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ABSTRACT

Appropriate measures for minimising and controlling
the debris environment have been clearly identified in
the past. This paper addresss the st / benefit ratio o
debris mitigation. The costs are determined by the
system and subsystem modifications and the fuel needs
for orbit manoeuvres associated with debris mitigation.
The benefit can be expressed in spaceaaft that will not
run into a damaging colli sion due to debris mitigation.
Dired and indired benefits are considered. The analysis
was performed by an upgraded version of the long term
debris environment model LUCA. Firs results are
presented. A significant impact on the cost benefit ratio
is the bandwidth of the growth of the future population
due to wncetainties related to the traffic modes,
statisticd  effects, etc. The related bandwidth is
quantified and it is shown, which spatia regions could
be subjed to uncontroll ed population growth taking into
acoount also eacnomic considerations.

1 INTRODUCTION

A study program concening the st and benefit
anaysis of debris mitigation has been initiated at the
Tedhnicd University of Braunschweig. The reason for
this kind o study is not the question, whether debris
control and minimisation is necessary or not. There is
no doubt among the debris experts that future space
flight must include the avoidance of misson related
objeds, the prevention of explosions in space de- and
re-orbit of spent upper stages and payloads.

Both methods to introduce debris mitigation as a kind of
standard space flight procedure, i.e by internationally
agread upon and binding principles (IADC, UN) or by
informal agreements based upon national regulations,
are posdble. But the first method may be subject to
longer discussons and negotiations. In any case, space
flight industry and satellite operators must contribute to
the processof defining debris mitigation standards. And
thisis under way.

However, the necessty of debris mitigation is not
always clear to satellite operators and space industry.
They are responsible to the share holders and this, of

coursg, is refleded by a different view concerning the
debris problem. The eonomic benefit [1] of investing
in debris mitigation is the key point of ther
considerations. This benefit can be expressed by

» the misson costs due to space debris in a business
as usual (no mitigation) scenario compared to the
misgons costs considering debris mitigation

e the time until the investment in debris mitigation
will | ead to effedively reduced misson costs

Both aspeds are afunction of the point in time of debris
mitigation implementation. Typically, cost and benefits
of debris mitigation can be quantified asgiven in Fig. 1.
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Fig. 1. Principle ast net benefit of debris mitigation
due to mitigation implementation time

The point in time t0 depicts the implementation of
debris mitigation measures, t1 is the break even point.
In any case, there will be a certain phase (t1 — t0) until
the break-even point is reached. Until then, the costs of
debris mitigation have no dred economic benefit.

The methods used for the analysis of the posdgble future
environment are becoming more ad more
sophisticated. However, due to all the unknown
parameters in the traffic models, statistical effects, etc.,
a cetain bandwidth has to be considered in the
population trend curves.
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This principle bandwidth is own in Fig. 2. It can be
sea, that the uncertainties are growing with time. This
does not improve the accuracy of the st analysis. The
same gplies for al the uncertainties concerning future
spaceflight activities, such aslaunch rates, launch sites,
misson profiles, launcher technology, and types of
payloads. But the goal should be to convince space
flight industry and satellite operators to invest in a
limited and controll ed future debris environment.

One of the major concerns in this connedion is that
probably someone wuld bear the costs for debris
mitigation who not will have a dired benefit from his
investment, but others.
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Fig. 2. The principle growth of the future debris
population > 1 cm in LEO without any debris mitigation

2. DEFINITION OF COST AND BENEFIT

The misson costs and the benefits with and without
debris mitigation consists of a number of items. It is
difficult to quantify these items in a wmmon sense.
Hence the following gives an overview, including
guantities where applicable. An example of an expense
profile for amisdon isgiven in Fig.3. It can be seen that
any changes in the system design should be
implemented at an very early stage of the projed. This
is why misdons already in preparation can not be
subjed to cost-effedive debris mitigation measures.
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Fig. 3. Characteristic expense profile of amisgon
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Fig. 4. Life cycle of amisson and related cost items

Fig. 4 gves an overview on the life cycle of a misson
and related cost items. Generally, all cost items can be
subjed to changes due to debris mitigation, depending
on the related requirements and the date of
development, when debris mitigation is introduced into
planning.

2.1 Misson costs due to the debris hazard

Misgon costs can be increased by orbital debris hazards
concerning the foll owing items:

» total lossof operational launcher/spaceaaft at any
time of the misson dweto a wllision

» damage on operational launcher/spaceaaft at any
time of the misgon due to debrisimpact

e operationa costs and extra fuel (lifetime/mass
penalty, respedively) for collison avoidance
including the wsts for debris detedion, for
seleded missons

* shielding development, mass penalty, replacement
for seleded missons, e.g. ISS

* extrainsurancerates

The above type of costs are dready part of the misson
costs. Their relevance will increase with an increasing
debris population. Shielding and colli sion avoidance has
been set to thelist, even if they are @lled passve debris



mitigation measures aso. In this ense they proted
seleded misgons, the limitation of the debris population
isa2" order goal. From the investor’s point of view the
increased survivability of his misdon is given and
required from general safety (in case of manned
Mis$0ns) or e@mnomic reasons.

2.2 Costs due to debris mitigation

Debris mitigation in terms of minimisation and control
of the debris environment can have a impact on the
foll owing cost items:

* misdon and spacecaaft (re)-design for spaceaaft
pasdvation and minimisation of misdon related
objeds (MRO)

e design costs, operational costs and extra fue
(lifetime/mass penalty, respedively) for de- or re-
orbit at end-of-life (EOL)

e design costs, operational costs and extra fue
(lifetime/mass penalty, respedively) for collision
avoidanceincluding the costs for debris detedion

»  shielding development and masspenalty

Shielding and calli sion avoidance has been set to the li st
also. Here, the limitation of the debris population is a
1st order goal. By avoiding a allision with a larger
objed or increase the survivability of the system by
shielding a antrolled de- or re-orbit at EOL can be
ensured. From the investor's point of view, the
increased survivahility of his misson is given, but not
required in any case.

2.3 Benefits due to debris mitigation

The benefits due to debris mitigation, compared to a
businessas usual scenario, are as foll ows

* reduced lossof operational spaceaaft

* reduced damage on spaceaaft

* reduced shielding mass

*  reduced number of calli sion avoidance manoeuvres

* reduced insurancerates

e presarving the posshility of future misdons in
currently used orbital regions and those not yet
used, preventing collision cascading in the far
future

Some or al of the above items may not touch the
investor’s misson diredly. An unmanned spaceaaft in
900 km altitude does not have any benefits, if the safety
of a space dtation requires less shielding mass On the
other hand, the spent spaceaaft or its fragments would
soon or later poll ute the station’ s environment.

As gated in connedion with Fig. 1, there will be no
economic benefit for the investor until the break-even
point isreached. Thelast point of the above list may not
convince an investor, since it is relevant outside his
interest in terms of the orbit region or time interval.
Espedally the prevention of collision cascading, which
acoording to Fig. 2 may set in after 2100, is not of
interest from the e@nomic point of view as of the year
200Q The fact that the colli sion cascading process can
only be stopped, if one mntrols the growths of the
number of large objects as on as possble, may be
clear to everyone. But no emnomic figure can be
correlated with this finding, since the benefit will be
entered into the bodks very late.

3. QUANTIFYING THE COSTS

In the following, some eamples will show the
difficulties and the bandwidth in quantifying costs that
may occur in the future due to the debris risk and due to

debris mitigation measures.

3.1 Businessas usual

Fig. 5 depicts a businessas usual scenario d the future
development of the objeds larger than 1 cm in LEO.
The MASTER' 99 population [3] has been used asinitial
population. Here, one single Monte-Carlo-run is
anaysed, not the average of a complete series of runs,
since ay random development is as probable as
another. This is to show how specific the future debris
environment may develop dwe to a huge number of
parameters not known at present. In the example
presented here, a growth factor 2.3% per year linealy
has been chosen for the basic population.
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Fig. 5. Example for abusinessas usual smulation of the
future debris population > 1 cm in LEO, 2.3% per year
growth of the basic population assumed, overview

The breakdown of the overall population growth is
given in Fig. 6. It can be seen, how conservative the



scenario is. In redity, the future debris population could
develop conservatively. In the above simulation, the
colli sion fragments will not dominate the population in
this Monte-Carlo case. Acoording to Fig. 2, this would
occur later and outside of any economic interest.
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Fig. 6. Example for abusinessas usual smulation of the
future debris population > 1 cm in LEO, 2.3% per year
growth of the basic population assumed, population
breakdown

The number of destructive llisons has been
determined to be 34 (68 calli ding dyjects) based on the
above smulation. In order to quantify the dired cost
related to these events, Tab. 1 gives a detailed collision
description.

Table 1. Destructive alli sions ocaurring in businessas
usual simulation according to Fig. 6

Type of objedsinvolved |total (operational)
in a destructive callisons | number

payl oads 19(4)
rocket badies 17

others 8

colli sion fragments 13
explosion fragments 11

There ae 4 qoerationa satellites out of 19 payloads
involved. The related misson times have been one year
and less This means, from the eamnomic point of view,
the lossof 4 operational satellites right after their launch
within a time frame of 100 years. All others colliding
objeds are not of commercial interest. Furthermore,
there ae 13 colli sion fragments involved. This might by
the evidencefor reaching the critical density.

3.2 De-or bit and explosion prevention

Fig. 7 shows how lifetime reduction to 25 years for
rocket bodies and payloads and the prevention of
explosions would control the future debris environment.
Again, a sngle Monte-Carlo run is analysed as an

no of objects

example. For this case it was assumed that bath
measures are implemented immediately. The number of
collisionsisreduced to 14.
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Fig. 7. Example for future debris population > 1 cmin
LEO, immediate de-orbit and explosion prevention

Fig. 8 shows the related development of the sub-
populations. At the year 2080 explosion fragments,
collision fragments, and SRM slag contribute a third
each to thetotal population.
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Fig. 8. Example for the future debris population > 1 cm
in LEO, immediate de-orbit and explosion prevention

Table 2. Destructive alli sionsoccurring in amitigation
simulation according to Fig. 8

Type of objedsinvolved |total (operational)
in a destructive callisons | number

payl oads 12 (4)
rocket bodies 8

others 3

colli sion fragments 2
explosion fragments 3

Tab.2 shows that the number of operational payloads is,
by chance the same as in the business as usual case.
The related misdon times are 1 to 7 years. Hence no



economic benefit is not given. The colli sion fragments
involved occur after about 100years.

The dfort for the lifetime reduction of the payloads is
summarised in Tab. 3, not taken into account the design
costs as dated in sedion 2.2. The maximum propell ant
mass fraction tolerated for the lifetime reduction was
20%. Although the scenarios are not identical, the
results are comparable to those obtained in [2].

Table 3. Lifetime reduction statistics for the mitigation
scenario accordingto Fig. 8

Item
payl oads launched 4,920
payloads de-orbited to Sy lifetime 1,100
rocket badies launched 3,680

rocket badies de-orbited to 25y lifetime 1,390

total deltav required 420[km/s]
average deltav required 0.17 [km/q]
average fuel massfraction 10.2 %

Examples of the related orbits, which would lead to a
lifetime of 25 years, are given in Fig. 9 in terms of
perigee ad apogee altitude. Fig. 10 indicates the fuel
mass fraction required for lifetime reduction as a
function of the apogeealtitude.
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Fig. 9. Orhitsleading to reduced lifetime for the
mitigation scenario according to Fig. 8

Some other benefits dall be addressd in this
connedion. The net increase of objeds > 1 cm will be
limited to 100,000 oljeds by the above mitigation
scenario, while businessas usua in the same time may
lead to an increase of about 350000 oljeds. The
benefits from this reduction are lessmassfor shielding,
less non-destructive impacts (which also can lead to
damage) and reduced collision avoidance manoeuvre
frequencies. At this stage of the analysis, no quantities
can be given for the related costs. This will be one of
the results of the ongoing study.

The example shows that the cost benefit relation in this
case is not very effective, if the next 100 years are
considered. Obvioudly the benefit will occur later.
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Fig. 10 Propellant massfractions required to reducethe
orbital lifetime accordingto Fig. 8

33 Prevention of explosionsand SRM dag

A scenario has been analysed, were no de-orbit but the
prevention of explosions and of further SRM slag
generation were simulated. Fig. 11 shows that also this
mitigation measures could lead to a certain control of
the population. However, in this case the population
peak at about 1,500 km reaches the same level as the
800 km peak after 75 years due to collisions This of
course is one random results. However, it indicates that
these measures without de-orbit would not be sufficient
on the long term, even if there ae implemented
immediately.
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Fig. 11. Example for the future debris population > 1 cm
in LEO, immediate explosion and SRM slag prevention

Thisis underlined by the popul ation breakdown given in
Fig. 12. It can be seen that collison fragments then
would dominate the population after 60 years. This is
due to the fact that neither explosions nor SRM slag are
responsible for destructive alli sions.
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Fig. 12. Example for the future debris population > 1 cm
in LEO, immediate explosion and SRM slag prevention

Fig. 13 shows the development of the number of objed
larger than 1 cm for the above simulation scenarios at
400 km altitude. The dfect of an assumed SRM slag
prevention can be seen, since dag dominates this
altitude according to he MASTER™99 modd. Most of
the SRM slag contributions at that altitude ae due to
GTO insations. Hence, the costs for modifying the
related motors would have benefits for GEO spaceaaft
aswell asfor low altitude missons.
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Fig. 13. Population growths at 400 km altitude for the
above smulated scenarios
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Fig. 14. Population growths at 915 km altitude for the
above smulated scenarios

At 915 km altitude, for example, Fig. 14 applies. Here,
the dfects of both mitigation scenarios analysed are
comparable in terms of the benefit of controlling the
environment.

4, SUMM ARY AND CONCLUSION

The Monte-Carlo results shown in this paper have been
randomly chosen from a large variety of traffic model
asumptions and stochastic dfects. Such individual and
even probable scenarios, besides general trends
discussd in ealier anaysis, should also be taken into
acoount for discussng costs and benefits. However, for
the general discusdon they are examples. They will be
completed and discussed subsequently in connedion
with analysis concerning the @sts and benefits of debris
mitigation in the GEO region including a detailed
anadysis of cost effedive debris mitigation related
modifications on launcher and spaceaaft subsystem
level.

But it can be mncluded that the bred even point of cost
and benefit of debris mitigation measures in the LEO
region may not be reached within atime frame, which is
of any economic concern. However, the necessty of
debris mitigation is proven, since business as usua
would lead to an unremverable overcrowding o the
nea Earth environment or to collision cascading in a
longer time frame. In order to establish effective
mitigation a soon as possble, emnomic aspeds are not
appropriate to convince space industry and satellite
operators. Hence there is a nead for internationa
agreaments or even regulations, which should have a
binding character as far as achievable.
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