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ABSTRACT

There is consensus that the future evolution of the space
debris environment in the LEO (Low Earth Orbit)
regime is not stable and that active debris removal
(ADR) is necessry to control the growth rate. First
ADR misson designs ae being intensively disaussed
and significant effort is put into the identification of
suitable removal candidate objects.

In this paper we andyze the effed of ADR on the long
term evolution of the space debris environment in LEO
in dfferent scenarios using ESA’s Debris Environment
Long Term Anaysis (DELTA) modd (with variations
on the implementation of the mitigation measures, on
the traffic models and evolution, on the removal
selecion criteria ard on the Dlar flux). For ead of the
scerarios we cerive alist of cardidates based on the
objeds involved in catastrophic collisions. A combined
list is then creaed with the djecs which appear
repeaedy in the dfferert scenarios. Findly, this list is
used as input for ADR simulations and the effediveness
of the removal is evaluated in terms of number of
objeds reduced and number of collisions avoided.

1 INTRODUCTION

The rumber of human made djeck in space las
uncergore a stead/ incresse snce the beginning of
spacdlight. The fea that the future environment growth
might be dominated by collisions rather than by
launches ard explosions, wasexpressed alread/ decacks
ago. In respong to this, the IADC (Inter-Agency Space
Debris Coordination Committee) formulated a set of
mitigation requirements that were issued in 2002 [1].
Thes requirements aimed at a imitaton of the gowth
rate rather than at a reduction of the object popuation
below the curent numbers. Thee IADC guidelines
recanmend the acecaft to perform cdlision
awidarce manewers while operatonal, ard to be
passivated and perform a re-orbit or de-orbit maneuver
in order to beousidefrom the LEO proteded regionsin
less than 25 yeass atthe erd of their operationd lif e.

As shown in recent sudies done with different
environment prediction tools from various agendes
(NASA, ESA, ..)) [2, 3,4, 11]], the current environment
will grow, even in the case of no further misdon
depoymens (i.e. a “no further releag <emrio”), ascan
be enin Fig. 1.
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Figure 1. (top) Future evolution of the number of
objects in LEO in a Business as Usual (BAU) scenario,
in a no-further-release scenario andi n a P artial
Mitigation scenario with 90% accomplishment of
mitigation measures. (bottom) Focus on the two last
scenarios.

In Fig. 1 we also observe theenvironmental evolutionin
a seranio where 9% of the new object launched in
space follow the |IADC mitigation guidelines, which
corfirms that even in an optimistic level of adopion of
the mitigation guidelines a linea growth is to be
expeced Howewer, the camparison with the BAU
scenaio, where the growth is exponential, shows the
necessty and urgeny of applying the mitigation
guidelines for dl the future launches. The growth in dl
the scenarios is mainly due to collisions caused by
fragments generated by other collisions (so-caled
feedack cdlisions). This observed instability indicates
that the existing and currently proposed mitigation



meagires are ot sufficient to stop the increag o the
collision rate, even when they are strictly implemented.
It has to be noted that &l the models have to predict the
future, with the asociated uncettaintiesthat this proces
introduces.

To dahlize te ervironment, the idea d acively
removing object from space fas beenraised Active
debris removal (ADR) implies missions with the
camhility to interact with passve gacecaft or rocket
bodies in orde to reduce their remaining orbital
lifeime. Obviously, such efforts are only accepale if
al mitigation measures propoed by IADC are grictly
followed [5]. First ADR misson designs ae intensively
discussed and ESA canbecane ane d the first acors on
ADR through the Clean Spaceinitiative. The andysis of
optimal environment remediation drategies has just
begun but in paralel, mitigation measures might have
to be intensified as well for a balarce d acivities that
leads to effecive reaults. Furthemmore, the slecion ard
ranking of targets by ther deployment orbit and ther
physicd propeties needsto beopimized

Although the IADC formulated the mitigation
requirements in 2002, the actual evolution of the
popuation duing the last 10 yeas and the relatively
low number of attempts to sgnificantly shorten the
orbital lifetime of LEO objects that operated above
600km dtitude [6] has brought the situation to a point
where ADR is necesary even to stahili ze the growth of
the population, as different studies have shown in the
lag yeas[2, 3, 4.

As it is clear that ADR is necesary, previous sudies
havelooked into optimal target orbital regions for ADR
or for other criteria to seled the posside remova
targets, while ahers have looked at the efectof varying
the start epoch for ADR acivities, and at the effect of
the number of objeds to beremoved per year[2,5].

2 DELTA (DebrisEnvironment Long-Term
Analysis)

ESA’s Debris Environment Long Term Andysis
(DELTA) model is one of the models that contribute to
the IADC gudies on long term evolution, which have
alread/ been used to derive the mitigation guidelines
and have dso proven the need for ADR. DELTA was
developed by QinetiQ and has been modified by ESA to
add the actve cebris removal camhilities DELTA is a
threedimensional, semi-deterministic model, which in
its entirety alows a user to investigae the evolution of
the gace elris ervironment ard the asociated misson
collision risks in the low, medium and geosynchronous
Earth orbit regions over the yeas. DELTA is able to
examine the longterm effects of different future traffic
profiles and delris mitigation measres such as
passvation and disposl a end-of-life.

DELTA usesan initial spaceobject popuation asinpu

ard forecass the evolution of all objecs larger than
10am in size for ow gudies. The popuation is
de<ribed by repreenative dvjects, ewolved with a fast
analytical orbit propagator which takes into account the
main perturbations. The initial popuation has been
extracted from ESA’'s MASTER-2009 (Meteoroid and
Space [elris Temedrial Environment Reference) modd
[13]. DELTA uses a %t of detaled future traffic models
for launch, exploson and <lid rocket motor firing
acivity. They are eachbased on the historical acivity
of the eight precaling years. This is one of the main
cawses for uncettainties in the reallts, as varying the
future traffic models hasa kg impact ard there is no
cettainty on the actial evolution of the gace advity in
the future. The collision event prediction is done by
usng a frget centered approach deweloped to
stochadicaly predct impact between all objects within
the DELTA popuation [7, 8, 9. The fragmentation, o
breakup, modd used is based on the EVOLVE 40
(NASA) bre&-up modd [10]. The future solar flux
evolution has a strong effect on the reallts, as the
atmospheric dragis the main facbor for the ratural decey
of objeds and is correlated to it. ESA has its own solar
ard geomagnetic acivity predction model (SOLMAG),
which uses data from past solar cycles to predict the
future ones. Different solar adivity predictions have
beenused within DELTA in order to check their effect
and to havevalid and condusive results with different
future evolutions

3 GENERATING A LIST OF CANDIDATES
FOR REMOVAL

During the last 4 yeas, mary different smulation
scerarios have beenrun in DELTA in the <ope d
different studies for IADC ard for conferernces aswell
as for maintenance aml improvement of the ftware.
Initial popuations extracted from MASTER (for 1%
May 2006 ard, once awilable, 1% May 2009 were
used where an identifier allows to trace back the
objectsto the real ones in the catlog. The popuation of
2009 contains 250 oleds more that can be assgned to
object of the catlog, ascompared to the ane of 2006.
Therebre, we have checked the results of ead of the
simulations (eady having a dgnificant nunber of
Monte-Carlo (MC) rung and geneated a list with the
objeds which are implied in catastrophic collisions. We
havethen countedin how many of the MC runs of each
simulation this hgppens so that a ranking and datistics
are gererated per smulation. Afterwards, a canbined
list has been produced induding the results of dl of the
simulations following the same approad, so tha we
have global rarking. In this list we havefiltered out, in
order to have valid satistics, those objeds which have
not been involved in collisions in simulations which had
atleas 100 MC runs.



3.1 Simulation cases used as background

We have used the results of 84 different smulations to
gererate the list, dl of them with a propagation time
span of 200 yeas in the future. From these, 21 are based
on a“no-further-releag” scenario, a stuation where the
initial popuation is propagated and only the collisions
are regorsble for the increag o the popdation, asno
explosions occur ard no new objects are adledin space.
7 are basd on a “Business-As-Usual’ scerario, where
the launch traffic for the future is based on that of the
pag 8 years, explosons continue to happen, dso based
on their occurerce the past, and no miti gaion measure
is applied. 21 are based on a “partial mitigation”
scerario, where the future launches are based on the
past, no explosons occur, and the mitigation
requirements from IADC guidelines are applied 17 are
based onthe propagation of new exploson or collision
clouds throughthe initial popuation, in order to seethe
effea of a particular event in the global evolution. The
rest of the simulations had as objective testing the
improvements and upgrades of DELTA.

The dfferences between the simulations which are
based on the sane <enario are the posside initial
popuation (2006 or 2009, the solar flux prediction
used, the rate of accamplishment of the mitigation
requirements, the variation of the launch rates and the
application of various ADR conces.

In fact there ae 29 simulations where ADR has been
tested in combination with different scenarios. The
variatons are the rumber of object renoved per year
(3, 5, 10 or 20), different yea for the missions’ start,
ard different criteria for the selecion of the objects to
be removed (based on mass on area or on a defined
regon of gpace)

4 STATISTICSOF THE LIST

The global ranking contains 1850 objeds, associated to
real object from the catalog, having aprobability above
1% of being involved in a atastrophic collision. The
vad majority of thee object are pyloads (P/L) and
rocket bodies (R/B), as dated in Tab. 1. It is surprising
that the number of P/L involved in collisionsis higher
than that of R/B, dthough this situaion changes for
higher probability levels. It is dso important to
remember that the caaog has arourd 120000kjeds in
LEO at the curert epoch (April 2013) from which
almog 9000 ae fragments.

Table 1. Type of objects in the ranking above a given
probability threshold (P/L: payload, R/B: rocket body,
MRO: mission-related objects, Frag: fragments)

PL |R/B |MRO |Frag. |Total

>1% 1045 | 660 | 135 | 10 1850
>5% 60 66 9 1 136
>7% 12 22 3 0 37

TopI (95%) |2 8 0 0 |10

In Fig. 2 we can observe the distribution, in 05%
probebility bins of the djecs accoding to the
probability. As could beexpeded, the growth in number
of objeds is dmosg exporential when reducing the
probability. The fact that under 2% there is a
stabilization (and even deaease), is due to the filtering
out of the cases with lessthan 100MC runs
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Figure 2. Histogram of distribution of objects in the
ranking according to probability of being involved in a
catastrophic collision.

The top-10 obeds have a probability of collision above
9.5%. Moreover, the objed on te top of the list has a
collision probability of 138%. The eight R/B in this
top-10 are fom the same family, with massesbetween8
and 9 tons Six of them are in an dtitude around 850 kn
and indination aound 71 deg while the aher two are
in a Sun-synchronaus indination a 815 km and 1000
km respecively. The two payloads are in Sun-
synchronaus orbits and have masses of 8 and 4 tons
repecively. In total, these 10 object represernt a mass
ofzdmost 80 bns and an average cross-sedion of 370
m-.

However, ascan be e in Fig. 3, there is not a ckar
relation between the probability of collision and the area
or the mass of the dvject (except for the few objecs in
the top risk region). So it is clear that performing an
ADR besal sdely on area 0 mass will not be the most
effective way. The mass of all the dyject in the list
sums up to 1800 bns (from the total mass in LEO
which is arourd 2500 ons).
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Figure 3. Mass (top) and average cross-section (bottom)

vs. probability for the objects in the ranking.

The orbital distribution (mean dtitude versus
inclination) and the regecive pobahlity can be
obsrved in Fig. 4. There are clearly regions with a
higher concentration o objecs having higher
probabilities, where it coud be posible to peform
ADR missons which would remove more than one
objea per mission more efficiently, as was alread/
discussed in [2].
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Figure 4. Orbital distribution (mean altitude vs.
inclination) with the corresponding probability (color
code) of the objects in the ranking.

5 ADRON OBJECTSOF THE LIST

The objedive of generating aglobal ranking is to have a
different criterion as the ones used in previousstudies to
select the camdidates for ADR. The method of
generation of this list, which combines many differert
sceralios and takes into accant 200 yeas of
propagation, provides an overview which is indepexdent
of the scenario itself.

To denonstrate the relevance of the list, we have
simulated ADR scenarios by selecing the object from
the list accading to ther ranking. We havechosen as
refererce €enario the me that has beenused for the
IADC comparison study [11]. It means a propagation of
200 yeas, starting with the MASTER-2009 popletion
on 1% May 2009 above 10 cm, a high solar flux
prediction, the implementation of the lifetime limitation
of 25 yeas with 90% of success no new explosons on
orbit, a launch traffic based on that of 20012009, and
an operational life for new payloads of 8 yeas. In this
scenario, based on 100MC runs, ESA results predcted
35 wllisions to happen, an average increase of 22% of
the popuation after 200 yeas, and 75% of the runs
having a fina popuation abowe the initial one (in
number of objeds). This is an optimistic scenario
becawse studies [14] stow that for the pag yeas the
compliance rate with the miti gation guidelines is around
30%, and there are till explosions in orbit every year.
However, we have leckd this sceraro asit is the ane
usd for the IADC gudy and as it has international
recognition.

For the ADR scenarios, we have smulated the removal
of 1 o 5 dyjecs per year (ADR1 or ADR5), and
starting the ADR missons 15 yeass after the epoch of
the popuation (i.e. in 2024) becawse the techndogy is
not yet ready to perform ADR missions and we e)pect
that we will haveto wait at least 10 more yeass before a
red ADR missonis launchel. We have ako considered
removing the same quantity of objeds as in the 1 object
per year scerario, but condensed in 35 yeas with 5
object renoved per year (ADR5L). For eachof the
cags we havepeaformed 40 MC runs.

The evolution of the population for the three scenarios
aswell as for the refererce cae canbe ®ea in Fig. 5,

whereas the amulatve number of castrophc
collisions is shown in Fig. 6. We canobserve thatin all

the casgs the ppuation ewlves below the refererce
cas, asdothe collisions. The feaure tha the number of

object is dightly alove the refererce for the first 25
yeass is an atifad of the averaging and nat sgnificant.

However, once te ADR missons dart, we ®e a
decrag o the number of objecs compared to the
refererce.

In addition, in ADR1, the find popuation is above the
initial one, but with a smaller incresse than the
refeterce. In this case we also observe that the number



of cdlisions is almost the same asfor the reference
during the first 120 yeas and orly afterwards decreags
However, the cdlisions which occu prodiwce fewer
objects, thus being not so criticd for the environment.
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Figure 5. Evolution of population above 10 cm in LEO
for the reference scenario and for the ADR scenarios
selecting 1 and 5 objects per year starting in 2024 (15
years after the simulation start) from the ranking, with
no end date for the ADR (ADRI1, ADRS) or with only 35
years of ADR missions (ADRS5L).
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Figure 6. Cumulative number of catastrophic collisions
for the reference scenario and for the ADR scenarios
selecting 1 and 5 objects per year starting in 2024 (15
years after the simulation start) from the ranking, with
no end date for the ADR (ADRI1, ADRS) or with only 35
years of ADR missions (ADRS5L).

In order to measre te dfeciveress of the ADR
missions, two quantifiers were proposed [2, 12]. The
first, which we call ORF (Object Reduction Fador),
indicakes the relation between the number of objects
removed and the reduction, due to the ADR, in the total
number of object compared to the reference senario.
The scmd, which we cal CRF (Collision Reduction
Facor), gives the relaion between the number of
objeds removed and the reduction in the number of
caastrophic collisions. In Tah. 2 we seethese facors for
the eted ADR scenarios.

Table 2. Quantitative results for the ADR scenarios
selecting 1 and 5 objects per year starting in 2024 (15
years after the simulation start) from the ranking, with
no end date for the ADR (ADR1, ADRS) or with only 35
years of ADR missions (ADRS5L).

1obj/yr 5obj/yr 5 obj/yr for 35y
Reduction in # objects (a) 2450 6760 4500
Reduction in # collisions (c) 2.7 10.6) 8.1
# AR objects (b) 173 802] 163
ORF (a/b) 14.16 8.43 27.61
CRF (b/c) 64.07] 75.66) 20.12
Population growth (%) 9.3 -17.1 -3.8
Years with AR missions 185 185 35

The two fadors show the importance of removing the
objeds on the top of the list first. In fad, the ADR1
sceralio, dthoughnot beng able to gop the popuation
growth, is far more effecive than ADR5 scenario. This
has been the motivation to perform the third simulation
scerario (ADR5L), and the results in this scenario are
much better than in the other ADR cases, with amuch
higher effediveness in the ORF and in the CRF. In
addition, the overall popuation stabilizes, as we can
observe in Fig. 5. Furthemore, we note tha the
evolution of the popuation, and of the collisions
follows that of ADRS5 for more than 40 years after the
end of theremoval missons, which is 50 yeass after the
beginning d the smulation. This result underlines the
importarce d removing the dojecs in the top of the list
first andin afast way.

Althoudh in the ADR1 simulation the removal of 1
objectper yearis performed, we nate from the results in
Table 2 that asa matter of fact, only 178 objecs where
removed after 185 yeais, whereaswe would expect 185
object to be removed Similary for the ADR5, only
803 oljeds are removed dter 185 years insteadof the
expecied 925 This is due to the fad that some of the
objecs in the list may hawe alread/ deceyed or they
could have beeninvolved in a caagrophic cdlision by
the time they would beseleded for removal, and in this
ca®e we skip them. This points to the importarce d
starting the ADR as soon as possible and to paform it
as fast as possible, so tha no colli sions occur caused by
the dojecs we wartedto renove.

In order to have a further comparison, we have
recovered the results from [2] and showed them in Tah.
3. In tha case, the reference scerario wasa ro-further-
releae ard the ADR of 5 dbjects per yearstarting at the
beginning o the smulation. The ADR was performed
in selected orbital regions, in a combinaion of the
regions or by ara @ mass. It is for this rea®n that the
comparison should focus only on the two quantifiers
and nat on the absolute numbers.



Table 3. Quantitative results from [2], for ADR in
1000km-82°, in 800km-99°, in 850km-71° for multi-
region ADR (switch to a different region of the 3
specified before after every removal mission), and for
ADR selecting by mass or by area in any place of LEO.

removal by [removal by
(1000km,82deg) |(800km,99deg) |(850km,71deg) |multi-region |mass area

Reduction in # objects (a) 2238.73 1298.18 1634.61 4025.94 5257.61 5276.95
Reduction in # collisions (] 520 330 1.10) 710 830 8.00
# AR objects (b) 288.15 14175 45.00] 459.20 1000.00 1000.00
ORF (a/b) 7.77 9.16 36.32 8.77 5.26 5.28
CRF (b/c) 55.41 42.95 40.91 64.68 120.48 125.(ﬂ
Population growth % -0.64 7.25 443 -15.63 -25.84 -26.12|
Years with AR missions 75 53 19 150 200 ZOOl

The comparison shows that ADR5L is more efficient in
terms of CRF in all the cags. Howewer, the ORF is not
the most effecive for one o the qudied cags in [2].
The exception is the remova in the region arourd 850
km dftitude and 71 deg inclination, which is the region
where we find 6 of the top 10 objeds in the ranking.
The rea®n is that these dijecs are enoved fader
(becawse the ADR missonsin [2] start the same yearas
the simulation starts) from the environment than in the
current smulation.

In order to verify this hypothesis, which was also
aralyzed in [2], we have performed two more
simulations. In these we reproduce the same condtions
as for the ADR5L scenario, but delaying the start of the
ADR missions ancther 25 ard 50 yeass regecively
(ADR5L-2049,ADR5L-2074)

The evolution o the population for these two new
scerarios, compared to that of an eatier stat of ADR,
canbe seen in Fig. 7, while the cumulative number of
caastrophic collisionsis shown in Fig. 8.
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Figure 7. Evolution of population above 10 cm in LEO
for the ADR scenarios of 5 objects per year selecting the
objects from the ranking, starting in 2024 (ADRS5L), in
2049 (ADR5L-2049) and in 2074 (ADR5L-2074), with
only 35 years of ADR missions.
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Figure 8. Cumulative number of catastrophic collisions
for the ADR scenarios of 5 objects per year selecting
the objects from the ranking, starting in 2024 (ADRS5L),
in 2049 ( ADR5L-2049) and in 2074 ( ADR5L-2074),
with only 35 years of ADR missions.

The reailts show the exectd behavour: The ealier
the ADR missions start, the better will be the evolution
of the environment and fewer collisions will occur. In
ca® of alater start, some objecs which are in the list
get involved in catastrophic collisions before the time of
their removal amives with catagrophc cansequerces
for the environment.

However, ore could look a Fig. 7 and gd the fase
impressim that starting ADR missions later is not redly
a problem, since the final popuation for ADR5L-2049
reactes the sme rumber as for ADR5L. The
explanation for this is agan tha the objects which we
intended to remove ge involved in catastrophic
collisions, but their orbits are low enough so that the
fragments decay in around 100 yeas. In the ADR5L-
2074, the sdtuation is the same, but the extra dojects
implied in collisions are in a higher dtitude, thus the
fragments do rot decay in the propagation timeframe.
However, if we look at 50 or100 yeas from the start of
the smulation the stuation is different, with always
more objeds if the ADR misdons dart later. What is
important for a satellite operator is the safety of his
spacecaft and how much propellart will be reeded for
collision avoidance manoeuvres, and this situation gets
cleaty worse asthe ADR missons strt later.

6 CONCLUSION

We have ceveloped anovel way of gererating a ranking
of the dvject cardidates for ADR, basd on slecing
the dbject being involved in a atastrophic collision
from old environment smulations and ranking them
acording o the number of MC runswhere they collid e,
yielding aprobability of colli sion. This list is guite close
to other lists independently obtained, with the main
difference being that the lifeime of the objecs is
implicitly considered in the computation of the



probabilities. The resulting list has been used as input
for the ®lecion of ADR candidatesin a few smulation
scenarios and the results show the effediveness of this
remova srategy in order to Sabilize the popuation. We
showed tha removing anly a small percertage d
obecs on the top of the list (less than 10%
correspording to 170 olpeds) has a sgnificart impact
on the evolution of the environment. Nonethdess the
ADR missions have to start as soonas possble.

However, and more important, is the fact that ADR is
only beneficial when the mitigation guidelines are
correctly implemented by al space fairing nations In
any other stuation, ADR woud be inefficient as new
delris will take the gace d the acnesremoved This has
beenaddresed thearetically in [5] ard we dan to show
simulation resulks in the near future. In this study, we
had considered an optimistic cae with 90% compliance
to the mitigation guideli nes.

In addition, ADR missias are not yet a redity becaise
many difficulties, both technicdly and politically, have
to be overcome. ESA, with its Clean Spaceinitiative, is
working to improve the stuation and to be able to
perform a demongration misson of ADR in theyears to
come.
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