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In an effort to better understand the decision-making process and provide insight for potential future missions, the RPS enabled missions,
NASA Radioisotope Power Systems (RPS) Program tasked The Aerospace Corporation (Aerospace) to study like Mars Science Lab,
historical missions that used RPS and solar architectures. Curiosity and New Horizons,

: s e . : : do not meet requirements of
Data was collected for a variety of RPS and solar missions to look for possible trends from the selected implementation a solar powered mission

Mission case studies were also developed based on interviews with mission personnel who were responsible for defining due to sunlight or thermal
the power architecture of their mission D

A cost based Measure of Effectiveness (MoE), informed by the collected data and case studies, was developed. N— e New Horizons

image Credit: NASA/JPL-Caltech/MSSS Image Credit: Johns Hopkins University
Applied Physics Laboratory

MISSION COLLECTION TARGETS CASE STUDIES OVERVIEW MISSION BACKGROUND DECISION CRITERIA

N RPS M ONS; A ears O N AR nce 2000, 18 TOTA M|SS|0|‘] case Stud|es de\[eloped based on |nter\[|ews W|th m|SS|On Parker Solar Probe . Or\g\naHy designed to swing by « Cost reduction direction from NASA HQ
Launch; 2018 Jupiter and flyby the sun - Solar presumed to be the cheaper option

LAUNCH 2 : i
Miz3IoN VEAR DESTNATION PROGRAM LT 2 L] GREER per_son.nell who were responsible for defining the power architecture of Target: Sun + At the time, RPS was thought to be |+ Able to develop trajectory that used Venus flybys

MSL 2011 Mars Mars OSIRIS-Rex Asteroid New Frontiers thelr mission Power Source: Solar the only way = Also guided by availability of plutonium for RPS
New Horizons 2006 Pluto New Frontiers MAVEN Mars Mars Scout

H : 5 ' Europa Clipper + Performed formal trade study « Cost
Gassini 1997 saturn LADEE Moon Lunar Quest Missions identified Launch: 2020's evaluating 5 RPS, solar, and hybrid - Not significantly enabling to perform mission

Ulysses 1990 Sun GRAIL Maon Discovery - Change from RPS to Solar: PSP and Europa C|ipper Target: Europa (Jupiter) options - If cost and schedule criteria were eliminated RPS would have

Galileo 1989 Jupiter Juno P Jupiter New Frontiers _ Change fI’Om SOIar to RPS' MSL Power Source: Solar ranked highest

Voyager 1 1977 Jupiter/Saturn LRO Moon Lunar Quest — i . Europa Lander + Performed a broad review of options + Planetary protection was a primary concern due to possible
Jupfter/Saturn/ Trade Space exploratlon. Juno and Europa Lander Launch: 2020's for the both the carrier and the lander effect on potential indigenous life

Voyager 2 1977 Uranus/Neptune Kepler Earth-trailing Discovery = h hoi f he di . f d h Target: Europa (Jupiter) - Heat from RPS could have melted ice creating unstable footing
LCROSS Moon or the choice of power source, the discussion was focused on the ; - - BPS would have enabled increased surface time to do

Viking 1 1975 Mars Power Source: Batteries

e o Py Phoenix Mars Mars Scout decision-making process and not any difficulties encountered during (Lander) / Solar (Carrier) long-term science (e.g., seismometry)

- - B ’ « Carrier followed decision made for Europa Clipper
ioneer 1973 upiter/Saturn
Pioncer 11 JupierS sy ke izt o development as a result of the decision

MRO Mars Mars Juno + Baselined as an RPS mission; given » Assumed proposing RPS would lead to the mission not being

Mescenger - Mercury Discovery Case studies show that unique mission design and planned science Launch: 2011 guidance of 2003 Mew Frontiers AQ | - selected if RPS would not be available on time

Apolio 16 LSEP 1972 Moon Apollo Target: Jupiter * Sought to demonstrate solar was a + Would have preferred RPS as using solar at Jupiter is more

['Apola 17 LsEP tore Moon Aol [ ver Mars Mars have the greatest impact on the selection of RPS e Sl viable all-back given uncertainty of operationally complex
; N - 5 . evelopment timeline -+ Furth licat length Jue t Isi
Apolo 14 LSEP 1971 Moon Apolio CONTOUR Comet Discovery — No common reason for the choice of power source among the case studies ° oo which Gl Ges fore %C\]ie}f)l%dprgi)scllgn cue o propsen

G Si: Sun-Earth L1 Di: - .. - a oA .
[2oote 15 Lo — o oo IMBHBZZ sse : M“'”‘ - — Primary dec_|3|on_faqt_ors include C_OSt’ avallab_lllty of RPS’ and planetary protection Mars Science Laboratory |+ Studies started in 2000 for Mars * RPS chosen primarily due to desire not to limit the landing site
LRl s 1969 Moon Apollo — Mare RPS excels in reliability and technically enabling qualities Launch: 2011 Smart Lander - Best choices for looking for water reside in higher latitudes of

2 iy 2 c q Target: Mars + Wanted to consider a wide range of northern hemisphere
Policy limits use of RPS and cost and schedule are other major considerations P RPS_MMRTG | landing sites to look for water - Solar only feasible at lower latitudes

Pioneer 10 1972 Jupiter

| MGS Mars Mars

Magellan Venus

POWER su BSYSTEM COST COMPARISON EPS MASS % OF TOTAL S/C MASS EPS S/S COST PER MASS EPS COST % OF TOTAL COST SCIENCE VALUE COMPARISON

» EPS mass as percentage of spacecraft bus mass is = e o RPSMisions

comparable ol |38 it :

= RPS = 270/0! SOIar = 230/0 ‘ e p A o | = s Non-RPS Missions
EPS cost as a percentage of spacecraft bus cost is higher for RPS - - T ' ’
- RPS =21%, Solar=11% : Sl
EPS subsystem cost per EPS subsystem mass (FY17$M per kg) is
higher for RPS

- RPS =$.90, Solar = $.20

PN 9 >4
Europa Clipper
Image Credil: NASA/JPL-Caltech Image Credit: NASA/JPL-Caltech

Total RPS I-M = 13,249 BRPS ® Non-k>S Total Solar I-M = 6,403

MoE CALCULATION RESU LTS g - = - , Selection of RPS for a given mission depends on many factors
STEPS ‘ NS =— N LA - > including the ability of meeting science requirements, ease of design

MoE assessment shows that, = . RN - . integration, policy, schedule, cost and risk.

1. Calculate Solar Array Beginning

- : from a cost perspective, RPS ' Y | .
Dased on Ead ot issan ow) [ is primarily cost effective for Nl S * SCIENCE VALUE COST-EFFECTIVENESS RESULTS

* Notional

power requirement & mission Outer Planet orbiter missions - - == * Comparing results for RPS (10) and non-RPS (16) missions show that

MMRTG eMMRTG DRPS

Iifet i me (to Sat u rn and beyon d) : Image Credit: Teledyne Image Credit: NASA/JPL-Caltech Image Credit: NASA/American Superconductor, Inc. th e average n umber of Instru ment -m onths per m | Sslon IS hlg h er (| e

+ BOL Required = EOM/((1-% Annual MMRTG CASE eMMRTG CASE DRPS CASE more science per mission) and the Class Science Mission Cost-

Degradation)*(Mission Lifetime in years) * + Cost (FY175M) = S80M for 1 unit, + Cost (FY175M) = S80M for 1 unit, + Gost (FY17SM) = $107M for 1 unit Effectiveness Is similar.

(1/Distance from Sun in AU)"*2) If the cost of RPS $98M for 2, $122M for 3 and S21M $98M for 2, $122M for 3 and $21M and $25M for each additional unit - Average instrument-months per mission is 1656 for RPS versus 400 for non-RPS.
for each additional unit for each additional unit + BOL Power = 500 W

. Calculate RPS BOL rGQUirement were reduced and ¢ BOL Power=110W * BOL Power =148 W * Degradation = 1.3% per year = CIaSS_ SMCE for all RPS missions is 0.60 instrument-_mqnths per FY1 7$M A2 L
based on EOM requirement performance * Degradation = 4.8% per year * Degradation = 2.5% per year 0.59 instrument-months per FY$1 7M for non-RPS missions.

& lifetime enhanced beyond MARS

¢ BOL Required = EOM/((1-% Annual eMMRTG and DRPS. '&/Y 0.06 [0,
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. Calculate solar array size based . y Ehe e _ R LIS R - RPS-based missions tyﬂlcally enable a Iar%er spacecraft with multiple
on BOL requirement adoptable for a J EF ; Hstes LSt Yo ; HesRALEA has instruments over a much longer operating time, increasing science value over
 Galeulate solar-based EPS broader range of | e Spmedy oS
subsystem Cost based on solar missions and enable Lo usososelossususlosos b
array size and EOM power more challenging ol T e lisloaleuale T el Beealon ot e RECOMMENDATIONS
. Calculate RPS—baSEd EPS mISSIOnS' i i Mission Lifetime (Years)* Mission Lifetime (Years)” ' . .
subsystem cost based on #RTG’s R oot ¢ Document the additional cost impact to launch services due to
-n:ar"nrr'irm
i1 1.34 1.37 1.41 145 1.48 1.52 1.56 1.61 1.65 1.69
. gzallé:glsa'gz th?:l rEgoS of %olar{based oo 16 1 11 17 10 158 130 135 200 » Drive higher performance and lower cost into future RPS
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needed R0 102 1.06 1.07 110 1.13 1.16 119 1.22 1.25 1.20 RPS for Completeness
1] 1.33 1.36 1.40 1.44 1.47 1.51 156 1.60 1.64 1.68 .
{T1 198 501 208 242 248 224 230 238 245 24D - Performance goal: higher BOL power and lower power

297 233 2.39 246 253 260 267 2.74 2.82 2.89 degradation I’ate
— Cost goal: be less expensive than MMRTG and eMMRTG

et ey * Assess future mission targets using these MOEs and other
7] 315 3.24 3.33 342 351 3.61 a71 381 0.92 4.03 factors |dent|f|ed in case StUdleS

46 561 577 53 610 627 644 662 61 T — Use to identify the most reasonable RPS missions
,' 9554 g}m 1.5_,,31.5.3713.6313.95 - Generate a quick reference table to inform mission trade studies
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¢ Solar/RPS < 1 = Dark Green \ \ ‘

¢ 0.8 <x<1=Medium Green

Voyager 2

Image Credit: NASA/JPL-Caitech

8 9 10 11 12
4.43 4.56 4.68 4.81 4.94 508 5.22 537 551
4.44 4.56 4.69 4.82 4.95 5.09 5.23 537 552

6.18 6.35 6.53 6.71 6.90 7.09 7.29 7.49 7.70

7.05 7.25 7.45 7.66 7.87 B8.09 832 8.55 8.79

7.92 8.14 8.37 B.61 6.99 7.19 7.39 7.60 7.81
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il 2.59 7.64 7.85 8.07 8.30 8.53 B.77 9.02 9.27 9.53

17 4.75 4.88 502 516 5.30 545 5.60 4.87 501 515
Il 5.42 557 573 5.89 6.05 526 541 556 5.72 5.88
41 6.09 6.26 544 560 5.75 591 6.08 6.25 5.57 572
1l 572 588 6.04 6.21 6.39 657 585 6.01 6.18 6.35
-yl 6.29 646 6.64 6.83 6.08 6.25 6.43 6.61 6.79 6.16
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* Some solar solutions are currently not feasible at these science destinations
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