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Space debris is a topic of concern among many in the space community. Most forecasting analyses look centuries
into the future to attempt to predict how severe debris densities and fluxes will become in orbit regimes of interest.
Conversely, space operators currently do not treat space debris as a major mission hazard. This survey paper outlines
the range of cost and risk evaluations a space operator must consider when determining a debris-related response.
Beyond the typical direct costs of performing an avoidance maneuver, the total cost including indirect costs, political
costs and space environmental costs are discussed. The weights on these costs can vary drastically across mission types
and orbit regimes flown. The operator response options during a mission are grouped into four categories: no action,
perform debris dodging, follow stricter mitigation, and employ ADR. Current space operations are only considering
the no action and debris dodging options, but increasing debris risk will eventually force the stricter mitigation and
ADR options. Debris response equilibria where debris-related risks and costs settle on a steady-state solution are
hypothesized.

I. INTRODUCTION

The presence and creation of debris due to human oper-
ations in orbit is an ongoing problem. It is recognized
that the continuation of current trends in launches and
long orbital lifetimes of satellites will only increase the
density of debris in both Low Earth Orbit (LEO) and
High Earth Orbit (HEO) regimes, such as geosynchronous
(GEO).1, 2, 3, 4 This has led to increased use of passiva-
tion techniques to avoid on-orbit break-ups, improved
spacecraft shielding against small object impacts, and the
mitigation guidelines of a 25-year lifetime rule for LEO
and sub- or super-synchronous graveyard orbit for GEO.
Active Debris Removal (ADR) has also been suggested,
and widely studied, as a possible method for reducing
debris density. However, ADR techniques considered
in the literature, such as robotic re-orbiting,5, 6, 7, 8 elec-
trodynamic tethers,9, 10 laser ablation,11, 12, 13, 14 ion shep-
herd methods,15, 16, 17, 18 tethered tugging of large LEO
debris,7, 19, 20, 21, 22, 23, 24 harpoons or nets to capture de-
bris,7, 25, 26 and electrostatic tractors,27, 28, 29, 30 are econom-
ically costly, technically challenging to develop, and of-
ten overshadowed by political hurdles.31, 32 More recently,
Just-in-time Collision Avoidance (JCA) concepts are dis-
cussed where the orbit of a large debris object is nudged
with an intercept mission to avoid collisions with op-

∗ University of Colorado, Boulder, USA, lee.jasper@colorado.edu
† University of Colorado, Boulder, USA,

paul.anderson@colorado.edu
‡ Integrity Applications Incorporated, USA, dmcknight@integrity-

apps.com

erating assets or other debris objects.33 Such technol-
ogy could be more cost effective than ADR, but requires
highly accurate debris tracking and leaves the debris in
orbit.

There are many important research papers discussing
the projected growth of space debris in the near Earth en-
vironment, such as the often cited studies by Liou pub-
lished in References 2 and 3. Here, the LEO debris pop-
ulation greater than 10 cm in size is modeled for the next
100-200 years, showing that even with an optimistic 50%
mitigation compliance rate, the LEO debris population
could double over 200 years. Reference 34 shows the de-
bris doubling over 100 years if no mitigation methods are
implemented. While such figures are alarming to space
debris researchers and experts who understand that these
results represent mean trends, the worst-case scenarios
could be much more severe. Convincing the general pub-
lic, policy makers, and research funding agencies that ac-
tion is required now to control this debris hazard remains
a challenge. For example, operators today are able to fly
satellites in their desired LEO or HEO orbits with only
minimal concern regarding space debris avoidance. When
asking unmanned satellite operators how often they need
to make an additional maneuver to avoid debris, the com-
mon answer is that this almost never happens. If there
is a warning of a possible conjunction, the uncertainty of
the miss distance is often so large that the warning is ig-
nored, or the conjunction is accounted for in regular or-
bit maintenance maneuvers, thus not expending additional
fuel. Therefore, considering that space debris strikes have
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had a minimal documented impact on current satellite op-
erations, doubling or tripling debris-related risk — espe-
cially 100-200 years in the future — is unlikely to con-
vince policy makers or operators to demand strong space
debris mitigation and remediation policies over the next
decade. There are significant on-going efforts to better
attribute many anomalies and failures of unknown cause
to their trigger.∗ Because some of these anomalies may
have been caused by non-trackable debris, the true current
space debris threat has not yet been captured or commu-
nicated.

Reference 35 discusses the need to consider near-term
ADR (remediation) developments and stronger end-of-
life disposal guidelines (mitigation). The complexity of
considering LEO space debris risks is shown by how the
fragment sizes and orbit types impact the risk to the space
operator. Vance proposes in Reference 36 an economic
metric by which competing debris removal methods are
evaluated for the highly populated sun-synchronous orbit
regime. However, this orbit-specific analysis only consid-
ers cost due to the economic value of the satellite, and the
environmental cost if the satellite experiences a fragmen-
tation collision. Risk costs of the de-orbit maneuver, costs
incurred by precision tracking of the debris to be removed,
and political cost considerations are not included.

Thus, this paper investigates a means to bridge the di-
vide between space debris researchers that support near-
term action (begin ADR within a decade) to control the
space debris population, and most space operators that
are successfully operating satellites without demanding
stronger mitigation and remediation methods. In par-
ticular, this study highlights the complex decision logic
that space operators face when considering the total space
debris-related cost. The available debris response options
during a mission are classified under one of the following
categories:

1. Make no mission changes in response to space debris

2. Respond to conjunction warnings by dodging close-
approach debris or using JCA

3. Follow current or more stringent end-of-mission mit-
igation guidelines

4. Begin active debris removal or remediation in the or-
bit regime of interest

Currently only elements of options 1 or 2 are employed
in the operator community. Implementing shorter post-
mission orbital lifetimes (element of option 3) can have a
significant impact on the commercial viability of launch
operation if it is not uniformly adopted. Elements of op-
tion 4 are discussed and researched, but economically vi-
able and proven solutions are at least a decade away from

∗ http://www.integrity-apps.com/events/scaf/

being flight ready. The natural question arises: at what
point is the total space-debris-related cost large enough to
warrant options 3 or 4? This paper considers a high-level
decision logic from an operator’s point of view on how
to respond to a space debris threat including not only di-
rect mission-related financial considerations, but also also
indirect costs such as tracking or debris avoidance anal-
ysis, environmental and political considerations. While
earlier studies focus on the overall space debris growth,
the impact to the individual space operator can vary by
orders of magnitude depending on where the satellite is
flown, the mission duration, and the mission objectives
(e.g., high-value commercial communication satellite ver-
sus low-cost CubeSat technology demonstration).

The paper outline is as follows. First, the present-day
status of the LEO and GEO debris environment is re-
viewed. Next, the overall space debris costs and asso-
ciated response decision factors are discussed, illustrat-
ing how these can vary drastically across mission types.
A mission scenario case study illustrates how different
mission types are impacted very differently by space de-
bris, leading to the current range of operator responses
to debris-related risk. This is important when trying to
bridge the divide between space debris researchers and
operators/policy makers. A fundamental question is ask-
ing whether common mitigation guidelines for all LEO
operators make sense. Another important aspect to con-
sider is what happens if stronger mitigation or ADR mea-
sures are implemented. In particular, would these ADR
efforts continue indefinitely, or could the debris control
methods stabilize to new operational equilibriums? Fi-
nally, the possible operator responses and costs to the de-
bris threat are reviewed and discussed.
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Fig. 1: Density of debris population from LEO to GEO regimes,
reproduced from Reference 37, compared to insurance val-
ues provided in Reference 38.

II. PRESENT DAY SPACE DEBRIS CONGESTION

LEO is the most studied orbit regime for orbital debris
– this is because it is the most densely populated regime
(using spherical shell densities), as illustrated in Figure 1,
and many commercial, government, and military satellites
are in this regime. GEO has the next largest spherical den-
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Fig. 2: Illustration of the LEO debris hazard34 and regions of
high economic interest.

sity, while Oltrogge states that its volume density can be
as critical as LEO.39 GEO is critically important for com-
merce and Earth observing, with pivotal assets existing
for many organizations. This is illustrated in Figure 1 by
comparing the debris spatial densities to the orbit regime
insurance values discussed by SwissRe in Reference 38.
95% of insured satellites systems reside in GEO, and such
costs must be considered when evaluating the economic
impact if a satellite is struck by debris. Although this
paper focuses on the LEO and GEO regions, the issues,
risks, and costs associated with debris relate to other or-
bital regimes as well.

Figure 2 illustrates the altitudes and inclinations of
LEO rocket bodies and spacecraft with masses above
50 kg.34 Note that these objects are not evenly spread out
over the orbit altitudes and planes; rather, distinct band-
ing is observed. This illustrates that the LEO risks are
focused in select orbit regimes. The sun-synchronous re-
gion is illustrated as it has a very high economic value for
commercial remote sensing and imaging satellites, as well
for some military reconnaissance systems.38 This region
also has the highest debris collision hazard – the annual
probability of collision of a 10 m2 satellite with 1 cm de-
bris or larger exceeds 0.8%.38

There are several excellent studies of the LEO debris
environment, many emanating from NASA’s Johnson Or-
bital Debris Program Office and ESA’s Space Debris Of-
fice.40, 41, 2, 34, 3, 42, 43 Reference 44 highlights the variability
in these debris forecast studies. For brevity, the following
can be summarized from these studies:

1. The number of debris is increasing, and appears to
have rapid growth in certain altitudes.1, 41

2. High inclination orbits are most densely populated,
especially around 600-800 km and 1000-1500 km al-
titude.40, 34

3. Large debris objects drive growth, but smaller ob-
jects (0.5-10 cm) pose the largest hazard to active
satellites because they are numerous, have significant
energy, and cannot be tracked.45

As of February 2014, the GEO regime contains ap-
proximately 1145 large-scale, unclassified, and track-
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Fig. 3: Forecasted longitude-dependent debris congestion in
GEO regime.

able objects larger than 0.8-1.0 m in effective diameter,
760 of which are uncontrolled derelict objects that ac-
tively contribute to longitude-dependent congestion lev-
els across the GEO ring.46, 47 In addition to this large-
scale, catalogued debris population, significant popula-
tions of uncatalogued objects at sizes as small as 10-15
cm have been detected in GEO optical observation cam-
paigns, and are hypothesized to be indicative of unde-
tected fragmentation events in this regime.38, 48, 49 Recent
studies of the GEO environment illustrate that GEO debris
congestion—and the resulting probability of collision—is
non-uniform in longitude and time (both time of day and
time of year).50, 51

Figure 3 depicts the number of longitude-dependent
near-miss events per day within 50 km for a projected five-
year forecast, assuming an idealized “no future launches”
scenario. While 50 km may appear like a large distance,
larger than the typical GEO orbit determination accu-
racy, the high value of GEO satellites has many operators
studying objects at even larger distances. As shown in
Figure 3, longitude slots in the vicinity of the two gravi-
tational wells at 75E and 105W are subject to upwards of
5-6 close calls per day with uncontrolled debris objects, in
contrast to the longitude slots over the Atlantic and Pacific
Oceans, which experience a maximum of only 1-2 close
calls per day at this miss distance. Longitude-dependent
debris congestion patterns, and alternative debris flux de-
scriptions that provide higher spatial and temporal reso-
lutions,51 are central to mission assurance and space sit-
uational awareness activities in the GEO ring, and have
critical implications for both the direct and indirect costs
incurred by operating a satellite in the GEO debris envi-
ronment.

An open question regarding space debris is, what is
a sustainable debris environment?52 The studies to date
consider the effort required to keep the debris at current
levels. This is true for both pre- and post-2009 stud-
ies. The acceptable debris environment simply shifted af-
ter 2009. However, is the current space debris level re-
quired for sustainable space operations? Could the debris
grow 50%, or double, while still keeping space operations
economically viable? This important question is not ad-
dressed in this paper, but must be considered when doing
a cost/benefit analysis of debris mitigation and remedia-
tions efforts.
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Table 1: Representative weighting for various debris hazard impacts on mission types using the coloring aa – strong , aa –
medium , aa – low , and aa – no weight .

III. DEBRIS CONSIDERATIONS FOR OPERATORS

Operator Debris Response Considerations

Figure 4 outlines the high-level weighted cost consid-
erations that a satellite operator must consider to deter-
mine how to respond to the orbital debris environment
threat. In this discussion, the term “cost” does not re-
late to monetary objects exclusively, but can relate to po-
litical implications and mission risks, as well. Thus, the
cost structure shown in Figure 4 provides a total debris-
related cost function that considers a heterogenous set of
“debris costs”, each weighted considering the associated
orbit regime and satellite type. The mission-related re-
sponses (right side) are grouped into four categories. The
first two are short-term reactive responses to an immedi-
ate debris threat during a mission and include: 1) no ac-
tion is made during a mission in response to debris, and
2) a trackable debris threat is reduced through a maneu-
ver. The next two are proactive, long-term responses that
seek to avoid the possible creation of future debris includ-
ing: 3) a following of stricter mitigation guidelines, and
4) using ADR to reduce the long-term debris in an orbit
regime of interest.

The multitude of debris-related costs a space operator
must consider are discussed in detail throughout the re-
mainder of this section. Interestingly, the answers to the
questions in Figure 4 can vary strongly from one opera-
tor to another as illustrated in Table 1. The table columns
indicate the following considerations:

Thrusting: Considers the cost of having to implement
thrusting. This would have a strong weight on small
satellites that typically don’t have thrusting, or very
little fuel. On most other bodies this weight is low
as these satellites already have thrusting capabili-
ties. De-orbiting rocket bodies after they deliver their
payload would require a lot of fuel, thus the strong
weight.

Downtime: Considers the impact if mission operations
have to be suspended to address debris issues. This
has a strong weight for commercial or military satel-
lites.

Insurance: Space insurance costs are heavily weighted
towards commercial GEO satellites. Small satellite
operators don’t often purchase insurance. While the
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Fig. 5: Trend showing that as perceived debris-related risk in-
creases, so does associated operator costs.

U.S. government satellites don’t typically carry in-
surance, some other countries’ governments do pur-
chase satellite insurance.

Mitigation: Considers the costs to implement current
mitigation guidelines. This is a large challenge for
CubeSats and small satellites, and limits them often
to lower altitudes. For commercial launch providers,
the cost of de-orbiting their spent rocket bodies has a
significant impact on their competitiveness.

Debris Tracking: This is mostly covered by the U.S. Air
Force, but other countries are starting to develop their
own space situational awareness programs.53

Debris Analysis: Considers the labor time and costs of
analyzing possible debris threats.

Risk of De-orbit: Considers the risk of debris causing
damage on Earth. This is negligible for small satel-
lites, strong for LEO satellites, and has no weight on
GEO satellites.

Reputation Loss: Considers the political and profes-
sional impact if the operator’s satellite causes dam-
age to another satellite.

Space Environment: Considers the risk either operating
in a high-density debris environment, or the risk to
other operators if the operator’s satellite causes a
large debris field.

Currently the practice is to either not consider space
debris, or account for possible conjunction events in their
regular orbit correction maneuver planning, as illustrated
in Figure 5. Prior to the Iridium/Cosmos collision in 2009,
the response was mostly to do nothing. Even now, the
spacecraft operators and insurance industry do not ap-
pear overly concerned with addressing space debris. Mal-
functions known to be related to debris are currently still

rare.54 In contrast, space debris research is strongly ar-
guing for increased space debris mitigation or remedia-
tion. Operators of low-risk assets with short mission life-
times are less concerned with debris and therefore typi-
cally choose the no action response. As total debris hazard
related risk increases, it is necessary to maneuver through
the debris field, or increase the spacecraft shielding, in-
creasing all related costs and risks. These approaches
are reactive since operators are only responding to the
current debris environment. As the debris-related risks
rise to a critical level, likely driven by major catastrophic
events such as collisions, the total costs will justify purs-
ing stricter mitigation than the current IADC standards.
If the environment becomes significantly more hostile to
space operators, ADR may be required, thereby increas-
ing the costs to remediate the debris environment consid-
erably. These latter two approaches actively attempt to
alter the environment, providing a proactive approach to
risk reduction.

Current technology status makes mitigation costly and
remediation all but unaffordable – this leads to a strong
uncertainty in this debris response cost function. As out-
lined by McKnight in Reference 35, such advanced tech-
nology development can take many years, even a decade.
Further, the funds required to achieve the technology
readiness level for ADR increase dramatically as the de-
velopment time is decreased. Thus, there is a large risk
associated with waiting until the daily operator costs as-
sociated with space debris are large, and then seeking
a mitigation/remediation solution over a short period of
time. Seeking ADR technologies that have a broader im-
pact will facilitate their development, and spread out the
costs over a range of mission operations such as orbital
servicing, or autonomous refueling. The current space
debris mitigation requirements are a step in the right di-
rection, but do they go far enough? Instead of worrying
about active removal, or increased costs of tracking an
ever-growing debris population, what are the costs associ-
ated with requiring a greatly reduced post-mission satel-
lite disposal time (e.g., proposing a 10-year reentry rule
for certain LEO satellites, instead of the current general
25-year standard)?

Direct Costs

There are a multitude of direct costs associated with op-
erating in the debris environment around Earth. A di-
rect cost is considered a cost associated with a particular
launch, satellite, or operation of a specific satellite. These
values can change dramatically across ranges of mission
types.

While the “no action” during a mission approach costs
nothing for operators, there are often related direct costs
with increased satellite shielding. Such protection pro-
vides the operator with a risk reduction relative to the

IAC-14,A6,8.4x24752 Page 5 of 15



65th International Astronautical Congress, Toronto, Canada. Copyright c©2014 by the International Astronautical Federation. All rights reserved.

lethal, yet Non-Trackable (LNT) debris objects. Many of
the larger, more capable satellites consider maneuvers or
“dodging” debris. A strong concern with performing de-
bris avoidance maneuvers is the fuel costs and the possible
satellite down-time, reducing science return and revenue.
The satellite down-time can be a stronger cost to com-
mercial operators than the fuel usage. For smaller science
satellites that only have a small amount of fuel aboard, it
can be more costly to consume fuel, resulting in signifi-
cantly shorter mission lifetime as illustrated in Table 1.

Orbital debris has built up over the years because it is
less costly to abandon the spacecraft than choosing “miti-
gation” or post mission disposals. It is directly expensive
to operators and launchers to perform mitigation opera-
tions. Even for government payloads, contracts are often
awarded based upon lowest price, thus it is more compet-
itive to not have mitigation costs. In a study by Adilov
et. al.55 they demonstrate that choosing to create debris
leads to less overall direct cost to operators, and higher
profits. They further point out that, for commercial appli-
cations, it is more competitive to have more operational
assets than necessary. This means that it is, again, more
profitable to create debris. If an asset is lost, it will be
replaced adding further mass and objects in orbit, increas-
ing debris growth. While this description is based upon a
simple economic model, this is supported by actual prac-
tices of companies that have reduced mitigation practices
due to their expense.56

Spacecraft insurance is another direct cost to be consid-
ered. First-party policies insure against the failure of the
asset, while third-party policies covers satellite owners for
suits that may be filed by third parties in the event that
their satellite hits another satellite and damages that other
satellite.∗ While many of the smaller satellite operators
don’t carry insurance, the larger commercial, and some
non-US government satellites, do carry first party insur-
ance with a world wide combined insurance premium cost
of about $800 million per year. Third-party insurance is
still rarer, only larger commercial satellites in LEO and
GEO carry it, with the world-wide insurance premiums
summing to about $20 million per year.∗

However, though space debris rarely factors into the
current insurance cost premiums, insurance companies
are beginning to consider debris.38, 57 The worst LEO
debris-related mission risk is about 0.8%,,38 while the to-
tal on-orbit failure risk is about 1.5%. Rocket bodies, af-
ter having delivered their payload to orbit, may still be
covered by third party insurance for 30 days to one year.
Thus, rocket body operators debris cost concerns don’t
end with the mission termination. For third-party space-
craft insurance the premium would be lower if there is
a way to avoid a collision as the insurance risk is dom-

∗ Information obtained in conversation with Chris Kunstadter.

inated by collision concerns. With first-party insurance
the concerns are dominated by mechanical breakdown is-
sues with the satellite itself, rather than with debris-related
collisions. The incremental risk is small enough to be ig-
nored for now.∗ However, this could rapidly change if
there is a catastrophic collision of a large, insured satellite.
Thierry Colliot is quoted as saying “You can potentially
lose the premium of a whole year in one single event.”58

With the increased liability of the launch vehicles, satel-
lite insurance rates have been dropping, leaving very thin
margins and higher risk if a failure would occur.† The in-
surance costs illustrate how the space debris costs are
driven by outlier event.

Indirect Costs

An indirect cost is one that occurs due to generally hav-
ing debris in orbit, but is not unique to the particular
mission. Examples include the cost of tracking debris,
or staffing for debris-related analysis. Unfortunately, the
natural progress towards creating more orbital debris dis-
tributes indirect costs to all entities that utilize satellites.
Perhaps one of the largest costs, that has yet to be well un-
derstood, is the cost to the U.S. Air Force (USAF). While
the USAF tracks all visible objects in orbit for its own
Space Situational Awareness (SSA) defense reasons, the
creation of debris further stresses this organization. This
affects operators because the USAF freely provides track-
ing, conjunction, and some Collision Avoidance (COLA)
analysis for most satellite operators today.59 With the
Iridium-Cosmos collision, the collaboration between the
USAF and operators around the world has increased. Still,
the USAF is not obligated to provide information to op-
erators and these indirect costs get distributed to U.S. cit-
izens. The community is currently dependent upon U.S.
government cooperation. Implementation of more precise
and smaller debris tracking is a costly undertaking. Sev-
eral nations are investigating improving their own space
situational awareness capabilities.53 The US government
accountability office May 2011 report60 outlines the sig-
nificant fiscal and managerial challenges of expanding the
SSA capabilities. Space debris growth is mentioned as
one of the drivers for needing improved SSA. The US
SSA-related investments over 2006–2015 sum up to about
5.3 billion US dollars. This does not include the costs of
operating the existing SSA programs and facilities. How-
ever, factoring out the specific debris-related cost compo-
nents is very challenging as many of these SSA systems
have non-debris-related functions as well.

The analysis of a conjunction, often automated, and
maneuver planning can be considered indirect costs to the
mission operator.61 Conversations with DigitalGlobe in-
dicate that the cost of monitoring JSpOC warnings, ana-
lyzing them, and occasionally planning COLA maneuvers

† http://tinyurl.com/pmr53n9
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Fig. 6: Cataloged objects that have re-entered, replicated from
Reference 63

(less than 10 per year), is about 15% of the cost of one
full time engineer. The creation of the automated analy-
sis system costs more, but it was a one-time cost for the
company. Further, COLA maneuvers do not reduce life-
time of the spacecraft at this point because they can be
built into the normal station keeping maneuvers. Assum-
ing DigitalGlobe is similar to many other LEO operators,
it is a tangible, but minimal, indirect cost to operate in the
current debris environment. This is the major reason why
there are strongly conflicting responses to the current de-
bris environment between operators (little to no response)
and the space debris research community.

Political Costs

There are five United Nations treaties on outer space.
There are two that specifically help define ownership and
liability of all objects launched into space. Article VIII of
1967 Outer Space Treaty and the 1972 Liability Conven-
tion state that nations maintain ownership of any objects
they launch into space and these nations are also liable
for damages caused by the objects, either in space or on
Earth.62

Unfortunately, there is no clear legal obligation for var-
ious states to exchange information to avoid collisions.
Thus, except for specific bi-lateral agreements, the U.S.
Air Force can stop its dissemination of information at any
time. There is no framework to hold any state or entity ac-
countable for accidents/purposeful creation of debris and
damages to assets (on Earth or in orbit).59

Even nations and companies trying to adhere to
the Inter-Agency Space Debris Coordination Committee
(IADC) LEO mitigation guidelines of a 25 year end-of-
mission deorbit, causes liability issues, due to the 1972
Liability Convention, because the 25 year rule almost
guarantees uncontrolled re-entry, and potential terrestrial
damage. Figure 6 demonstrates the number of cataloged
object re-entrees throughout the history of space opera-
tions. This will likely increase with greater adherence to
the IADC guidelines.

Further, previous debris-related events have shown that
most of the political embarrassment from causing damage
is minimal. One example, the re-entry of COSMOS 954
in 1978, scattered radioactive debris over about an 800 km

section of Northern Canada due to a malfunction in the
boost system for its nuclear reactor. The cost of clean-up
was around $14 million, and the Soviet government only
paid $3 million of that.64 While it was evident that the
debris was from the the USSR, their payment and liability
was minimal. However, if the operator is trying to deor-
bit their satellite, care must be taken to avoid the debris
hitting populated areas, or causing general damage. Some
countries, such as France, are enacting strict liability if
debris causes terrestrial damage after any attempt of de-
bris mediation or remediation.∗ While to date the direct
human harm due to re-entering space debris is virtually
zero,†,65 if falling debris causes a death, it may signif-
icantly alter the discussion about liability, especially in
the effected country. As a result, operators must consider
the risk and political cost of deorbiting an object and the
risk of doing terrestrial damage, versus the risk of leav-
ing the object in space for many decades. Reference 66
discusses how the current guidelines, stating an accept-
able casualty limit for random reentry of Ec “ 10´4, is
actually hindering development of space debris solutions.
While many of the large LEO debris objects already ex-
ceed this casualty risk mark, developing ADR strategies
that can guarantee this guideline after an active mitiga-
tion or remediation maneuver will significantly drive up
the debris removal technology costs. Thus, if this guide-
line prevents cost-effective debris removal technologies to
be developed, it will lead to a higher casualty risk as the
existing large LEO objects will reenter, uncontrolled, in
a few decades. Reference 66 proposes a relaxed “interim
provision” guideline that allows for the first generations
of space debris removal technologies to be tested.

Another example is the Chinese 2007 anti-satellite
(ASAT) test which was the most catastrophic fragmen-
tation event recorded. Statements were made by several
space faring nations‡ that expressed the concern for such
actions. This ASAT test was performed at a higher alti-
tude where the debris will remain for decades. The U.S.
conducted an ASAT operation of their own§ shortly after-
wards. However, this ASAT action was performed at a
low altitude to destroy a hydrazine tank on-board a mal-
functioning spacecraft, and the atmospheric drag has re-
moved most of the associated debris. These two events
have greatly raised the awareness of risks and political
costs of performing ASAT operations. However, at the
time, beyond some space debris experts expressing con-
cern, there was very little popular awareness of the issues,
or political fall-out. However, in the last few years there

∗ http://tinyurl.com/pdlwsfs
† http://tinyurl.com/k7emxdo
‡ http://news.bbc.co.uk/2/hi/asia-pacific/

6276543.stm
§ http://tinyurl.com/qxfs4xp
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has been an increase of popular articles,∗ and the movie
Gravity that dramatizes the threats of space debris. If
another large debris field generating high altitude ASAT
were performed today, the political fallout and costs to
operators would be higher than with these tests. A high
altitude ASAT test by any country could be both a po-
litical “black eye” and impede further collaborations be-
tween the country performing the test and the rest of the
space-faring community.

Looking at the Iridium-Cosmos collision in 2009, there
were no legal repercussions for the Russians or Irid-
ium space operators, although Iridium lost a functioning
spacecraft. At the time of the collision, the two bodies
were not expected to collide†. In fact, they were not even
among the most likely space objects to collide that day.
Iridium ended up maneuvering into the Cosmos’ flight
path, and this collision has helped increase the commu-
nication between the U.S. Air Force and satellite opera-
tors. Possible conjunctions events are slightly more trans-
parent, and planned maneuvers can be verified a priori
to avoid a resulting conjunction event. This satellite-to-
satellite collision naturally resulted in direct costs to Irid-
ium, but also indirect costs to users of space, specifically
the USAF. Many operational lessons have been learned
since the Iridium-Cosmos collision. Today’s political
costs, if an operator were to maneuver into the path of
another object, are expected to be higher because of the
improved tracking data being provided, and the increased
awareness of space debris hazards.

Next, consider the multi-ton spacecraft Envisat which
is no longer operational, but remains near the popular A-
train obit. As discussed earlier, this sun-synchronous orbit
region has the highest risk of colliding with other debris,
and is in a heavily populated zone of expensive, commer-
cial satellites. The loss of the ESA Envisat satellite in
April 2012 has prompted many in the European Union to
consider ways to actively remove this object from orbit
due to its large size and high orbit‡§. With ESA attempt-
ing to follow international guidelines and publicity of this
event in space debris circles, there appears to be a gen-
uine effort to consider ways to remove this object from or-
bit.67, 68, 69, 26 Besides considering the technical challenges
of moving Envisat, the political costs would be consid-
erable if Envisat were to collide with another operating
satellite, and cause a massive debris field in the highly
commercial sun-synchronous orbit regime. This appears
to be the only current debris concern where a potential po-
litical black eye is causing some ADR research in Europe.

∗ http://tinyurl.com/nlbwpao
† http://celestrak.com/events/collision.asp
‡ http://www.space.com/

15608-huge-satellite-envisat-dead-space.
html

§ http://tinyurl.com/kq96x5x

In the end, even these political costs are not high enough
to currently warrant funding an Envisat ADR mission, but
the pressure is mounting.

Environmental Costs

Both ESA and NASA have looked into the predicted mean
number of collisions expected, in LEO, over the next
hundred or two hundred years.70, 2 Without changes to
current-day practices, it is expected that there will be over
35 collisions in the next 100 years. Increased mitigation
adherence will significantly lower this, to about half as
many collisions („15).

It can be argued that these studies are not really rep-
resentative because they are mean values. Outlier con-
ditions, such as the Iridium-Cosmos collision, will drive
the debris population, not the mean.71 For example, if
there were two collisions back-to-back, this will cause
many more challenges versus if there is only one collision
within 15 years. Mean growth studies are not a good illus-
tration of how good, or bad, the space debris environment
will be.

With the recent Chinese ASAT test and Iridium-
Cosmos collision, the number of new objects created was
equivalent to about 16 years of launches.35 It can be said
that years of successful mitigation can be negated by one
collision.59 In this way, collisions, and the associated
increase in space debris density in the associated orbit
regime, can be considered a enhancer/multiplier for all
previous costs. This is also the case for indirect and po-
litical costs which are enhanced by the space environment
weight factor.

DigitalGlobe created an automated conjunction analy-
sis tool (at cost to the company) that analyzes the JSpOC
conjunction reports. This tool was created only after the
Iridium-Cosmos collision, emphasizing that collisions in-
crease infrastructure costs. If there are enough conjunc-
tion events per day, a dedicated analysis team may be
required, increasing costs to operators further. Further,
more collisions will eventually cause insurance rates to in-
crease on satellites. The SwissRe report already indicates
that the rates for GEO satellites are being reconsidered to
account for growing space debris.38

If a collision were to occur in heavily populated or-
bital regimes, such as the sun-synchronous orbits or GEO,
this would have even greater effect. A collision in GEO
will distribute debris throughout the entire belt within a
day.72 As illustrated in Figure 3, the GEO gravity wells
will causes some of this debris to be focused on these
regions, increasing the local-longitude conjunction like-
lihood even further. A collision in the commercially pop-
ular sun-synchronous orbits could result in costly direct
costs to locally operating satellites, and make future op-
eration in such sun-synchronous orbits more challenging.
Both of these narrow orbit regimes are special in that the
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operators are flying there to take advantage of particularly
favorable orbital physics. These mission types are not
possible by simply moving the GEO satellite to a lower
orbit, or changing the plane of the sun-synchronous space-
craft.

IV. OPERATOR RESPONSES TO SPACE DEBRIS

This paper considers two reactive and two proactive op-
erator or policy maker responses to the threat of space
debris. The reactive options are to ignore space debris,
or to track debris and perform collision avoidance ma-
neuvers if required. The two primary long-term, proac-
tive avenues are to improve the debris environment either
through stronger mitigation efforts or commencement of
active debris removal (ADR) missions.

No Action Related to Space Debris Threat

Many LEO satellite operators do not respond to debris
hazards because a) their spacecraft does not have any ma-
neuvering capability, or b) they do not consider the con-
junction information reliable enough to justify the cost of
an avoidance maneuver. Inherent in the later considera-
tion is the impact of spacecraft shielding. This provides
some level of security to the operator that the satellite
could withstand impingements with very small debris.

The no action option is certainly the most economi-
cal response during a mission, but also the one with a
high risk. There is a growing population of small- and
nano-satellite missions that have no propulsion capabil-
ity. These missions are often high-risk technically and de-
signed for a short mission duration. When considering all
the risks that might terminate their operation, the proba-
bility of being hit by debris is not a driving consideration.

Some satellites with maneuvering capabilities still
choose not to respond to debris conjunction threats and
rely on shielding to handle the small debris. Regard-
ing large debris threats, operators might arrive at this no-
action response because they don’t have access to con-
junction data, feel the uncertainty of the conduction pre-
diction is so large (often 10’s of km or more ) that they
can’t justify the cost of an avoidance maneuver, or they
choose to avoid additional maneuvers to retain fuel for
other mission objectives and simply accept the higher mis-
sion risk. As illustrated in Figure 5, prior to the Iridium-
Cosmos collision this “no-response” decision was the
most common response.

Dodging Space Debris

The “debris dodging” response considers moving an op-
erating spacecraft to avoid another space object, or chang-
ing the flight path of debris to avoid a collision. Since the
Iridium-Cosmos collision many operators’ response to de-
bris threats have evolved. The medium- and large-debris
conjunction assessments are more reliable and transpar-
ent, and the 2009 event raised the awareness of debris

collision risk. Thus, since 2009, an increased number of
operators are choosing to make orbit corrections to effec-
tively weave through space debris field. Conversations
with LEO and GEO space operators showed that these
corrections are commonly integrated into the regular or-
bit maintenance maneuvers. Thus, typically no additional
fuel is expelled, but the direction of the burn is slightly
adjusted. However, note that these maneuvers are only
possible with respect to tracked debris (10cm and larger).
About 98% of LEO debris falls into the LNT category,
and thus cannot be dodged. While this dodging strategy
only avoids about 2% of LEO debris, it does help avoid
the large-on-large collisions that are a major source of the
small LNT debris.

Dedicated collision avoidance maneuvers will use up
some of the mission fuel reserves, and are currently very
rare. The conjunction uncertainty would need to be rather
low for such a decision. Or, if the mission is of high
value (commercial satellite, costly science satellite, etc.)
the operator may choose to perform a burn despite large
conjunction uncertainty.

Weaving and dodging about the medium- and large-
sized debris is currently an affordable option for the space
operators because the various indirect costs, such as track-
ing and cataloging the debris, is not currently charged to
the space operators. However, if this should change in the
future, and operators would have to pay for good tracking
data (pushing infrastructure costs onto operators), the cost
balance would shift in favor of proactive debris responses.

A recent development is the concept of Just-in-time
Collision Avoidance (JCA) technologies.33 Here short-
notice (within days or hours) intercept methods allow a
large debris object to be nudged, thus avoid hitting an-
other large debris object, or an operating satellite. While
this method can be cost-effective in avoiding an immedi-
ate large-on-large fragmentation event, this method only
moves the debris, and does not remove it from orbit and
future conjunction events. However, it could provide crit-
ical near-term large debris protection to a space operator
willing to fund such an action.

Stronger Mitigation Implementation and/or Practices

Mitigation is the process of reducing the likelihood that a
specific object will cause more debris. Unlike the earlier
two actions, it is not a response to an immediate debris
threat. The first, and most widely used, mitigation prac-
tice involves passivation where rocket bodies and satel-
lites that have reached end-of-life dump fuel, short out
batteries, and effectively reduce the amount of on-board
stored energy (they should also have captive mechanism
features). Prior to the ASAT tests and the Iridium-Cosmos
collision, it was post-mission explosions due to stored en-
ergy that caused the most debris growth. Passivization
minimizes potential break-ups in orbit. Most space agen-
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cies have their own passivation guidelines, and their com-
mon implementation has greatly helped reduce the small
debris growth.

The second mitigation practice, that is generally not as
widely followed, is to implement post mission disposal.
The most widely referenced general mitigation guidelines
are the United Nation’s (UN) IADC and Committee on
the Peaceful Uses of Outer Space (COPUOS) Mitigation
Guidelines. The well known LEO 25 year deorbit and
GEO 235 km reorbit come from these guidelines. These
guidelines are good step in the right direction because they
focus on limiting the generation of future debris. However
the guidelines, again, have no legal backing and cannot be
enforced (outside of France).

As discussed previously, it is currently more cost-
effective in the short-term for companies to create debris
- i.e. not clean up their end of life satellites. Therefore,
with the increasing commercial activities in orbit (both
LEO and GEO), there is little short-term fiscal incentive
to push for better mitigation practices. This enforces the
concept of a global means for enacting and enforcing the
use of mitigation measures on all missions. If instituted
globally, all contractors are equally impacted and will re-
main commercially competitive. What this does not mean
is that all mitigation policies need to be the same for all or-
bit regimes. For example, GEO and LEO already have dif-
ferent guidelines. As illustrated in Figure 2, the LEO de-
bris distribution is focused in a finite set of orbit regimes.
It is conceivable that refined mitigation guidelines are de-
veloped for particular LEO regions.

Jakhu suggests that the only way for these mitigation
methods to be effective is to have binding international le-
gal agreements that are reflected in the domestic laws of
space-faring nations.59 This would require international
cooperation across many interests and domestic policy
to be made that could be unpopular within the space
community, due to increased regulations. Laws such as
The French Space Operations Act from 2008, while well
meaning, could remove competitiveness for French com-
mercial entities, since the rest of the world is not restricted
by similar laws. The challenge is that, economically, in-
stituting mitigation regulations appears to be an “all or
nothing” effort where the only way for any company to
internationally be competitive is for all nations to have
similar regulations.

Current mitigation guidelines have been shown to not
be enough to reduce debris growth in LEO34 and there
is debate about whether the GEO rules are a reasonable
solution.73 Further, adherence to the 25 year rule for
LEO is weak.74 Only 15% of the high debris critical-
ity index spacecraft (often in high sun-synchronous or-
bits) are being maneuvered to have a decay time less than
25 years. In GEO, operators are much better at self-
regulating and appear to be improving with their efforts
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Fig. 7: Compliance to IADC guidelines for post-mission dis-
posal of GEO satellites.47

to comply with post-mission IADC disposal guidelines. It
should be noted that the fuel cost to reorbit the end-of-
life GEO satellite is only about 11 m/s, much less than
the 100’s of m/s required to deorbit LEO satellites. This
could explain the higher compliance rate at GEO. Using
re-orbit statistics compiled from ESA’s annual Classifica-
tion of Geosynchronous Objects reports,47 Figure 7 illus-
trates compliance to the IADC re-orbit guidelines since
they were introduced to the international GEO opera-
tor community in 1997.75 Figure 7(a) shows the num-
ber of GEO satellites annually that (1) reached the end
of their operational lifespans, (2) attempted re-orbit to
an IADC-compliant disposal orbit, and (3) successfully
achieved the minimum periapsis altitude increase stipu-
lated in the IADC guidelines. The margin between the
number of assets that reached end-of-life and those that
re-orbited into an IADC-compliant disposal orbit has de-
creased since 1997, indicative of a growing international
desire to preserve the long-term utilization of the GEO
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ring. Figure 7(b) provides a breakdown of the compliance
data in Figure 7(a): during 1997-2013, approximately
50% of GEO satellites that reached end-of-life were repo-
sitioned into IADC-compliant disposal orbits before de-
activation, and 30% attempted post-mission disposal, but
were unsuccessful in achieving the IADC’s minimum pe-
riapsis altitude increase. Interestingly, 53 GEO satellites
were abandoned without any re-orbit attempt during this
time frame, the largest contributor being Russia (33 aban-
doned). The political costs to Russia contributing 62% of
the abandoned GEO satellites over this time period has
been negligible. This illustrates that for the near-term it is
cheaper to generate debris, than try to follow debris miti-
gation guidelines.

The natural question arises, how can LEO operators be
encouraged to act more like GEO operators? Debris mit-
igation is a key element to an economically sustainable
space debris environment. The high GEO operators’ com-
pliance rate is facilitated through:

1. Awareness of the debris-related mission risk. The
low risk tolerance of GEO operators, as shown by
the lion’s share of the space insurance being at GEO,
and the narrow operating regime about GEO make
the operators sensitive to space debris issues.

2. Availability of low-cost debris mitigation solution. It
only requires about 11m/s of ∆v to boost a satellite
to a super-synchrounous disposal orbit.

3. Avoidance of the myriad of legal concerns about
causing extremely rare terrestrial damage, as the
satellites do not re-enter the Earth’s atmosphere.

In contrasts, many LEO missions are lower-budget and
more risk tolerant. Even for insured commercial satel-
lites, the operators engage in “debris dodging” to avoid
trackable LEO debris, often not realizing they are avoid-
ing only 3% of the potentially lethal LEO debris popula-
tion, and thus have about the same chance of their mission
pre-maturely terminating due to a collision with a LNT
object.

The fuel efforts required to deorbit are significantly
larger, around 100’s of m/s for a sun-synchronous space-
craft. Low-cost solutions to deorbit end-of-life satellites
is critical. However, such technologies, such as drag or
tether devices, will result in a passive re-entry. This raises
concerns with about causing terrestrial damage. A LEO
operator may chose to simply abandon a satellite in orbit,
rather than doing an active deorbit and assume the legal
risks. Thus, to encourage LEO operators to comply bet-
ter with debris mitigation guidelines, it is key to continue
to educate them on the true current and future debris risk,
while providing access to low-cost and low-liability deor-
biting solutions.

Another important question is whether more aggressive
rules should be applied for particular orbit regimes (much
shorter than 25 years after end of life - LEO, reboosting
of objects significantly beyond 235 km - GEO). At the
6th European Conference on Space Debris in Darmstadt,
Germany, McKnight voiced the idea of using shorter post-
mission disposal times such as 10-15 years. These mea-
sures might stabilize the debris population without need-
ing ADR. Such stronger mitigation guidelines would in-
crease the mission costs of most space operators, thus
common enforcement would be critical. While there has
been progress on improving mitigation, the slow pace of
acceptance, especially in the countries that are the largest
contributors to debris, makes it appear that the political
and economic costs are (perceived as) currently more than
the cost of increasing debris.

Remediation

If operators and policy makers cannot be convinced that
mitigation regulations should be adopted, remediation ap-
pears to be the only other option for reducing growth to
stabilize the debris density. While the ideal scenario will
have nations participating in mitigation AND remedia-
tion, remediation is attractive because it can have very
significant affects for small numbers of objects removed
from orbit. Further, remediation can be performed read-
ily unilaterally if satellite operators are moving their own
debris. This is good because a single country, or small
group of organizations, can directly improve the entire or-
bital environment and not necessarily need a world-wide
policy effort.

The problem with unilateral implementation is that the
direct expense of these systems to the organizations in-
volved will be large. Even more troubling is that some
ADR concepts could be considered a space weapon.
Therefore, if a country like the US or Russia were to build
an ADR system, there would be major concern about the
use of this system. The creation of any ADR system
would preferably be a public endeavor accepted by the
international community.62

Because there are 100,000’s of centimeter or larger
sized debris objects in LEO, the economic costs to de-
orbit large numbers of debris is daunting. A key driver in
ADR technology developments is the economic viability.
Otherwise, it can cost more to remove an object from orbit
than it originally cost to put it into orbit. The economic
hurdles to developing ADR solutions are considerable.
However, the system costs can be reduced by consider-
ing that many ADR-related technologies have a broader
use. For example, the autonomous rendezvous and dock-
ing GNC sensor systems required to approach passive
space debris, the touchless actuation systems, the robotic
grapplers, are also being developed for autonomous or-
bital servicing, asteroid capture systems, resupply mis-
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sions, and space asset harvesting systems. By highlighting
the broad use of to-be-developed ADR technologies, it is
feasible to developed the required technological readiness
level without investing large funds into a singular ADR
concept.

It will likely be challenging for a single country to
have space debris researchers convince their policy mak-
ers and/or population that the expense of an ADR system
is worthwhile. However, it could be argued that ADR sys-
tem development will provide vital new technologies with
broad mission applications for that country or industry.
This would make them a leader and key resource within
the space-faring community.

One potential concept for funding of an ADR system
(internationally or regionally) is to tax all operators that
generate debris. Thus, there would be a tax associated
with launching and the debris generation potential of the
mission.62 This would make the responsible parties for
debris creation pay for the clean-up of space, but again,
this cost structure will hurt competition without universal
adoption.

A particular challenge with raising funds to implement
space debris mitigation and remediation is that they do not
return positive feedback.35 This is because if mitigation
and remediation measures work, there will be no major
collisions. It is only the negative results, a collision, that
are overly obvious. This makes costs associated with pre-
vention less tangible. However, besides the well-known
Iridium-Cosmos collision, there have been other cases
where space debris has disabled a satellite, such as with
Cerise.54 Tracking such debris-related failures is critical
to convincing policy makers that the debris models and
forecasts are true. However, it is very challenging to de-
termine if a satellite failed due to a collision with a small
debris object. Satellites fail for many reasons, including
space weather, mechanical failures, software glitches, etc.
Recent satellite failure workshops are trying to share the
histories of satellite failures to gain the data to track the
exact causes.

But, as the perceived risk due to debris increases, direct
costs to operators will increase because active responses
will be chosen, and the indirect costs to all organizations
will also increase due to the associated space situational
awareness demands. Figure 8 demonstrates this trend, and
considers three scenarios. When it becomes necessary to
enact “stricter mitigation”, due to higher risk levels and/or
government requirements, this will create a ‘level-set’ of
cost to operators that will be difficult to reduce. This is
because the costs for mitigation will likely be needed for
all future operations to stabilize the debris population. If
the risk increases even more for a particular orbit regime,
the total costs eventually increase enough that “ADR” be-
comes cost effective. Of course, the earlier ADR is imple-
mented, the lower the cost for reducing risk. McKnight
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also makes this point in Reference 35.
The following three scenarios are considered. First, in

the “Late ADR Implementation” scenario, assume the de-
bris hazard risk in an orbit regime is allowed to grow to
the point where even stronger mitigation measures will
not sufficiently shrink it. The only option is to imple-
ment ADR to help remove objects that contribute to large
scale debris growth.2 The cost of such ADR technologies
would be very high if this decision to engage in ADR is
made with short notice.35 A more economical approach
would be to develop ADR technologies early on, possi-
bly for other mission scenarios such as orbital servicing.
Next, the interesting question is, how long will ADR mea-
sures be necessary? At some point ADR has removed
enough objects such that the debris population is stabi-
lized at a reasonable level. If the more costly ADR opera-
tions were to be suspended, would space operations reach
an equilibrium where stricter mitigation is enough to sta-
bilize the risk?

In the second scenario, consider the case where in an
orbit regime the risk has grown large, but can still be
made stable with stricter mitigation. For example, in sun-
synchronous orbits, would a 10-15 year post-mission dis-
posal time reduce the debris hazard risk without needing
ADR? It is envisioned here as well that over time an op-
erational equilibrium will be achieved.

Finally, consider the best-case scenario where with
early thoughtful actions in an orbit regime an operational
equilibrium with the debris hazard risk has been achieved.
At first glance it may seem this avoids any need to develop
ADR technologies. However, ADR capabilities would
still be required to keep this orbit regime’s debris stable.
While the risk is held steady at a lower value, the risk is
not zero. Collisions being unlikely does not imply they are
impossible (see Iridium-Cosmos collision probability). A
catastrophic collision can still occur, even in a low-risk
environment, whose outcome would jump the local orbit
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regimes debris hazard risk to a much higher value. Again,
early development of ADR technologies is needed to be
able to respond to such outlier events.

V. CONCLUSIONS

This paper outlines the complex cost considerations as-
sociated with space debris hazards for the space opera-
tors. When advocating stricter mitigation or active debris
removal solutions, these must be considered to yield ef-
fective guidelines for sustainable space operations. Fur-
ther, operational equilibrias are postulated where the de-
bris mitigation costs and operational risks are balanced.
However, such equilibria’s would not be stable, as even a
low probability of collision can result in an actual colli-
sion. For example, the 2007 and 2009 events caused the
equivalent of 16 years of debris within only 2 years. With
the increasing launch rates and incomplete mitigation im-
plementations, a philosophical change in space operations
is required.

VI. ACKNOWLEDGMENT

The authors would like to thank Doug Englehardt of Dig-
ital Globe Inc., Brandon Jones, Scott Erwin and Chris
Kunstadter for their input.

REFERENCES

[1] Donald J. Kessler and Burton G. Cour-Palais. Collision
frequency of artificial satellites: The creation of a debris
belt. Geophysical Research, 83(A6):2637–2646, 1978.

[2] J.-C. Liou, N.L. Johnson, and N.M. Hill. Controlling the
growth of future leo debris populations with active debris
removal. Acta Astronautica, 66(5-6):648 – 653, 2010.

[3] J.-C. Liou. Active debris removal – a grand engineering
challenge for the twenty-first century. In AAS Spaceflight
Mechanics Meeting, New Orleans, LA, Feb. 13–17 2011.

[4] Satoshi Furuta, Toshiya Hanada, Koki Fujita, and Kazuki
Takezono. Is orbital debris removal necessay in the geosta-
tionary region? In 1st Stardust Global Virtual Workshop
(SGVW-1) on Asteroids and Space Debris, Glasgow, Scot-
land, May 6–9 2014.

[5] Albert B. Bosse, W. James Barnds, Michael A. Brown,
N. Glenn Creamer, Andy Feerst, C. Glen Henshaw, Alan S.
Hope, Bernard E. Kelm, Patricia A. Klein, Frank Pipi-
tone, Bertrand E. Plourde, and Brian P. Whalen. Sumo:
spacecraft for the universal modification of orbits. In In-
ternational Society for Optical Engineering, volume 5419,
pages 36–46, 2004.

[6] Patrice Couzin, Frank Teti, and Richard Rembala. Active
removal of large debris : Rendez-vous and robotic capture
issues. In 2nd European Workshop on Active Debris Re-
moval, Paris, France, 2012. Paper #7.5.

[7] J. Starke, B. Bischof, W.-P. Foth, and H.-J. Guenther.
Roger: A potential orbital space debris removal system.
In NASA/DARPA Int. Conf. on Orbital Debris Removal,
Chantilly, Virginia, Dec. 8–10 2009.

[8] Patrice Couzin, Frank Teti, and R. Rembala. Active re-
moval of large debris: System approach of deorbiting con-
cepts and technological issues. In 6th European Confer-
ence on Space Debris, Darmstadt, Germany, April 22–25
2013. Paper No. 6a.P-17.

[9] Satomi Kawamoto, Takeshi Makida, Fumiki Sasaki, Ya-
sushi Okawa, and Shin ichiro Nishida. Precise numerical
simulations of electrodynamic tethers for an active debris
removal system. Acta Astronautica, 59(1–5):139 – 148,
2006.

[10] Jerome Pearson. The electrodynamic debris eliminator
(edde): Removing debris in space. The Bent of Tau Beta
PI, pages 17–21, Spring 2010.

[11] Akihiro Sasoh. Space demonstration experiment of
laserassisted space debris deorbiting. In International High
Power Laser Ablation and Beamed Energy Propulsion,
Santa Fe, NM, April 21–25 2014.

[12] Kotomi Kawakami. Phase conjugate light generation for
space debris removal. In International High Power Laser
Ablation and Beamed Energy Propulsion, Santa Fe, NM,
April 21–25 2014.

[13] Claude Phipps. Short-pulse laser-optical system require-
ments for reducing the space debris threat. In Int. High
Power Laser Ablation and Beamed Energy Propulsion,
Santa Fe, NM, April 21–25 2014.

[14] James Mason, Jan Stupl, William Marshall, and Creon
Levit. Orbital debris–debris collision avoidance. Advances
in Space Research, 48(10):1643 – 1655, 2011.

[15] S. Kitamura. Large space debris reorbiter using ion beam
irradiation. In 61st International Astronautical Congress,
Prague, Czech Republic, Sept. 27 – Oct. 1 2010.

[16] Claudio Bombardelli and Jesus Pelaez. Ion beam shep-
herd for contactless space debris removal. AIAA Journal of
Guidance, Control, and Dynamics, 34(3):916–920, May–
June 2011.

[17] Claudio Bombardelli, Hodei Urrutxua, Mario Merino, Ed-
uardo Ahedo, Jesus Pelaez, and Joris Olympio. Dynamics
of ion-beam propelled space debris. In International Sym-
posium on Space Flight Dynamics, Sao Jose dos Campos,
Brasil, Feb. 28 – March 4, 2011 2011.

[18] Shoji Kitamura, Yukio Hayakawa, Kumi Nitta, Satomi
Kawamoto, and Yasushi Ohkawa. A reorbiter for large geo
debris objects using ion beam irradiation. In 63rd Interna-
tional Astronautical Congress, Naples, Italy, 2012. Paper
No. IAC-12-A6.7.10.

[19] Lee E. Z. Jasper, Carl R. Seubert, Hanspeter Schaub,
Valery Trushlyakov, and Evgeny Yutkin. Tethered tug for
large low earth orbit debris removal. In AAS/AIAA Space-
flight Mechanics Meeting, Charleston, South Carolina, Jan.
29 – Feb. 2 2012. Paper AAS 12-252.

[20] Lee E. Z. Jasper and Hanspeter Schaub. Tether design
considerations for large thrust debris de-orbit burns. In
AAS/AIAA Spaceflight Mechanics Meeting, Santa Fe, New
Mexico, Jan. 26–30 2014. AAS 14-443.

IAC-14,A6,8.4x24752 Page 13 of 15



65th International Astronautical Congress, Toronto, Canada. Copyright c©2014 by the International Astronautical Federation. All rights reserved.

[21] Lee E. Z. Jasper and Hanspeter Schaub. Input shaped large
thrust maneuver with a tethered debris object. Acta Astro-
nautica, 96:128–137, Mar.–Apr. 2014.

[22] Vladimir Aslanov and Vadim Yudintsev. Dynamics of
large space debris removal using tethered space tug. Acta
Astronautica, 91:149 – 156, 2013.

[23] Vladimir S. Aslanov and Vadim V. Yudintsev. Dynamics
of large debris connected to space tug by a tether. AIAA
Journal of Guidance, Control, and Dynamics, 36(6):1654–
1660, 2013.

[24] Lee E. Z. Jasper and Hanspeter Schaub. Discretized in-
put shaping for a large thrust tethered debris object. In
AAS/AIAA Spaceflight Mechanics Meeting, Santa Fe, New
Mexico, Jan. 26–30 2014. AAS 14-446.

[25] Jaime Reed and Simon Barraclough. Development of har-
poon system for capturing space debris. In 6th European
Conference on Space Debris, Darmstadt, Germany, April
22–25 2013.

[26] I. Retat, B. Bischof, J. Starke, WP Froth, and K. Bennell.
Net capture system. In 2nd European Workshop on Active
Debris Removal, Quentin, Paris, France, June 18 – June 19
2012. Paper No. 4.3.

[27] Hanspeter Schaub and Daniel F. Moorer. Geosynchronous
large debris reorbiter: Challenges and prospects. The Jour-
nal of the Astronautical Sciences, 59(1–2):161–176, 2014.

[28] Hanspeter Schaub and Zoltán Sternovsky. Active space de-
bris charging for contactless electrostatic disposal maneu-
vers. Advances in Space Research, 43(1):110–118, 2014.

[29] Erik Hogan and Hanspeter Schaub. Space debris reorbiting
using electrostatic actuation. In AAS Guidance and Con-
trol Conference, Breckenridge, CO, Feb. 3–8 2012. Paper
AAS 12–016.

[30] Erik A. Hogan and Hanspeter Schaub. Impacts of tug and
debris sizes on electrostatic tractor charging performance.
In International High Power Laser Ablation and Beamed
Energy Propulsion, Santa Fe, New Mexico, April 21–25
2014.

[31] Elizabeth H. Evans and Scott T. Arakawa. Time for a
solution to the orbital debris problem. The Air & Space
Lawyer, 24(3):9–13, 2012.

[32] Brian Weeden. Overview of the legal and policy challenges
of orbital debris removal. Space Policy, 27(1):38 – 43,
2011.

[33] Darren S. McKnight, Frank Di Pentino, Adam Kaczmarek,
and Patrick Dingman. System engineering analysis of
derelict collision prevention options. Acta Astronautica,
89:248–253, 2013.

[34] J.-C. Liou. An active debris removal parametric study
for leo environment remediation. Advances in Space Re-
search, 47(11):1865 – 1876, 2011.

[35] Darren McKnight. Pay me now or pay me more later: start
the development of active orbital debris removal now. In
Advanced Maui Optical and Space Surveillance Technolo-
gies Conference, Maui, Hawaii, September 14–17 2010.

[36] Leonard Vance and Allan Mense. Value analysis for or-
bital debris removal. Advances in Space Research, 2013.
Advanced Online Publication.

[37] Jer-Chyi Liou. Orbital debris and future environment re-
mediation. In Future In-Space Operations (FISO) Semi-
nar, NASA Johnson Space Center, Houston, Texas, Febru-
ary 22 2012.

[38] P. Chrystal, D. McKnight, and P. Meredith. Space debris:
On collision course for insurers? Technical report, Swiss
Reinsurance Company Ltd, 2011.

[39] Daniel L. Oltrogge and T. S. Kelso. Getting to know our
space population from the public catalog. In Astrodynam-
ics Specialist Conference, Girdwood, Alaska, July 31 –
August 4 2011. AAS 11-416.

[40] Heiner Klinkrad. Space Debris: Models and Risk Analysis.
Springer-Praxis, Chichester, UK, 1st edition, 2006.

[41] J.-C. Liou and Nicholas L. Johnson. Risks in space for
orbiting debris. Science, 311:340–341, 2006.

[42] Nicholas L. Johnson. Orbital debris: The growing threat to
space operations. In AAS Rocky Mountain Guidance and
Control Conference, number AAS 10-011, Breckenridge,
Colorado, Feb. 5–10 2010.

[43] R Choc and R Jehn. Classification of geosynchronous
objects. European Space Agency Space Debris Office,
(12):13–18, 2010.

[44] Adam E. White and Hugh G. Lewis. The many futures
of active debris removal. Acta Astronautica, 95:189–197,
2014.

[45] Marshall H. Kaplan. Space debris realities and removal. In
Improving SPace Operations Workshop, Spacecraft Colli-
sion Avoidance and Co-location, May 25 2010.

[46] Paul V. Anderson and Hanspeter Schaub. Characterizing
localized debris congestion in the geosynchronous orbit
regime. In AAS/AIAA Space Flight Mechanics Meeting,
number AAS 14-322, Santa Fe, NM, January 26–30 2014.

[47] T. Flohrer. Classification of geosynchronous objects: Is-
sue 16. Technical Report 1, European Space Operations
Centre, February 2014.

[48] T. Schildknecht, M. Ploner, and U. Hugentobler. The
search for debris in geo. Advances in Space Research,
28(9):1291–1299, 2001.

[49] T. Schildknecht, R. Musci, M. Ploner, G. Beutler,
W. Flury, J. Kuusela, J. de Leon Cruz, and L. de Fatima
Dominguez Palmero. Optical observations of space debris
in geo and in highly-eccentric orbits. Advances in Space
Research, 34:901–911, 2004.

[50] Paul V. Anderson and Hanspeter Schaub. Local debris
congestion in the geosynchronous environment with pop-
ulation augmentation. Acta Astronautica, 94(2):619–628,
February 2014.

[51] Darren S. McKnight and Frank R. Di Pentino. New in-
sights on the orbital debris collision hazard at geo. Acta
Astronautica, 85:73–82, 2013.

IAC-14,A6,8.4x24752 Page 14 of 15



65th International Astronautical Congress, Toronto, Canada. Copyright c©2014 by the International Astronautical Federation. All rights reserved.

[52] James Beck and Hugh Lewis. Effects of model selection
on space debris population prediction results. In 3rd Euro-
pean Workshop on Space Debris Modeling and Remedia-
tion, Paris, France, June 16–18 2014. No. #1.6.

[53] Jens Utzmann, Axel Wagner, Guillaume Blanchet,
François Assémet, Sophie Vial, Bernard Dehecq,
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