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Flexibility and the Value of On-Orbit Servicing:
New Customer-Centric Perspective

lemeph H. Sabeh,” Elisabeth 5. Lamassoure,” Doniel E. Hastings, ¥ and Dava 1. Mewman®
Muarsachiesens Inetirae of Technology, Combridge, Mastachasers 02110

A mew customeroLenirle perspeclive oo om-orkil servicing, where ibe value of oh-arbit servicing is studied
independendly from its cast, 15 proposed, & framework is developed dhat capdures te valie of Bexibility provided
by um-orbil servidng fo spece systene, Several oplions ore made ovaliobie dn space misshens theough on-uchi
servicing, such os the opikon 1o serviey For Dife moension or to epgrade, that need Dol e sel fure laumch; they
cunt bee exercised afer the speeecraft ks been deployed, depending an how events anfald fnarker chunges, naw
mililary cundingency, e 16 b argued ibai only by accounting for this Sesindity ihsi (he trse value of co-orbde
serviving cum be evaluated. Applieationa of ihis framework to both neaprofs and commierial systvine ure provided
that demunsdrate the wsefulness of this new perspective on onsorbdt servlcing.

Momenclaiure

Coml(aT) = out toaperate 2 stellite during AT, 5

i) = apdcecrall cost pridile s a funcbon of ds design
tifetione, &

E = L 2 service the savellite {similor cools: cxereiss
price ol an option, %

& = risk-adjusted discount mee (discrece case)

P = makimum price o customer would e willing o pay
fef servicang, %

Fiakroai = minimuin price a presider can afford (o charge
far servicing, &

r = risk-adjusied discount rale [r = fail 4 £,
conElnumos case|

£ = eapeeted mvenues W be generated during life
eEerE, 5

Thic = desipn Ubetime, yosars

Eiir el = ogeregae nnlity provided bereesn he (7 i lime
interval,

Y, = praject evaluaned using decisionsdree annlysis, 3

¥ = value of fexibilivy, %

¥ ifetiag = value of refissling. %

L = wilpe of ssrvicing, &

o = enpecied mieof remam

I"ix) = slep funceion {| ferx = 0, 0 cliewhere)

Ay = cost penalty ineored due wo reduction of spacecraf
dasipm liferime, %

AT = life extension, yoas

Aligerza = reduction of spacecrafl design lifetime dues
Lo unplanred maneuvers, years

AWy, = velooity merennents fequinsd Lo pezlom a phinsing

mMnneves, mye
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Ly = joaal welociny incrensent for sabonkesping aver
spacesmil design [femme, mbs

AVIAT) = incremental value of a sapellite per life extension
AT E

s = change an ke sxiellie phase, md

P = qualiy &ctor for the slaging of the spacecrali
despn Lifcrions

a = volaility of the revenues 5, Tfvenr'?

| = imsUrARSE premibin contacted b mitigaie risk

of serviciing opertions, %

Intredurctivn

LTHIAMIH the majority of weapoa svsiems lake advanings

uf Jogistics amil maimenanee suppon (e, 5., airccdt cpemtional
Titetione and capahilities are extended through soilime mainlennnce
arel payloml upgrsles), snzllices remaln s only complsxs engi-
neoring syslems withoue mainenoncs, reparn, aml apgrade infris-
IFuclures.

The abmerce of space Fogistics omd mfrasinacoare, coupled with
devision makers' desire 10 lower sarellines cost per vperational day,
leads b e design of spacecrft far the longest aperational likstime.
Owver the past twa decades, telecammumication saiclliies have seen
theeie design Lifulime, oo average, mcreass from 7 10 15 years, Life
extension cocummed simply because it became rechmbcally leasibia
o desiEn for a longer lifelime. The case of the ATET's Telsar 3
commumnisaliuns sabellites based on the Hughes HE-296 basg s a good
cakmph: of this drive lor lenger design lifsine, The satellites hove
Ti-vear disign lives, as opposed ta T-year lives for caglier salellile
models. Life extension was made possibie by the wse of improved
ekl —cadmium batiecies and the infraduction of solid-state power
amplilbzr o place of oaveling wove bes,

Dsigming for the longest echmically schicvable Heetine, low-
ver, Bunper the rapid deploymend of rew welaologees and cas
pabilities because new lechnolagies and capabilies can coly he
provided as ibe satelliles retire [ife cxtension also mereases the
rigk thal the spececrall becomes rechnically and comimercially ohe
aolere before Ihe end of its mission. Thiz wockead? is illustraied in
Fig. 1.

Oi-arbit serviving woold provide  subsinnilal advantage e coms-
pneccdal or mililary arganizalioas over thelr competitars (ar adver-
saries) by decoupling the drive e lowersarelliies cos1 peraperaticonl
iy tirough extendsd design lifetime from the alxbity be recpond
yuickly to changing requiremencs and deploying new capshililias
(Fig. 2). In other wards, an-orbitc serviciing provides Becibility o
space systems. Mexibility is defined hese as the prapany of oosys.
fem that allaws it to respond 10 champes it Bs dnitial regquinemenls
and ohjectives, occurring nfier the swspem has been fielded, in a
tarely orel cosg-effechve WhY.
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Mumeraus siulies were wrinen an ibhg suhject of on-orhin sor-
wickng in tha 197k and |98k, nmeming rooline and secoomicnl
iccess Wy space via the space shudtle, foc exomple, ibe Space As-
seminly, Maintenance, and Servicing [SAME) uud}', Oiher dﬁig_n
stuclies ware performed more recenaly, esinhlishing reguirsmenes,
consimints, and tzchanlngy needs of tebedic on-ochil servicing. and
prapasing poinl design solotioms far on-arhic servicers [Spn-;:-p:mﬁ
Medulnr Architecture Design (SMARDY) global pasitianing sysiem
0GP} sarwiving, elc.]. I'.l.-:-i|'|ir4.-. e eFores, furslamenisl q1,|c5|i|;|r|5
af applicability and cosi gffecrivensss of on-orbin screicing remakn
umanswesed,

This maper prapasss 2 new perspective on onr-mhin servicing
whee bz vnlve of on-prbic servicing is studicd inde pendendy from
iz cast, & framewark i5 developed chan capunes 1he value of lexibl-
ily provided by on-pdhis servicing o epace aysems. Several opgions
ore mnde available te spnee missions sheeagh on-eibin seevicang
Ce.g.. ppricn oo service for Life exenzion, or oprion wo uparade) than
ezl mar ke set befiore lnunch; they can be excacised after the space-
crft hns besn deployed, depending on how eveme unfold {markes
changes, new militory cominzency, eic.). v is arpoed than ooly by

, neecamding for this Rexibilivy thar che tnac walne of oi-orlin seryvic-
ing can be evnluat=il This paper is oogonized ne fellows: Fire, &
backprawmnd on on-orbil servicing is provided that includes defini-
tiens and wxencomy, o briel histencnl perspecnve. and a selected
Iferacure rewiew, Secand, the limitations of the radinkenal ap peoach
o an-arhit servicing are then discusssd and contrasied witk il new
rerspective thie focuses om dhe valse of servicing independemly
fram s cose nnc where dke prablem is nnalvezed frea the servicing
cusinmer’s perspective, inseend af the vsoal Gserdicing) providee's

[T . ST E
Frvw sk

High riik

Techabial dmd cosdamisn lad

= s gy i gmii

Fig. 1 Deesign Gletinn ieadodTs,

Fig & Din-urbit servicing ax asobation for decoupling the drive o lwer
salelliles” vosd per operutiunal day through extended desizn bifetins
froom bve alwility €0 respooed quickly bo changing requirenvemls ond de-
phoring new capalalities,

Un=orhit seracing iiming

&

Schodded
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perspoerive, Finolly, the odvnninges and limitativas of this pow ap-
proach ta an-oarhic eereicing are also esplomed.

On-Orbit Serviving: Backpround
Definglion amgd Tazonmsmr

Crn-orbdl seevicing comprisss space assaibly, maintenance, and
cervicing wnsks 10 enhonge he eperational life and capahilisles of
spact azeers. Walie' describyes these tires Tunctions of oo-orbit ser.
vicing in b Folkewing s Ly Asseobly is the Bitling 1ogether
of manalaciured pans e 8 slosslure, subsyslem, ar elements
of a subsysiem. It is e oo-orbil genmg ur consimclion of apace
Axaneing and includes tes deployoen of solar arrays, onlenngs, and
ather appendapes inta their operational configurtions, Assambly
oecurs bl a pcd sysbem becames {Tully ) opersticanl, 2 Maan-
petanue 3% Ihe upbeep of fusilives or equipment (i space) clilwer as
rrecessary or ok direcied by a schzduled program. Preveniiee maicile-
prance nclueles abservalicn, i iv, surface resloralicn, r.:a]_lg".
menl, recalibiraiao, regrair, replacement of modales, cantamination
eonoval, test, and checkawl, Comrective madntenance inclogdes all
actions pafurmed @ a resull ol a system failore, 1) Servizing in-
cludes b car-orbal repienidiments ol consamables and experdakbles,
Hawever, e wiond servicing is odten used 1o depict any nr all of the
funcrions diseusssd earlier.

Lamaassoure? provides a different laa pmeamy af an-nrhie 5:n‘ifi||g.
A% seen o the cuslamer™s perspeciive, instead afl 1hes imditional
classification beded anthe 4o-oehit servicing prvider’s perspective.
Thia classificarion conzsizla of e fullmyving: |; Life extension in-
clisdes any co-oebit activity aimed at extending the aoperational [ife
o 1he system m s isatial desise This iwvalves refissling, refirrhish-
ill,g.-:lud r:pail:iug. 20 Uperahs ficledes any om-orhid activity aimed
ol imipeaving the aperstional syatan in meeling ils criginal misjon
goals, 3 Modifeaiicn includes any on-orbit activity perlommed in
makc 4 space SVlEm mect B mission goals. Examples include
desipn chamges cheough payload sddition.

I addition o citles of b preceding classifications, aniber im-
parnm partcion of on-orbdr seeviciie concces s Tming nature
of the servicing acilviny. i can ocear on demued or o a scliedubsd
bhacie {Fig. 3]

Rexneson” mtreduced & cost eotseteration in defining on-orkit
servizing and serviceable spocecealt, Bocowse any spacecrafl can by
eerviced on orbil given infiniee resonrcce, a spaoecrall hould out be
considered serviccnble vnless the cost of servicing 15 justafed by the
benefics of doing se. His definition of & serviceable spacecrall fol-
lows fram this repsondng: "Serviceabls spacceralt: Any spacsoall
for which thes: benefits of an-orhic servicing sotweipls s assosansd
cipsl, The purpose of servicing can be e replace falled of depraded
compenends, o upgrade exizting capobilitics, o woadd mw fuk-
tiannlity ar copobilite.”

Hiernrical Perspeciive

Allheoph pn-orkit servicing bacame largely knowr thincagh ihe
Huhble Space Telescape esperience, it bas. mevenheless, been

Un-demand

L LT L LT T

‘Un-oekit serricing aciividy

Mssembly
[ Lile axleresion]

Wi stz
(Upgrads]

X [nf servicing Glijeclivi)
Srrviong

CMAdiRzerian}

Fig, 3  On-orbil servicing taconomys timing vs an=nrhli eervicknp activity lor servizing abjecdivel
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pracuived s the early vears of boman space lighs, Waliz' dis-
cussca sapnificant servicing evenls, These include the Skylob ser-
viclig inlssicns, the caprure and repairc in space of the Salar boxi-
aurn hlisszon (SM M) spaceemfl; le on-orbit retricval, repaar, ared
redeployaent of dhe 5YMOOM-1Y satellics; the an-orbsi recriesal,
albachrment of & boosuer stage, awd relaurching of the Incelsad & cam-
munication satelioe the Hublle Spoce Teleseope repaar and upprede
secvicog miassions: and many otheds. [nohis subeectien, we brisfy
cliscimss the co-cobit servicong of SEylab and the SMBL The nesder
inderesied ioa Boeough discession ol B lisiocy of -k seeede-
ing v relerred o Walts” ar G SAL study,

Slutan

Skylub was the United S%aies’s el eaperinental Spesg stanio
aol sadlar obseratory. 10 was lauoclad ol eabit by a Satuen Y
busasder oo L4 Rlay 1973, and plunged Back o Eacch on 11 July
197, sealtering debng over x Iedsan [heean and Wesican Als-
tralia. Skylab wes discontinuously indiabited froas 25 May 1973 unil
E Frebruary 1974,

The Skylab misseens (4 L-2, S0L-3, and sL-8) cluded sclweduled
enidneigEnce sctivities. The fieat dighe owever (SL-1, uncrewed),
caperiznced swvens wehnical problems immedivety afver [Nall tliar
required major unplatned inaintenasce effoms. Immediaely afeer
LifeedE, ke metearoid shichl, desipied 2150 10 shade 3RVI20 wock-
shop, deploved imadvercnlly arml was lom away oo e sps
slation by almoiphesss drag. Qe of dee pwo solar panels of 1he
crfl wis ripped off. and & serap of deire feait the metecdobd shisld
wrapped aroundd Hes o1l sola panc presented i foom deploying,
This evern and it eflaoa: preompred MaSA. o an smemsive 10-day
period. 10 impdoyise fow priceduncs and e crain the erew o per-
Doy unptanoed exavelcalar &y 10 ke the s1a00 opss-
vonal ared habigable, The vancus matoceranee and repair negivicies
priformed by the sisecssive crew included® the following: 13 1he
inztaklaclon and deploymer of o solar shield "parnzal” thar coaled
the inaide of the ovgthearing seion fream 52 g 24°C, 20 the relenss
and deplogrnent of the jammed solar areny, 33 the insiallation of
f rae gymo packnpe, and £) mnjar micrawave aneennn repeis and
coalant syswm mainensnee.

Skvlab wpe NWASA" firer I:b:l:l-l:l'if:nl.'c- with pn-othfl sendcing. I
demearsraled the effaciivensss of crew members peforming comm-
plex and unplonned repair msks, withour which Skylob wanld have
bz Gipomesd eo failure immediately after lzunsh, and the 2400k
of onboard scientific experiments (solar abservation, Eanh abserve-
uien, biomedicnl investigniipoz, s, wonld nol hove occwmred. This
insanness of an-arkil serdcing raisss the ql:-cuid.'.n af the valos nl an
orhid cervicing v ids cast nnd the fsk associnkesd with performing il
In the case of Skylab, the valos of solvoging the scation and main-
iaining ilts hahitablicy for its B-moanth mission was regorbed a5 suf-
fizient Iy high oo owwesigh thes eost smd sk nll servicing the sintinn

KT AT

The SMMM wns designed 1o provide ceondinaled observaiiens of
salar activicy, inpoartiesla, salar flanes. porticls seceleration, foema-
tien of hol plasman. and mass sjection, during nperiad of masinnm
calar poiividy, The spocecrfl wos lannched on 14 Februane 1580
ino & quasi-ciccielar ogbit (512508 kmand inclination of 28,2 degl.
[itinlly designed for o 2-vear missien,” the 231 3-kg spocecraft cx-
penicnced. afrer 10 menthe of opercion. & fhilure in its nbidode con-
ol mwbsystenn (A5 1hat prevemed (he spacectali from accarnbely
poining ics mstnanzsncs ot apecific ropiong in che sun. In addition.
oo instrumeent, ihe ceronagraphpolarimeser, showed pronoucced
deterioration i s perfonnuce, The problens was waced back o
ity iman eleetrenles bos (MER ). After s fadlure of the three e
meeniuan wheels, tlue spaocerafl was pur m backup slow-spin mode.
s allowing the spaceceadt wo osllect sufflclzm energy on les solas
prarels, but precldayg the wse of thnos insioainsms, ln ollvsr words,
thee Cailure of the ACE o tlee commotive action taken b salvape tue
ntission [ipin misde) deamatically ceipplad e spaceceals abiling
o meel ity scinilfic wbhjective.,

Ao repair mnissien was decided an b proies Qe space shulUe s cajpa-
hildies 10 remdewvoos, repair, check vul, and redeploy a Tnee-0yving
spacecrafl. (MM was the first uncrewed spacecrall te be serviced. )

In April 1984, after | vear of training at variows MASA facililies,
astronauts ombeird STS=d 1T {Cnefleirper? caplured 1he spinning
spaesesrafl, rephacml i altitwle conrd wadode {paimary objectines,
and rcp;ircd the faully MEB of he corenagraph (secandury ohjec-
tivel, S8 was then checksil ont, relezsed ino spaos, and resumed
full aperstion, The ShEM repair mission eslendxl the lEfzi@ne of
che spoeccmit fromy 2 opears tooan odditional 5 years ofter the re-
pnir_ thos nllowing foar belter covernpe oF the snlor nctivity cecle,
Sbih collecied daca unbl 24 Movernbear 1959 g reenfered Earhs
atmnisplicre on 2 December 1989,

MASA csiimaned that a swocessfn] reppir mission of the SRR
wonld restore the 5250 million spocecrdft ol one-founh of s re-
placenrenr cost,! Tndeed, the coss of the repair nission was esgimaied
by MASA Goddand Spaee Fliphit Cencer ar 560 millzn (Rel. ), Con-
sequicivily, i wns considesed costeffective i apd for an-orbil repoir
of the ShAM over comnl sprescmf replocemen,

On-Orhit Servicing: A Brief Literatore Heview

Whils HASA enginsers and negronauts were eccasionally desipn-
Lng, training fer, and performing an-arhit servicing. ather members
of ths spoce community wers iovestignning the desipn and cose-
quengice of 8 spoce-based servicing infrasgmciure. Indeed, numercas
siudigs have been pablished since dke cody | 980 aldressing vanicus
s related ioen-orbi servicing, such as 1) che analysis ond design
of on-orbit servizing arehieciares.” ™ 21 1he entifieation of service-
ability requiremiends ard spocecroft design implicntions, ™™ 3 fhe
desipn of robadic an-arbic servicers nrd the idencificazion of rechai-
cal chalknpes nssozinsed with performing on-orhit servicing, ™1
nexd 2] the cosifhencfit nnalysis of an-arhil lu'l.-ir.inﬂ."""":"

SANS Srudy

The SARE siady is the most exiensive study ol on-orbil servicing
in Ihe literature. A summary is available in Appemix B in Rel. 1.
The proprem was 2 joint effor between the Depastment of ke Air
France, thee Sdmbegic Deferse Initialive Qfice, and NASA. The study
spomznrs provided the contraclors with five design neletence mas.
winns [DERD s 2 means of exencising the 5AMS sinly pricess foc
realistiec corelilions, From these DEMS, program reguiremenls were
penerubed ol scenarios written for the spacecrafl o be serdiced, foc
lhe hardwonefionls necessary Ledo the servacing tasks, aned for the
spacef grmuml infrasiructune pecessary e suppaort a SANS program.
The SAXE archileclere that was developed imcluded! : I} a secwii-
ing Tacility nt the spoce station (Freecoms 28 that limel; 218 reesable
prnital drmsfer vehicle wsing orvepenic propelfants; 31 0 remeiely
pilabed acbital mancavering velizzle, which can carmry 2 servicing
fromt end amd appropoiale space medeles for e seraced sansllive;
4 a Facility For bz on-orkil slarage and bandling of cryagznic pro-
pellants: 51 propellant ransfer sysl=m, which can servics satellives
with siorable propellant; &0 o lele-cperated saellale servicer sydim,
wilth dualservicing anns and S10wape Mo Tuel; and 7ha crevwed arbical
iransler monlule, which can be carmed Lo 2 remole servicnng localiva.

The study nssumeed routine ared cheap accmss 10 spaoe and was
dependent 10 a larpe extenl on 1he presence and suppEor of bunans i
spice, The Toyear proprum wis lermimziled, bowaver, after Fimanths
[phnse ). Tts scope, {gmml} scale, and assumptions praved o ba s
downfall. The study Filed e inspine condidesos in it conclusians
reparding the cost effectiveness ol cnsorbél servicing.

After dhe SAMS stody, the focus of anearbit servicing stuclies
shifted from hiph-crst crewed servicing infrastructure 1o uncrewed
|l -coss robatic servicing missions with the patential be redoce Life-
;_:.-n:h: csts af hig_h-'.-'.;l]u.: space sysiems. The ShARD study and the
on-orbit servicing of the GFS conseelinticm study il lestrade this trand,
Trese fwi srudies are spmvmarized kerenfler,

SMARD Srudy

The foces of the SMARDstudy wos cnuncrewed law-cost cabatic
servicing muisstons thal have the palentinl o enhance the perfoe
mance of peduce the Lfe-gycle cost of high-volue an-orbil assels.
The sudy wos perdonmed in 1990 by the LLS, Moval Research
Labeeatory. 7 The study firet idenfified and caseparized diflerent
leviels af servecing for a wmote sensing constellation, [The archis
tectume consisted off M0 sancllvg o low Banl orbit (LEQ) with
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1 satzllites per plane. Delails of the constellalion ord mission an:
censivered clussfed. ] Companents of 1he salellite nrchitecure were
axumined b determine the patznial for replincement by n servicing
missien: I was shown that ane-ihing of the soiellide N PR e N
can ba practically replnced, nndd mony mone cmald be rc.-pl,.m:d b!.-
silopting a more medlulir bos ond peyland desipn, Desizn modinea-
finns were sugpesled to make saiellites bester npe to being screiced.
The study determined b Following sed of semvicing needs of the
subellits system; 11 replenishment of consumables and degradables
(propellant, badezries. solar nmoyh, 20 ceplacesrsnt of Guibed lunciica-
ality (prylcad and bus electronics snd amechanical compoeonents),
31 emhancement of the mssion llesueh mserion of pew
reselinolopy,

Cn-aelit replacenwent of coenpeonts i e SMARD siody is per
formeed funstiennlly, not plvsically: Al of e replacement come
porengs ane packed in o sangle pavlosd nwadule, which a secvicer
satellite nimoeless 10 & docking nberlzes an g satellite. This Funclicnal
replacerent sicacepy i coimskdered o menimses the cost axl come-
plexity of the servickog massion aml stamds in conlrst i physical
replocement stragpies sdvecated by ather vn-orkil servcing siodias
ihateonzider heman of polotic nsntpalation aod (physical; replace-
meng of faibed of degraded handware. Electrical and mechanical cons
siderasions wens sddicssed w allow (o Tunciimal replacement of
cammpatems (nrdular dana archivecture design, docking mberface,
= [ 8

A polit desigir solution (im g salellile ssrvicer was developesd as
portof the siudy, The servessr consists of o payload medales and
one bus module, Exch paylosd imedule comains replzcement com-
ponems for one sagellie. A servicer can, s, repaic ar upgrde
pversagslines, The pabnt dezign was developed an swch detail thar a
credible boftoms-up costing analysis could be conducted™? A cost-
inz evoluation was performesd 10 detennine ibe inpet of serdcing
on dhes life-cycle cost of che constellatom, The cvialsslion el three
disdince gompanents;

Uy A cosg evnlungion of the propoesed servicer vehicle was con:
dduictesd, The costing. includsd all design. developime, mlegration,
nnd ground tess efforis.

2 An sstimade wos made of the cost inpscs assoeiated with
redesigning the carrend snlellivss v the vosscellation v make Qe
serviceahls.

3) A satoof life-cycle costs wis developsd for several oo-orbil
SLECATINE.

The sludy reports life-cyele eost savings From 1003 10 3825,
cepending an the tarpegad Tife exlensicn (Frony 19 te 2l years) and
the nomber of servicers nsed, aver & pericd of 20 years,

Despite its credible technical deiails and Dz ciouragmy
corybenelil analysis, the SMARD sudy did nob bave & Tollew up,
The sbvantages shawn i the shady in derms of cosd savings &nd
avinilability did ret oulweigh the peresived echoologheal rok and
cosk uncertainly associaled with p:rﬁmning cim-ahin ac:rl.-iclng.

Oeobrblt Semdcing of the GPS Consig ien Stody

Two companion stadies performed ni ghe Air Besce Incimne of
Technology® and The Aeraspres Corparation” addressed the prob-
lean uf wervicing the GF3 constellntion. Leisman er ol evaluared
muliple architeciures for an-arbit servieing of the G5 consiella-
oo and explored the costs orad benefits of uperadingfrepaicng GFS
satellites thrmough mbalic servicing systems. Thear study, however,
il oot address “the complex lechngenl and conuscioal medifica-
105 that would be necessany b make GRS exiclliies sarviceable ™
The structumd meodificntions mecessary io enable te seevicing of the
OGP I spacecraft were pddressed by Hall and Papadopoubs:.?

Thee abjectives of the first study® weee o identify the logistical
suppart meeds of dhe GPE consellaton. to flnd ahaple servicing
suppart sephalisns, and e identify which of tlese stdutions best meeq
thase needs. The study procssded as Follows:

First, il identifizd logistical suppon needsof iBe GES consi=llation
thrmngh intzrvisws with GFS manspees 2nd anapped the crilera
decision makers consider mgomaii i cvaluating o rubolic servicer
rafellife, Responsive upprade of the GPS conspellslion umed out
1o be of primocy concsm o GES nanaggers, whereas tepair wis
considarad desivable bal nol necessary:

Mew rechrokagy ar capabililies ars providad coly as the cur-
rent slellitss refire, The sexl gemeracian of hlcek 11F will bavs
v design bife of 127 years, Thus in the fusure, peoviding the full
constellation with sew capabilities nill raquise . .. spoeximarely
13 yeams, The pratidem g b solved inthis sy is B o decreass
cycle time for inplesenting new capakilities while 3160 miniomiz-
ing cosis.

Sewcarel, the sixly defipsd muddple archilectures thas pould bes
meet custamer resds, Archiicerures weee Efferensiaied acconking
b the number of rabatic servicers (RS} used per arbital plane, the
Eype af propulsion system adopred. and e mass dzlivery capacity
[crhilal replacement uniis (CELY of 30, 150, and 3060 kel

Thinl, exch urchiteziure was evaluated fue costs ored benefics wyver
i LS-yenr aperational pemed and fer four servicing missions 1o
eich sulellite, Costs were esiimined vslng te MASATLE, Air Forcs
MARCOM |98 porametric cost anal yis propram.

Fimally, the shudy concluded that on-ochit secvicing of the GRS
consellation plfers grenver benefics nnd wowld be Jess cosly than e
current GPS sazellife managsmen parlen fourrem policy of pwo
satellite replacementsfyeark "Using currenl nissthods, the merape
casl of replacing a GRS solellite ks appraximately 51CH) million.
The mmst expensive of the dop six [on-cbin servieing anchicaciares |
cauld upgracle the entire conslellatian for S50 million per sneellite =

Hull nnd Papadopoulos™ complemented the previvas sudy by
conduciing o preliminary ascessment of s8ucurs] musdilficaion
recessary do make the PS5 spacecrali cerviceable. The study
focused oo sadeflile upprade through the addiiien of new compa-
remes. Dresign madificacions ineludesd upprade slons thsan wauald be
akled 1o the GPS sakellite basclics design wxd lwiched empey, The
medbers used {and medified) mogs estimaie relationships 1o evaluazs
the alclitional required o moke the spreserafl serviceable. For in.
strece, “Adiditicnnl thermal control mass waa added vo aceount far
increassd complexily in dbzrmal interfaces and hear logds that are
atlcled ap-arhit, Tnslead of the boseling 3.7% of dry mass |iass ol
lhermal coaral subsystem], 4=1.5% wos usad.”

The shnly concludsd thad nn addisional miness of 3-1 5% would be
needed o render the GPS spacectal servicenble [baseline wed ar-
arbit mass el 2813 1k (L2280 k)], The saudy, however, did ool addizis
desizn modifications af the subsystem level, This cauisslan, on one
harsl, d=prades Ihe acourncy nf the rewale anid, on the ather havel, fails
T shone whelher thes op-orkil seTvicing of ihe GPS conseelBaipn s
actumlly leasible feven though the companion sty showed char Bi
wiit ecomenicall.

Limitations of the Traditional Approach
to Omn-Oyehit Servicing

The stisiies just discussed represant eypical sxomples of the tradi-
ticnil appoaach e en=cohil servicing, With soome minor variarions,
they all prescesd s follows: First, the levels of logistical sappon
for a given space mission are identifizd. Then, an-orbit servicing
archit=ctares are proprsed that coald mesd 1hese szrviceabilicy re-
yuireinents. Farudle] fo this phase, designs for host vehicles thas
coaldd perfarm cmeorbil servicing are prapassd. and oo desapn inod-
ilicatians necessury o make spocecmil servicepble pre addeessed.
Fimally, the cost afeclivensss of co-orbit servicing is assessed. This
prooess i depicted schematically in Fig. 4.

Adthicugh this troditional appranch ko an-arbic servieing often rep-
resenls sourd syslems enginsering praciice and offers nunensus ad-
vantages{e.g., aldressing the fechnical fessitility of on-oibit servic-
ing). it neverhelass has intrinsic limifacions that hampor che abiloy
b make meaningful cenclusions reparding the cost effectiveness ol
ansarbic servicing, Thess limitations are dizcussed geal.

Cost Eslimale Helallenships Aee Inapprupriaie
in Eximade ibe Ciosl of & Hobkedie Servicer

Spncecraft coms depend on thelr size, conpleaity, chmdagy
rendingss, and design lifeinee, ag well as oleer chametensiics, Seyv-
erol povernmental srzanizacions have developed cas eslimate reln-
tiomzhips (CER ) overhe years thas relane spacecrall cost, or subsys-
lesmy e oesg, 0 pfhj-'sinnl Jrechabeal, andfor pi‘rﬁ.‘cnuu‘ru: parametzrs. The
CERs are based on sn approprate hisiarical dstabase of post sake)-
lims proprams. The basic assumpgion of parameitc cost modeling




bz
ﬂing_
=, Ghe
.aciq,-'

15 [
wHIrce

GPS
n the
ol [0
AL
Ticim.
ues]
Tl

¥ by

Hans

Tipa-
d b=

[uabs
T e
L Cir
[ ams
55 of

W L
[ il-
{3
) one

I IS
1L i

rndi-
ans,

g
Y TE-
that
o=
sed,
This

5 3l
m-
ility
55 of

lopy
-

S5~

EALEH ET AlL.

Cm-orbil scrvicing
wrchilpctire

Molicudivms
reauired 0 ok
spasecpalfll servicoahle

vzl af st vehicle
to peeform on-erhit
scryviging

# gervicers per plane

Componest aresikilily

Autcnunees Bouleavas
anil Diex:king espaliliny
(AR&D

Creatersus sranipulsonial

5

2K

P el like:
E‘ha_mill:ﬁ:'imLfDRU Bockiniy adspiasinisdtase
canislce
Midulsncy.
sinredardinalion
Hgese dejnia 12.3., EEST mecdular dersipn

sl S coempenenle iy
be replaced)

B caricaddmecianical
nineelace

4

File 4 Sequricy of lssues nddressed In the traditloned opprosch to oneorbit servicing; cosd elMecdiveness of on-nrhig servileg 15 lefl a5 on output of

supcty mbunfies.

Ll T T T T T

- B

e gl B el G bmded B

5

faou

R

Prztusity owary
g

¥
!
f

) T T R R R T T
(== 401 T

Fig 5 Comparison of onst mod s resoles for fowr serylcers with 2040 kg

carp iy ey sdapbed from Rell 2

is char sarzllices will cost nexd time whot they cost 1he previous fiome.
Thwaz, the vse of CERE 1w extimae 1he cost of 2 mbolic secvicer is
donabefinl bacaniee a parvicer satall it wronld be substontially differen
fram che hisronienl elaca that wenes ised 1o estzhiish ihe CER=

Cm=0chif Servicing Cod Advanlages Beimsain Smaller
Thom Cesl Uniceriainty

M1 i i assunind hat the erros in using CER s o estimoles the cost of
an K% vae b goarslied. Lampssoure’ showed ihot, whereas there
ams saluations o wisich on-orkd seevicing proves cost effective, the
vast advamtape of oi-orbil servicing remains smealksr chan the cost
ucetainty, s making "any detindtive conclusion abour the cosi-
effectivencss of seevlelng inposaabe” Figure & illuscraies this peind
by comparing the probabaliiy distibucion fumciion of three differend
cost niondels fog & cypleal sepvioer wich 200 kg of cargoy'povlond.

Prlee 3 Spatecenft OnenerdOiperaine Woald Pay for Beleg Serviced
Iss Wl Micessarily Eqasl oo the Servielap Cost

In the Iraditicnal approach, ke cost of the servicing anchilecluee
wns cempared with the averall constellation life-cycle cost savings
£ 555 the cos effecliveness of pn-orbil serdcing. (A1 of ike pre-
vigus studies chad hinve addrecsad the cosl eMeslinveness of cme-arhil
servicing have developed servicing archifectuns for a constellation
of saiellites, for gxample, GFF and the classified LEQ consellation
in the cnse of the SMARD study. } However, the price a spacecrall
ownerioperiar wauld poy e be serviced also depeals n the des
vilopment policy for the servizing infrasiructure, and if is et rea-
aomable o assume tha the cost of o servicing orchitsclare wouwld be
anwitized by a single spoceerafl ard ower o single servicing event.
Tz costof the whiole servicing infrnsinechare can be amartized aver
several inlseions, of <in be boame by a povernment spercy such that

only tbe marginal cosl of servicing would be chnrged vo individanl
spaceeradt, ™ “This uisdermines che wndicional simeegy of irvestizni-
ing the cos effectiviencss of on-orbit servicing,

Traditivmal Approach fo n-Lrhi Seevicing Cheerinnks
the Inirinsic Value of Servicing For 2 Spage Mission

Tradiibonally, cn-orbil ssrvicing hns been analyzed from the (ser-
wicang) prowider’s peint of view. Tt is sumprising that po privicod
sidy has inconporated the {palentinl) cusiomer's perspective ot
subject, The valee of sereicing Fara space missicn shoeald exisl inde-
pendently of nny servicing archileciume. In addition, by wsimg radi-
tional waluadion 1onls such xx nel presend vadue (MEY) calculapons,
pr{:-."mu;. stadies hawve underestimated an imporant compsanent of
servizing value: Servicing provides space missom cuslomers wills
opions ko renct 10 the resclwlicn of uncentain parameters, fac ex-
nmple, svelving market needs and changing military cominganciss.
Thie Aexibility is o significant advantage of servicing. [swever, g
wale s mol capiurec] by WPY caleulatioens.® Decision treo analyels
(DTA) ared real aptions calculations are more appropeiste kols 1w
capture the Aexibilily companent in the value of servicing.

Tt is difficull 10 make a coaviicang case of the cesl flaabensss
of on-pabie servicing given the iomusic loaaions of the cadidonel
oppeaoch discussed sarlier. This enotvates te devolopisent of &
new perspeclive an an=ihit seevicakg 1= inclodes the {polenciall
CHE e s perspective, aml whens s value ol seovicig, including
the valus aof Aexibilily it provides, & sudisd ndependernly of ihe
cost af servicing. This 35 elaborged oo an ahe following section

KNew Perspective an On=Cirhit Servicing

The trpdditfionnl nppronch Be mn-rrhil servicing Tils 10 recogneses
the incrinsie value of sarvicing for 2 spoce misson. This valoe, which
we will defing For the time b=ing ns the mazimum price a speoo inis-
ghom castemer wowld be willing 4o poy for the oneorbdl waer 10 b
aerviced, should exis independendly of pny servicing infastructioe.
Highilighting she value of servicing sdds a new dimension b ac-uebit
servicing snidies, and shifts the focus froas the radiizenal Deerve-
dng] provider's perspectve 10 the (prdsndial ] cuslomer’s purspective.
Flgure t illusermes 1hbe toe stakehalders’ parspectives an an-sbit
BECFICINE,

The waditional approach ba pa-prhit servicing has explored (parts
o) whee Jeft sepmem of Fig, 6. (5es Fig, 4 for more cetzils oo his
aegmsent.) Sugpestiona hove bozn mnde to imvestigats the effect of
a servicing development policy where the cost of n serdcing in-
[rasrruciuse would be bome by n governmenl ngency, and only he
aasarginal cost of servicing chorped o individual spacecradt edffonts.
Duespaie these effons, non much eonfidence was shaswm in the tra-
ditseaial aporoach conclusiens reparding 1he cos effectivensss af
on=uebit servicing (for reasons alresdy discussed) VHimately, the
alecisivg 1o service an on-orbal azseq les with the pacential customer
feuslomer-cenlae perspestivel A palenfinl cnstomer would opl Tar
sepvicing il the valwe of servicing (Ven ) the spocecrafi erossds the
ool 1o service i oo the mininvam prce o provider can afond ba
charge for servicing [Frewes). given a servicing architechore, an
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Fig. & Oneorbil servicing provéder's perspeciive ¥ cusiomer™s perspective.

infrasiructure developmend palicy, ete. This observation iz capusned
In Eq. (12
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Separating e value of servicing foom ids owsl presents severml
major advantapes, Fira, the ¢ooelusions drwn are oot dependsnc an
o particular servicing archileotwne: uiEusaed ey reflect the prieniial
casteaeEr s valuntion of on-otbde ey icmg independently of any ser-
wicing solubion. Second, sepnraring the value of servicing fram its
cost significondly rechsces the uncenainty in the resalts tha plagues
the truditianz] appriach ie en-orbin scrvicing, Thicd, in deolilding
the maximum casl cop belew which sereickng makes ceonomical
wenise, this appeoach b2lps poids the: celection of space anissions 1o
largel for servicing amd provides n jusificaion Cor a develapment
palicy of a servicing infrisneciare, In pdditlon, & ma e companent
of the value of servicing, the volue of Fexibiliny ou-oebit servicing
eovides 10 space missions, i5 oot laken e account by the i
teaeial approach. Indeed, on-arbil servicing provides docision mak-
ers with options {10 refuel, repair, upgrsde. modify) il g nal oeed
10 b s before launch. Instead, the decizion o execlse socl op
tiors Bl vn e resadugion of paramesiers hol were wcectain al
thes e af Laanch fur example, markel demandanesmamry, milicary
contingency, ete. The value of this Azxibility is nof captured by stan-
did diseainted cash e lechnigues such as dhe NPY o0 the figensa]
rae of retunt uwsed by previows studies of on-orbil servicing 22512
Trache following, we arguws that anly by accounting For this Bexilalicy
cam the e value of an-ochit servicing b capured,

Accounting fur Flecbiiley Prostdod by Q-0 il Servicing

The new perspective on onearbit servicing prescated berein is
based oo durew nain dleas. The principal ides of 1hiz mew approack
cesdsns of estioating the vadue of sarvicing separalely fro ils eosl,
thuz, shiling the focus fom the raditional (servictng) provider's
prespective b the (potentiol) cosomer's perspective, The secood
ik lpes 3n e absereatinn thot on-nehii servicing provides ekl
iy o s missions, as discussed endier, Finally, contrary to whal
has been implicily assumed by raditionnl approaches, the valws of
servicing w nol limiled 10 potential eosi eavings. leseml the value
of bz ibality provided by on-orbit servicing reprosents an iomprotiang
vonponenl of the value of servicing, In odies wonds, tbe thind idea
consists of recopnizing thot the valos of sorvicing should scoount
for Ihe wvaloe of flesibility provided by oo-orbin secvicing. Tradi-
enal discountsd cash flow rechniques such as the standand MPY
calcnlation vsed in previeos dudies of so-ochit secvicing cannot
capdure fhe valvwe of Rexibilin. OTA, on bz other hard i 0 more
elabomie capital bndpeting ool thar s cagabide of accounting for the
wnlue of Aexibilicy and is particularly weeful for analyzing comples
sequential decisions and in zitations whene unceriningy is resalved

al alisinet, discrets points in time, This iz diewsed furber in 1l
lallowing sectian.

Fallure of Troditinnal Valusibon Tools (e Capture ibe Yalue
of Flexibdllty: Exnmple of 8 Slaedard N1'Y Calculatios vs DT

The folbwwing example, adnpied from Eef. 2, llusirates the shan-
cumning of the irnditional MNP calculation 0 capiune the valos of
Aexibility amel condrasls it with the uee of DTA, & more elahoraie
capatal bindgeting el than the NPY that is capable of accaunting
For the value of fleaibility. A suhstondial body of licatn eisis
ihat deseriben the shorcaming of MPY caleulntions; che peader is
Teferred 1o Faulkeer,'® Trigeargis,"® ar smram nd Bulatlakal™ for
s details.

ABSUIEE & project bas a current value 5 = S300 million ned that os
valk: afeer one year is dizerete but uncertain: B con sither inereass
o & = SA00 nllion winh 2 aulsjective probabilily &, or doerease 1o
57 = 8100 enallicii The owner of the project gives a peaemial bayer
the oprion, b sor be obligitian, 10 ocguite dhe project afier o
vear For 4 peice £ =250 swillica. What is the valug of this option?
In cabeer wprde, what price for the option willthe cwners pnd pofenial
baayer apree on?

For discrete cash inlhow ©, and autflow T, aver N periods of ke,
wiith & risk-odjusted disoount mae &, the standacd WPV calculition
oo be writnen @ "

Hw...i L . i2)
S [T+ kTR

In our example, the MPY of huying the projoe iz

NPV = m| (5" = EN0L 480 4+ (1 = (5™ = E1/00+ k5] (3

Assuming equal profmbilivy for e project value (o po ep ar des,
that is, p="{L1, and toking o rizk-sdjustcd discounl mee & = 20%.
e ped

MNPV = —£29 millson

Thus, From an MPY perapective, the project is oot interesting, nnd
ihe oobicn b poguine ic al the oo slatel will he discarded.
This calcultion, howsyer, fadls tr take iolo suceund the manngerial
Rexibility resubiing froms i asymmetry inhaving the dght, bl ne
ihez ablipation. 1o sequide the project aller one vear. Tn nvoid 1his
deficiensy of the raditional valuation, we rever o I3TA,

DOTA is npuni-:ulmr]}' el 1o far analvxing upmplm; sequen-
tial inwestment desisions and m which uncertainty e resolved ar
distined, discrete points i time swch as in owr exampbe, DTA de-
soribes A sgdqeinee of decisions that are nat e From the stam, bur
ciepered oit the resolieea of seme uncernin parrmesients), Unlike an
MPY calculsteon, which is often misused by managers inclined 1o
s 1xily un lbe milial decision g ACDERE Or rl::jnm a peajec an the
detriment of subsequent decisions, DTA forees masagement 1o lay




— o5 D Ao

1

. A

e |

SALEM ET AL. 2B5

5" = Z4lim

[ = %100
Voo = 5 -E}

=g 40
5 =5l0m Exerclse the opon T
E = $20Em
Yoo =g 45 -E)
5= $280m
Ka =g 30
St Rt g —
Evzni acde Stales of paiure Decision niwle Pay-cdf
i =
T=0 T=1yeur + Timw
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I b,

aul an eperfing stealegy, ard 1o recognive explicicly e inede-
perdencies betwesen the initial declsion and suhssquent decisions. '
The optimal initial decision in & DTA i delermined by starfing fram
the eoill oF tke dree amd working backwand 1 ke beginning, This dy-
P pragramming, rallkgsk puu:ﬂdum nyobvas dﬂ:rmi,ning a3
cach stage the expected risk-ndjusted discauml NFY (nr expected
utiliey) by multiplying nll NFY for wiblity) values caboolated a1 the
peeceding, although chronalogically following, stage with their re-
spective frobahilitias ol cocumences aisd stnming wp. Funhermone,
il dlexibility available o the decislon maker it laken inlo nccounl
b coididerng anly aplimnl deeisiens mads st each evalution of the
valoz of the project. Let us sz how this applie=s 1o eor exampla,
Figure 7 is o simpbe decision oes represenling aur imvestment
enmiple. If the value of 1he preject incecascs, the optimal decision
for the potential bayer tholder of the opiian) s woexen-ise the oplion
aned, thus, acquire te project, The payedf in hls case is B85 — £}
IE 1k waliss of the project decrenses, ihe optimal decision is not 1o
exercise the option, that is, nat te pequire the project and, thus, 1o
avoid the bosses. There is no pavall if Ihe project s sar acquirsd.
The: value of the option under these conditions becoenes

_ mnx(5t — £ 0} mux (5~ — E; 0
v'm'_p'—'l:[+t} +{I_F]—[l-|-k] 14}

Assuming equal probability Tur the praject valuz oo po up of down,
that is, p=10.5, and taking o risk-odjusted discount e & =20% as
im the: preceding caleulaions, we et

Fira = 550 millian

This calculation shews absai, dober e =msumplion of a radcnal de-
cision mnker (one that Gan make optimal decisions, w18, that
maximize payoffs, after cach decisicn node}, the cpticn of acquis-
ing lhe progect afier one vear & actually verr nstractive and i3 wacth
B30 millian, The differcmse between the NPV nnd the Vg ossulis
from the value of fexibility (V) in hoviog the fghe, but oot the
chligaticn, 10 aoguire the prigect ofter one year:

¥ne = gy, = NPV (5

This simple exomple is used to illosrate fwo paints; Fies, e stan-
dard MPY caleulation used by previous studies of on-orbl ssrvicing

canmit caplure she valueof Bexibilio. Second, the value of fexibility
can canstitube a substantiod par of the valee of a {Besibde) projecr,
In other woeeds, project voluation vzing standand discounted cash
flow teclimigues (ie,., ned necoumting for flexibilite when if exiss) is
ceroneows amd aften dramatically wndcrestamaned.

Limeloiloas of the TFTA

DA is one ol for captuming b value of Aexibilice. Wewever,
lake: st towds, ITA bras ics limitarions, Firs, DT canolien became
AN wnenasageahle “cecision hush analyzie” when scwally applied in
realistle sertings because the number of different parhs trough the
irea for bush]) expands gecomeirically winly e wuomber of decisens,
of itales, considerad For ench voriahle, " Seeond, it can only acoaunt
for a e nmber of decision nedes, sconming 31 discrele decizian
tiimes, following discrele varisiions of ihe unknown parameter{s}.
I other wonds, DTA canoet accoand For uncenain variables thal are
continuous. Third is the problem of determining the approgriate dis-
conl rabc, Wsany & constant discoony rie presunes e sk horne
per period b& constant; this assumption i obviously oot valid when
ophiens are avadlalde, Flexibilicy {availpkility of opcions) decreazes
A preject's cxposure 1o uncertainty znd, ihus, alters e project’s risk.
It is, thercfore, more appropriate to use diffedent discount rales in
different periods. Howewes, the probiem of finding tbe approprints
discoum rave {per perind or oot still remains. Opicn-pricing the-
ary, aid its spino, real cpticn theory fre tao-otlues franweearks tat
capiare i value af Hexibility in financial and real assets ared ot
godve the problem of the discrmmt mie, The applicacian of real optian
theory reyuires the identificazion of oo appropriace onderdlying Gnan-
il asser, ora “twin secoricy™ thad hos 1he same risk charsclerisfics
A5 lhe réal anssl {or Ihe onniraded assec) o carry oul tbe valealion,
Such a Lwin security does ne necessarily exist far same projects
4t ¢an nat be constructed ), hes, rendeeing a real oplion valaation
ienpraciical. Although this is the sabjeer of on-going research, it i5,
nevectheless, beyond 1he spope of this work. The resder is referred
i Bef L6 For an elaborate discussion of teal aplivn theory, and 10
Ref. 19 far o discussion of the limitaions and real aptions valus-
tions and ke development of & hybaid seal aplinns framework, In
this woak, we will use DTA. Although it repressnts an important
improvemend cver iradisional discounted cash flow techniques, oned,
muost impetngly, can capruee e valoe of Nexibility, il noverthe-
less. hias. dts liminacions and would oflen undervaloe @ project when
a gonFant discount s i wsed throughout the gree,
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What sre he oprions made available 10 space systems through
an-arbic seevicing? These are discussed in the second section ok
illusmrsted in Fag, 2, They include the option o serdoe ospaoscral
for life: extension, e oplion w upgrade a spacecraR, the apfion to
mexdify ins payboad, and, of course, 1he aptian kenepair nfler n random
foilure, The Hubbls Space Telescope servicing missions are perfect
eramiples of cas wheee all of thess aptions have besn crercized
[repaie of it prienary anircar, replacement of degraded fine gusdance
sensor and Falling ape reconders, upgrade of the main compurer.
aid additiom of fwo cew scientific inEEMETE LS )

B ther folbowing sectinn, we will explore hoa potential customes
of oit-orbit servicing would assess the value of the flexibilicy Gavail-
abilily of vplicms) provided by servicing, and disenss tlss noplice-
e of this valuation process,

Estimating the Valoe of Spacecrall Life Extension:
Application of tle Mew Perspeclive un Om-Orbit
Servicing to a Specific Instance of Flexibility

In the following, we apply this new pepspective o caplure
the walue ol spacecmale lifedfime exiension provided by en-cobit
sEvicing.

Simple Cases Yolue of Servicing Throsgh Minimizing Coa

[n this case, we sssume that the customer, a nonprofil arganiza-
nisia, log mnslance, s==ks 4o =valopie chse d':‘-&il_ﬂ'l abierrsalives, with
Mze eaplicil purpese of achieving an effeceive lifesme of 15 weard.
Wi e el conoemed, in this example, with 0 dynamic ciioonmen
whete issues of markel uncertainty ard fechnology obsolescence
are relevant. The albematives are the following: 1] laanch a space-
cralt designed for 15 years; 2) laonch & spacecral desipiad or T
vears and, afler Tp, repluce the spacecraft with anccher epacecral
cesigoed for (L3 — Te) years; and 3] launch a spacecraft desigived
for To, wkd, after 1. extend the lifetime of the spocecrals throogh
on-orbdl servicing (would include, For instance, refueling andfor re-
Flocing batterics, selar panels, thermal coaling, e o (15 - T
years, Which abicioative is the Jeast cosly Tar our costomer?

Ld . fires I:-L"l.p]l}d'l: altermatives | and 2. We hove renml;l':' Emvea-
tipored the effects of varying due spacecrafl design Tifefime roquine-
MENE 0N Various subsysicms, and dedwoel spacecrnfl cost profile
and mnss) 03 0 funceion of dds reyuiremeznt, O T, all chse being
eqqual, A fypical example of a spacecrall cos [ta inifia] operatiog
capnkilicy {DOHTH profile 1s given in Fig. & (Ref. M0

We define 2 qualiiy Factor for the staging of the spacecroft design
Lifetime ns folloows:

o Cifa+ AT
#iTy, AT = CiT  CIAT) 4]
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Fig- 3 (punbity Taceor foe dh sdaging of the spacecrafe desizn Hietlise
a5 & fnclbon af e exienshon,

where o g the mtiee of the cost ol designing & spacecrail for
(Ta+ &T ), divided by b2 cos fur designing twe spacecraft for
Tooand AT, respectively. For ooz L, it is bess costly fo stape (he
design lifeginee i To and AT than to design for (Tp-+ AT vears,
Thiz illusiraces the mponasce of establishing a cost profile, such
58 0 e 1. B all ﬂll:ﬂph!! engineenng svstems, o guide the selec-
tien of the product™s design lifetines requirement, Fipare 9 shows 3
family of @ for varions T; and life extension AT,

T phzervnlions are wodlinaking based on Fig. 9. Firs, we noic
thai g = 1 for oll Ty and AT B otlier words, it is always cheaper
e design 0 spaceceaft for b maximun required lifetime T e
tham in sngs che lifetime in e spacecrall desipned for T, amd
[ Tireasd = Tolo Second, for a pleen deslgn lifeime T ma, shor
life extensions are more sxpenaive han lengsr [ extensions. {Far
example, for Tip e, =8 Vears, il B meoe expendne o desipn 1w
spacecmit for 7 years and | vear, tham vad spacecrdt for 5 vears
and 3 years,] These conclusions are mdeod eapected piven tha high
cvsl incorred in d=sipn and [aunch 8 spacecrall, and tbe smaller cast
incremends assccinted with increasisg the design liletime.

Altemative | is, therefors, always kesa cosdy Gan allemmative 2,
Whal aboul nemntives | and 37 Wha i the maximem prics dhe
customer winld ke willing 10 pay e cxtesd e desien lilfetime
af the spacecradt through on-orbic servleing §Fuemes 1 Soch tat
altemmatives 1 ord 3 nre-castequivalenc? This condiiin can be wrilten
as folkras:

CfTa + AT _ Tl + Parvias % e le g {risk prermiuen} o

i | alwragss 1

The left-hored side of e squsienn i the cost o desipn 0 spacecral
Eor Ty -+ AT wemn: it mpnosents altamagive |, The right-hand slde
represeme che cost of designing a spacecrndt Tar Ty years and then
cxpending 113 life For deough an-arbit servicing, Beeanse Ponopn
is inewrred @1 a later period than ST, that iz, Ty vears laer i
ia discotned scoocdingly {r, discount ratek In addition, because
servicing involves tampering wilh o spacecrsfi, icis inherenily rigkier
than abiemaEve 12 8 ik poernium is, thos, ndded 1o the Lefi-lend
side of the equalzea. Bguaticm (7} can be writien oz follows:

Prrn'\-run=[L—"i"|‘HILE[Tp+E|.T':I—C|:'rD“xr"-rl:l [E-:l

P e, 15 the maximum price & cusiomer would be willing e
pay, adter Yo years, to x0end the spacecral Jesign lifedime by AT,
instend of designing il for (T + AT ) years [roen the start, soch b
alletaives | and 3 are cast equivalent, ¥ iz an insurances premium
conilracled oy mitigate the inancial sk incumed due o e servics
ing ogreralion; i is a decreasing funcrion of te relisbilny of he
servicing aperation. {As the probebility of failure or crash inte the
host vehicls increases, & céwiensly increases.) Figum b shoeows o
Fenily 0f Fipp g for differens desipn lifedmes and life exlensions,
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Fig. 10 Maxiimum servidng price as o funclion of lfe extemsing: &
plamlard I0% discoand rale is cooidered,

Cine particalar paint on the ploc reads a5 follows: The maximom
price o servicing a custrmmer aeonld be willing 1w pay 10 euecd
e design lifetime ol o spocecrafy for 4 addidonal wears fro 7 oo
L1 wears is appraximacely 317 millian (with an insurance promiom
equaling WFE of the cast savings from desipning for T wears insteax
of 11 years). IT oo-pehil sereicing connot be schieved within this
cusl eap, il is oot cost effective for the custamer 10 have bigfcr
spacecrall serviced lor life pxipnsion.

Bigure 10 represenils the maximum price a cusesmes wonld be
willing 10 pay o eatewt the desiyn lifelime of histher spacecradt
throuph oi-orbit servicing P pet and For ahich pleemanive |
and 3 are cosl cquivalent. Thess curves are solutions of Ex) (7h; they
repressnt the value ol servicing for life exlensicn as seen from she
CRELCATEET e |:H‘.'|:3|}l.'l.'ti.'-'¢ isee Big. &), As expacied, the volue of ser-
vicang inereases as O Lifetime pxlensicn incrensas Cfrom 35 million
o B30 million, approsimately ). A patential cuslamer woald, thepe-
fore, ops for serviciog ooly if the price charged for servicing is less
oof ecqienl b e value of serviving (P . ) - Cooversaly, n eervicing
providgar should consieain s despn of as=redcing archiszcture, RS,
nabiinl meplaccment uisits, ., W bz able b deliver fhe an-arbin ser-
viee for bess than Py n.ga: Dllseredee, bafshe will find no customer,

Let vs fumher cxploes the wea of value of servicing chaough its
irnpact on the spacecall deaign Lifetinee. However, insteal of [ife ex-
lensiog, we consider on-orldr sefvicing as o mean b counter spoce-
crafl lifecombraction resuling Mool unamticipalecd hui necessory arhit
mamneavers, To da 50, bt us conaider o [ollarwing scenzrin.

A mililary commnicaizen ssellite s designed for T =
Wy years, with n 20% fuel margin for siiwokeeping. The sael-
lite was initially designed as part of a four-satsllite consiellation
providing full Enh coverape. However, due te 2 laanch mishap,
cnly dhree sptellites ame opemizenal. Thas, full Earth coverage is
ret chieved, nnd one eaedlioe: has o Teeform phasing maneuvers o
treck chnnging contingeney locations. Equation (39) gives the incre-
mendal velogity &Y required 10 change the satellit="s phose by A
in T dovs Fig. 11

AV Vs = z|-,|,-'r::. — [Lh — adyzry - 1|
L= mbeger [t/ T, + Adefx] ]

Lar iy Vi b the tonal velosiey inereme=nt necessary te perform sca-
tionkeeping aver the mbended apacecrafe d=sign lifetime T, 1 ihe
velogity inerement required 1o perfarm the phasing mancuaver ox-
cecds the fuel inargin, it will reduce the acieal lifetime by & P rasoe!

& Vo — fael imargin

& Tite e = I & ¥ — Tl margind x 9
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Fig. 11 A¥ required 1o perform o [oagitude change of A& Ino+ daye
[ i spaoparall in GED.

Mix) s 2 st2p fumclicn such thad

Fix) {ii [isr =i

o alxewhere

There are severnl ways we enn iranslote this Life reduction imo a
cas penally. A simiple way of doing so0is 10 consdder e spavecrft
cos per operdianal diy;

Costfday =Tl ik f1n)

The wirsl penalty thes incurred due 1o the unnnricipaed, bor geces-
sary, urlal inaneuyer becomes

A gty = ST [0 Tt 1 Wi ] [12p

Thi costomter could estimate that the spacectafi urilicy raie. for ex-
ainple, mevemees per umil time far 3 commercinl mission. excceds
iLs cos per operational day; therefore, the aggrepate uiiliny of the
IS0 ONEE AV L 1% grezier them dbe cost pennBy incormed dae
To b wnanipcipabed bt necessary crhitnl maneaver:

LT — ST Tived] = O peraky 115}

n-arlic reflang of the inanegverng spacecraft becomes cos) ef-
frective oy ol 3t can B achieved for less than £ [(fge e 3] Inooabesr
words, feoin & cuseaser's perspective, on-orbil refeeling is worih-
while anly if It coals kess than the ageregale ulilicy provided doring
the life extension esulting from nefueling. [n the preceding exom-
plo. we providsd one ample way of astimating a Iewer bound an
ihe aggregale ulility for 4 eoocemnercial missiza, The point of this
cxamgple 15 more remphiasize ibe ootion ol the wlue of ml,'i{:ing
ratter than e eslimals the utility apgrapabe pravidad during the life
exension resiltmg fnon vneorhil refueling.

Sumericel Everpls o

Wit comsider the MILSTAR 2 satellite that needs o maneuver
cover i new thealer localion Mleg westof its current leanticn in Four
das The aavelliee cast bo 10 (mcludeas lounch cost) is $1.23 billion,
In iz designed far a 10-year lifetime. Tes cosl per opersinnl day is

$1.22 ballion
Cu:-:w'da}l_—m PETTET

The satellive i considared to provide a service per day whose valss
exvemds 5337000 (per duy). The sotellite is in GEC, It hae a 2065
Cuel margin amil cegires appraximoeely 52 mis for sealionkesping
per year The mareuver perfoomed decrensss the effeciive sacllie
lifetime by [Exg. {103]

|30 — 0.2 = {52 = 10)
AW 0

== £337 0000 day

» 10 x 365.25 == 142 days

A T e =
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The value af felueling the satelliee 2101k eod ol s W years minus
ERZ ays i wostln as ek as

Vieterkeg = O Titeen 2 COGLHaY %= 561 millkon

Sindilar calculations can e carried aul for remole sensing sabal-
lite= in LED: Fiesl, the marimum achievable lifslime is mmpu:ﬂl
assuming s orbital maneuvers are performed and piven tha e
wrall propellant hod. Secooil, the impact of an arhital memeaver
ez, phasing manzuvers or bvwering the speosemfl ohmigde? on
the spacecrafl lilsdimes is estimoead AT b ond ransliesd inro
avisl penally. Thind, assnming thad dhe spacecrall oeilizy s {sp
Tevenues per unic lime for o coommercial massion) exceeds s cosx
per cpertional day, ke value ol an-ashit refueling can be canmnied
using Bgs. {120 and {13

CiThig)

[EN
T ‘

VeeTariog = Z Co Tape s ®
ol

BT R

e Nival Frauvipre 2

Lel ws consider, in Ihis sxampls, 0 beavy sacellite in LEO
(240 = [HE] kom). The sateflite cas oe 10 (ingludes laanch coat is
approzimalely £1.3 billion, 16 is designed fora 10-year lifetine. lis
cost per aparational day is

51.3 hilli
Cistfday = 7 e

= —— £ SO
TP it

The satellile is congidered ba provide o service per diy whaoss valuc
avceeds 2555, ME {per dayl. Crhil mnintenance [nlmsph::ﬁc d[.a,g
amd f; ellecix) aml siatieokeeping require M mu's per vear as-
sune the Salellile has o perfoom a moansuver oo lower its p-::rig_m 0
2 ko, tlen rige it back again to 200 km. The manegver consumes
appaasimarely 50 et o 43 days of the salellit= lifetime, assuming
the sawelbics haz no fuel mangin [Eg. (103 The valuez of refueling
che sarelling an the end of its 10 years minus 45 days is

Wotating = % Tirzame w0 ootdday == 516 million

The walue of felueling increases as the number of such orbilal ma-
penviers ereases fEq. (L)),
Inelie pwo cramples just discussed, the valoe of refiesling is fourd
10 ke consideralble {fac the particular mansuvers considered), This
sl B due wo our chzdce ol e particularly expensive satellisas, [
i Jikely, Bosogver, Waal e value of refosling R muore siadazd sobel-
Inea {5 100 mallici=5200 million} wauld Be an order of magniiwle
smaller, Alshauph the puspese of these examples as stated earlier is
1o emiphnsize be nonkon of value of seevicing and 19 illestrale one
“way of computing 1hiz value i the particular case of spacecradt life
extensinn, the examples nevenheless show that refueling is likely
10 b com edfective For very high-valwe asscrs. Thess preliminasy
resisles arg very prodqiising ot fwo of oieorbil refeeling.

Chp-0r iy Before limp, Tiew, g’ Fisk

Diecision makers have ofpen perceived on-arbit servicing as a sig-
nificant sonrcs of lechisological eish, As a resalt, they have been
refuctant fo cxploes che opion of servicing tedr saellies, paric-
ularly when they were eperating igh-value asseis. This, bowever,
] not bl case: Technobosical risk, which we shall defing in
this case & the epatlyve nopects resulting From the prohahilicy of
crushifailure when adeopring 1o deck with 2 ot vehicle ar while
performing servicing, 5 a function of the tiomdeg of the s=rocing
petivity, shat is, ar wlsa point dusing e Lifetimes of the spacecrafi
cegvicimp eecnrs, Accoddug to this dediniton, it is riskierio s=rvice a
nesely brunghed spacecrall, of exanple, allerane vearof nperations,
b fe Seevices aik aging spacecrall, after B years of aperations. for
t;:a.l!‘ﬂph.‘. Risk is mindmized IIFSEI.‘I-‘i.EinE_ is performed at the end of o
speceeralt lletlnwe when the custismer can choose betwesn end-of-
lale disposal ar life extension theaugh onsarbii servicing (refucling
i oo cage]. In ather wards, an-ochil reFu::iing presenis litle risk if
I i prerfominesd 21 the #nd ol o spocecmft lifetime, The repder inder-
esbedl i 2 discussion on the rr.inl'il:urush_'ip bepwesn rime and oisk (5
relerred 1o Bef. 21, from which dbe following quoe is aken: "Risk

and 1ima are the nppasite sides of the same coin, foe iF there was
no lomerreeay, chere wonkl be ne risk. Tiee trussforms nisk, and ibe
nature of risk is shaped by the ine horioon: the future is the playing
li=ld”

FigaEhlEy and (e ¥alug ol Seryiciap lor a Commerelol
Mission wil Fnecrlain Hovenas

Tn the preceding sestion, we expheed the concepl of the vales of
servicing in o simple case where 15 castomer. o nonprofic arpani-
zagion, soughi only e minimdee e ol asociaed with designing
ard opermring 8 spaceerall and 001 @ maximize Bs profits. Tas wave
for computing the vales of servicing o the case ol spaoecrmfl fife
catcisien were supgecd. Tle purpoac of the preceding secian was
o illsarate the Feanedational idex of this nzw perspective onoon-orba
servicing where the valie of seracing, as seen Crem the (servicing)
customner's porspectve. 14 computed isdependently of any sepeic-
ing architcerure. For pedagogical reasons, mr comsideralions were
piven e issues of Mexabaline lodeed, bocaase we dil nol consider nny
urkzcraingy charscacrizing 1he cowifoinwent in whicl the spacecrafy
wita 10 operate. Meaxibilily waa arrclevant: Inoa woeekd of ceraincy,
fxibilaty has no value,

In this section, we cxplore the value of servsiog for lile exlen-
sbon an the ease of 3 commerelal saellice witln uneertyin revenaes,
Thee walue of foxability provided by on-acbit servicing in this case,
unlike mar provious calealations, can and sloukd be accaunied for
i estimaing the vales of seevicing.

Nrewrw Line

Consider n commercial satellile designed for Ty wears, wiih an
option i be sarviced ac T (0 estend ifs lifsiime by &, £ 15 the eos
Lrservice fhe satellide {F nsiboosercise F-:rir.:r.: afaslack np[in:u_n] and S
the present valuz al the revernies peneraded by dhe satelliie sficr @ (5
as e s1ock price). The revenues S are encertain ob Ihe time of Inunch;
their best estimale af the tme of laanch [f s 00 5 5, & pa;n:mial
cuslamir woull s=lect an-arbit secvicing far life exlension only if
servicaibp cos1s dess than the aggregate utility provided duning the Life
cxabensian resulting Froan servicing. Inceher wonds, acostamer woald
select to exlend histher spaoacrall design lifetime if the EAPenes
irccumed far lilke extension and opemmtion doring AT ane smnlier
e revenpaes generaled duming this same rered;

S2 E 4 CoulAT) {15)

Cam (AT 8 the cogl 10 oparald e salellite during AT, The ous-
pEmer's chiece o exefclie die oplion oo Bife extension or ne s
caprared in the decksken tee in Fig. 12,

Tlee gicvanion sepresented i the Fig. 12 i smmilar to the invesl-
menl problem discussed carller and sepresented in Fg. 7. The dil-
ferenes s b, wheseas the value of the preject @ our invesiment
prableen cowld wke only veo disciee values 5 = $400 million and
57 = R200millien, the urcenain parameter i his example (ie. the
revenues pencrated afber Ta), can vary within @ continuous range,
Therefore, an sdinite ouwnber of branchies sheol aol of ghe evend
ivode. Havwver, only Wi are shooen o Fig- 12 that comespend oo
relevant bosiisdacy for ibe decizen of exencising the aptian an life
LHBENAIDIL OF 101

Let 5 moay asmumee thal 1he revenoes § hove 2 lag-nommal i1r4:|'t||:|-
balay dersiny funetion. This assemption is o standord resoll in real
aplien ey il resolls froan the assumpiin that the fudere volue
of @ real asset behaves as a fnancial siock; tharefore, ils rase of
chanes an be desenbed as a diffusion process (mrclom walk) with
volaliliy « . The réader is referrad o Reaf, 16 far & comprahonsive
discussion of the diffusion process in modeling the dynamics of
fimareciul assels.

[£ei8/50) = tor = 0?/2) % Tu]:
201,

Y = w % RERp —

|
a2 2xTh
(1f]
wliere o s ik volatiling of the revenses after 1 and & the expeciad

rabe ol relang of ik revenes, We assume in the following 1bal o is
egual b the discount rate r- Bqaation [}, extenaded oo the continacus
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Fig- 12 Deeelibon o represeiling ol on 1o extmmsion foe g camaercinl slclite wilh naoelain revenuss.

casie, feovedes the valoe of the op2ian 19 service The satellite for life
erlension:

F g + I
b, -f Mo [ 5p=cdf IJ“ gl
-] E

#* Com
#AS = B = Oyl p 5] = A5 (17

Gilven Bops. § 164 annd £1°7), tlve walwe of tle option can be writes as
Tolbews:

Voo = S0 % Midh) — 77 = {E + Coged & Wit} 113]

whiens

x ] _a
Mgl = f —
——
[FalS0s B + 2 + a2} = To

L I

|:I;|=d'|—|? T.]

For whizh N i the curmulaive normal dismibarion fupcdon. Equa-
en (L8] is idemical oo the Black-Scholes cquaien dace Bef. L&),
which was a key result in the fowndstzon of opion pricing in 1973
and eamed its nbars the 1997 tiebel Prizs in BEconomles.

kadine af Flexihiiiny

In his 1957 Mobel Eeclare, 3egon™ dessribed the relationship
between uncertainly and flexibility in the following lemms: “The
Fufums is uncertain . . .and in an uncerain eevirnnmend, kaving the
[Bexibalily 1o decide whal 10 do after some of thol uncertainty is
resolved delinilely has value., Option-pricing thenry provides the
mezans for ussessing that valoe.”

hertan®® describes o nositive cormelation bedween uncertainy ol
the value af flaxihility? Aol kva moch is Bexibiling womh? It s
wiarth @ ko if umcerainly is high. Let s fisst explore amd quondify
the wvatue of Mexibilily prosided by oo-orhil servicing inothe cnse of
life exiension as 2 function of the volatility of the revermes a. The
value af Aexibility is calewlated ns shown i B 050, Figurne 13 shoas
a typical resull of the waloe of the oplion fo ssrvice dhe satellite for
life extension [Vyg, ). and the walue of flexibility a5 # function of «,

Figure |3 illusirmezs Merton's® preceding quote. Inan unceriain
eavironment, fexibility has value, Forhesmore, the value of fexi-
biliny increnses a5 the uncermainty, the velotilicy of the revenoes in
ourcase, inereases, Figure L3 also shaws that when there iz locle en-
cegrainey om the expecied revenwes, eplon valuarion [Eg. (183 and
N colcubmion [Ba. (2], arlse continwous vermion of it] yicld the
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Fig: 11 Yuloe of dbee ppliom o sexvice the satedlile for life exte nsiom ond
the solue of Bexdhility os a fumolien of the yolotilily of the revenucs o
(Sg = 300 millbon, £+ Cepy =310 million, F= 104, ond Ty o= T veors)

samme pesull. [nsther wonks, MFY is an approgprizie fool kcapiune the
vatlue oo & project or an imyesiment when theee is litle urcedaingy.
Heawever, becanss MPY cannat capturs the valoe of Slexibility, it is
anircleguate beol Tne project saluation wilh high unoerainty.

The precedimg discussion has sldressel the efect ol volatility af
b revenoes an the walue of the aption an life exiension Ihreugh on-
orhit servicing. There ore, in adifiion to the valatility, thoee ather
virizbles thal affect the valpe af an aption (four, i we consider
b= risksfree inberesc rade r}. These variables can be sasily read
from Bag. (18L They includs the following: 1) The presend vnlue
£ of the revenues grneraded by the satellite afler Ty can be rend.
A5 Fincrensas, 5o doss the valoe of the aption om life excension,
3 The cosl b service the sateflite £ can be read. As E increases,
them valia= of ghe n'p!inn. ta extend fhe life of the sag=llite decreases.
31 The fime Tz when the customer decides 10 exercisz the opian o
service the selellile far life =xtension ar not can ke read. In finnncial
pnrll.nn:r., thiz is called the Hme 1o molority af anopgion. A= the lime
fo mntrity incrensss, (b sahes of the option incresses,

[n the preceding analysis (Fig. 13, cost o service the salels
line a1 To nnd 6 opernte iv for nn pdditional &7 years wae fined
(E 4+ Cp = 3100 mulliond sind the valstility was allowed bo wary,
Tluiz alkewesd a clear reading of dhe volue of Acxibilicy a5 2 functicn
of 1l wolaniling, all el being kepteonston, Figune 14 i3 linle moare
asolved than Fig. L3z Fipore 14 represenis the value of the optson
to seevice he savedlios for Life exiension as a funciisn of the cost 0
service Lhe sutellie (£} and waperate the aapeilive. e following
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Fig- 14 Value of the oplinn to service the satellile for B axlenslon ax
& Tanction of g peloe (o service and operade il (Sp = $60 million, r =
1H%, amil Fp= T vearaL

dascussion, we will call this cost E Cm} Ihe strike price. Seweml
OB Ao S cam e malde based om Fig, 14, First we see thil ths value
of the option o extend the life of the satellife decreases as the smike
!:ll:'i.:'.ba ircreases. Thes resull is indeed induitive and illosmess pqinl; 2
Secamd. we olserve, as in Fig. I3, ihat for a given strike price, che
walue of the vplxa 1o saend the sat=(lige likime incresses with
the uncerialiviy of the sevenues during the life extension. Thind, we
obserye that the BEY always underestimates the value of the colion
o servica the sabellits for oiorbil servicing. This resulis frem the
inahility of nn MY calculaizon 1o coplore the valoe of lexibility, as
diseuzsed earlicr, The value of lesibiliy sceounts [or the difference
bextwveen the e valusmion schemes (MPY and Virs ). Foorth, we s=e
thnt the maximum vales: of the apriow on i extension ocewrs when
the sirike price is 7ero and is equal 10 e expecled revenues 5.
This ssympicdic behavior of Vo 35 eeadily decived from Big. {18)
in fke falllowing wow: As 0 E 4+ Cpe) — oy — o, amd W () p— 1.
Therafors, the value of the option & given i Eq. (18) simply ke
cHnes Vpra = Vi ne = S Finally, fraditional MPY calcalation
establishes the exislence of a boudary on Ui sirike price {ooome-
spoedling o WPV = 0k, beyond which ail-sbit servicing is no langer
consilered casl effective, This bonndary, however, 15 ol valid be-
causa the valws of Aexibilicy provided by on-ooble seevicing is mol
taken info aooound.

Tirlse of Fervicing

In e discussion sa far, we hove quondified he value of Hexi-
bility provided by an=nchit serdicing and illustcased sl aspeois
ad implications af aptico pricing o5 applicd 10 our spacecral lil
extenzion. Hawever, we have nol pot addressed ibe issue ol valoe
of servicing oc the maximom price a custonier waald Be willing 1o
Fay b emlend the design lifedime of the apacscrall threugh on-arbit
sarviciog. To di sn, b=l ows Grd define the incremental walue of the
sutellige per life extension AT, This is simply cqual @ the expected
revenues daring AT minus the cost i design a satellite for an exim=
AT years aml b opembe it daring this same period. Mabematically,
L i3 wrillen as Tollow s

a¥{arl= I 5% piF) = dS
i

—[CTa+aT]=Cif )+ Com(af]l [

Recall thart § is the precear value of the revenoes geceraled by
the snh=llite dl-ll'.il'lg AT and O (AT, tho coal b aperate it |;1|||i|15
this same period, Equation {19 captures the inluition that desipn-
ing 0 sntellite for an cxira AT yofs is cost elfective only if ihe
axpactsd revenues durling this samne perivd excesd the incremendol
cost for designing ihe eatellive for an addidonal AT, that is, when
avial =0

W can neer weriee the fandomental equation driviog e value of
serviving for spacecrafi life sswension in the case of a commerncial
syslem wilh uncertain revenues. The value of sendcing i this coss
has been defined a5 che moximum price s custamer would be willing
Lt bawve the spozeernfl serviced for lfe extensian €, 13 priven hy
the sehefion o By, (200;

By M) ) = 07w (b Copal ¥ )

L

Verra

f Ao PR S = [T AT ) = O+ Ol AT
= JI

SV IAST

[t

The: underlyving principle of Eq. (207 is that having the apaion
extend the spocecraft lifs should be more valuabds than desipning
ap from for a longer desipn Lifetime, Eng ol servicing price for
which it is equally valunble se servies b e@ellie as 21 is o desipn
Howp fronl for an extended period. Ena. 85 herelone, the maximam
servicing price 0 cusomer would be williog 1o py. Fara servicing
price greaser Ihan Cpas, Ak vnlos of the opton o ested the saoelig
lifetime is smaller thon the valoe of designing tbe saellile up fron;
fior n longer Lifecime, This lastrass polin 2, dsused eadier, whene
the walus of an opiian dcrensa aa the atriks price meneases {Fig, 145

For

E 2 By, = Yoy = 8V{AT) {21

We mvae hoe 4wy Enresmpuring the value of seracing for a com-
mezrcinl mission with uecerain revences [Eq. (208, The paranicters
reqquired 1o perfoem dhis caleolntion ane rechpaialated in Tabhe 1.

Figure | 5 is & solution of Eq. (20 The rwo marked podnts read as
follas: For 2 AVCA T = 548 millicn, the value of seceing lor Fife
exiensinn AT increases as the welatiline of the expecied revaws
increasss. It is worlh 521 million (mines the coet o eperate the
salellile aloring AT ) when dhe volalility of she revenucs o iz equal
b 200%tyear™ and £58 million when o = 0%/ year''?,

The main irends in the walue of serdacing for life citension that
are captured by Boq. (3 ored illostrased in Fig 15 ane oo folloow-
ing: |} The valee of servicing increases as the volacdiloy of 1

Table 1 Paramelers reyuired o comgpuic the
valug ulmervicing Mo life extension [q. 2000

Parameler .':i:gl't'hhl-
Eupecied revenes during 47 ¥
idailicy of the pevenus a
Smelliee oan prafile [T
Doesigm liberame and Life execikan Thoad AT
— -:u:m-rﬂ
-y ™
FaTp IE_T‘EI kil

! l =

-
a /- ] lga 7] i 17 ™

ot O B " Cogm omis

Fig. 15 Svllion ol Eqg. {0}k value of servicing 25 o funciion of ik
volatifiy of the expecied revenues.
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enposiod weyens mcieases, 21 The value af servicing decreasss
am the incremendal cogl o designe a solellite Tor an exine ATyt
e+ AT = CiTo) decreases, Tn other words, 31510 does ool Gos
anuch 1o design & satellie up fromt for an exern AT years, the cun-
tomier woubd b willing e pay very ligile 1o hove serviced on-vrbal
[ lile exteimsmen,

Conelusions

This paper innsduced a new perepective on on-arkil seevicing,
where the value ol wrvicing is sludied indepencdendly of its cosl
or sy servicing architeciure. Hightighiing the value of servicing
pdds a new dimension 10 cn-cebll servicing sfudies and shifts the
froms from dke drnditionad {secvichag] provider's perapective (o the
[p:m:nl;inlj CLSCOTIET s perspeclive.

The new perspectve on en-uehil sorviciog preseabed here is basaid
on three main ideas. The priocipal iea consisia of estimating ghe
vl of sarvicing separtely Treon s cost, The scoond dden lies in
ihe ahservatinn that on-orbil servicing previces Aeaibiliny 1o space
missions. Thind, contracy 1o what bas been implicitky assomed by
iraditiznal appeoaches, the valee of servicing is nod limited 1o pos
it cust savings: instcad the value of fexibdlily provided by ane-
prhit servicing represents an anpoal ¢omponent of the wnlue of
servicing. In pdbeer wonds, ibe thind idea lies in recopnizing that dhe
value af sarvicing shouald sveount foe te value of Bexibilicy pro-
vided by an.arhit secvicaing. However, traditional discounted cash
e technigues swelag e sasdard SMEY caleulnbon need by pre-
vinus studies of ou-ofbic serddeing can et copiure ihe volue of
fexibiliey. To circwmyvent this delicieney, we wsed DTA &5 5 valua-
Hen ool for capturing ke value of flexibility. provided by an-archit
warvicing.

Tu illmstrale this ey porspective, we applied it in a specific con-
l=xt, thal of n:-a,pmrlﬂg the walue of .n]mn;:'::nﬂ lifetime extensmon
provvided by cn-orbst servicing, Two ways of assessing the valoe off
wervicing wors discasscd, o the first cnse, the cuslomer was a nin-
prodin arggankeaiion, desiring minimwm casl. The walue of secvicing &
saiellice for Life catension AT was derived wsing a cosb-equivaleros
primiple. In ihe second case, the customer was a for-prodit anganiza-
Lo, desiring masizwm profil. The volue of servicing a commse il
gatElle: with unsenam revenies wins derivecd nking a variant of the
Black—Scholes equaian fnd the incremental value of the salellite
por life exension AT,

R@a:dlcgﬁ of 1he nechmical detnils or the mathematical analysis,
s new perspective does nod provide an argument [ue or against
an-aghir ﬂrvjcing. Trstand, &l suggesly n careful svaluation prosiss
of an-oehit servicing that focuses om the cuslomer. Ulomacely, a cus-
romer woaldd opl for serdicing iF the value of servicing the gp-m:-:-:mf:
enceeds the cost of doing sa, or the minimuen prce & previder can
affard trcharge Far servicing. Thes rarmewodk idencifles e valee of
on-ahif servicing. Future wock will focus on caprueing the walue of
flexibilily and on-orbil servicing in s cage of sarellive upprade ar
meadificatian. This should prove particulasly valuable for sysiems
aparmting in n highly dynamic enviremoment, such as an uncenain
markes or n fasl-changing technelopy base.
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