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Introduction

LCA & Space sector. Several actor s of or r elat ed t o t he space industry, such as Ar ianeGr oup and t he European Space Agency (ESA), have ident ified LCA a s t he most a ppr opr iat e met hodology t o measure and minimise t heir envir onmental impact (ESA LCA Wor king [START_REF] Esa Lca Wor King Gr Oup | Space syst em Life Cycl e Assessment (LCA) guidel ines. Eur opean commission-JRC[END_REF][START_REF] Sa Int -Amand | Eco-Space Pr oject -Envir onmental Impact of new t echnologies[END_REF]. However , space syst ems deal wit h a strong part icular ity related t o t he use of LCA: space missions ar e t he only human act ivit y t hat crosses all stages of the at mospher e and stays "out " of t he natural envir onment and ecosystems [START_REF] Durr Ieu | Earth observat ion from space -The issue of envir onmental sustainabil ity[END_REF]. LCA could be a ppl ied in a hol ist ic way t o tackl e a set of envir onmental concerns occurr ing on t he Earth as well as on t he or bital envir onment . In t his way, t he socalled "burden shift ing", which consist s of transferr ing envir onmental impact from one cat egory t o another , could be consider ed r egarding both t he Earth and or bital envir onment s.

Integrating space debris issue. A pr oposal for int egrat ing t he or bital space use in LCA has been already analysed in an ESA funded study by [START_REF] Chanoine | Design indicator for space debr is[END_REF]; Col ombo et al .

(2017a ) and al so publ ished by [START_REF] Maury | Towards t he int egrat ion of or bital space use in Life Cycl e Impact Assessment[END_REF]. In t he fir st st udy, t he orbital space use was modelled t hrough a set of indexes indicat ing t he use of space as a r esource, t he r isk due t o inor bit coll isions and explosions and t heir effect s onto t he act ive spacecraft envir onment and the casualty r isk on ground dur ing r e-entry. The l atter one inst ead suggests t o int egrate space or bit s wit hin t he Ar ea -of -Pr ot ect ion (Ao P) 'Resources' in t he framework publ ished by [START_REF] Dewulf | Ret hinking t he Ar ea of Pr ot ect ion "Nat ural Resources[END_REF]. Adopt ing a pur ely anthropocentr ic view, near -Earth or bit s can be consider ed as an asset of natural r esources support ing human act ivit ies. The funct ional value of t his r esource l ies in ensur ing a 'safe space' for space act ivit ies. This funct ional a ppr oach is widel y accept ed for assessing r esource use in LCA [START_REF] Dewulf | Ret hinking t he Ar ea of Pr ot ect ion "Nat ural Resources[END_REF][START_REF] Sonder Egger | Towards har monizing natural r esources as an ar ea of pr ot ect ion in Life Cycl e Impact Assessment[END_REF][START_REF] Sonnemann | Fr om a cr it ical review t o a concept ual framework for int egrat ing t he cr it ical it y of r esources int o Life Cycl e Sustainabil it y Assessment[END_REF][START_REF] St Ewart | A consist ent framework for assessing t he impact s fr om resource use: A focus on r esource funct ional ity[END_REF][START_REF] Ver Ones | LCIA framework and cross-cutt ing issues guidance wit hin t he UNEP[END_REF].

A parallel bet ween t he or bital envir onment and t he Earth envir onmental det er iorat ion is suggest ed by Figur e 1 which is based on t he evolut ion of a set of envir onmental stressors [5] pr oposed by [START_REF] St Effen | The trajectory of t he anthropocene: The gr eat accel erat ion[END_REF]. According t o the Int er -Agency Space Debr is Coor dinat ion Co mmitt ee (IADC), space debr is is all man-made object s incl uding fragment s and el ement s ther eof, in Earth' s or bit or r e-ent er ing t he at mospher e t hat ar e non-funct ional . In t his context , the space object population generated by past or pr esent space missions designed wit hout Post -Mission Disposal operat ions (PMD) (IADC, 2007) is t hr eat ening t he fut ur e access t o space r educing t he qual i ty of t he or bital r esource. Literature review. In t he pr esent pa per , we will focus on space debr is r elated impact s which is t oday widel y discussed wit hin t he aer ospace engineer ing communit y. [START_REF] Let Izia | Ext ending t he ECOB Space Debr is Index wit h Fragmentat ion Risk Est imat ion[END_REF] underl ine several indices have already been developed in r ecent year s a iming at assessing t he cr it ical it y of a spacecraft against t he current or futur e debr is po pulat ion. Mor eover , t hese indices can be used t o target the best candidat es for a futur e act ive debr is removal campa ign (Par dini and Ansel mo, 2018) but al so dur ing t he design phase of a space mission t o ident ify the opt imal strategy in t er m of end-of-l ife scenarios (Col ombo et al ., 2017a ). Numer ical and analyt ical a ppr oaches have already been pr oposed and discussed by several author s, based on [6] the space debr is densit y [START_REF] Rossi | The Cr it ical i t y of Spacecraft Index[END_REF] or the fl ux of part icl es (Ansel mo and Par dini, 2015; [START_REF] Kebschull | Der iving a pr ior ity l ist based on the envir onmental cr it ical ity[END_REF][START_REF] Let Izia | Assessment of breakup sever it y on operat ional sat ell i t es[END_REF]. However , none of t hese contr ibut ions was developed in l ine wit h the Life Cycl e Impact Assessment (LCIA) framework since t hey do not follow a cl ear impact pathway l inking inventory and impact and/or da mages t hrough "character isat ion factors".

Objectives of the paper.

Ther efor e, t he object ive of t his pa per is t o pr ovide a new mid point indicator ada pt ed fr om t he curr ent l it eratur e and repr esent ing t he pot ent ial impact of a space mission on t he or bital envir onment . A compar ison wit h t he pr eviousl y pr oposed indexes is carr ied out . Th is indicator should follow t he framework pr oposed by [START_REF] Maury | Towards t he int egrat ion of or bital space use in Life Cycl e Impact Assessment[END_REF] which is based on an impact pathway in compl iance wit h t he LCA standards (ISO, 2006a(ISO, , 2006b)). Consequently, a compl et e set of characterisation factors (CFs) cover ing t he overall cir cular Low Earth Or bit s (LEO) is pr oposed her eaft er t o ca pt ur e into LCA st udies t he pot ent ial contr ibut ion of a space mission t o t he space debr is po pulat ion. The goal is t o ensur e a mor e sustainabl e design for pr esent and futur e space missions. Finally, the met hodology is appl ied t o a case st udy to pr ove it s a ppl icabil it y. The impact s of a t heor et ical space mission based on t he Sent inel -1A mission paramet er s occurr ing dur ing t he on-or bit l ifet ime (use phase and end-of -l ife) will be addr essed t hrough t he compar ison of t hr ee theor et ical disposal scenar ios as al so done in Col ombo et al . (2017a). For t he fir st t ime, t hese r esult s will be discussed aga inst t he pr opellant consumpt ion needed for t he PMD and t he associat ed impact on cl imat e change calculated as a pr oxy for a gl obal envir onmental impact .

Material and methods

Proposal of impact pathways

In our under standing, t wo physical phenomena occur wit hin t he or bital envir onment . One deals wit h t he exposur e of space debr is which incr eases t he r isk of a pot ent ial fa ilur e or loss [7] of mission. In case of break-up, t he r el ease of space debr is l eads t o a degradat ive use of t he or bital r esource for future space act ivit ies. It seems part icularly t he case for t he LEO r egion, i.e. t he spher ical sha pe from t he Earth's surface t o 2.000km alt i tude (IADC, 2007), wher e 77% of t he debr is is concentrated [START_REF] Krag | Key not e on Act ive Debr is Removal[END_REF].

The second phenomenon is r elat ed t o space congest ion, i.e. t he occupat ion of a narrow or bital area by a certain a mount of funct ional or non-funct ional spacecraft that can l ead t o a compet it ion t o access t he or bital r esource. Th is congest ion issue would be analogous to t he 'l and compet it ion' mentioned in t he UNEP/SETAC Land Use framework [START_REF] Koellner | UNEP-SETAC guidel ine on gl obal land use impact assessment on biodiver sit y and ecosystem ser vices in LCA[END_REF]. Such concern involved mor e geopol it ical issues and r esource management t han convent ional envir onmental degradat ion. Wh ile near -Earth space is part icularly wide, attent ion should be pa id t o future trends in t er m of space traffic particularly for special regions of int er est . As a singl e cir cular or bit above t he equator (alt itude: 35 787km), t he geostat ionary r ing (GEO) encompasses a l imit ed number of or bital "sl ot s" t hat ar e availabl e according t o t he geogra phic l ongit udes of t he countr ies (IFRI, 2014). The Sun Synchronous Or bit s (SSO) ar e al so strat egical : wit h high incl inat ions (t ypically around 98°), t hey support the ma jor it y of Earth' s observat ion sat ell i t es t hanks t o t heir constant l ight ing condit ions [START_REF] Liou | An act ive debr is r emoval parametr ic st udy for LEO envir onment remediat ion[END_REF]. Finally, or bit s which ar e naturally compl iant wit h t he Space Debr is Mit igat ion (SDM) requir ement s (i.e. wit h an alt i t ude allowing a 25-year r e-entry wit hout any end-of -l ife management ) should al so be consider ed in t his scope as t hey could be target ed in pr ior i ty by futur e operators of very large groups of spacecraft call ed mega -const ellat ions. A pr el iminary attempt on t his occupat ion concern was pr esent ed by Col ombo et al . (2017a ) consider ing t he spat ial densit y of act ive sat ell i t es in f ixed orbital bins and t he space occupied by t he consider ed mission dur ing it s o perat ional and non-o perat ional phase (i.e. 'space occupied as a resource').

[8]

The impact pathways r elat ed t o t he or bital space use and t heir int egrat ion into t he AoP 'Nat ural Resources' ar e pr oposed in Figur e 2. They ar e based on a cause-effect cha in as recommended by [START_REF] Joll Iet | Final r eport of t he LCIA Def init ion study[END_REF] and consider or bital r esource as a f inal socio-economic asset [START_REF] Ver Ones | LCIA framework and cross-cutt ing issues guidance wit hin t he UNEP[END_REF] da maged by t he pr esence of space debr is (degradat ive use) or by the occupat ion of object s wit h l imit ed funct ional value (consumpt ive use). Bot h ar e seen as a stressor of t he or bital envir onment t hat could lead in a short t er m t o a pot ent ial orbital scarcity for futur e act ivities. This pa per focuses on orbital occupation, exposure to debris and severity in case of br eak-up for or bital syst ems as ment ioned in Figur e 2. The orbital resource competition descr ibes t hrough t he consumptive use pathway is out of t he scope. 

Definition of life cycle inventory variables

The impact pat hway starts wit h t he r esults of t he l ife cycl e inventory (LCI) st ep. The change in t he asset of r esource shall be evaluated wit h physical account ing. The use of space is depict ed t hrough t he orbital occupation (see Figur e 2). The latter corresponds t o t he or bital surface wit hdrawn by t he st udied object s mult ipl ied by t heir r espect ive on-or bit l ifet ime, [9] expr essed in m 2 •years (see Eq .1). In t he case of a spacecraft , t he wit hdrawn surface depends on it s design. 

Exposure factor (Outside-in perspective)

Space debr is is t he ma in stressor affect ing t he funct ional value of t he or bital r esource. The int eract ion bet ween t he pr esence of t his str essor in t he or bital envir onment and any other space object under study follows an 'outside-in' per spect ive. Th is concept was fir stly

[10] addr essed by Porter and Kra mer (2006) and further defined as t he pot ent ial impact of ext ernal envir onment on t he pr oduct syst em by Cimpr ich et al . (2017). In t his case, we can make a parallel wit h t he suppl y r isk of mineral r esources in t he frame of cr it ical ity assessment [START_REF] Achzet | How t o evaluat e raw mat er ial suppl y r isks-an overview[END_REF]Dr iel sma et al ., 2016bDr iel sma et al ., , 2016a ; ;[START_REF] Mancini | Charact erizat ion of raw mat er ial s based on suppl y r isk indicators for Europe[END_REF][START_REF] Schneider | The economic r esource scarcit y pot ent ial (ESP) for evaluat ing resource use based on life cycl e assessment[END_REF][START_REF] Sonder Egger | Mineral r esources in Life Cycl e Impact Assessment part I: a r eview[END_REF][START_REF] Sonnemann | Fr om a cr it ical review t o a concept ual framework for int egrat ing t he cr it ical it y of r esources int o Life Cycl e Sustainabil it y Assessment[END_REF].

The Ther efor e, we define t he exposure factor (#$ ) in Eq.2 as t he average fl ux of space debr is passing t hrough a target ed cir cular or bit i of t he LEO r egion for a per iod of one year . , 2007). All debr is which size is higher t han 1 cm are account ed for in t he po pulat ion and all t he sources for debr is (a part fr om 'mult i-layer [11] insulat ion and 'cl ouds'). The detail ed flux calculat ion met hod is pr ovided in Su pport ing

Infor mat ion ( §2. MASTER-2009: fl ux calculat ion).

We comput ed t he r elat ive flux of debr is for all orbit s in t he range of alt i tude [200; 2000 k m] wit h a 50 k m-int erval and t he range of incl inat ion [0;178°] wit h a 2° incl inat ion int erval . It l ed to t he charact er isat ion of 3330 or bit s, and consequently 3330 r uns of the MASTER-2009 pr ogram.

The pr oduct bet ween orbital occupat ion (Eq 1) and exposur e factors (Eq 2) g ives t he Eq .3.

The latter for mula can be used as a stand-alone r isk indicator compl ementary t o t he LCA results [START_REF] Sonnemann | Int egrat ed Life-Cycl e and Risk Assessment for Industr ial Pr ocesses and Pr oduct s[END_REF].

Wher e is t he mean number of coll ision occurring in a given or bit and dur ing a certain per iod.

Severity factor (Inside-out perspective)

The second el ement taking int o account t o charact er ise t he degradat ive use of space or bit s is the sever it y of a pot ent ial br eak-up in t he case of a coll ision bet ween a space object and a space debr is. It adopt s an inside-out per spect ive which focuses on t he contr ibut ion of t he pr oduct syst em t o t he stressor.

The contr ibut ion t o t he stressor we define follows t he a ppr oach devel oped by [START_REF] Krag | Space traffic management t hrough t he control of t he space envir onment 's ca pacit[END_REF]Krag et al . ( , 2017a ) ). Their model f ir st quant ifies t he number of debr is emit ted in t he or bital envir onment in case of catastrophic coll ision t hrough t he NASA Br eak-Up model pr esent ed in Eq .4 [START_REF] Johnson | NASA's new br eak-up model of EVOLVE 4.0[END_REF][START_REF] Kr Isko | Pr oper Impl ementat ion of t he 1998 NASA Br eakup Model[END_REF]. Th is number of debr is is der ived from NASA empir ical dataset : coll ision debr is obser vat ions from bot h on-or bit and ground-t est event s ar e = × ( -.

× % / ) (Eq .3)

[12] used. In t he frame of t he LCA fra mewor k, t he quant i t y of debr is r el eased only depends on t he mass of t he pr oduct syst em and so is consider ed in t he inventory phase.

Second, t he model quant ifies t he t emporal survivabil it y of t he cl oud in t he or bital envir onment wit h r espect to it s init ial alt itude of emission. It is based on the pr opagat ion of 10-c m debr is unt il t heir compl et e decay taking into account a t emporal cut -off r ul e of 200 year s. In t his way, t he t emporal fat e of t he cloud is charact er ised.

Number of fragments released into the orbital environment. The t er m 'Fragment s' is defined by t he IADC (2014) a s t he debr is coming exclusivel y fr om a br eak-up or a coll ision and is further used in t his pa per . In t he case of a catastrophic br eak-up (i.e. energy-t o-mass rat io > 40 J/g ), t he following equat ion (Eq .4) is consider ed:

0(1 2 ) = 0.1(5) 6.78 • 1 *+.7+ [fragment s] (Eq . 4)
Wher e N is t he number of r el eased fragment s of size Lc , in met er . The value M is defined as the mass in kg of all object s generat ed in a catastrophic coll ision. As a pr oxy, we use t he mass of t he st udied spacecraft as already done by Ansel mo and Par dini (2015). The calculat ion of N follows t wo assumpt ions:

i. Worst case scenario: we consider a syst emat ic catastrophic coll ision for all cases, i.e. t he spacecraft is destroyed after t he coll ision. It is not necessar il y t he case since debr is smaller than 10 c m may onl y pr ovoke t he mission t er minat ion whil e generat ing a l imit ed number of debr is. Usually, onl y debr is wit h a size around 10 c m or higher r eaches t he r equir ed energy (40 J/g ) t hat pr ovokes a catastrophic coll ision.

ii. Size of the debris released: we choose 10 c m as a l ower cut -off (i.e. Lc = 0.1 m) in or der to be in t he range of t he equat ion pr ovided by Kr ag et al . (2017a ). It means t hat only the generat ion of fragment s larger t han 10 c m is account ed for .

[13] Survivability of the debris over time. According t o [START_REF] Krag | Space traffic management t hrough t he control of t he space envir onment 's ca pacit[END_REF][START_REF] Krag | Space t raffic management t hrough t he control of t he space envir onment 's ca pacity[END_REF], t he per centage of fragment s > 10 c m r eleased at an alt i t ude h (km) and st ill on or bit aft er a given t ime t (yr s) follows t he Eq .5:

9( , ℎ) = ; * + <.=*6.8<8<> •&?6.666@7•& A % (Eq . 5)

Wher e 9 is t he per centage of fragment s (in %) st ill in or bit aft er a per iod (in year s) and h is the init ial alt i tude of r el ease (in km).

The cumulat ive r esidence t ime of debr is int o or bits is obtained by t he int egral of 9( , ℎ) over a given int erval of t ime. Her e, we choose t he following t ime int erval: [0:200] yr s. The pol ynomial part of t he Eq. 5 is lat er expr essed as ρ and can be consider ed as a constant in t he int egral which is onl y t ime-dependent . Thus, t he severity factor (D$ ) for a break-up occurr ing in a given or bit i, is given in Eq .6. It r epr esent s the cumulat ive survivabilit y of one fragment wit h r espect t o it s alt i t ude of emission expr essed in year s.

D$ , 66 E = F ; * G H = 66E 6 E I-K • L * M K N O PQR SOO PQR [year s]
(Eq . 6)

The calculat ion pr ocedur e for t he SFs is further detail ed in Su pport ing Infor mat ion ( §3.Cal culat ion of t he sever ity factor s (SFs)).

Midpoint characterisation model and impact score related to degradative use

Characterisation factors (CFs). Combining Eq .2 and Eq .6 we obtain t he CFs calculated for a given cir cular or bit i as the pr oduct of t he exposure factor and t he severity factor:

T$ = #$ D$
[pot ent ial fragment .year s] (Eq . 7)

The r esult is given in potential fragment years which r epr esent s t he cumulat ive t ime survivabil it y of a unique fragment in t he or bital envir onment aft er a pot ent ial br eak-up.

[14]

Appl ying t he Eq .7 t o a specific spacecraft (i.e. pr oduct syst em) which occupies one or bit i dur ing a per iod t in year s we obtained:

UD = • • V • (5) 0.75 • T$ [pot ent ial fragment s.year s] (Eq . 8)
Wher e UD is t he impact scor e of a space mission in one or bit expr essed in potential fragments years. is t he or bital occupat ion defined in Eq .1, whil e [V (5) 0.75 is t he number of debr is generated consider ing V = 0.1 • 1 *+.7+ = 5.13 if t he l ower size chosen is 10 cm. A space object crosses several or bit s dur ing it s 'post -launch l ifet ime'. In such case, t he impact scor e (IS) of t he spacecraft consider ing it s whol e l ifet ime in or bit is:

UD Z .( = • V • (5) 6.78 • • T$ .
(Eq . 9) bet ween l ess t han a decade for l owest or bit alt i tudes (<500 km) t o several centur ies for or bit s above 800 km. The latter Eo L scenar ios ar e depict ed in Figur e 3. The impact scor e is calculat ed according t o the Eq . 9 for each EoL scenar ios. To compar e t he t hr ee t heor et ical EoL scenar ios the following funct ional unit wer e chosen:

Applicative case study

"Complete a 10-year mission followed by its removal from the operational orbit (inc=98°, h=703 km) until its atmospheric re-entry (h=120 km)". Further detail s r elat ed t o t he calculat ion of t he t heor etical a mount of hydrazine, t he associat ed pr oduct syst em descr ipt ion and it s charact er isat ion in t er ms of envir onmental impact s ar e given in Su pport ing

Infor mat ion ( §4.Pr opellant consumpt ion). We consider t hat the combust ion of hydrazine occurr ing dur ing t he mission and PMD do not generat e emissions since t hey do not generate impact s in t he out er space. To get an over view of t he envir onmental impact we chose to pr esent cl imat e change impact r elat ed of pr opellant manufactur ing based on t he gr eenhouse gas quant ificat ion met hod pr oposed by t he Inter governmental Panel on Cl imat e Change (IPCC, 2007). In t his way, we can assess t he bur den shift ing bet ween t he pot ent ial generat ion of debr is r elat ed t o a mission and t he envir onmental impact r elat ed t o the manufactur ing hydrazine pr opellant .

Results

Characterisation factors for the LEO region

Compl et e r esult data ar e pr ovided in Su pport ing Infor mat ion (excel sheet § 5. [17] We obser ve an unequal distr ibut ion of t he fl ux according t o t he alt itude and t he incl inat ion. A stat ist ical range of 2 order s of magnit ude can be obser ved bet ween t he min imum and t he maximum values in LEO. Mor e pr ecisel y, t he 20% l argest values which cover the ma in ar eas of int er est for space activit ies, ar e seven t imes h igher t han t he 20% l owest . Some ar eas pr esent part icularly l ow values: it is t he case for t he r egions bel ow 450 k m wher e t he at mospher ic decay r emove t he debr is quickly and for t he band above 1800 km wher e very few space act ivit ies take place. In general , t he orbit s wit h an or bital plan incl inat ion above 120° and bel ow 50° encount er a l ower flux of space debr is t han t he r est of or bit s. This is ma inl y due t o a mor e l imit ed pot ent ial vel ocit y of coll ision t han for highly incl ined or bit : t he compl et e ma p of t he most pr obabl e vel ocit y of coll ision is ava ilabl e in Su pport ing

Infor mat ion ( §2.MASTER-2009: fl ux calculat ion).

[18]

The ). The sever it y factor incr eases wit h t he alt itude because t he survivabil ity t ime of a fragment al so incr eases wit h t he alt i tude. This is because the debr is decays naturally wit h t he at mospher ic drag at l ow alt i tude.

The incl inat ion of t he or bital plane does not influence t he value of t he SFs. [20] The var iat ion of t he CFs r esults is ma inl y influenced by t he fl ux of debr is alr eady pr esent ed above in Figur e 4. To a lesser ext ent , t he t emporal survivabil it y of a fragment in the or bital envir onment which depends on it s alt i tude of emission contr ibut es t o t he global impact . It is highl ight ed by t he values ar ound 900 km and for t he band at 1450 km t hat wer e l ess not iceabl e for t he exposure factor s.

Results for a given space mission

Impact scores for degradative use. Figure 7-a shows t he potent ial number of fragments years generat ed by each EoL scenar ios. We obser ve t hat the impact is four t imes higher when no Eo L management is per for med (i. 7-c and expr essed in metr ic t onnes of car bon dioxide equival ent (t .CO 2 eq .).

[22] The necessit y of r emoving t he spacecraft aft er the compl et ion of t he mission is mor e and mor e r equir ed by t he internat ional guidel ines, part icularly in Eur ope wit h t he Fr ench Space Act [START_REF] Legifrance | Arr êt é du 31 mar s 2011 r elat if à l a r égl ementat ion t echnique en a ppl icat ion du d écr et n° 2009-643 du 9 juin 2009 r elat if aux autor isat ions dél ivr ées en a ppl icat ion de la l oi[END_REF]. Thus, it is not a suitabl e opt ion t o disr egard the post -mission disposal (i.e. t he case of no disposal management) as it could l ead t o a sever e impact on t he or bital envir onment . However , t he r esults show t hat a substant ial a mount of pr opellant is needed t o per for m a disposal manoeuvr e. Ther efor e, t he trade-off bet ween t he mit igation of space debr is related impact and t he incr ease of pr opellant budget for PMD shall be taken into account when eco-designing a space mission.

Discussions

The met hod for t he cr eat ion of t he mid point indicator r elat ed t o t he degradative use of t he or bital r esource caused by t he pot ent ial r el ease of space debr is was evaluated against the specific cr it er ia for mid point impact s defined in t he ILCD handbook (European commission-

[23] JRC, 2010). These guidel ines pr ovided in t his handbook wer e used t o structur e t he compar ison bet ween our met hod and ot her a ppr oaches.

Completeness of the scope

The pa per pr esent s a set of CFs addr essing t he impact of a space mission on t he or bital envir onment . These CFs enabl e t he aggr egat ion of all LCI r epr esent ing or bital space occupat ion in t he LEO r egion.

On t he one hand, it ca ptur es t he geographical var iabil it y of t he impact : the LEO r egion is spat ially discr et ised t hrough 3330 cir cular or bit s. In or der t o compl et e t he geographical scope of t he study, addit ional CFs could be calculat ed for ot her near -Earth r egions: t he Medium Earth Or bit (MEO) which support s ma inl y t he navigat ion sat ell i t es (GPS services) and for the GEO r egion. Recent studies focusing on t he flux of debr is cr ossing t he GEO r egion [START_REF] Dongfang | GEO space debr is envir onment det er minat ion in[END_REF][START_REF] Oltrogge | A compr ehensive assessment of coll ision l ikel ihood in Geosynchronous Earth Or bit[END_REF], combined wit h r ecent anomalous event s (NASA, 2018), suggest that t he t hr eat could be great er than it has been assumed unt il now. In a short -t er m, t he space debr is pr essur e int o MEO r egion seems nonet heless l ess important [START_REF] Johnson | Medium Earth Or bit s: is t here a need for a t hird pr otect ed r egion ?[END_REF]. Mor eover , t he eccentr icit y paramet er should be consider ed in t he charact er isat ion model to int egrat e non-cir cular or bit s. In t his way, Geo Transfer Or bit s (GTO) su pport ing an important shar e of t he or bit ing u pper stages could be cover ed. A pr el iminary r esult in t his dir ect ion is pr esent ed in [START_REF] Chanoine | Design indicator for space debr is[END_REF].

On t he other hand, t he t ime var iabil ity is taken into account since t he fl ux of debr is is comput ed for t he next 35 year s in a Business a s Usual per spect ive which is t he most conser vat ive a ppr oach relat ed t o futur e populat ion scenar ios. Deal ing wit h t he sever i ty, t he cumulat ive t emporal fat e is charact er ised over a 200-year per iod.

Thanks t o t his character isat ion model , t he exposur e and pot ent ial r el ease of debr is of every singl e object can be calculat ed consider ing a systemat ic catastrophic coll ision. The midpoint [24] impact indicator allows t he compar ison wit h exist ing or futur e or bital object s (dead or funct ional spacecraft , r ocket bodies or mission-related object s) as l ong as t he funct ional unit chosen t o make t he compar ison and t he per imet er of t he pr oduct syst ems under compar ison are fully compat ibl e.

Environmental relevance

We consider t hat the full impact pat hway (Figure 2) is r el evant r egarding t he definit ion of natural r esources and impact s caused by t heir use which ar e currently r ecommended by t he LCA communit y [START_REF] Ber Ger | Mineral r esources in Life Cycl e Impact Assessment -Recommendat ions on a ppl icabil it y of current methods and futur e devel opment needs[END_REF][START_REF] Sonder Egger | Mineral r esources in Life Cycl e Impact Assessment part I: a r eview[END_REF][START_REF] Sonder Egger | Towards har monizing natural r esources as an ar ea of pr ot ect ion in Life Cycl e Impact Assessment[END_REF]Verones et al ., 2017).

The pr oposed impact modell ing incor porat es a combinat ion of l ife-cycl e and r isk assessment met hods. It involves a compl et e int egrat ion of both in t he LCIA fra mework inst ead of mer ely combining t heir r esult s in a compl ementary use [START_REF] Harder | Review of Envir onmental Assessment Case St udies Bl ending El ement s of Risk Assessment and Life Cycl e Assessment[END_REF][START_REF] Sonnemann | Int egrat ed Life-Cycl e and Risk Assessment for Industr ial Pr ocesses and Pr oduct s[END_REF][START_REF] Tsang | Evaluat ing nanot echnology opportunit ies and r isks t hrough int egrat ion of l ife-cycl e and r isk assessment[END_REF] Bot h outside-in and inside-out per spect ives ar e pr oposed since we assessed t he XFs and t he SFs of a given object . The consequences of a pot ent ial catastrophic br eak-up ar e calculated in a worst case a ppr oach consider ing a catastrophic coll ision. In a next st ep, non-catastrophic and catastrophic coll ision should be differ ent iat ed following t he r elat ionships given by Kr isko, (2011). In t his way, t he fl ux of debris encount er ed by t he sat ell it es could be differ ent iat ed bet ween (i) l et hal non-trackabl e debr is over 1 c m t hat may pr ovoke missionter minat ing event s but a l imit ed r el ease of debr is; (ii) debr is over 10 cm, t hat r eaches an sufficient energy-t o-mass rat io l eading t o a catastrophic coll ision associated wit h t he r el ease of a large cl oud of debr is. Regarding t he t hr eat caused by debr is over 10 c m, it can be mit igat ed t hanks t o coll ision avoidance manoeuver s t hat ar e not included in t he scope of our study. Indeed, t he indicator r epr esent s only pot ential exposur e t o debr is and it s consequences for t he or bital envir onment in t he wor st case, i.e. wit hout any addit ional intervent ion from t he operators dur ing t he use phase.

[25]

The pot ent ial debr is emitt ed could l ead t o an addit ional cascading coll ision wit h other spacecraft or bit ing in t he surrounding ar eas which would further r educe t he availabil ity of 'safe space'. Deal ing wit h t he modell ing of t he debr is cl oud's behaviour , we pr oposed a pr oxy based on work pr esent ed by Krag et al . (2017a). The fat e of t he debr is cl oud is only appr oached t hrough t he t emporal dimension but not according t o it s geographical distr ibut ion.

Mor e compl et e a ppr oaches based on a densit y model of t he cloud should be consider ed in a further devel opment to fully character ised t he cloud at any point in space and t ime [START_REF] Fr Ey | Int er polat ion and Int egrat ion of Phase Space Densit y for Est imat ion of Fragmentat ion Cl oud Distr ibut ion[END_REF], 2017, Let izia et al ., 2017, 2016[START_REF] Sa Int -Amand | Eco-Space Pr oject -Envir onmental Impact of new t echnologies[END_REF].

At t he endpoint l evel , 'futur e effort s' met hods based on cost ext ernal it ies ar e seen t oday as a pr omising a ppr oach for mineral r esource use (Berger et al ., 2019;Sonderegger et al ., 2019).

Consider ing t he or bital resource, t he ext ernal it ies could be evaluat ed through t he loss of welfar e and/or economic value caused by r estr icted access t o t his r esource. Neverthel ess, it seems compl icat ed t o establ ish t he valuat ion of the or bital r esource in it self: or bital use is ver y dist inct from tradit ional r esource use and cannot be est imat ed using a mar ket pr ice as it is t he case for t he trade of mineral r esources for exa mpl e. Adopt ing a fully anthropocentr ic point of view, t he act ive sat ell it es support ed by t he or bital r esource could be consider ed as t he only economic asset in t he Near -Earth space. In this way, t he Total Economic Val ue (TEV) pr ovided by act ive sat ell i t es seems t he most a ppr opr iat e valuat ion of t he or bital r esource (Est eve, 2017). In case of a br eak-up, pot ent ial damages on ot her act ive sat ell i t es will affect the downstream suppl y chain of ser vices dir ectly. This negat ive socio -economic ext ernal i ty should be evaluat ed focusing on t he pot ent ial l oss of value for the society. 

Scientific robustness

The r obust ness of t he model developed in t his pa per can be assessed t hrough (i.) it s compar ison t o pr evious model s and indicator s devel oped wit hin t he space debr is scient ific communit y and (ii.) t he compar ison of t he r esult obtained for the case st udy.

i. The or iginal r esearches pr oposed in t he fiel d of aerospace engineer ing by Ansel mo and Pardini (2017Pardini ( , 2015)); [START_REF] Pardini | Evaluat ing t he envir onmental cr it ical i t y of massive object s in LEO for debr is mit igat ion and r emediat ion[END_REF], and going further by Let izia et al ., (2018,2017,2016) ar e part icularly int er est ing to confir m and str engthen our a ppr oach based on t he LCIA framework. These pr evious invest igat ions, as well as the exposure we pr opose in Eq .3, ar e based on t he law of kinet ic gas t heory as pr esent ed in Kl inkrad et al ., (2006a ) and given by t he Eq . 10.

= \ • ] • • ∆ 9 = 1 -exp(-)
(Eq .10) (Eq . 11)

[27]

T = 9 • U (Eq . 12)
wher e b is t he mean number of coll ision encounter ed by an object of coll ision crosssect ion , moving t hrough a stat ionary medium of unifor m part icl e densit y ] , at a constant vel ocit y \, dur ing a pr opagat ion t ime interval ∆ . Eq .3 pr oposed above st ems from t his for mula . According t o Eq .10, 9 is t he impact pr obabil ity which follows a

Poisson distr ibut ion. All the indexes ment ioned above follow t he cr i t ical ity-based relat ionship (Eq .12) descr ibes by [START_REF] Kebschull | Der iving a pr ior ity l ist based on the envir onmental cr it ical ity[END_REF] 

Uncertainty

[29]

The uncertaint ies of t he charact er isat ion model come f ir stly from t he MASTER-2009 model . 

Documentation, transparency and reproducibility

The XFs calculat ion der ives fr om t he MASTER-2009 model (Technische Univer sit ät Br aunschweig , 2014a , 2011) which is curr ently the ESA's r efer ence model , fr eel y ava ilabl e

[30] and widel y accept ed by t he int ernat ional communit y (IADC, 2013;[START_REF] Kr Isko | ORDEM 3.0 and MASTER-2009 model ed debr is po pulat ion compar ison[END_REF]. The

SFs ar e based on t he a pproach publ icly pr esent ed by [START_REF] Krag | Space traffic management t hrough t he control of t he space envir onment 's ca pacit[END_REF]Krag et al . ( , 2017a ) ). 

Applicability

Th is met hodology is ma inly target ed t o LCA pract i t ioner s st udying t he envir onmental impact of space syst ems. The a ppl icabil it y of t he given CFs has been demonstrat ed t hrough a theor et ical case st udy compar ing several Eo L scenar ios.

In a br oader LCA per spect ive, t he incl usion of pot ent ial avoided impacts deal ing wit h t he orbital space use cat egory could be envisaged in the frame of t he in-or bit ser vicing and act ive debr is r emoval (ADR) pr ovided by a 'space t ug'. The r emoval of target ed object s with pot ent ial 'high impact ' would give an environmental benefit comput ed t hrough a 'negat ive impact ' scor e. We can make t he parallel wit h recycl ing pr ocesses in LCA t hat contr ibut e negat ively (in t er m of impact s) t o t he whol e envir onmental pr ofil e of the pr oduct syst em under study.

[31]

Conclusion and outlook

In t his pa per , we pr opose a set of CFs a iming at character ising t he exposur e of a space mission t o space debr is (outside-in approach) and t he t emporal fat e of t he pot ent ial fragment cloud r el eased in case of a catastrophic coll ision (inside-out approach). The ent ir e LEO region is character ised t hrough cir cular or bit s. Theses CFs allow cover ing the post -launch l ife cycl e phases occurr ing in or bit s, r esult ing in t he assessment of space missions' pot ent ial impact on t he or bital envir onment . Ther efor e, t he pr esent wor k ext ends t he scope of t he LCA studies for compl et e space missions. In a further st ep, t he model could be ext ended to cover other or bital r egions t han t he cir cular LEO. Al so, t he charact er isat ion r egarding t he fat e of t he cloud could be r efined taking into account t he densit y distr ibut ion of t he cloud over t ime.

Br oadening t he scope, t his impact cat egory can al so be used in t he LCA of pr oduct s and services t hat need spat ial act ivit y in t heir suppl y cha in: t el ecommunicat ions, earth observat ion, etc. The current l imit t o such an a ppl icat ion is t he int egrat ion of sat ell i t es' l ife cycl e wit hin t hese pr oduct syst ems. In t his way, t he impact on t he or bital envir onment caused by an end-user act ivit y on Earth could be det ermined. Go ing further , the a mount of data generat ed by differ ent space act ivit ies could be compar ed r egarding t he or bital r esource int ensit y r equir ed for each act ivit y. An absolute envir onmental sustainabil ity assessment [START_REF] Bjør N | A Fra mework for Devel opment and Communicat ion of Absolute Envir onmental Sustainabil it y Assessment Met hods[END_REF] based on t he physical ca pacity of t he out er space seems curr ently difficult to r each. Neverthel ess, a distance-t o-target appr oach allowing normal isat ion of each contr ibut ion as pr oposed by Kr ag et al . (2017a ) and based on int ernat ional pol it ical consensus could be a r el evant opt ion.

Figure 1 -

 1 Figure 1 -Several well-known environmental stressors are presented on the left. 1950 is highlighted as the reference year. Space activities are more recent but the trend adopts the same exponential curve than for conventional environmental deterioration. (Freely adapted from Steffen et al., 2015 and ESA Space Debris Office, 2018).

Figure 2 -

 2 Figure 2 -Impact pathways proposal -only degradative use is further addressed

Figure 3 -

 3 Figure 3 -Semi-major axis of the spacecraft during the operational time of the mission and its Post-Mission Disposal. The average cross-section area is similar to Sentinel-1A and was estimated at 23 m 2 according to ESA DISCOS database (ESA's Space Debris Office, n.d.)

Figure 4 -

 4 Figure 4 -XFs: Average relative flux of debris [#•m -2 •yr -1 ] vs Altitude [km] and Inclination [deg] -Time range (yr) [2018-2053] -size (m) [0.01-100] -MASTER-2009 Model, Business as Usual perspective. Calculations are made for each of the 3330 discretised circular orbits

Figure 5 -

 5 Figure 5 -SFs: Cumulative survivability (in years) of debris in the LEO environment according to its altitude of release and considering a 200 years prospective scenario.

Figure 6 -

 6 Figure 6 -Potential fragment year generated as a midpoint characterisation model for the degradative use of the orbital resource. Calculations are made for each of the 3330 discretised circular orbits.

Figure 7 -

 7 Figure 7 -Sentinel-1A impacts related to degradative use midpoint (a) against the theoretical mass of hydrazine consumed to complete the mission (b) and the associated climate change of hydrazine manufactured and fuelled into the S/C (c).

  

  However , t he a mount of embedded pr opellant r eaches 154 kg of hydrazine and can cover an ext ended t imespan, ensur ing on-or bit operat ion for 12 year s[START_REF] Panett I | Co per nicus Sent inel -1 Sat ell it e and C-SAR instrument[END_REF]. According to t his data , we assume an operat ional l ifet ime of 10 year s (i.e. use phase). he mission and t he chosen PMD scenar ios and t hen add t hem. The pr ocedur e is detail ed in Su pport ing Infor mat ion ( §4.Pr opellant consumpt ion).

	needed for t
	Mission
	duration:
	10 yrs
	EoL duration: 25 yrs
	EoL duration: 53 yrs
	Propellant consumption. A simpl ified st udy addr essing t he pot ent ial 'bur den shift ing'
	bet ween or bital and environmental impact s r elat ed t o Eo L management is pr oposed. The goal
	is t o analyse t he envir onmental impact of t he addit ional Hydrazine budget allocat ed for the
	[16]

The launch mass of t he spacecraft equals t o 2157 kg and it s average cr oss-sect ional ar ea is 23 m 2 . Wit h t he consider ed drag model for t he or bit pr opagat ion, t he nominal operat ional l ifet ime for Sent inel -1A is expected for 7,5 years.

disposal manoeuvr e (deorbiting or reorbiting) aga inst t he impact score obtained for each mission pr ofil e (see Figur e 4). We pr opose t o calculate a t heor et ical a mount of pr opellant

  Co mpl et e set of exposur e, sever it y and charact er isat ion factors (CFs)). It gives t he values of t he XF i , SF i , and CF i which charact er ise t he degradative use of t he or bital r esource at t he midpoint l evel .

	Exposure factors. Figure 4 shows t he ma pping of t he exposur e factor s (i.e. the outside-in
	per spect ive) cover ing t he LEO r egion from 200 t o 2000 k m wit h 2°×50 k m int erval bins

obtained from MASTER-2009 model (Technische Un iver sit ät Braunschweig, 2011).

  highest flux of debris crossed t he alt i tude band from 750 t o 950 km wher e t he spat ial densit y above 1-c m size is t he most important and distr ibut ed bet ween expl osion fragment s, coll ision fragment s, Sodiu m-potassium coolant dropl et s, sol id r ocket motor slag and t o a Severity factors. Figur e 5 shows t he ma pping of the sever it y factors for t he LEO r egion (i.e. the inside-out per spect ive) according t o Equat ion 6. The calculat ion of t hese SFs is detail ed in Su pport ing Infor mat ion ( §3.Cal culat ion of t he sever it y factors (SFs)

	lesser ext ent launch and mission-r elat ed objects (IAA, 2017). Pa st event s, part icularly
	Fegyun-1C destruct ion and Cosmos-Ir idium coll ision ar e t he ma in contr ibutor s (Anz-Meador ,
	2016) even t hough a narrow or bital decay occur s.
	In general , t he highl y incl ined or bit s, part icularly incl inat ion bins ar ound 82° and 108°,
	pr esent t he most important flux. This is t he r esult of past br eakups in near -polar and SSO
	rocket body br eakups, part icularly in 1991 and 99 (Anz-Meador , 2016; Or bital Debr is
	Pr ogram Office, 2004). Even if a few number s of coll isions will occur t her e in t he next
	decades, t he generat ed fragment s will stay wit hin t he r egion for centur ies due t o t he absence
	of a sink effect r elated t o t he at mospher ic drag. Because several mega -const ellat ions of
	sat ell it es ar e expect ed within t he or bital band around 1400 km (Henr y, 2018), it could l ead t o
	a substant ial addit ional hazard in t he future.
	[19]

or bit s wher e t he fl ight pat h of t he debr is is parallel t o t he small cir cle of lat itude at the northernmost and southernmost part s of an or bit leading t o a higher r esidence pr obabil ity at high incl inat ion. The out put s fr om t he MASTER-2009 model indicat e an average impact vel ocit y around 12 km/s bet ween a spacecraft and t he fl ux of debr is crossing t he r egion encompassing or bit s around 98° wit hin t he 750-950 k m band. However , in t he latter ar ea , t he most pr obabl e r elat ive vel ocit y is higher t han t he average and r eaches 14.5 k m/s contr ibut ing to a higher value of t he flux (see Su pport ing Informat ion).

Another r egion of int erest is ar ound 1500 k m wher e expl osion fragment s ar e t he ma in stressor s (Technische Univer sit ät Braunschweig , 2011). It comes fr om past br eak-up event s part icularly, t he t hr ee Delta second stage br eakups in 1973,74 and 77, and ot her Cosmos

  -year per iod. Al so, the t heor et ical consumpt ion according t o t he PMD scenar ios was calculated. The r esults are pr esent ed in Su pport ing Infor mat ion ( §4. Pr opellant consumpt ion) and in Figur e 7-b.These pr opellant consumpt ions can be used as a pr oxy for t he envir onmental impact . We chose t o highl ight this impact caused by t he addit ional manufactur ed hydrazine t hrough a mono-cr it er ia assessment r epr esent ing onl y t he impact on t he cl imat e change, expr essed in mass of car bon dioxide equival ent . The r esult shows t hat 1 kg of Hydrazine at 99% grade causes about 59.3 kg CO 2 eq . t aking into account all t he manufactur ing and handl ing operat ions unt il t he final fuell ing befor e the launch (see Su pport ing Infor mat ion, §4.Pr opellant consumpt ion). The emissions of chemical s r esult ing from t he fuel bur ning in t he

	e. 53-year EoL durat ion) t han in t he case of
	dir ect deor bit ing for which t he contr ibut ion of t he Eo L impact corr esponds t o zer o. The 25-
	year PMD is an int er mediat e case r educing t he impact by a factor 2.4 compar ed wit h t he 'no
	PMD management ' o pt ion.

Hydrazine consumption and associated environmental impacts. The t heor et ical use of fuel for a 10-year mission was calculat ed based on t he init ial 154 kg of hydrazine fuell ed t o cover [21] a 12out er space ar e not consider ed. The t otal impact on cl imat e change relat ed t o the mass hydrazine consumed (Figur e 7-b) for t he o perat ing phase and t he EoL is pr esent ed in Figur e

  To t hat ext ent , a pr el iminary stat ist ical study(Maynard et al ., 2018) was pr oposed t o comput e t he actual ised value of pot ent ial negative ext ernal i t y caused by debr is. It is based on t he 'use value' generat ed for end user s by each act ive sat ell it e in or bit according t o it s specif icat ions, e.g. type of mission, sat ell i t e posit ion, embedded scient ific instrument s, etc.Besides, a further invest igat ion is needed t o evaluat e t he r eserve size and t he r egenerat ion rate of t he or bital asset . The carrying ca pacit y of t he orbital envir onment is a r elevant paramet er to do so. According t o Bjorn and Hauschil d (2015), t he carrying ca pacity is defined as t he maximum sustained envir onmental int ervent ion a natural syst em can wit hstand wit hout exper iencing negat ive changes in structur e or funct ioning t hat ar e difficult or impossibl e to revert . The r ecent work pr oposed by[START_REF] Krag | Space traffic management t hrough t he control of t he space envir onment 's ca pacit[END_REF]Krag et al . ( , 2017a ) assumes a carrying ca pacit y deal ing wit h t he pot ent ial debr is cr eat ion int o of the space envir onment . A distance-to-target appr oach could be based on t he space envir onment 's ca pacit y est imat ed via t he adher ence level t o space debr is mit igat ion guidel ines, ma inly t he success rat e of disposal . It would allow compar ing t hrough a nor mal ised use-t o-availabilit y rat io t he contr ibut ion of each pr oduct syst em under st udy. Al so, a physical t hr eshold or boundary could be established based on t his appr oach, beyond which the or bital envir onment will face an instabil it y or a r unaway pr ocess, known as t he Kessl er syndrome (Kessl er[START_REF] Johnson | Medium Earth Or bit s: is t here a need for a t hird pr otect ed r egion ?[END_REF].

	[26]

  wher e t he cr it ical i ty of an event i is addr essed as t he pr oduct of t he likelihood 9 by t he U. It is al so t he case of our pr oposal (Eq .9) which is similar t o t he for mula obtained by Kr ag et al . (2017a ) even if in our case a cl ear dist inct ion is introduced bet ween inventory paramet er s (area, mass, and in-orbit lifetime) and t he CFs which ar e composed by t he XFs and SFs. ing and it s evolut ion over t ime as a cl oud into t he or bit s (i.e. severity aspect ). Fr om our part , we only used t he numer ical a ppr oach proposed by t he MASTER-2009 soft war e to obtain a ma p of t he var iat ions of t he fl ux mult ipl ied by t he t ime-r elat ed survivabil ity of the pot ent ial cl oud generated (Figur e 6). Even if t he physical meaning is differ ent , t he MASTER-2009 model gives comparabl e r esults in bot h cases: t he comput ed ma ps highl ight t he sa me or bital ar eas. The most cr it ical or bit s ar e differ ent iat ed in t he sa me way showing t he scarcity l evel of 'safe space' in t he LEO r egion. ii. Consider ing our case study, t he r esult s of t he impact scor e (IS) ar e in l ine wit h t hose pr esent ed by Col ombo et al . (2017b). The t wo 'debr is indicators' ar e differ ent but in t he part icular case of Sent inel -1A, we found t hat t he r at io bet ween t he scor es obtained from one post -mission disposal scenar io t o another is in close agr eement . Al so, we calculated It showed a cumulat ive pr obabil ity of 3.2% l oss of mission over the 7,5 year l ifet ime of Sent inel -1 (Bonnal et al ., 2013). Bot h values seem coher ent because in our case, t he impact of t he coll ision is not differ ent iat ed according t o t he locat ion on t he sha pe: t he average geometr ic cross-sect ion of t he S/C is chosen which maximises t he exposur e. Al so, our model over estimat es t he fl ux of debr is compar ed with the one used in t his specif ic st udy. Indeed, we calculated a yearly fl ux averaged on t he next 35 yr s in a Business as Usual per spect ive.

	The sever it y aspect is character ised by Ansel mo and Par dini (2015) t hrough t he concept
	of coll isional debr is cloud decay of 50% of t he fragment s (CDCD50) comput ed as a
	funct ion of t he br eakup alt i tude and an average solar act ivit y based on past catastrophic
	event s (Par dini and Ansel mo, 2014). Thus, t he long-t er m sever ity is expr essed wit h a
	t ime-r elat ed paramet er which is closed t o t he per centage of t he r ema ining fragment s in
	or bit aft er t he br eak-up given by Krag et al. (2017a ) and used in our a ppr oach.
	Neverthel ess, whil e Ansel mo and Pardini (2015) al so consider t he interact ion of t he
	result ing cl oud of fragment s wit h t he pr e-exist ing debr is distr ibut ion t hrough a dedicat ed
	factor , we ignor e t he associat ed feedback effect s wit h t he r est of t he environment .
	Mor eover , Let izia et al ., (2018) publ ished an index r ecently using t he MASTER-2009
	model . Based on a semi-analyt ical met hod, t he MASTER software was used t o det er mine
	the distr ibut ion of t he space debr is densit y and t he most l ikel y impact velocity for

differ ent cir cular or bital regimes. Their work focuses on t he charact er isation of t he LEO or bit s r egarding t he consequence of a pot ent ial br eak-up in t er m of debr is density

[28] 

modell the pr obabil ity of coll ision combining Eq .3 and Eq .11: t he c paramet er dur ing t he operat ional phase corresponds t o an average of 6,41E-3 debr is per year . Assuming a minimum of 7,5 year s as nominal l ifet ime, t he cumulat ive pr obabil ity of coll ision Pi reaches 4,7%. Pr evious analysis on short -t er m coll ision r isk was l ed in a very detai l ed manner by t he Sent inel -1A's designer , subdividing all funct ions wit hin a general fault tree and analysing t he effects of impact s on each crit ical el ement of t he satell it e t hrough a compl et e physical model.

  Regarding t he part icl es sizes, t he MASTER-2009 model has been val idat ed for t he 1cm po pulat ion in LEO based on obser vat ion data , which ensur es an accurate r epr esentat ion of t he real i ty[START_REF] Hor St Mann | Sur vey of t he Curr ent Act ivit ies in t he Fiel d of Model ing t he Space Debr is Envir onment at TU Br aunschweig[END_REF][START_REF] Hor St Mann | A val idat ion met hod of ESA's MASTER 1c m po pulat ion in Low Earth Or bit[END_REF]. Ther efor e, t he t hr eshold of 1 cm was chosen t o cover most of t he debr is sources, part icularly sol id r ocket mot or slag and sodium-potassium dropl et s which r epr esent t oget her a shar e of around 10% in t he overall populat ion of debr is larger than 1cm.The modell ing of futur e debr is evolut ion is al so one of t he ma in sources of uncertainty. Mont e Carlo r uns wer e perfor med by t he MASTER model 's designer s fr om t he 2009-r efer ence year up t o 2060 t o t he analyse t he uncertainty l inked t o t he futur e populat ion gr owth in t he Finally, t he drag model used for comput ing t he orbit l ong t er m evolut ion as well as t he decay of t he fragment cl oud faces significant uncertainties. Indeed it is known t hat t he modell ing of the at mospher e densit y contains uncertainty due t o our poor knowl edge of t he solar act ivit y and t he spacecraft att i tude and drag coefficient dur ing r e-entry.

Business-as-Usual scenar ios (Technische Univer sit ät

Braunschweig, 2011)

. The ma jor sources of uncertainty come fr om t he futur e number of coll isions which ra ise 14.7 event s along t he per iod wit h a standard deviat ion of 4.5 and t o a l esser extent t he number of expl osion wit h a standard deviat ion of 0.4 for a mean value of 5.6 event s. The ot her sources of debr is face l ower standard var iat ion.

Another uncertainty is associat ed wit h t he discret isat ion of t he LEO r egion following t he or bital coordinat es. Due t o t he or bital bin definit ion, t he or bit crossed by t he calculated flux of debr is is given wit h an accuracy of ±5km for t he alt i tude and ±1° for t he incl inat ion.

  The values of t he CFs su pport ing t he st udy are openl y availabl e t hrough t he datasheet pr ovided in t he Su pporting infor mat ion (see § 5.Co mpl et e set of exposur e, sever ity and charact er isat ion factor s (CFs)). Al so, t he whole CFs can be r ecalculated t hanks t o t he MASTER soft war e and t he equat ions detail ed a bove ensur ing t he r epr oducibil ity of t he results.Regarding t he case st udy, t he or bit trajector ies wer e det er mined wit h Pl anODyn model[START_REF] Col Ombo | Planetary Or bital Dyna mics (Pl anODyn) suit e for l ong t er m pr opagat ion in pertubed envir onment[END_REF]. Th is or bit pr opagator is an int ernal t ool of t he Pol itecnico Di Mil ano Aer ospace Science and Technology which will be publ icly ava ilabl e onl ine in t he near futur e.It should be not ed t hat other semi-analyt ic or bit pr opagators as STELA soft war e (CNES, 2017) or t he OSCAR t ool of t he ESA-DRAMA suit e (Technische Un iver sit ät Braunschweig, 2014b) ar e publ icly availabl e.

Acknowledgements

[32]

The author s acknowl edge t he support of t he Fr ench Nat ional Associat ion for Technical Research (CIFRE Convent ion 2015/1269). This r esearch is cofounded by t he R&T depart ment of t he Ar ianeGr oup in t he frame of t he Eco-space pr oject . We al so acknowl edge t he pr oject COMPASS "Control for Or bit Manoeuver ing t hrough Pertur bat ions for Appl icat ion t o Space Syst ems (Gr ant agr eement No 679086) funded by t he Eur opean Research Council (ERC) under t he European Union Hor izon 2020 r esearch and innovat ion pr ogramme.

Finally, we t hank t he anonymous r eviewer s t hat pr ovided valuabl e comment s and hel pful suggest ions t o impr ove t he manuscr ipt .

[33]

-Mission Disposal -Eo L, End-of-Life -LEO, Low Earth Or bit s -S/C, spacecraft -ESA,