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ABSTRACT

It isinvestigated whether cost estimation can be used as
an instrument to suppat the seledion of suitable space
debris mitigation or remediation measures. Several
longterm simulations of the evolution of the future
space debris environment are combined with cost
estimation. The costs of damages to satellites are
compared to the costs of measures like past misgon
disposal (PMD) and adive debris removal (ADR). As a
parameter variation the damage costs are estimated
based on two different approaches. It is shown that the
cost estimations are in a reasonable order of magnitude
which alows cost-benefit comparisons for different
scenarios.

1 INTRODUCTION

Within this study the main goal was to determine to
which extent it is passble to control the stability of low
Earth orbits (LEO). Due to the fad that the highest
density of space debris is locaed at abou 900km
dltitude it is aso the region with the highest collision
risks. In terms of the inclination mainly the Sun-
synchronots satellit es at abou 98° and objeds at abou
82° are likely partners for catastrophic colli sions, where
due to the “head-on” charader of the collision a grea
amourt of energy is released which will fully fragment
both objeds. When the generated fragments in turn
cause cdastrophic collisions these are cdled feedback
collisions. Currently such caastrophic colli sions happen
relatively seldom and so do not pose a gred risk.
However, asauming that the space programs are not
being adjusted in the future (launch rates remain the
same, limited post misson disposal), which means
doing business as usual (BAU), in the future the
incresse of satellites and debris objeds in space may
lead to an increased rate of collisions making it the
driver of future debris generation. Numerous
simulations show that almost all future colli sions will
oceur in regions between 500and 1,200 km altitude and
incli nations between 80° and 105°. In 2009abou 1,090
satellit es and rocket bodes have been in that region. In
order to reduce this risk it may be necessary to adively
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remove objeds from criticd regions. Due to the fad that
the majority of caaogued objeds are inadive, hence
are not able to de-orbit or re-orbit themselves, adive
removal missons might be a solution to remove this
kind of objeds. Methods for determining effedive
adive removal misgons are subjeds to current studies.
This involves analyzing posshle remova targets
beforehand. Because it is not possble to adively
remove all objeds, which are inadive, a few objeds
with the highest impad on the spacedebris environment
have to be seleded. For this purpaose a priority list had
to be compiled, ranking all objeds, which pose the
gredest risk of being fragmented and in turn have a big
impad on the environment. Using these priority targets
it was posshle to run longterm simulations of the
evolution of the future spacedebris environment. Using
different removal scenarios it is posshle to show the
impad a removal of spedfic targets would have on the
evolution of the environment. As a part of this study it
has also been the goal to develop a cost model. With the
analysis of the adive removal targets basic fads for
planning service satellites have been derived. This
includes for example an estimate of the reguired delta-v
and the fuel and payload masss. Following these
estimates a prediction of the cost for the development,
launch, and operation has been made [1]. A statement
about the cost effediveness of such missons can be
made when comparing the costs of these removal
missons with the costs that are generated by potentially
lost satellites due to an increased colli sion risk. Based
on these findings removal scenarios can be derived to
efficiently reduce the collison risk in the criticd
regions.

A cost-benefit analysis related to the control of the
future spacedebris environment was performed in three
major steps. First, the priority targets were identified,
which have to be adively removed in order to maximize
misson effediveness A dedicaed servicer satellite was
then modeled in a statisticad sense, giving its total mass
based on regresson analysis for individual subsystems
and a propellant subsystem referring to the seleced
target from the priority list. This resulted in cost models
providing al relevant costs asociated with an adive



removal misgon. The last step consisted in numericd
simulations of the future space debris environment
taking into acount different mitigation and removal
strategies. This alowed for the comparison of
asciated costs for ead scenario.

The target objed priority list was based on the satellite
popdation in LEO in 2009 including nonoperational
satellites and rocket bodes. However, also adive
satellit es were considered, as they may patentially lose
their maneuvering cgoabiliti es during the misson and
thus also bemme target objeds. An individual risk
analysis, based on flux computations, was performed for
altitudes between 500 and 2,000km and objeds with
mass greaer than 100kg. As the crosssedion is
required for ead objed in order to determine collision
probabiliti es, a geometry model was used for those
objeds, where geometry information was not avail able a
priori. Information was derived from the correlation of
objed mass and its geometricd dimensions using
regresson analysis. The probability of a fragmentation
was computed within the longterm simulation tool
LUCA (Longterm Utility for Collison Analysis),
which applies an orbit tradng method for the estimation
of collision probability. The priority criterion was then
defined as the score resulting from the multi pli cation of
objed mass fragmentation probability and the number
of generated fragmentsin case of a callision.

It was asumed, that for an adive removal misson a
dedicated servicer satellite would be launched from
Earth for ead target on orbit. The servicer would then
perform rendezvous and docking maneuvers, to
approach the target. Then, the target would be grabbed
by a rewmvery payload (for example a robdic
manipulator or a net) and both, servicer and target
would be maneuvered to a re-entry trajedory, havingits
perigeeat 80 km dltit ude, througha retro-engine burn of
the servicer. This results in an atmospheric burn-up of
the target and the servicer satellite.

The cost of an adive removal misgon include the
development, manufaduring, launch and operation cost
of the servicer satellite. The development and
manufaduring costs are based on regresson analysis of
scientific satellites and assume a BOL (begin of life)
mass of 500kg for the servicer satellite withou fuel
mass The required fuel massresults from the orbit and
the massof the target objed, as for different altitudes, a
different delta-v is required to perform a de-orbit
maneuver and the heavier atarget is, the more fuel mass
is required to perform a spedfic maneuver. After the
computation of the required fuel mass the resulting
launch mass of the servicer satellite could be used to
compute launch cost as an explicit function of the
servicer mass

Besides the development, manufaduring and launch
cost, operation costs were also considered. However, as

they are mainly due to staff labor time, which resulted in
some 100,000 dollars for a single misgon, an arbitrary
upper boundry of 5 million ddlars was defined to
acourt for al operation costs, which ill was a
relatively small amourt compared to the other costs.

For comparison analysis, damage costs were estimated,
which consider only adive payloads and take into
acourt the cost which is required to replacea satellite
in orbit which does nat have any operational capabiliti es
anymore. The falure probability obtained through a
caastrophic flux analysis and was multiplied by the
asciated replacement cost to result in the so cdled
damage cost. As emnamic loss is highest a misson
start and approadhes zero at misson end, the computed
value was divided by afador of two.

2 LONG-TERM SIMULATION

For the longterm simulations of the evolution of the
spacedebris environment the software LUCA was used,
takinginto acourt launch rates of different spacefaring
nations, the number of payloads per launch, the number
of generated misson-related objeds per yea, the yealy
solid rocket motor firings and explosion rates (2 per
yea). Collisons are triggered based on individua
collision risk for eat objed. A tota of 200 Monte
Carlo simulation runs were performed for ead of the
scenarios.

The future space environment was simulated [1]. The
results are shown in Fig. 1. The main driver for the
future evolution of the space debris environment is
caastrophic colli sions occurring on low Earth orbit. The
figure is therefore limited to a sedion of the debris
popuation in LEO, cdled the effedive number of
obeds. Different results in Fig.1 are shown. The
highest incresse of debris is expeded if spacdlight
adivities continue in a business as usual (BAU)
scenario. In this worst case scenario, no post misson
disposal (PMD) maneuvers would be caried out (BAU
— no PMD). The debris environment evolution is
significantly lower, if a significant propation of the
potential colli sion partners are removed by PMD from
orbits of high spatial density. If the disposal of spent
spacecaft is performed by de-orbiting or re-orbiting
with a success rate of 90 %, the resulting evolution of
the debris environment is represented by the curve
“BAU — PMD (90%)” in Fig.1. By introdwing
additional Active Debris Removal (ADR) maneuvers,
further objeds can be removed so that the future number
of debrisis deaeasing. In Fig. 1 different variations of
such maneuvers are shown. It is most effedive, if the
objeds with the highest probability of collision are
removed first acording to their priority, independent of
their national ownership. A curve is shown in which
five objeds are removed eahh yea (ADR - 5
internationd). For some parameter variations, further
ADR scenarios are shown. One graph shows for



example the debris environment if ADR were to begin
in the yea 2028 It has aso been simulated, which
evolution takes place if, for example, Russan or
European only objeds are removed. Furthermore, even
a hypaheticd case is simulated in which it is shown
how the number of debris would deaease if it would be
possble to avoid any future catastrophic collisions
using ADR (ADR — Caollision Mitigation). The top and
bottom curve in Fig. 1 indicate the posdble width, how
the future space debris popuation might evolve. Both
curves themselves are unredistic. The adua evolution
will lie somewherein between.
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Figure 1. Smulated ewlution of the space debris
environment for different mitigation scenarios showing
the effedive number of objeds greater than10cm [1]

The seledion of the objeds which are to be removed by
ADR maneuver takes placeby means of a priority list
[1]. The credion of the priority list is based on the
particle flux onto a target objed which is present in the
respedive orbit region. The target objed that is exposed
to the highest particle flux has the highest probahilit y of
collision. Theredter, the objeds are prioritized. The top
five of these objeds are removed annualy. If these
objeds are removed, the likelihood of catastrophic
collisions deaeases in the future. Thus the number of
debris deaeases acordingly. Would it be possble, in a
hypaheticd manner, to identify the high-risk objeds so
predsely that al future catastrophic collisions could be
suppressed, then the debris number could be reduced
significantly. To get closer to this ided condtion, it
might be possble to suppat ADR maneuvers by predse
conjunction anaysis. In such an idedized cese ADR
could help considerably to stabilize the future space
debris environment. Such optimization is not to be
examined here. For the following cost analysis a flux
based creaion of the priority list will be used.

3 DAMAGE COSTS

If a particle collides with an operational satellite, this
can lead to damage. The severity of the damage depends
on the kinetic energy. The crucial fadors, whether the
satellite is damaged and how big the damage may be,

are the diameter, the density and velocity of the
projedile. If the collision occurs at the end of life of the
satellite or theredter, there is no damage. The misson
has arealy amortized at this time. Thus, only colli sions
with operational satellites are considered in estimating
the cost of damage.

The amourt of the kinetic energy is resporsible for
determining whether a satellite is only damaged or even
fails. For determining the cost of damage in a first step,
a conservative approac has been chosen. As "damage"
that case is considered if the satdlite fails. Projediles
which fulfill this condtion are objeds of the centimeter
popuation. Centimeter size objeds have enoughenergy
to terminate a satellite misgon in low eath orbits at
collision velocities in the order of 10km/s. It is very
likely that a satellite after such a collision is no longer
functional. The likelihood of such an impad weighted
by the replacament cost of the satellite is a measure of
the damage costs per satellite.

For estimating the probability of failure, the knowledge
of the crosssedional area of the satellite is required.
Based on various data on satellit e dimensions and using
regresson analysis, typicd crosssedional aress of
satellites were determined. This simple model uses
satellite mass as an inpu parameter. The average mass
of satellites is abou 1.5t. The cross sediona areafor
such a satellit e is on average 9.35 m2. The probability of
failure is aso depending on the operational lifetime of
the satellite. Satellites have an average life of abou
seven yeas. This operational lifetime is assumed for all
future satellites. Next, the future development of the
spacedebris environment is simulated. For ead future
satellite a particle flux analysis is caried out.
Therefrom, the probability of an impad of aprojedileis
determined. The damage costs are defined as loss of
amortization. This results in damage costs which are
50% of the replacanent cost weighted with the
probability of failure. Seleding "50 %" shoud take into
acourt the fad that the damage can occur between the
beginning or the end of the misgon, which is, on
average, after half the operational lifetime.

For an exemplary misson the approximate probability
of failure is estimated, using the conservative damage
model. A satellite of average size is placeal in an orbit
where the highest risk of collision exists. The seleded
orbit is circular with an atitude of 900km and an
inclination of 98°. Using MASTER-2009 the flux of
centimeter size objeds is cdculated on a satellit e with a
crosssediona area of 9.35m” (referring to the
popuation of the yea 2012). The operationdl lifetimeis
a least seven yeas. The probability that the satellite
collides during its lifetime with a centimeter objed is
abou 1.6 %. (On al other orbitsthe risk islower.)

The conservative model gives an approximate measure
of the minimum cost that cen be expeded from



damages. As a parameter variation, a more expensive
damage model shall be applied, which takes into
acourt higher financial risks. This model includes two
additional contributions. One is damage caused by small
particle impads. The other is the implementation of
insurance costs, to compensate for the losses.

In a second step, the more expensive damage model is
applied. First, the extent of the additional contribution
of penetrating small particles to the failure probability
shal be estimated. A risk analysis concerning small
particle impads on al future satellites is very extensive
and pradicdly nat feasible. Therefore, an investigation
from [2] is used here as reference The am is to
determine a reasonable order of magnitude of the
additionally expeded damages. For estimating the
damage, only those particles are considered which have
the cgpability to penetrate a typicd satellite wall. From
these, only those particles are considered for a risk
analysis that hit eledronic comporents. Subsystems that
contain  eledronic comporents are considered
particularly vulnerable. For this philosophy a simple
vulnerability model was creaed in [2]. This model takes
into acourt that most of the penetrating particles
contribute only to a certain amourt to the probability of
fail ure of the satellite.

For an exemplary misdon, arisk analysis is performed.
The results are compared with the conservative damage
model. The comparison results in a ratio that indicates
how much the expeded damage increases if small
particle impads are considered. Compared with the
conservative model, the damage increases by afador. In
[2], the probabilit y of failure was cdculated considering
small particle impads for an exemplary satellite
misson. For the cdculation, a typicd design of the
satellite wall and acircular orbit at 900km altit ude at an
inclination of 98> has been adopted. The resulting
probability of fail ure for an unproteded satelliteis given
in Tab. 8 in [2]. It is compared with the probability of
failure, which is caused by centimeter objeds only. The
comparison shows, that considering the small particle
impads the probability of failure will incresse by a
fador of 1.3. This fador is taken in a simplifying
asumption for al satellite missons. The result is a
rough estimate of the additiona damage by small
particle impads.

The dired damage costs are arising diredly from the
particle impads. If it shoud be taken into acourt that
this damage shoud be compensated by an insurance,
then additional insurance costs would incur. These costs
are estimated very simplistic here. If for example the
satellite owner wants to cover the risk over the entire
duration of the misson, it will incur at least an
insurance amourt equal to the damage costs. A
simplifying assumption for the cdculation of insurance
is therefore that the overall damage costs are doubed.
The sum of losses and insurance costs shoud be

regarded as an approximate measure of the maximum
possble damage costs.

The future development of the spacedebris popuation
was simulated up to the yea 220Q One of the most
important parameters of this simulation is the number of
expeded cdastrophic collisions. The cdculations have
been exeauted acwrding to the definitions used in [1].
For all future missons, damage costs have been
cdculated. Fig. 2 shows the cumulated costs of the
businessas-usual (BAU) scenario from [1]. In this
scenario, no mitigation measures are applied. The dark
grey curve shows the cost that arises from damages to
satellites caused by projediles larger than 1 cm only.
The middle curve shows additi onal damage costs caused
by all smaller projediles. Finaly, the light grey curve
adds insurance fees to the overall costs. The figure
shows that damages will occur more often in the future
in this scenario.
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Figure 2. Cumulated damage cost to all future satellit es
versus time for the BAU scenario in constant US
Dollars of the year 2012

4 POST MISSON DISPOSAL

In the foll owing figures, the costs of two different debris
mitigation scenarios are shown. The first scenario is
based on the conservative asumption that only
projediles larger than 1 cm cause damage to satellit es.
The seoond scenario considers the more expensive
asaumption including damages of small particles and
insurance costs. For both scenarios, passve post-
misson-disposal (PMD) measures are applied to 90 %
of al adive satellites (as defined in [1]). The high
percentage of properly equipped satellites is a rather
optimistic asumption; adual values are likely much
lower than that. It is also optimisticdly assumed that all
currently adive satellites are equipped with additional
propusion systems and fuel for PMD maneuvers, even
those launched yeas ago. The cost estimation of PMD
is based on the assumption that the additi onal delta-v for
the maneuver requires more fuel and thus an
enlargement of the on board propusion modue. This



causes additional hardware costs and increasing launch
costs. Furthermore costs of the increase of the systems
complexity due to higher requirements for reli ability are
considered.
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Figure 3. Cumulated cost versus time for the post
misson disposal (PMD) scenario (with a successrate of
90 %) considering a conservative damage cost model in
constant US Dallars of the year 2012

Figure 3 shows the cumulated damage costs that occur
in the PMD scenario. As expeded, they are much lower
than withou PMD becaise of the severely reduced
number of collision partners. Even with the additional
fuel and subsystem cost for the PMD maneuver
displayed by the dotted curve, the overall costs are till
lower.
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Figure 4. Cumulated cost versus time for the post
misson disposal (PMD) scenario (with a successrate of
90 %) considering a more expensive damage cost model

in constant US Dollars of the year 2012

Like in the BAU scenario, damages from smaller
projedil es and insurance costs can be taken into acourt
for the PMD scenario. This is shown in Fig. 4. Even
thoughthe assumptions in the PMD scenario shoud be
regarded as an unredistic best case, the smulations
show that post-misson disposal measures are a highly
effedive and cost-efficient way to stabilize the LEO

popuation and reduce costs in the long run
Comparisons of the overall costs of the BAU and PMD
scenarios are shown in Fig. 5 and Fig. 6, both withou
and with smaller projediles and insurance costs,
respedively. In Fig. 6, a bre&k-even point can be seen
aroundthe yea 210Q where the higher investment for
PMD measures pays off through largely reduced
damage costs. The overall costs in 2200 are reduced to
approximately 43 % of the correspondng BAU scenario
(68 % withou smaller projedil es and insurance).
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Figure 5. Comparison of the BAU with the PMD
scenario considering a conservative damage cost model
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Figure 6. Comparison of the BAU with the PMD
scenario considering a more expensive damage cost
model

5 ACTIVE DEBRISREMOVAL

In further mitigation scenarios, on top of the PMD
measures five addtional satellites are removed ead
yea through adive debris removal (ADR) missons
which are defined in [1]. It is asumed that for eat of
the five objeds, a satellite is launched that docks with
the target and performs a de-orbit maneuver. Both the
target and the ADR satellite are re-entering into the
atmosphere. For the smulation, ead yea the five most
high-risk historicd objeds have been identified based
on their mass and collision probability and chasen as



targets for adive removal. The costs of such a misson
are estimated to be approximately 140 million US
dollars per target (700 million USD per yea) for the
first yea (2010. After that it is asuumed that the
following removal satellites can be produced with
higher cost efficiency. Starting in 2011 the adive
removal costs for a yea are given as 80 per cent of the
previous yea's costs. In this scenario, adive removal
missons are exeauted for ten yeas to remove historic
objedsthat do not have PMD capabiliti es. After that, all
adive removal adivities are ceased in favor of PMD.
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Figure 7. Cumulated cost versus time for the active
debris removal (ADR) scenario (combined with PMD)

considering a conservative damage cost model in
constant US Dollars of the year 2012
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Figure 8. Cumulated cost versus time for the active
debris removal (ADR) scenario (combined with PMD)
considering a more expensive damage cost model in
constant US Dallars of the year 2012

Fig. 7 shows the cumulated damage costs for the ADR
scenario which are dightly lower than in the PMD
scenario, since five high risk objeds are removed eat
yea. Fig. 8 shows the overall costs with added small
projedile damage and insurance It can be seen that,
even with a leaning fador, the removal costs for the
ADR misdons are high compared to PMD. Fig. 10
shows that ten yeas of adive debris removal between

2010and 2020will delay the break-even point by abou
forty yeas. Therefore, adive debris removal shoud be
used mainly for historicd high-risk objeds for which
there is no other way of removal. All future satellites
shoud be equipped with PMD capabiliti es to lower the
LEO collisionrisk in a more cost-efficient way.
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Figure 9. Comparison of the BAU with the ADR
scenario  (combined with PMD) considering a
conservative damage cost model
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Figure 10. Comparison of the BAU with the ADR
scenario (combined with PMD) considering a more
expensive damage cost model

6 CONCLUSION

The aim of this investigation is to estimate the order of
magnitude of costs of various scenarios. In particular,
the ratio of losses compared to the cost of mitigation or
remediation measures is estimated. It turns out that these
measures may be worthwhile. In some cases a bre&-
even point can be shown. The simulations confirm that
the removal of objeds is an effedive measure to
stabili ze the future space debris environment. This can
be dore by PMD (De-orbiting and re-orbiting) or
throughADR.

ADR here means to take into acourt the loss of the
removal system after the maneuver. For this, the



measure seems to be relatively expensive. De-orbiting
with an on-board propusion system would be chegoer.
This propusion system must be enlarged and its
reliability shodd be incressed. ADR is necessry to
remove historicd objeds that have no functioning
propusion system. ADR may in the future be reguired
to deorbit satellites, whaose propusion system has
failed. ADR can be effedive if it is possble to identify
high-risk objeds predsely. This may be worth the high
cost of such missons. The cost of ADR may be reduced
if it is possble to reuse the removal system. The cost of
such a scenario has naot been investigated here. The
reusability, however, requires the ability to remove
completely different types of objeds. Furthermore, a
permisgon is required to remove objeds which belong
to different owners (nations). Thisis necessary becaise
those objeds that are on the top of the priority list have
to be removed first.
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