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Executive Summary

Compared to actual demonstrated mission usage, boundaries in recent historical figures were much higher
than actual required levels, especially for primary batteries, fuel cells, and dynamic RPS. Boundaries for
solar and static RPS architectures remained mostly unchanged. Beyond looking only at demonstrated
mission performance, current funded programs that would change the boundaries further were also
considered. Considering these programs, boundaries for primary batteries, solar, and dynamic RPS do
increase modestly. The investigation of the power level versus distance (AU) revealed the most practical
locations of use for each architecture. Fuel cell use has been concentrated around earth’s orbit as they
provide high power levels for shorter duration. Solar has been demonstrated from very close to the Sun
out to Jupiter as solar power generation levels begin to dissipate. Primary batteries have been
demonstrated in numerous probes from Venus out to Saturn. Finally, static RPS systems have traveled
from Venus out past 150 AU outside the solar system. Considering current funded programs, power levels
for solar do increase at Earth and Jupiter. The investigation of the historical power level change over time
revealed that early assumed chemical power levels were quite high compared to current projections. Solar
power sources appear to have matured over time and seem to have increased as chemical decreased. Static
RPS systems have remained relatively stable since their introduction.
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Introduction

At the request of the Radioisotope Power Systems (RPS) Program Office at the NASA Glenn Research
Center (GRC), The Aerospace Corporation (Aerospace) performed a study of the historical “duration of
use” power figure. The figure provides boundaries for “clectric power level in kilowatts electric (kWe)
versus duration of use” for various forms of power, including chemical, solar, radioisotope, and fission.
The primary goal of the study was to investigate the historical boundaries drawn in recent publications of
the “duration of use” power figure and attempt to validate them with actual mission performance data and
redraw the boundaries as needed. Additional analyses included an investigation of the historical
boundaries and how they have changed over time and development of a power level versus distance from
the sun in astronomical units (AUs) figure.
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1. Background and Motivation

The first known publication of the “Duration of Use Power Figure” can be traced back to 1961
Handbook of Astronautical Engineering by Koelle shown in Figure 1. The figure has been
subsequently reproduced numerous times. Over time the boundaries have shifted with little to no
rationale given for the boundary changes. The boundaries also appear to be very idealized
representations of power levels. A recent publication of the figure is shown in Figure 2 from the
Atomic Power in Space II 2015 publication. This study attempts to validate the existing
boundaries and redraw them when appropriate using actual historical power data. Additionally, a
“Distance Power Figure” has been developed to show uses throughout the solar system and
beyond.
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Figure 1. Reproduction of Power Figure from the Handbook of Astronautical Engineering, Koelle, 1961
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Figure 2. Power Figure from Atomic Power in Space 11 2015



2. Boundary Changes Over Time
To investigate “duration of use” power figure boundary changes over time, as many published
power figures that could be located were consulted. Table 1 provides a list of published historical
power figures that were consulted.

Table 1. List of Historical Published Power Figures Consulted

Spacecraft Design - Electrical Power Systems (2020) 2020
Atomic Power in Space Il (2015) 2015
Space Power and Energy Storage Roadmap Technology Area 03 (2010)| 2010
Space Vehicle Design by Griffin and French (2004) 2004
Spacecraft Power Technologies (2000) 2000
Aftergood (1989) Background on Space Nuclear Power 1989
New Scientist (1989) 1989
Space Nuclear Power (1985) 1985
PROGRESS IN SPACE NUCLEAR REACTOR POWER (1984) 1984
Nuclear Reactors in Satellites (1979) 1979
Nuclear Reactors/or Space Electric Power (1978) 1978
Handbook of Astronautical Engineering (1961) 1961

After transcribing the power levels for each architecture, it was possible to generate Figure 3.
This figure depicts the power levels given in each historical figure versus the year of publication.
The architectures shown include chemical, solar, and Static RPS. It was not possible to separate
fuel cells and primary batteries and dynamic RPS as the same level of detail was not given in
each figure. A possible interpretation of this figure is that early assumed chemical power levels
were quite high compared to current projections. Solar power sources appear to have matured
over time and seem to have increased as chemical decreased. Static RPS systems have remained
relatively stable since their introduction.
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3. Duration of Use Power Figure Investigation

This investigation attempts to validate and adjust “duration of use versus power level (kWe)
boundaries based on demonstrated mission values. Numerous missions were investigated and
considered for this study, but only the missions most impactful to the boundaries are those that
are plotted and referenced. Numerous other references were also consulted beyond those listed in
Appendix A. Some “actual” mission data was extrapolated as there are some measurement gaps
in time for every mission. The historical figures also include nuclear fission reactors, but for
simplicity they have not been included in the revised figures. SNAP-10A is the only
demonstrated usage at about 500 We, and there were not any recent actual funded programs to
consider during the period of study. Figure 4 provides the existing “duration of use” power figure
that was used as a departure point for the subsequent revised figures. This figure is adapted
primarily from the Atomic Power in Space 11 2015 publication.
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Figure 4. Existing Duration of Use Power Figure

3.1 Duration of Use Revised Boundaries — Demonstrated

Revised boundaries for the “duration of use” power figure are shown in Figure 5. Boundaries for
fuel cells and primary batteries have decreased significantly based on demonstrated mission
need. Also, dynamic RPS is no longer shown since it has not yet been demonstrated. Solar and
static RPS remain about the same as they were. Demonstrated mission usage for chemical
architectures were derived from the assumed average power based on the available power and
the recorded duration of use.
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Figure 5. Revised Boundary Duration of Use Power Figure

3.2 Duration of Use Revised Boundaries — Key Defining Missions

The key defining missions driving the boundaries are shown in Figure 6. Fuel cells have historically been
used in some crewed systems and provide relatively high power for shorter durations before they require
regeneration. The most significant usage was on the Space Shuttle providing approximately 21kW
average, with the longest duration mission being STS-80 for a little over 18 days. Primary batteries
provide a discharge, but no recharge, and have been used in numerous probes for short duration
applications. Some higher power examples included the Large Pioneer Venus Multiprobe and Cassini
Huygens probe that provided approximately 1.15 kW for 54 minutes and 0.7kW for 153 minutes
respectively. The longest demonstrated duration of use of a primary battery was the Mars Pathfinder
Rover which provided very low power levels for approximately 61 days. This battery however was also
aided by a small solar array to help extend the life of the mission. Solar mission usage is driven by the
International Space Station (ISS) which produces approximately 120kW and was initiated a little over
20 years ago. This is of course caveated by the fact that ISS is a multi-launch assembly that was built up
to its final configuration overtime. The first largest single launch array was SaudiGeo-Sat-1/HellasSat-4
which produces approximately 25kW. Static RPS boundary is driven by Cassini, which carried three
General Purpose Heat Source (GPHS) Radioisotope Thermoelectric Generators (RTGs) which produced
approximately 0.875kW at the beginning of life. The longest duration of use is Voyagers 1 and 2 which
have been in operation for over 43 years. This has also resulted in the extension of the power figure
beyond the 10 year mark.
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3.3 Duration of Use Funded Boundary Changing Missions

Figure 6. Key Defining Missions for Revised Boundaries

Additional currently funded programs also contribute to further revision of the boundaries that
have not yet been demonstrated. Figure 7 provides a summary of these programs. For primary
batteries, the Europa Lander mission plans to use Lithium CFx batteries which will increase the
power level for about the same duration of use as previously demonstrated. For solar, the already
underway retrofit of the ISS with Roll Out Solar Arrays (ROSAs) will increase the power output
to approximately 215kW. For dynamic RPS, in development DRPS systems will produce up to
500W. Also of note, the Advanced Stirling Radioisotope Generator (ASRG) development, ended
in 2015, would have produced up to 130W. For both programs it is assumed up to four units
could be carried.
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4. Power Level Versus Distance (AU) Investigation

In addition to the “duration of use” figure update, an investigation of power level versus distance
from the Sun was also conducted. This was intended to see if there were nominal uses
throughout the solar system and beyond for the various power architectures.

4.1 Distance Power Figure — Demonstrated

Power level versus distance in AU is shown in Figure 8. This is the initial version of this figure based on
demonstrated mission usage.
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Figure 8. Astronomical Unit (AU) Distance Power Figure Developed Boundaries
4.2 Distance Power Figure - Key Defining Missions

The key defining missions that drive the distance figure are shown in Figure 9. For chemical fuel
cells, the space shuttle usage again drives the highest power level, which was only used around
Earth orbit at 1.0 AU. Primary batteries have been used from the inner solar system at Venus at
0.7 AU out to Saturn at 9.6 AU. Solar usage also peaks at 1.0 AU again driven by ISS. In the
inner solar system Parker Solar Probe (PSP) drives the boundary where it has already made
several close flybys of the Sun producing about 5.4kW peak. The outer boundary is driven by
Juno producing about 0.486 kW at Jupiter. Static RPS systems have traveled through the inner
solar system conducting flybys of Venus at 0.7 AU and the outer boundary is driven by Voyager-
1 which has left the solar system and currently surpassed 150 AU.
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Figure 9. Key Defining Missions for Astronomical Unit (AU) Distance Power Figure

Funded boundary changing missions for the distance power level figure are shown in Figure 10.
The primary changes here are the ROSA retrofit of the ISS at 1.0 AU and the Europa Clipper
mission which will increase the solar output in the Jupiter vicinity to 0.853kW.
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5. Conclusion

This report has provided a summary the research conducted to validate historical duration of use
power level figures, changes of power level over time, develop revised duration of use
boundaries, and develop a new power level versus distance figure. This research provides a
snapshot at the time of publication, and may be revisited and revised as technologies continue to
evolve and new power levels are demonstrated in the space environment.
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Appendix A. References

Historical Power Figures

* Koelle, Handbook of Astronautical Engineering, 1961 — Provided by Ralph McNutt

* Buden, D., Nuclear Reactors/or Space Electric Power, Report No. LA-7290-SR, UC-33
and UC-80, Los Alamos, June 1978 https://www.osti.gov/servlets/purl/6864670

* Nuclear Reactors in Satellites, 1979 http://www.derekleverpaul.ca/1979/07/01/nuclear-
reactors-in-satellites/

* Nuclear-electric power in space: Nuclear-reactor power systems could produce an
abundance of new applications in space, hut design hurdles abound, VC Truscello, HS
Davis - IEEE spectrum, 1984
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6370377

*  PROGRESS IN SPACE NUCLEAR REACTOR POWER, 1984
https://arc.aiaa.org/doi/pdf/10.2514/6.1984-1132

« ANGELO JR., J. A.; BUDEN, D. Space Nuclear Power 1985

* Spacecraft Power Technologies, 2000

* Space Vehicle Design, Griffin and French, 2004

* New Scientist, 1989

* Space Power and Energy Storage Roadmap Technology Area 03, 2010

* Background on Space Nuclear Power, Aftergood, 1989

* Atomic Power in Space II, 2015

* Spacecraft Design - Electrical Power Systems, 2020

Mission Data — RPS — Static
* Voyager
— Voyager 1 & 2 early lifetime power output plots — Provided by Lucas Rich
— Voyager 1 — “S/C 31 PSTAT Actual Tim (2006-2015) and Predicted (2006-2032)
Total RTG Power” — Provided by Tom Sutliff
— Voyager 2 — “S/C 32 PSTAT Actual Tlm (2006-2015) and Predicted (2006-2032)
Total RTG Power” — Provided by Tom Sutliff
* Cassini
— Cassini Power Subsystem, Nuclear & Emerging Technologies for Space (NETS)
2017, Jonathan Grandidier, John B. Gilbert and Gregory A. Carr
— Cassini RTG Power History: 10/15/1997 to 12/31/2015 — Provided by Tom Sutliff
+ MSL
— MMRTG Power Output, March 202 1— Provided by Lucas Rich
* QGalileo
— RTG performance on Galileo and Ulysses and Cassini test results, American
Institute of Physics, 1997
* Viking
— Thermoelectric Alloys and Devices for Radioisotope Space Power Systems. State
of the Art and Current Developments, 1989
— Viking 1 & 2 https://mars.nasa.gov/mars-exploration/missions/viking-1-2/
» New Horizons
— Planetary Missions Program Olffice Monthly Status Report, April 2021
* Ulysses
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https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6370377
https://arc.aiaa.org/doi/pdf/10.2514/6.1984-1132
https://mars.nasa.gov/mars-exploration/missions/viking-1-2/

— RTG performance on Galileo and Ulysses and Cassini test results, American
Institute of Physics, 1997

—  https://www.cosmos.esa.int/web/ulysses/mission-status-reports

— https://earth.esa.int/web/eoportal/satellite-missions/u/ulysses

—  https://solarsystem.nasa.gov/missions/ulysses/in-depth/

—  https://'www.cosmos.esa.int/web/ulysses/south-polar-pass

—  https://www.cosmos.esa.int/web/ulysses/north-polar-pass

Mission Data — RPS — Dynamic
+ ASRG
— ASRG Fact Sheet https.//rps.nasa.gov/resources/65/advanced-stirling-
radioisotope-generator-asrg/
— RPS Status for VEXAG, November 2012
https.://www.Ipi.usra.edu/vexag/Nov2012/presentations/22 RPSStatus _Dudzinski.
pdf
* DRPS
— DPRS Fact Sheet https://rps.nasa.gov/resources/7 7/dynamic-radioisotope-power-

systems/

Mission Data — Solar
» MESSENGER
— The MESSENGER Spacecraft Power Subsystem Thermal Design and Early
Mission Performance, AIAA 2006
https://messenger.jhuapl.edu/Resources/Publications/Dakermanji.et.al. 2006.pdf
— THE MESSENGER SPACECRAFT POWER SYSTEM DESIGN AND EARLY
MISSION, http.//articles.adsabs.harvard.edu/pdf/2005ESASP.589E..61D
—  About MESSENGER Spacecraft & Instruments
https.//messenger.jhuapl.edu/About/Spacecraft-and-Instruments. html#ipower
» Parker Solar Probe (PSP)
— Early Mission Thermal Performance of Parker Solar Probe through Orbit Four
ICES 2020 https.//ttu-ir.tdl.org/handle/2346/86387
— Parker Solar Probe Mission Timeline http.//parkersolarprobe.jhuapl.edu/The-
Mission/index.php#Timeline
— Parker Solar Probe Encounters https.//sppgway.jhuapl.edu/encounters
* Juno
— NASA's Juno Spacecraft Breaks Solar Power Distance Record
https.://'www.jpl.nasa.gov/news/nasas-juno-spacecraft-breaks-solar-power-
distance-record
—  Why NASA Chose Solar Power Over Nuclear For The Juno Space Probe
https://www.solarquotes.com.au/blog/nasa-chose-solar-power-nuclear-juno-
space-probe/
* Dawn
— Dawn Spacecraft Performance: Resource Utilization and Environmental Effects
During an 11-Year Mission AIAA 2020
https://arc.aiaa.org/doi/pdf/10.2514/1.A34521
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https://rps.nasa.gov/resources/77/dynamic-radioisotope-power-systems/
https://messenger.jhuapl.edu/Resources/Publications/Dakermanji.et.al.2006.pdf
http://articles.adsabs.harvard.edu/pdf/2005ESASP.589E..61D
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https://www.solarquotes.com.au/blog/nasa-chose-solar-power-nuclear-juno-space-probe/
https://arc.aiaa.org/doi/pdf/10.2514/1.A34521

— Dawn Spacecraft Overview
https.//solarsystem.nasa.gov/missions/dawn/technology/spacecraft/

« ISS

— About the Space Station Solar Arrays
https://www.nasa.gov/mission_pages/station/structure/elements/solar_arrays-
about.html

— HISTORY AND TIMELINE OF THE ISS
https.://www.issnationallab.org/about/iss-timeline/

— Reference Guide to the International Space Station
https.://www.nasa.gov/sites/default/files/atoms/files/np-2015-05-022-jsc-iss-guide-
2015-update-111015-508c.pdf

Mission Data — Chemical — Primary Batteries
* Galileo Probe
— GALILEO JUPITER ARRIVAL Press Kit, December 1995,
https://www.jpl.nasa.gov/news/press_kits/ellarpk.pdf
— Galileo Atmospheric Entry Probe System: Design, Development and Test, AIAA-
83-0098 https://arc.aiaa.org/doi/pdf/10.2514/6.1983-98
» (Cassini Huygens Probe
— THE HUYGENS PROBE SYSTEM DESIGN
https://link.springer.com/article/10.1023/4:1023648925732
— The Huygens Probe: Science, Payload and Mission Overview
https.//www.esa.int/esapub/bulletin/bullet92/b92lebre.htm
* Europa Lander
— Europa Lander Science Definition Team Report, 2016
https://europa.nasa.gov/resources/58/europa-lander-study-2016-report/
— Mission Concept for a Europa Lander, IEEE 2018
https.//ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=8396518
— Advanced Energy Storage Technologies for Future NASA Planetary Science
Mission Concepts, OPAG February 2018,
https://'www.Ipi.usra.edu/opag/meetings/feb2018/presentations/Surampudi.pdf
* Rosetta Philae
— Saft’s primary lithium battery earns CNES congratulations for powering
ESA/CNES’ Philae Lander on its historic comet touchdown
https.//'www.saftbatteries.com/media-resources/press-releases/saft%E2%80%99s-
primary-lithium-battery-earns-cnes-congratulations-powering
— Philae Lander Fact Sheets
https.://www.dlr.de/rd/PortalData/28/Resources/dokumente/rx/Philae_Lander Fa
ctSheets.pdf
*  Deep Impact Impactor
— Deep Impact’s Impactor
https.//www.nasa.gov/mission_pages/deepimpact/spacecraft/impactor.html
— The Orbital History of Comet 9P/Tempel 1
https://deepimpact.astro.umd.edu/science/tempell-orbitalhist. html
* Pioneer Venus Multiprobe
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https://solarsystem.nasa.gov/missions/dawn/technology/spacecraft/
https://www.nasa.gov/mission_pages/station/structure/elements/solar_arrays-about.html
https://www.nasa.gov/mission_pages/station/structure/elements/solar_arrays-about.html
https://www.issnationallab.org/about/iss-timeline/
https://www.nasa.gov/sites/default/files/atoms/files/np-2015-05-022-jsc-iss-guide-2015-update-111015-508c.pdf
https://www.nasa.gov/sites/default/files/atoms/files/np-2015-05-022-jsc-iss-guide-2015-update-111015-508c.pdf
https://www.jpl.nasa.gov/news/press_kits/gllarpk.pdf
https://arc.aiaa.org/doi/pdf/10.2514/6.1983-98
https://link.springer.com/article/10.1023/A:1023648925732
https://www.esa.int/esapub/bulletin/bullet92/b92lebre.htm
https://europa.nasa.gov/resources/58/europa-lander-study-2016-report/
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=8396518
https://www.lpi.usra.edu/opag/meetings/feb2018/presentations/Surampudi.pdf
https://www.saftbatteries.com/media-resources/press-releases/saft%E2%80%99s-primary-lithium-battery-earns-cnes-congratulations-powering
https://www.saftbatteries.com/media-resources/press-releases/saft%E2%80%99s-primary-lithium-battery-earns-cnes-congratulations-powering
https://www.dlr.de/rd/PortalData/28/Resources/dokumente/rx/Philae_Lander_FactSheets.pdf
https://www.dlr.de/rd/PortalData/28/Resources/dokumente/rx/Philae_Lander_FactSheets.pdf
https://www.nasa.gov/mission_pages/deepimpact/spacecraft/impactor.html
https://deepimpact.astro.umd.edu/science/tempel1-orbitalhist.html

— Pioneer Venus Project Information
https.//nssdc.gsfc.nasa.gov/planetary/pioneer _venus.html

— Pioneer Venus Probes
hitps://nssdc.gsfc.nasa.gov/planetary/pvprobes. html

— FINAL REPORT SYSTEM DESIGN OF THE PIONEER VENUS SPACECRAFT,
July 1973
https.//ntrs.nasa.gov/api/citations/1974001927 1/downloads/1974001927 I .pdf

— Probing a Planetary Atmosphere: Pioneer Venus Spacecraft Description,
September 19735, hitps://arc.aiaa.org/doi/pdf/10.2514/6.1975-1160

Mission Data — Chemical — Fuel Cells
* Space Shuttle (STS)
— Electrical Power System https://science.ksc.nasa.gov/shuttle/technology/sts-
newsref/sts-eps.html
— STS-80 SPACE SHUTTLE MISSION REPORT, February 1997
— The Fuel Cell in Space, Yesterday, Today and Tomorrow, September 1989,
https.//ntrs.nasa.gov/api/citations/19900002488/downloads/19900002488.pdf
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https://nssdc.gsfc.nasa.gov/planetary/pioneer_venus.html
https://nssdc.gsfc.nasa.gov/planetary/pvprobes.html
https://ntrs.nasa.gov/api/citations/19740019271/downloads/19740019271.pdf
https://arc.aiaa.org/doi/pdf/10.2514/6.1975-1160
https://science.ksc.nasa.gov/shuttle/technology/sts-newsref/sts-eps.html
https://science.ksc.nasa.gov/shuttle/technology/sts-newsref/sts-eps.html
https://ntrs.nasa.gov/api/citations/19900002488/downloads/19900002488.pdf
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