of competitively awarded
Space Act Agreements (SAAS) to partner with domestic companies capable of contributing to the
development of a U.S. human spaceflight capability. These included Commercial Crew Development
(CCDev and CCDev?2) and Commercial Crew integrated Capability (CCiCap). Concurrently with the
SAAs, the first phase of a two-phased certification plan began in 2012 with the Certification Products
Contracts (CPCs). The CPC effort allowed the partners to gain insight into NASA human spaceflight
requirements and gave NASA early insight into partner designs and approaches.
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CCP entered the final certification phase in late 2014 with the award of two Commercial Crew
transportation Capability (CCtCap) contracts. CCtCap requires both partners to complete design,
development, test, evaluation, and certification of an integrated Crew Transportation System. The
completed transportation systems will support four NASA or NASA-sponsored crew on each flight, and
provide emergency crew return, transport/return of pressurized ISS cargo, and crew safe haven while
docked to the ISS.

There are numerous benefits associated with the CCtCap acquisition strategy, such as controlling costs in
the long term and maximizing crew safety, as reinforced in statements by the Government Accountability
Office, Aerospace Safety Advisory Panel (ASAP), and NASA Office of Inspector General. The CCtCap
contracts incorporate higher-level requirements than past development efforts, enabling the partners to be
innovative and creative in their designs. Additionally, having more than one commercial partner creates
competition providing a strong incentive to perform and does not leave the Government dependent on a
sole partner, thereby generally producing lower prices and mitigating the risk of failure of an individual
partner. Additionally, under this model, NASA ensures that companies retain commercial rights to
intellectual property, which will allow these crew transportation systems to serve a much larger market
than just NASA.

The CCtCap awards represent a significant milestone in U.S. human spaceflight, with the goal of ending
our sole reliance on foreign crew transportation to the ISS, and certification of safe, cost-effective U.S.
commercial crew transportation systems. In addition, this approach helps stimulate growth of new space
transportation industry capabilities available to all potential customers, strengthening America’s space
industrial base and providing a catalyst for future business ventures that can capitalize on affordable,
globally competitive, U.S. space access. Returning these launches to American soil has significant
economic benefits, with more than 1,000 suppliers working across nearly every state on commercial crew
spacecraft systems.

NASA measures partner progress against fixed-price milestones, based on performance of agreed upon
entrance and success criteria. Although the content varies by partner, milestones are designed to
demonstrate progress toward completing crew transportation system development, such as risk reduction
testing, design reviews, hardware development, and flight tests. The Government pays for milestones only
after completion. Also, the partners will own and operate their completed transportation systems. As
mentioned in the Crew and Cargo program section, CCP manages the CCtCap contracts. In addition to
funding the development and risk mitigation work, CCP also funds each partner's initial Post Certification
Mission (PCM) for a total of two. Subsequent PCMs, currently planned in FY 2020 and beyond, are
funded by the Crew and Cargo program. A total of six PCMs have been awarded to each partner.

EXPLANATION OF MAJOR CHANGES IN FY 2020

None.
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ACHIEVEMENTS IN FY 2018

NASA's Commercial Crew Program and commercial partners, Boeing and SpaceX made significant
strides in FY 2018 to return human spaceflight launch capabilities to the United States. Under CCtCap
development activities, each company continued to develop, test, and integrate their unique space
transportation systems to fly astronauts to and from the ISS.

Nine U.S. astronauts, eight NASA and one from Boeing, were assigned to the first test flights and
operational missions for Boeing’s CST-100 Starliner and SpaceX’s Crew Dragon in partnership with
NASA’s Commercial Crew Program. The astronauts, who will launch aboard new American-made
spacecraft and rocket systems, will be the first humans launched from the United States since 2011.
Selected astronauts engaged in various training simulations to rehearse each phase of CCP flights, as well
as lent their unique expertise, participated in spacesuit checkouts, and practiced interfacing with the
provider systems.

Three Boeing Starliners are in production inside the Commercial Crew and Cargo Processing Facility at
NASA's Kennedy Space Center (KSC) in Florida. Designed for landing on land, making it reusable up to
ten times with a six-month turnaround time between launches, Boeing, NASA and U.S. Army teams
rehearsed safely bringing the Starliner spacecraft home to Earth at the White Sands Missile Range in New
Mexico. Boeing also completed several design, development, test and evaluation activities in FY 2018,
including the ISS Design Certification Review and the Service Module Hot Fire Test.

Boeing is developing the Starliner to fly on the United Launch Alliance (ULA) Atlas V rocket from Space
Launch Complex 41 on Cape Canaveral Air Force Station in Florida. In FY 2018, ULA installed the
white room, which astronauts will walk through just before boarding Starliner. At the ULA facility in
Decatur, Alabama, the company completed the dual engine Centaur for the Atlas V rocket that will launch
Starliner in the uncrewed orbital flight test in 2019.

SpaceX continued manufacturing the Crew Dragon spacecraft inside the company’s headquarters and
manufacturing facility in Hawthorne, California. In total, SpaceX has six Crew Dragon modules in
various stages of production, testing, and integration. This includes a qualification module, a life support
system testing module, two spacecrafts for flight tests and two for fully operational missions. This year,
SpaceX completed several design, development, test, and evaluation activities, including environmental
testing on the Crew Dragon, Merlin engine qualification testing, and vehicle integration checkpoint
testing for their uncrewed and crewed demonstrations flights.

At the historic Launch Complex 39A (LC-39A) at KSC, SpaceX installed its Crew Access Arm to
provide a bridge between the crew access tower and SpaceX's Crew Dragon spacecraft for astronauts
flying to the space station on the company's Falcon 9 rocket. A white room and other structural upgrades
were also completed.

Boeing and SpaceX continued test on their respective spacesuits, including flight-suit fit-check tests, to
ensure suits perform as designed to meet NASA's safety and functionality requirements.

Both CCtCap partners have experienced some delays that are typical in a complex spaceflight
development effort. This is a large, complex development effort whereby the partners are expected to
conform to a set of requirements in a fixed price contract. Also, there is a large amount of work required
of NASA to verify and validate all requirements have been met. These challenges have resulted in
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additional schedule adjustments over the past year, specifically, the uncrewed and crewed test flights for
both partners slipped to FY 2019.

Under the previously mentioned CCDev2 and CCiCap SAAs, NASA provides expertise and insight into
the partners' spaceflight designs. CCP continued work with Blue Origin and Sierra Nevada to develop and
refine their respective spacecraft and launch systems. Sierra Nevada's Dream Chaser spacecraft completed
a free flight test at NASA’s Armstrong Flight Research Center located on Edwards Air Force Base in
California. The tests led to the completion of a major milestone in FY 2018 under CCiCap.

WORK IN PROGRESS IN FY 2019

While technical challenges remain, CCP has dedicated additional resources to both partners that are,
focusing on working together to make well-informed, risk-based decisions while leveraging all available
resources and data. Boeing and SpaceX are planning to complete several significant CCtCap milestones
necessary to develop and test their crew transportation systems. To meet NASA's requirements, the
commercial partners must demonstrate that their systems are ready to begin regular flights to ISS.

Two of those demonstrations are uncrewed flight tests, known as Orbital Flight Test for Boeing and
Demonstration Mission 1 for SpaceX. Following the uncrewed flight tests, each company is scheduled to
carry out a flight test with crew prior to being certified by NASA for operational crew rotation missions.
In preparation for these uncrewed and crewed test flights, the primary focus for FY 2019 will be on
hardware and qualification testing, vehicle integration testing, flight readiness, and final verifications.

Boeing will continue the production and outfitting of their three spacecraft crew modules and multiple
service modules inside the Commercial Crew and Cargo Processing Facility at KSC. In addition, Boeing
and United Launch Alliance will make final preparations to the launch pad to ready the Atlas VV complex
for human spaceflight.

SpaceX will continue design, development, test and evaluation work on their Crew Dragon spacecraft
modules the company currently has in various stages of production and testing. Upgrades to LC-39A to
support upcoming commercial crew missions will also continue in FY 2019. SpaceX will also continue
progress toward completing their final CCiCap milestone, In-flight Abort Test.

Boeing and SpaceX will complete final parachute and landing systems testing for the Starliner and Crew
Dragon, respectively, as well as perform final spacesuit qualification and validation testing to ensure suits
function as designed. Both industry partners will complete their uncrewed and crewed demonstration
missions in FY 2019. After successful completion of the flight tests with crew, NASA will review flight
data to verify the systems meet certification requirements and are ready to begin regular servicing
missions to the space station. SpaceX is on contract to complete certification and fly their first post
certification mission by August 2019.

NASA will continue to use Soyuz for crew transportation until a domestic capability is available. To
ensure a stable crew plan, NASA exercised an option that provides Soyuz crew transportation services for
three USOS crew members in 2019. NASA is also considering contracting for two additional Soyuz seats
and associated services, one in the Fall of 2019 and one in the Spring of 2020.
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KEY ACHIEVEMENTS PLANNED FOR FY 2020

Boeing is on contract to complete certification by October 2019 and fly their first post certification
mission by December 2019. With CCtCap development and certification complete, both partners' space
transportation systems will begin regularly flying astronauts to and from the ISS. These missions will
represent major milestones in the return of human spaceflight from the United States. CCP will transition
to sustaining operations at a level needed to safely operate with two commercial providers. CCP will
continue to manage the CCtCap contracts, including providing technical oversight and managing
modifications and upgrades to the transportation systems.

Program Schedule

Progression of Commercial Crew development efforts.
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Program Management & Commitments

The HEOMD team at NASA Headquarters performs strategic management and oversight of Commercial
Spaceflight, while KSC is responsible for CCP management, in collaboration with the Johnson Space
Center (JSC). CCP partners with industry leaders, are utilizing a combination of SAA and Federal
Acquisition Regulation (FAR)-based fixed-price contracts to stimulate efforts to develop and demonstrate
crew transportation capabilities.

Program Element Provider

Provider: Blue Origin, Boeing, Sierra Nevada, SpaceX
Lead Center: KSC

Performing Center(s): All

Cost Share Partner(s): Industry Partners (shown above)

Commercial Crew Program

Acquisition Strateqy

CCP facilitates development of a U.S. commercial crew space transportation capability with the goal of
achieving safe, reliable, and cost effective access to and from space and the ISS. Under the partnership
approach, NASA engineers have insight into a company’s development process and evaluate the systems
for overall safety, reliability, and performance. The Agency’s technical expertise and resources are also
accessible to a company. Because companies are only paid a fixed amount, they are incentivized to reduce
costs, and apply their most efficient and effective manufacturing and business operating technigques
throughout the process. Additionally, the companies own and operate their own spacecraft.

In the early lifecycle stages, CCDev activities focused on stimulating industry efforts that successfully
matured subsystems and elements of commercial crew spaceflight concepts, enabling technologies and
capabilities. This was followed by CCDev2, which addressed new concepts to mature design and
development of primary elements, such as launch vehicle or spacecraft. Subsequently, NASA continued
this effort with CCiCap SAA to continue partner progress in their integrated design and development
efforts. For these initial efforts, NASA utilized SAAs, which provided maximum flexibility to the
provider and maximum affordability to the Government. Concurrently with CCiCap agreements, NASA
awarded Certification Products Contracts (CPCs) to industry to begin the process of NASA certifying
their crew transportation systems. The scope of the CPCs included the submittal and technical disposition
of specific, early development certification products. The current and final stage of the acquisition
lifecycle began with the award of two FAR-based fixed-price CCtCap contracts in September 2014 for
the development, test, evaluation, and final NASA certification of a Crew Transportation System. CCtCap
contracts include demonstration of crewed ISS missions and subsequent service missions, assuming
sufficient budget and technical progress, and a Special Studies Services section, for special studies, tests,
or analyses, as needed by NASA, to reduce Program risk. NASA's FAR based fixed-price contracts
during this phase allows for compliance with NASA's existing mission and safety requirements for
transporting crew to and from ISS.
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MAJOR CONTRACTS/AWARDS

Element Vendor Location (of work performance)
CCDeV2 (follow-on) Blue Origin Kent, WA
CCtCap Boeing Houston, TX
CCiCap Sierra Nevada Louisville, CO
CCiCap/CCtCap SpaceX Hawthorne, CA
INDEPENDENT REVIEWS
RS Performer Dat? ot Purpose Outcome NexF
Type Review Review
. Provide independent | No new formal
Other QQJSH'SHA dvisory Dec 2018 guidance for the recommendations or | 2019
NASA Administrator | findings.
ASAP recommended
that NASA should
confirm and then
clearly communicate
the required content
S and configuration for
Other ASAP Oct 2018 Y test flights (Demo-1 | 2019
to the NASA
- and OFT),
Administrator e
specifically those
items that must be
successfully
demonstrated prior to
the first crewed
flights.
Assess funding and While the SRB
schedule reserve identified some risks,
requirements, cost issues, and concerns,
effectiveness during it found that the
development and program has made
Other SRB Nov 2018 impacts to future good progress in the Fall 2019
sustaining last year proceeding
operations, and towards the
efforts required for production and test
successful program phase of the
implementation program.
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Historical Performance
Through FY 2018 (funded milestones only).

As of September 30, 2018

Total Funding for
Commercial Orbital Potential No. Completed % %
Transportation System No. of Value  Milestones Milestones Milestones Funding
(COTS) Partner Milestones (inSM) Completed (inSM) Completed Completed  Status
SpaceX 40 396.0 40 396.0 100% 100%  Completed
Orbital 29 288.0 29 288.0 100% 100%  Completed
Rocketplane-Kistler 15 206.8 3 32.1 20% 16% Terminated
Total Funding for
Potential No. Completed % %
No. of Value  Milestones Milestones Milestones Funding
CCDev1 Partner Milestones (in SM) Completed (inSM) Completed Completed  Status
Sierra Nevada - 20.0 4 20.0 100% 100%  Completed
Boeing 36 18.0 36 18.0 100% 100%  Completed
Blue Origin 7 3.7 7 3.7 100% 100%  Completed
Pamgon Smce De\relopnen[ 5 14 5 14 100% 100% Comple ted
Corporation
United Launch Alliance 4 6.7 4 6.7 100% 100% Completsd
Total Funding for
Potential No. Completed % %
No. of Value  Milestones Milestones Milestones Funding
CCDev2 Partner Milestones (in SM) Completed (inSM) Completed Completed  Status
Sterra Nevada 13 105.6 13 105.6 100% 100%  Completed
Boeing 15 1129 15 1129 100% 100%  Completed
SpaceX 10 75.0 10 75.0 100% 100%  Completed
Blue Origin 10 22, 10 22, 100% 100%  Completed
Total Funding for
Potential No. Completed % %
No. of Value  Milestones Milestones Milestones Funding
CCiCap Partner Milestones (inSM) Completed (inSM) Completed Completed  Status
Sierra Nevada i1 2275 11 2275 100% 100%  Completed
Boeing 20 480.0 20 4800 100% 100%  Completed
SpaceX 15 460.0 14 4450 93% 97% Active
Total Funding for
Potential No. Completed % %
No. of Value* Milestones Milestones Milestones Funding
CCtCap Partner Milestones (inSM) Completed (inSM) Completed Completed  Status
Boeing 40 2,168.4 29 1,642.0 73% 16% Active
SpaceX 28 1,206.9 18 25.1 64% 68% Active

* Total Potential Value cited is limited to the design, development. test, and evaluation portion of the contracts. Excludes
post certification mission and special studies milestones.
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FY 2020 Budget

Actual Enacted  Request
Budget Authority (in $ millions) FY 2018 FY 2019 FY 2020 FY 2021 FY 2022 FY 2023 FY 2024
Space Communications Networks 560.2 -- 468.1 483.4 457.5 448.3 448.6
Space Communications Support 78.7 -- 142.9 149.0 135.5 114.6 108.5
Total Budget 638.8 - 611.0 632.4 593.0 562.9 557.0

FY 2018 reflects funding amounts specified in Public Law 115-41, Consolidated Appropriations Act, 2018, as
adjusted by NASA's FY 2018 Operating Plan. Table does not reflect emergency supplemental funds also
appropriated in FY 2018, totaling $81.3 million.

The FY 2019 Operating Plan was not approved at the time the budget was prepared. Therefore, only specific marks
from Public Law 116-006, Consolidated Appropriations Act, 2019, as well as projects in development, are included
in the FY 2019 column.

NASA'’s space communication and navigation capabilities
provide mission-critical communications and navigation
required by all NASA spaceflight missions. These missions
range from high altitude balloons, to satellites in low Earth
orbit (LEO), to the most distant manmade object — which is
currently over 13 billion miles from Earth — Voyager 1.
SCaN retrieves science, spacecraft, and crew health data for
all of these missions, uploads commands and sends data to
individual control centers. Navigation services determine
the precise location of a satellite in order to enable course
changes, interpret science data, and position the spacecraft

The skeleton of the antenna reflector of the SLoh e
Deep Space Station - 56 (DSS-56) was lifted on for communication opportunities.
its pedestal in November 2018.

Without services to move data and commands between

DSS-56 is one of two new 34 meter antennas spacecraft and Earth, customer missions and space
being built in the Madrid Deep Space hardware worth tens of billions of dollars would be little
Communications Complex. more than orbital debris. SCaN provides secure, reliable,

and adaptable communication services to NASA internal
customers, as well as external customers who rely on these space communications capabilities on a daily
basis. External customers include foreign governments, international partners, commercial entities such as
launch service providers, and non-NASA U.S. missions to which SCaN provides services on a
reimbursable basis.

SCaN’s three communications networks, the Space Network (SN), Near Earth Network (NEN), and Deep
Space Network (DSN), currently provide these critical services to customer missions.

In the future, all three networks will support Commercial Crew providers and launches of the Space
Launch System (SLS) and Orion spacecraft as seen in the following diagram. Ponce De Leon (PDL),
Kennedy Uplink Station (KUS), and Bermuda (BDA) items seen in the diagram are all systems included
in NEN's Launch Communications Segment (LCS)
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The SN communicates with missions in LEO, such as the Hubble Space Telescope, and provides constant
communication with ISS, as well as its commercial and international partner servicing vehicles. The
NEN, which supports a number of science and weather missions, communicates with suborbital missions
and missions in LEO, highly elliptical Earth orbits, and some lunar orbits which cannot be supported by
the SN. The NEN supports a number of science and weather missions. DSN communicates with the most
distant missions, such as interplanetary probes.

The three networks require maintenance, replenishment, modernization, and capacity expansion to ensure
continued operation. The SCaN program also includes support to ground communications links that move
data between ground stations, NASA centers, data centers, and mission operation centers. In addition,
NASA uses the SCaN provided Goldstone Solar System Radar to track and characterize near Earth
objects that pass within nine million miles of Earth, and helps determine their orbits for use by the
Science Mission Directorate’s (SMD) Planetary Science Division in assessing the probability of a
conjunction. SCaN is working to upgrade this capability to a distance of 42 million miles, which increases
the time to develop viable solutions to avoid orbital collision.

Currently, the NEN uses public-private partnerships to support its various customers. The NEN makes
use of a mix of Government-owned and commercial ground antennas in order to maximize the network's
geographic coverage, minimize the impact of weather-related communications disruptions, and
effectively manage financial resources.

Space Communications Support provides efficient planning and integration of current and future network
capabilities to meet customer mission needs while reducing costs. These include systems engineering,
architecture planning, communications data standards, technology development, testbeds for future
capabilities, radio frequency spectrum management, and navigation policy.
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Operating in space requires significant international coordination. SCaN participates in several
international organizations that coordinate compatibility and interoperability in space communications
and navigation. SCaN’s standards development and management activity maintains a portfolio of
international interoperability standards that enable joint space missions with other nations. SCaN also
promotes new technologies and provides technical leaders and domain experts who ensure appropriate
space communication standards are available to NASA missions. The research and technology avenues
within SCaN aim to predict the needs of future communications missions in a manner that will yield
initiatives with performance advancements and a reduction in costs.

Amid soaring demand for wireless broadband, such as 3G and 4G mobile services, radio frequency
spectrum management has become increasingly critical to the world’s spacefaring nations. SCaN
coordinates nationally and internationally to protect radio frequencies critical to NASA space missions.

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

EXPLANATION OF MAJOR CHANGES IN FY 2020

NASA is developing a strategy to transition from the government-owned and operated Space Network
(SN) to a future architecture based on a mix of commercial services and capabilities. The newly proposed
Communication Services Program will be responsible for architecture planning and acquisition
management for next-generation near-Earth communications networks.
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SPACE COMMUNICATIONS NETWORKS

FY 2020 Budget

Actual Enacted  Request
Budget Authority (in $ millions) FY 2018 FY 2019 FY 2020 FY 2021 FY 2022 FY 2023 FY 2024

Total Budget 560.2 -- 468.1 483.4 457.5 448.3 448.6

FY 2018 reflects funding amounts specified in Public Law 115-41, Consolidated Appropriations Act, 2018, as
adjusted by NASA's FY 2018 Operating Plan. Table does not reflect emergency supplemental funds also
appropriated in FY 2018, totaling $81.3 million.

The FY 2019 Operating Plan was not approved at the time the budget was prepared. Therefore, only specific marks
from Public Law 116-006, Consolidated Appropriations Act, 2019, as well as projects in development, are included
in the FY 2019 column.

The Space Communication and Navigation (SCaN)
networks are comprised of the Space Network (SN),
Near Earth Network (NEN), and Deep Space
Network (DSN). Together they provide a 24/7
global, near-Earth and deep-space communications
system, plus tracking and navigation services to over
100 NASA programs, and other U.S. Government,
international civil space agencies and commercial
missions. This capability ensures NASA's ability to
have continuous communication with its spacecraft.

SCaN supports new spacecraft that are increasingly
powerful, complex and capable of acquiring ever

The White Sands Ground Terminal in Las Cruces, increasing amounts of mission data, as well as

New Mexico, comprises several antennas that missions launched over 30 years ago that are still
provide communications to spacecraft as part of returning valuable science data. Each network
NASA'’s Space Network. The Space Network supports a different set of customer requirements for
Ground Segment Sustainment (SGSS) project is spacecraft orbit, signal strength and real-time
managing upgrades to SN ground stations whichwill | coyerage. In order to continue providing proficiency
increase data rates and volumes, improve data at or above 95 percent for customer missions, each
quality and user coverage, reduce maintenance network requires regular maintenance, modernization

requirements and extend the system’s longevity. and capacity expansi on

NASA’s space communications networks provide ongoing services to Agency and customer missions,
averaging about 600 tracking passes per day. Without these capabilities, customer missions like Parker
Solar Probe (PSP), Joint Polar Satellite System (JPSS)-2, Interior Exploration using Seismic
Investigations, Geodesy and Heat Transport (InSight), Ice, Cloud and land Elevation Satellite (ICESat-2),
Commercial Lunar Payload Services (CLPS), Lunar Gateway Mission and Transiting Exoplanet Survey
Satellite (TESS) would not be able to deliver key science data.

The SN provides continuous global coverage to NASA missions in Low Earth Orbit (LEO), and to launch

vehicles during their launch and ascent phase. It is the primary U.S. communications link to the
International Space Station (ISS), as well as for ground and balloon research in remote locations, such as
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SPACE COMMUNICATIONS NETWORKS

the South Pole. The SN consists of NASA’s Tracking and Data Relay Satellite (TDRS) system of
communications satellites in geosynchronous orbit; and a set of space-to-ground link terminals at
NASA’s White Sands Complex in New Mexico. The ground systems operate the TDRS fleet and route
customer mission data between TDRS and ground terminals. Maintaining and modernizing this critical
network is one of the Agency’s top priorities.

The NEN provides space communications to missions in LEO, geosynchronous, lunar and highly
elliptical Earth orbits, as well as from certain suborbital launch locations. Comprised of NASA-owned
and commercial satellite communication stations, the NEN is located throughout the world. The NASA
owned network’s ground stations are located at White Sands in New Mexico; U.S. McMurdo Antarctic
Station; Wallops Flight Facility (WFF), Chincoteague, Virginia; and University of Alaska, Fairbanks,
Alaska. The network also purchases services from commercial providers in Hawaii, Norway, Sweden,
Singapore, South Africa, Australia and Chile. The NEN provides telemetry, tracking and command
services to an extensive and diverse customer base, including the high-rate Earth Observing System, and
several Small Explorer missions. The NEN is currently augmenting its ground station network to provide
communications services for future spacecraft including Orion and the Space Launch System (SLS).

The DSN, which has been in operation for over 50 years, provides communication and tracking services
to about 35 NASA and non-NASA missions beyond geosynchronous orbit (over 26,000 miles above the
Earth’s surface). Its three deep space communication complexes, all of which are owned by NASA, are
located in Goldstone, California; Canberra, Australia; and Madrid, Spain. The sites are separated by
approximately 120 degrees of longitude to ensure that any spacecraft in deep space can communicate with
at least one station at all times as the Earth rotates.

The SCaN Program actively seeks to implement operational efficiencies to help fund modernization and
upgrade activities. One example of this is Follow-the-Sun Operations. Since the three DSN ground
stations are spaced roughly equally apart on the globe, each station is responsible for operating the entire
DSN network during their day shift, handing off control to the next site as their day ends. While each
station will still need a small emergency staff during their off-shift hours, these remote operations will
significantly reduce operating costs at each station. The DSN network will also begin implementation of a
second phase of operational efficiencies by moving to Three Links per Operator. This task increases the
number of links each operator will manage concurrently while still maintaining the high proficiency
levels that customer missions require.

An external evaluation was conducted by the Independent Review Team (IRT) to determine the overall
status of health of the Space Network Ground Segment Sustainment (SGSS) project and to determine the
credibility of the current cost and schedule estimates to the first Operations Readiness Review (ORR) and
Final Acceptance Review (FAR). The IRT's findings were favorable supporting continuation of SGSS to
FAR, based on the current path forward. As a result, the Agency approved continuing SGSS to FAR.

The ongoing DSN Aperture Enhancement Project modernizes and upgrades the DSN’s ground stations to
enhance capacity, improve flexibility to support customer missions, and reduce operations and
maintenance costs. The project will augment the 70 meter antennas in California, Spain and Australia
with arrays of four 34 meter Beam Waveguide (BWG) antennas by 2025. Antenna arraying combines the
signals received by multiple antennas to function as a single large antenna — in this instance as a 70 meter
antenna or less as required. The BWG antennas are less complicated, more flexible, and more
cost-effective to maintain than conventional antennas. In addition, they provide the same or better
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performance as the 70 meter antennas. When not needed by a mission for arraying all four antennas, the
34 meter antennas may support multiple spacecraft as needed individually or by arraying two or three of
the 34 meter antennas. Construction efforts, such as the new 34 meter antennas, use Construction of
Facilities funds appropriated in NASA’s Construction and Environmental Compliance and Restoration
account.

The NASA Communications Services Office (CSO) is a centralized commercial service which provides
point-to-point communication services between the three space communications network ground stations,
NASA centers, customer mission operations and data centers. While NASA’s Office of the Chief
Information Officer manages the CSO service, it is funded by the SCaN program.

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

EXPLANATION OF MAJOR CHANGES IN FY 2020

NASA is developing a strategy to transition from the government-owned and operated SN to a future
architecture based on a mix of commercial services and capabilities. The newly proposed Communication
Services Program will be responsible for architecture planning and acquisition management for
next-generation near-Earth communications networks.

ACHIEVEMENTS IN FY 2018

During the fiscal year, the space communications networks supported 93 missions, with over

325,000 hours of tracking and more than 245,000 passes. SCaN networks provided launch to splash-down
communication support for nine human spaceflight missions, 25 expendable launch vehicle (ELV)
missions, and 62 robotic missions. SCaN continued to replenish networks to upgrade and replace
obsolescent equipment to ensure continued tracking and data transmission for its customers in support of
current and future missions.

The SN completed its replacement of the uninterruptable power supply module at the White Sands
Ground Terminal (WSGT) facility in New Mexico. The planned replacement of the uninterruptable power
supply module at the second TDRS Ground Terminal facility in New Mexico, completed a critical design
review in July 2018. In addition, other White Sands ground equipment upgrades are providing up to

600 Mbps Ku-band data service. This additional capability is needed to meet ISS requirements and will
enable ISS to increase its science capabilities by supporting high definition cameras and the transfer of
large amounts of science data quickly and in real time instead of storing the data onboard and waiting for
additional time to complete a downlink or for a data recorder to return to Earth.

The SN also completed on-orbit acceptance of TDRS-M. With the TDRS fleet complete and upgrades to
the ground sustainment segment ongoing, the SN will have adequate Radio Frequency (RF) capacity for
its expected mission set until around 2030.

The SGSS prime contractor General Dynamics completed several FY 2018 milestones in preparation for
the initial Operational Readiness Review (ORR) scheduled for late FY 2019. The ORR will follow post
level 6 testing, including command and control of TDRS Gen and Gen 2 space craft. Level 6 testing
includes customer forward, return and tracking tests. SN led testing on the SGSS system follows level 6
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test completion and provides opportunity for additional SN hands-on training. Post level 6 testing will be
led by the SN and supported by SGSS personnel.

After completion of the Systems Integration Review and Authority to Operate were completed in
May 2018, the SGSS team began training the SN operations and maintenance staff to execute tasks using
the upgraded SGSS system.

The NEN continued Ka-Band upgrades at the Alaska Satellite Facility, which are scheduled for
completion in FY 2020. NEN continued depot level maintenance of an 11 meter antenna at the Wallops
Ground Station, on Wallops Island, Virginia. These activities included steps to proactively inspect and
replace cables and mechanical systems that are reaching their failure threshold, and are not otherwise
addressed by preventative maintenance. In October 2017, the new AS2 Antenna at the Alaska Satellite
Facility became operational, enabling the NEN to support future launches without incurring additional
cost. The NEN successfully completed a phase 1 ORR for the Launch Communication Station that
included the Kennedy Uplink Station and Ponce de Leon sites. Then NEN also completed enhancement of
McMurdo TDRSS Relay System (MTRS) providing an increased data rate for communications up to

600 Mbps.

DSN Follow-the-Sun Operations transition was completed and able to provide critical services during the
Canberra Deep Space Communication Complex (CDSCC) labor dispute in Australia. DSN started the
next planned operations efficiency task, Three Links per Operator. The DSN Aperture Enhancement
Project (DAEP) continued construction of DSS-56 and DSS-53 antennas in Spain; pedestal work for both
antennas are nearing completion. Studies for the RF/Optical Hybrid began in FY 2018. The RF/Optical
Hybrid is a new concept for providing NASA with cost-effective collection aperture coupled to backend
optics and signal processing needed for receiving high data-rate optical downlink from deep space.
Currently no capability with adequate collection area exists.

WORK IN PROGRESS IN FY 2019

The three space communications networks will continue to provide a level of service similar to that
provided in prior years. This includes over 245,000 tracking passes, totaling more than 325,000 hours,
while maintaining an extremely high level of proficiency (approximately 99.95 percent or higher), which
is above the 95 percent required by the SCaN Program Commitment Agreement. SCaN networks are
planning to support 17 human spaceflight, 13 ELV, and 10 robotic mission launches.

The SN will begin working transition activities with customers in preparation for the completion of
SGSS. Activities will include support to SGSS for project integration, testing, deployment, training and
transition to operations. In October 2018, the SGSS project successfully completed the Systems
Acceptance Test at the General Dynamics factory, a critical milestone towards achieving ORR. The
SGSS project will continue work and maintain the critical path towards completion of the first ORR
scheduled for September 2019.

NEN will continue Depot Level Maintenance on an 18 meter antenna at the White Sands facility. These
activities include steps to proactively inspect and replace cables and mechanical systems that are reaching
their failure threshold, and are not otherwise addressed by preventative maintenance. NEN will also
continue Ka-Band upgrades at the Alaska Satellite Facility scheduled for completion in FY 2020.
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DSN will complete the critical design review for the Three Links per Operator efficiency task and begin
implementation in FY 2019. This planned operations efficiency task will allow the DSN to maintain the
same level of operators as additional antennas are added to the operational network.

In Madrid, Spain, the DSN Aperture Enhancement Project will complete antenna fabrication for DSS-56
and will begin the related installation, integration and test activities to support operations in FY 2020.
Installation, integration and test activities will also begin on DSS-53, scheduled for completion in

FY 2021. The DSS-53 reflector lift will occur in the last quarter of 2019. DAEP will start work on the
actuator study for DSS-23 in order to identify candidate actuators for the final RF-Optical configuration.
The study will commence with a review of the actuator specification. A list of viable commercial
actuators will be compiled. Actuators will be compared in terms of the specification and cost. Candidate
actuators include those used in optical telescopes, high frequency RF antennas with panel and secondary
actuation, and Gamma ray observatories, as well as others. Currently no capability with adequate
collection area exists. The RF/Optical Hybrid concept leverages existing RF mounts and infrastructure
adding optical capability with a small loss in RF performance.

KEY ACHIEVEMENTS PLANNED FOR FY 2020

SCaN Networks will continue to provide communications, tracking and navigation services to over

100 NASA, U.S. Government, civil space agency, and commercial missions at 95 percent or higher
proficiency rate. This includes providing launch support on all new human spaceflight, ELV, and robotic
missions. All three networks will continue to identify and implement methodologies and processes, as
well as upgrade equipment, to achieve improvements over historical operational efficiencies and goals.

The SGSS project will complete final milestones required to achieve Final Acceptance Review in

FY 2021. SGSS will complete level 5 testing at White Sands Complex, verifying requirements and
validating capabilities, external interfaces, and system-level end-to-end operating procedures that can be
accomplished through TDRS spacecraft shadowing (not commanding), while supported by SGSS
Operations subject matter expert personnel. SN will lead testing on the SGSS system following the level 6
test completion which will provide opportunities for additional SN hands-on training. Post level 6 testing
will be led by the SN and supported by SGSS personnel.

NEN will complete Ka-Band upgrades at the Alaska Satellite Facility. Upgrades at the Alaska Satellite
Facility are expected to support future polar orbiting missions, such as NISAR, in their requirement for
high data-rate support. This will be the highest data rate ever supported for a NASA mission.

DSN will complete the ORR and begin operations of the Three Links per Operator efficiency task in
FY 2020. This will be the final phase of the Follow-the-Sun Operations task which will further increase
efficiency of the networks.

The DSN Aperture Enhancement Project installation, integration and test activities will also begin on
DSS-53, scheduled for completion in FY 2021. These new antennas will transmit and receive across a
wide range of radio frequencies for deep space communication with interplanetary robotic spacecraft to
provide required capabilities for the expected growth of deep space missions launching over the next
decade.
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Project Schedule
The table below includes significant SCaN network milestones in FY 2019 and FY 2020.

Date Significant Event

FY 2019- Q1 SGSS Systems Acceptance Test Complete

FY 2019-Q1 DSN Three Links per Operator planned Critical Design Review

FY 2019 - Q3 NEN complete White Sands 18 meter depot level maintenance

FY 2019 - Q3 DSN start implementation of Three Links per Operator efficiency task
FY 2019 - Q3 SN complete STPSat-6 Antenna and Ground Equipment ORR

FY 2019 - Q3 DSN start implementation of Three Links per Operator efficiency task
FY 2019 - Q4 SGSS complete Initial Operation Readiness Review milestone

FY 2020 - Q1 DSN complete Operations Readiness Review of Three Links per Operator
FY 2020 - Q2 SGSS complete formal trainings 5-10

FY 2020 - Q2 DAEP continues DSS-53 Ka installation integration and testing

FY 2020 - Q3 DSN operational use of the Three Links per Operator task begins

FY 2020 - Q4 SGSS manufacturing prep for Post Incremental Technical Support (PITS)
FY 2020 - Q4 SGSS WSC integration and testing level 5 & 6 dry run
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Project Management & Commitments

Replenishment

communications services to
customer missions into the
2020s

Performing Center(s): N/A

Cost Share Partners: Other U.S.
government agencies

Change from
Element Description Provider Details Formulation
Agreement
Communication and Provider: Space Network Project Office
navigation services to Lead Center: GSFC
Space Network | customer missions in low Performing Center(s): N/A N/A
Ear?hlorblt and launch Cost Share Partner(s): Non-NASA
venicles customers
Communication and Provider: NEN Project Office
navigation services to Lead Center: GSFC
NEN customer missions in low Performing Center(s): N/A N/A
:Earth, h:)ghly elliptical, and Cost Share Partner(s): Non-NASA
unar orbits customers
o Provider: DSN Project Office
navigaton servicest Lead Center: JPL
DSN customer missions in deep Performing Center(s): N/A NIA
space Cost Share Partner(s): Non-NASA
customers
Provider: CSO, through NASA Chief
Centralized commercial Information Officer
NASA CSO service that provides point-to- | | gaq Center: NASA HQ N/A
point communication services . _
between ground sites Performing Center(s): MSFC, GSFC
Cost Share Partner(s): N/A
Purchase third-generation Provider: Boeing Space Systems
TD_RS—_K, -L,and -M to Lead Center: GSFC Development
TDRS maintain Space Network cost reduced.

TDRS-M added
to purchase

SGSS

Replace outdated and
deteriorating ground systems
at Space Network ground
terminals

Provider: SGSS Project Office
Lead Center: GSFC
Performing Center(s): N/A

Cost Share Partner(s): Non-NASA U.S.
government partners

N/A
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Acquisition Strateqy

The major acquisitions for the networks are in place. NASA uses reimbursable, international and barter
agreements, as well as competitive procurements. NASA’s JPL provides the management of the DSN.

MAJOR CONTRACTS/AWARDS

DSN JPL/Cal Tech Pasadena, CA
Space Network Operations Peraton Herndon, VA
NEN Operations Peraton Herndon, VA

TDRS Replenishment and
modifications to Space Network

ground systems to support these Boeing Space Systems El Segundo, CA
spacecraft

TDRS-M Launch Vehicle United Launch Alliance, LLC Centennial, CO
SGSS General Dynamics Mission Scottsdale. AZ

Systems

INDEPENDENT REVIEWS

Program
Implementation
Review with focus

Success criteria met.
Major strengths,
observations, FY 2020
concerns and issues
were identified

Standing Review on

Board June 2018 interdependencies,
implementation
planning, and risk
gaps or shortfalls

SCaN

LSO-57



LEO and Spaceflight Operations: Space and Flight Support (SFS): Space
Communications and Navigation

SPACE COMMUNICATIONS NETWORKS

SCaN

SGSS Independent
Review Team

June 2018

Continuation Review

Complete SGSS;
Continue to evaluate
commercial
alternatives as part of
NASA's Next
Generation
Architecture Review;
and Conduct a risk-
based analysis for
future sustainment.

N/A
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FY 2020 Budget

Actual Enacted  Request
Budget Authority (in $ millions) FY 2018 FY 2019 FY 2020 FY 2021 FY 2022 FY 2023 FY 2024

Total Budget 78.7 -- 142.9 149.0 135.5 114.6 108.5

FY 2018 reflects funding amounts specified in Public Law 115-41, Consolidated Appropriations Act, 2018, as
adjusted by NASA's FY 2018 Operating Plan. Table does not reflect emergency supplemental funds also
appropriated in FY 2018, totaling $81.3 million.

The FY 2019 Operating Plan was not approved at the time the budget was prepared. Therefore, only specific marks
from Public Law 116-006, Consolidated Appropriations Act, 2019, as well as projects in development, are included
in the FY 2019 column.

The Space Communications Support project
supports NASA and the Space Communications
and Navigation (SCaN) program through
communications and navigation planning,
management, and technology development.

Within the Space Communications Support
project, SCaN’s systems engineering office
defines technical services, capacity, and
performance requirements to eliminate
duplication across networks, minimize
mission-unique requirements, ensure customer
missions operate together with NASA networks,

The Laser Communications Relay Demonstration (LCRD) and lower deve'opment and Operations costs.
payload is completed and in storage in the clean room at

NASA Goddard Space Flight Center. Scheduled to launch Evolving space communication systems will

in 2020, LCRD will simulate communications support after transform future NASA mission capabilities.
practicing for two years with a test payload on the SCaN’s technology development effort invests
Inte_rnat_lonal S_pace_ Station and_‘Fwo dedicated ground in leading-edge communications technologies,
stations in California and Hawaii. and enables, improves, and matures available
spacecraft communication and navigation
technologies to build capabilities for both ground and space-based use. Technology items are created and
tested in lab settings before they are taken into space for further testing. Demonstrable technologies have
proven themselves in laboratory tests and have begun experimentation and testing in space. Key
technologies that SCaN is currently developing are wideband tunable modems and software-defined
radios for use with commercial SATCOM providers, cognitive networking, and optical communication.

o
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NASA's Exploration Technology Mission Directorate and SCaN are jointly developing the

Laser Communications Relay Demonstration (LCRD). SCaN is funding ground operations and
Exploration Technology is funding the payload. LCRD will be NASA's first long-period optical
communications project that will demonstrate benefits for both deep space and near Earth missions. To
transmit a 30 centimeter resolution map of the entire Martian surface (at one bit/pixel) would take current
Radiofrequency (RF) systems two years, while a laser communications system operating at projected
capacity would be able to complete transmission in nine weeks. Construction efforts for LCRD ground
stations, use Construction of Facilities funds appropriated in NASA’s Construction and Environmental
Compliance and Restoration account.

SCaN and Exploration Technolgoy are also working together on the Deep Space Atomic Clock (DSAC)
demonstration which will allow a spacecraft to calculate its own timing and navigation data in real time.
With existing technology, a spacecraft can be navigated autonomously to the top of the Martian
atmosphere with a 1 to 2 km uncertainty. It is expected that DSAC will enhance deep space navigation
and reduce positional uncertainty to 100 meters, an improvement of a factor of 10 to 20 over today's
capabilities, which will save fuel and enable more accurate scientific measurements. DSAC may also
enable on-board navigation for robotic missions or crewed missions.

SCaN is an active member of multiple international organizations (e.g. Interagency Operations Advisory
Group, Consultive Committee for Data Standards Systems, etc.) that coordinate space communication and
navigation compatibility and interoperability, as well as the development of communications and data
systems standards for spaceflight. Space communications data standards enable the world space agencies
to provide cross support to each other, reducing mission risk and reducing or eliminating the need to build
and deploy their own space and ground assets resulting in significant cost savings to NASA without
reducing services and coverage to space missions.

Electromagnetic spectrum is a valuable and limited natural resource that all NASA missions and most
operations require for communications, navigation, remote sensing, and data services in the areas of Earth
science, space science, human space exploration, and aeronautical research. All forms of wireless
communication systems used by the U.S. Federal Government or by commercial entities use the
electromagnetic spectrum, so the spectrum must be carefully controlled and coordinated. SCaN is
responsible for ensuring access to the portions of electromagnetic spectrum necessary to support NASA's
mission needs. This includes ensuring interference-free operations and sufficient bandwidth is available.
SCaN serves as the Agency's Spectrum Manager and provides the NASA representatives to domestic and
international spectrum governing bodies. In the U.S., NASA provides representatives to the
Interdepartment Radio Advisory Committee at the National Telecommunications and Information
Administration (NTIA). Internationally, NASA provides a U.S. delegate to multiple forums, the most
important of which are the World Radiocommunication Conferences, which convene every three to four
years and include delegates from more than 150 nations. Among the purposes of these conferences is to
review and revise the International Telecommunication Union's Radio Regulations which govern the use
of electromagnetic spectrum. In both the domestic and international arenas, NASA continues to engage
with the commercial sector to identify more flexibility in the use of spectrum resources that will meet
mission objectives for the entire space community.
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NASA spacecraft in Earth's orbit employ GPS timing signals for precision positioning, navigation, and
timing for vehicles in space. This allows NASA to minimize the network communications and tracking
burdens while maximizing spacecraft autonomy and operations. SCaN manages NASA’s policy on GPS
use and plays a major role on the national and international position, navigation, and timing policy,
helping to ensure compatibility and interoperability among U.S. and other spacefaring nations, promoting
common definitions and specifications, and mitigating threats to the GPS spectrum.

For more information, go to https://www.nasa.gov/scan.

EXPLANATION OF MAJOR CHANGES IN FY 2020

None.

ACHIEVEMENTS IN FY 2018

SCaN continued work on new capabilities for higher bandwidth, on-demand services, Delay/Disruption
Tolerant networking (DTN), and autonomous navigation. SCaN worked with the Exploration programs to
define the communication and navigation capabilities needed to support future exploration. In September
2018, SCaN released a NextSTEP Broad Agency Announ