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Abstract 

Today there are about 2,000 active satellites orbiting the Earth, and rapidly declining costs to access space are 
paving the way for many new players to propose satellite deployments in unprecedented numbers that could increase 
this number by ten-fold.  Space-based global communications, remote sensing, and a host of novel services promise 
new opportunities for economic development, global education, rural healthcare, location-based services, and 
advancements in environmental science.  However, the success of these initiatives (and the long-term sustainability 
of low-Earth-orbit (LEO) activities in general) is dependent on our ability as a global community to avoid a tragedy 
of the commons in space.  NASA drafted the first debris mitigation standards in 1995, and other expert organizations 
such as the Inter-Agency Space Debris Coordination Committee (IADC), the International Organization for 
Standardization (ISO), and the European Space Agency (ESA), have since built on this foundational work in 
publishing their own statements on the topic.  None of these, however, had any way to anticipate the tremendous 
scale of current and proposed satellite activities resulting from the proliferation of small satellites and introduction of 
large constellations.  It is therefore urgent that we adopt common-sense practices as one critical element of a 
comprehensive approach to Space Environment Management (SEM).  The authors – OneWeb, Iridium, and Maxar – 
propose a number of imperatives and invite other industry stakeholders to join us in their promotion and 
implementation. 
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European Space Agency (ESA) 
Inter-Agency Space Debris Coord Committee (IADC) 
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Low-Earth Orbit (LEO) 
National Aeronautics and Space Administration (NASA) 
Orbital Debris Mitigation (ODM) 
Orbital Debris Remediation (ODR) 
Responsible Design and Operational Practices (RDOP) 
Right Ascension of Ascending Node (RAAN) 
Space Environment Management (SEM) 
Space Operations Assurance (SOA) 
Space Situational Awareness (SSA) 
Space Surveillance Network (SSN) 
Space Traffic Management (STM) 
 
1. Introduction 

The world’s first satellite launch was in 1957, which 
means the entire history of human activity in space fits 
within a single lifetime.  Since those early beginnings, 
rapid advancements in technology and the profound 

benefits of satellite applications have accelerated the 
space industry.  Today there are about 2,000 active 
satellites circling the Earth, and proposals to launch 
more than 20,000 new satellites hold great potential for 
benefits to humanity, as long as we proceed responsibly. 

Commercial activity in space is accelerating. 

Rapidly declining costs of access to space are paving 
the way for many new players, large and small.  The 
proliferation of microsatellites and the introduction of 
large constellations are advancing global 
communications, remote sensing, and a host of novel 
services that promise unprecedented opportunities for 
economic development, global education, rural 
healthcare, location-based services, and advancements 
in environmental science. 

The satellite design and operational practices we 
follow can have a big impact on the space environment 
and implications for the sustainability of space 
activities. 
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The footprint of human activity is always felt by the 
Earth’s environments, and this is now as true for the 
orbital environment as it has been for our planet’s lands, 
seas, and air.  While natural environmental processes 
typically have some capacity to restore their own 
balances, that capacity is not always sufficient to 
counter human activity without very intentional 
stewardship, and at times, active remediation.  In space, 
the only natural cleansing process is orbital decay via 
atmospheric drag, a force that weakens with altitude and 
is only truly effective for satellites in the lowest portions 
of LEO.  Furthermore, active remediation (ADR) is not 
yet practical, making it all the more critical that we not 
pollute our near-Earth environment in the first place. 

In 1978, when Donald Kessler wrote a seminal 
paper entitled, “Collision Frequency of Artificial 
Satellites: The Creation of a Debris Belt,” he 
forewarned that reaching a critical point in the 
population of uncontrolled objects in LEO could lead to 
cascading collisions and self-perpetuating growth of 
orbital debris [1].  While such a scenario would play out 
over long time scales, the consequences for space 
activity would be more immediate, and some studies 
suggest that we have already set this process in motion. 

Debris mitigation standards to help avoid such a 
future were first developed by NASA in 1995 [2], and 
publications were subsequently issued by other expert 
organizations, such as the IADC, ISO, ESA, and others 
[3-5].  However, these foundational works had no way 
to anticipate the tremendous scale of current and 
proposed satellite activities. 

Environmental safeguards need to be updated. 

These are exciting times for the space industry, but 
with the increase in space activity must come a re-
examination of best practices and the recognition of our 
economic and technical responsibilities to preserve the 
natural resources on which we all depend.  Space is a 
globally shared, natural resource, and history shows us 
that a shared resource degrades and fails when 
unmanaged and exploited by users acting only in their 
own self-interest.  Hardin [6] referred to this as a 
tragedy of the commons.  In this new era of large 
constellations and low-cost access to space, it is urgent 
that we adopt a number of common-sense debris 
mitigation practices that are critical to the long-term 
environmental sustainability of LEO.  In such an era of 
unprecedented space activity – one in which direct 
environmental remediation * is not yet practical – we 
must do what we can to prevent the generation of more 
orbital debris.  Rigorous debris mitigation measures are 

 
*  A number of companies are developing Active 

Debris Removal (ADR) mission concepts, but such 
services are not yet commercially viable. 

the core of a Space Environment Management (SEM) 
framework. 

And while it is beyond the intended scope of this 
paper to address the challenges associated with 
enforcement, the authors note that there are a variety of 
effective means to achieve widespread implementation.  
In general, resources can be successfully managed 
either by top-down government control or through 
private ownership.  However, space is not controlled by 
any one government, and orbital regimes are not 
suitable for private ownership.  Successful management 
must be accomplished through international 
collaboration that includes both industry and 
governments, with the most important principals being 
enforced through coordinated, national licensing 
practices.  Additional principals can be codified as 
standards, norms of behavior, and best practices, and 
finally, incentives† can be developed to encourage and 
acknowledge those actors that go above and beyond 
expectations. 

 
2. Responsible Design and Operational Practices 

This paper presents a set of satellite operator 
guidelines to support governance of the orbital 
commons.  The authors are like-minded, commercial, 
LEO constellation operators with first-hand experience 
in responsibly sharing the LEO regime, and a vested 
interest in reversing the course of the environmental toll 
human activity has taken on our orbital resources.  The 
systems we represent are different in many ways, from 
the services they provide to the number and size of the 
satellites that provide them.  Nevertheless, we share in 
the commitment to responsible design and operational 
practices not simply for the benefit of our own 
investments in this industry, but for the sustainability of 
space activities for generations to come. 

Satellite and system designs are constantly evolving, 
and the guidelines presented herein are grounded in the 
state of industry capabilities at the time of this writing.  
Systems already designed and under construction or in 
orbit today may not be able to support all of these 
guidelines, and it may be that future systems could 
exceed them, as the state-of-the art allows. 

The recommendations are grouped into four, high-
level, common-sense principles that follow a similar 
outline to the original NASA Safety Standard.  This 
structure allows the guidelines to evolve with advancing 
technology while still supporting the integrity of the 
over-arching principles. 

 
†  Incentives could be financial (e.g., reductions in 

taxes, licensing fees, or insurance premiums) or come in 
the form of certifications, such as the Space 
Sustainability Rating being proposed by the World 
Economic Forum. 
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• Intentional creation of orbital debris 

• Accidental explosions 

• Collisions with known objects 

• Disposal 
 
2.1 Intentional Creation of Orbital Debris 

Historical examples of the intentional generation of 
orbital debris can be grouped into two categories: debris 
that is released during the normal conduct of mission 
operations, and deliberate fragmentation of objects in 
orbit. 

Although the principal that orbital debris should not 
be intentionally created has not yet received universal 
adoption, industry has made great progress.  For 
example, clamp bands and debris from explosive 
actuators are now typically contained when separating 
satellites from launch vehicles, and releasing lens caps 
and shrouds from newly-deployed satellites is no longer 
commonplace.  Similarly, incidents of kinetic anti-
satellite weapons tests and use of explosive destruction 
of satellites prior to reentry for national security 
purposes are far less frequent than they used to be. 

One potentially acceptable use of intentional 
explosive destruction could be to enhance the 
disintegration of a demise-resistant structure during 
atmospheric reentry.  Such a technique would have to be 
designed to ensure that detonation does not leave debris 
in orbit, considering factors such as trigger reliability, 
detonation altitude, and explosive energy. 

It is worth noting that the industry has also 
developed more environmentally friendly fuels.  
Historically, some rocket fuels have generated 
particulate effluents in large quantities and in size 
ranges that can cause damage to polished surfaces and 
sensitive instruments on other satellites.  Obviously, any 
conventional propulsion system will generate effluents 
of some description, but moving to more eco-friendly 
systems will help preserve and extend the utility of 
erosion-sensitive missions. 

With this context in mind, the authors propose the 
following recommendations regarding intentional 
orbital debris generation. 

A. Orbital debris should not be intentionally created. 

A.1.     No hazardous debris‡ should be intentionally 
released into orbit as part of the nominal 
execution of a space mission. 

 
‡  The term hazardous debris refers here to debris 

particulates large enough to cause significant damage to 
another satellite. 

A.2.     Objects should not be intentionally 
destroyed in a manner that generates debris 
that remains in orbit. 

 
2.2 Accidental Explosions 

In addition to avoiding intentional destruction of 
objects in orbit, steps should also be taken to prevent 
accidental explosions.  These events can occur as a 
result of the effects of long-term environmental 
exposure, or failure to effectively manage on-board 
energy sources. 

Examples of environmental effects include thermal 
cycling, radiation exposure, and atomic oxygen 
impingement, which can change material properties, 
weaken structures, and elevate internal pressures.  Such 
processes have caused explosions of batteries and fuel 
tanks in both satellites and launch vehicles that were left 
in orbit after the completion of their missions.  Early 
versions of Delta upper stages, for example, have 
exploded years after completing their missions as a 
result of environmental exposure that led to cracks, 
allowing residual hypergolic fuels to mix and ignite.  
Pressurized vessels have also been known to burst after 
experiencing structural deterioration or environmentally 
induced pressure increases, and satellite batteries can 
explode if overcharge protections are inadequate. 

With experience, industry has largely adopted 
design and operational practices aimed at preventing 
such accidental explosions.  Rocket body upper stages 
now are typically deorbited after completing their 
missions, pressure vessels are often designed to “leak-
before-burst,” and both launch vehicles and satellites are 
usually equipped with “passivation” capabilities§ to vent 
residual fuel, permanently shunt batteries, and deplete 
other internal energy sources that otherwise might lead 
to an explosion after their missions have been 
completed.   

Generally, passivation capabilities focus on 
neutralizing potential energy sources (e.g., by shunting 
batteries and venting residual fuel), rather than kinetic 
ones, which are far less likely to fragment their hosts.  
However, having the capability to dissipate internal 
kinetic energies as well (e.g., disabling motors and 
allowing reaction wheels to spin down) provides an 
added level of assurance that a satellite will remain 
intact. 

The proposed recommendations in this section are 
limited to elements of design.  The operational practices 
associated with the techniques described above are 
discussed in the disposal section (e.g., prompt 
deorbiting and conditions warranting passivation). 

 
 

§  The term passivation refers to the permanent 
depletion of all internal energy sources that could 
precipitate an explosion after completion of a mission. 
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B. Satellites and launch vehicles should be designed to 
prevent accidental explosions in orbit. 

B.1.     Power systems should be designed with 
robust battery overcharge protections. 

B.2.     Pressure vessels should be designed to be 
leak-before-burst. 

B.3.     Satellites and launch vehicles should be 
designed with the capability to permanently 
discharge internal sources of energy that 
could lead to structural fragmentation. 

 
2.3 Collisions with Known Objects 

The declining costs of building and launching 
satellites has ushered in a new, optimistic era of 
progress and profit.  Hundreds of new satellites have 
been launched in the last few years, and optimism grows 
only brighter with thousands more on the way.  But we 
have come to realize that we can no longer operate 
under a “space is big” philosophy, as our satellites 
routinely dodge other satellites and debris.  In fact, ESA 
models suggest that nearly one million objects larger 
than 1 cm** now orbit the Earth [7]. 

This new era calls for new levels of 
responsibility.  Particular care needs to be taken to 
assure that objects in orbit do not collide with one 
another and thereby generate more debris that puts 
operational missions at even greater risk.  Precautions 
need to be taken not only in how a mission is conducted, 
but a safety-by-design philosophy should be employed 
in creating the mission architecture itself. 
 
C. Satellites and LVs should not collide with known, 

orbital objects. 
 
2.3.1 Mission Design and Orbit Selection 

Particular orbits are better suited than others for 
certain missions.  As a result, the resident population of 
satellites (and debris) in LEO is not uniform,†† making 
orbit selection an important factor for mission safety.  
Also, existing and proposed systems represent valuable 
capabilities and significant investments that new 
entrants should not put at undue risk.  Therefore, to the 
extent that mission requirements allow, the selection of 
a mission’s operational orbit should consider the 
existence of debris and other pre-existing and proposed 
satellites. 

One obvious application of this recommendation is 
that massive LEO constellations should not be deployed 

 
** ESA models estimate that 900,000 objects exist 

between 1 cm and 10 cm in size, with another 34,000 
larger than 10 cm. 

††  Even persistent clusters of spent rocket bodies 
have been identified and characterized. 

at the same altitude. ‡‡   Operating many satellites in 
close proximity requires meticulous choreography, and 
managing the dynamics of a large constellation safely 
can only be accomplished through careful constellation 
design techniques and operational procedures. 
Operating more than one constellation in the same 
volume of space is like having multiple ballet 
performances on the same stage at the same time. It 
dramatically increases operational complexity and 
elevates the risk of collision.  Fortunately, there is 
plenty of room in LEO for many constellations if they 
are properly planned and managed without placing them 
at overlapping altitudes. 

Mission designers should also consider the 
possibility of early malfunctions when selecting their 
deployment altitudes.  Even when all goes well, newly 
deployed satellites take some time to initialize, making 
pre-existing orbital residents responsible for conjunction 
management until their own navigation and 
maneuvering systems are activated.  In addition, so-
called “dead-on-arrival” satellites never share this 
burden and are entirely reliant on atmospheric drag for 
disposal, so particular care should be ued in deploying 
new designs in large numbers. 

Finally, disposal orbits should also be designed to 
minimize collision risk.  Disposal perigees should be as 
low as possible to minimize orbital lifetime, and a 
satellite’s disposal descent can be timed to target a 
specific RAAN profile to minimize the potential for 
conjunctions with particularly high-value assets such as 
the International Space Station (ISS).  In summary, the 
following practices are recommended. 

C.1.     Large LEO satellite constellations should not 
overlap in altitude. 

C.2.     Constellations should be configured such 
that constituent failures do not significantly 
elevate intra-constellation collision risk. 

C.3.     Satellite insertion and disposal orbits should 
be chosen to minimize collision risk and 
orbital lifetime, commensurate with mission 
objectives and constraints. 

 
2.3.2 Operational Control 

Throughout the execution of their missions, satellite 
operators have a fundamental responsibility to maintain 
custody of their orbital assets.  This requires an operator 
to be able to both predict and control the flight paths of 
its satellites with sufficient accuracy and agility to 
prevent collisions with known objects.  These are basic 

 
‡‡  The concern here is not only the operational 

complexity introduced to both systems in this scenario, 
but the unnecessary risk posed to one of the systems by 
failed (or worse, fragmented) satellites in the other.  
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Space Situational Awareness (SSA) capabilities that are 
foundational to any Space Traffic Management (STM) 
construct and essential for effective conjunction 
assessment and collision avoidance activities. 

It is also important for operators to share their 
position predictions and maneuvering plans with data 
aggregators and other stakeholders to support 
conjunction assessments, and for spacecraft to be 
equipped with effective maneuvering capabilities to 
respond to high-probability conjunctions.  With this 
level of cooperation and capability, conjunctions 
between operational satellites can be managed between 
operators very efficiently and effectively, and the 
authors see no reason for the foreseeable future to 
develop a priori rules-of-the-road or realtime, air-traffic-
control-style oversight of space traffic. 

Notwithstanding the conviction operators must 
maintain custody of their assets, the authors recognize 
that low-cost, experimental, and educational missions 
are critical elements of the space ecosystem with far-
ranging benefits.  There should be an orbital regime in 
which such missions can be conducted safely, while free 
of more stringent standards that might otherwise make 
them impractical.  The ISS flies just above 400 km in 
altitude, making this a natural breakpoint.  Altitudes 
below this represent a low risk, self-cleansing orbital 
regime. 

Missions flying above 400 km should actively 
participate in conjunction assessment and collision 
avoidance activities by complying with the 
recommendations outlined below. 

C.4.     Operators should employ cybersecurity 
measures in both their ground and space 
systems, including encryption and 
authentication in satellite command links. 

C.5.     To support collision avoidance activities, 
operators should maintain knowledge of the 
flight paths of their assets to within 250 
meters (one sigma) in precision and accuracy 
over a 48-hour prediction. 

C.6.     Satellites should be trackable and 
identifiable by non-extraordinary means, 
independent of operator assistance.§§ 

C.7.     Flight path predictions and maneuver plans 
should be shared with other operators for 
conjunction management purposes. 

 
§§ The terms non-extraordinary and independent of 

the operator are meant to ensure that the asset can be 
tracked through traditional means without the operator’s 
assistance (e.g., the SSN or commercial radars, or 
readily accessible transmissions from the asset). 

C.8.     Operators should be capable of performing 
timely and effective collision avoidance 
maneuvers to reduce conjunction 
probabilities exceeding 1 in 10,000 (Pc>10-4) 
to below 1 in 1,000,000 (Pc<10-6). 

C.9.     Operators should publish contact 
information for their satellite operations 
centers and maintain response times of less 
than one hour at all times. 

C.10. Mitigation of conjunctions involving two 
active satellites should be coordinated 
between the two operators and resolved with 
a mutually agreeable course of action or 
inaction. 

 
2.4 Disposal 

A key tenet of space sustainability is the notion that 
operators dispose of their orbital hardware responsibly.  
Borrowing the environmental philosophy of outdoors 
enthusiasts, we should strive to “leave no trace” in space 
at the conclusion of our missions.  Prompt, reliable, and 
safe post-mission disposal, however, requires planning 
from system inception and throughout design, 
development, and testing phases to ensure adequate 
margins and processes are available to safely dispose of 
the space asset at the point where it no longer supports 
the mission. 
 
D. Satellites and LVs should be disposed of upon 

mission completion promptly, reliably, and safely. 
 
2.4.1 Disposal Timing 

Current international guidelines call for LEO 
satellites to be deorbited within 25 years of the 
completion of their missions.  This is unnecessarily long 
and presents avoidable risks to other spacecraft and the 
orbital environment.  Under this constraint, a six-month 
experimental satellite may spend 50 times longer as a 
non-functioning, hypervelocity projectile than the 
amount of time it served a useful purpose.  For 
spacecraft possessing a propulsion system, the 
additional cost to deorbit in five years rather than 25 is 
relatively minor, and the authors propose this as a 
reasonable upper limit in the pursuit of a sustainable 
space environment.   

D.1.     Once decommissioned, a LEO satellite 
should be deorbited within 1x of its 
operational design life, up to a maximum of 
five years. 

 
2.4.2 Disposal Reliability 

A key risk of any new satellite development 
program is that undetected design or manufacturing 
problems could lead to premature failure in orbit.  Low-



70th International Astronautical Congress (IAC), Washington D.C., United States, 21-25 October 2019.  
Copyright ©2019 by the International Astronautical Federation (IAF). All rights reserved. 

IAC-19-A6.10-B4.10.3        Page 6 of 7 

cost programs designing satellites with short lifetimes 
and abbreviated test campaigns are particularly 
vulnerable to this type of failure.  Also, constellation 
operators must take special care to prevent the 
deployment of large numbers of satellites that carry a 
systemic flaw.  In the event that satellite failures are 
evident in early deployments, the problem must be 
understood and satellites yet to be launched must be 
repaired before continuing with a launch campaign, and 
operators should be vigilant in monitoring their assets 
for warning signs of impending failure. 

D.2.     The reliability for satellite post-mission 
deorbit operations should be at least 95%. 

D.3.     Satellite designs should be subject to a 
rigorous qualification and testing program 
prior to launch. 

D.4.     If satellite failures occur during the 
deployment of a constellation, root cause(s) 
should be identified and corrected on the 
ground before additional satellites are 
launched. 

D.5.     Operators should monitor the state-of-health 
of their satellites for anomalous conditions or 
trends that might lead to fragmentation or 
loss of deorbit capability. 

 
2.4.3 Disposal Safety 

Once a spacecraft or launch vehicle upper stage 
completes its disposal maneuvers, the operator is faced 
with a decision on whether to passivate the asset or to 
continue with basic, custodial operations.  Passivation 
reduces the likelihood of a future, accidental explosion, 
but it also eliminates its ability to maneuver and may 
reduce the accuracy of tracking information available to 
other operators.  For short-lived disposal orbits, the 
authors recommend maintaining the assets maneuvering 
capabilities.  When this becomes impractical, or if a 
satellite is anticipated to remain in orbit for several 
years, it should be passivated. 

Disposal safety concerns also extend beyond the 
orbital life of an object to include risks associated with 
material surviving atmospheric reentry.  Recent 
technological advancements, coupled with proper 
materials selection, make it feasible to design satellites 
to disintegrate during atmospheric reentry such that 
little-to-no debris reaches the ground.  If such “design-
for-demise” principals cannot be adequately employed, 
a controlled reentry should be performed that limits 
surviving debris to unpopulated landing areas.  These 
practices are particularly important for large-scale 
systems, as potentially hundreds or even thousands of 
satellites per year will be deorbited.  Thus, larger 
constellations, which can cause substantially more 
damage over extended periods of time, should be held to 

higher standards, and their operators should evaluate 
reentry casualty risk on a system-wide, annual basis. 

D.6.     Launch vehicle stages should be passivated 
and deorbited upon completion of their 
missions. 

D.7.     After completing disposal maneuvers, 
satellites should be passivated once collision 
avoidance maneuvers are no longer practical. 

D.8.     Deorbited objects should not pose a 
significant threat*** to people, property, or 
the environment. 

 
3. Technology Advancements 

In addition to the sensible measures outlined above 
that can be implemented immediately for new systems, 
there are additional capabilities that the community 
should develop to enhance the sustainability of our 
space activities.  The authors therefore also advocate for 
advancements in the following technology domains. 
 
3.1 Space Situational Awareness 

• Improved atmospheric density model 
predictions, to improve flight path prediction 
accuracy in LEO. 

• Improved data aggregation, analytics, and 
visualization of SSA data through a common 
data repository. 

• Improved small space object orbit 
determination accuracy using sparse tracking 
data. 

• Improved determination of cooperative and 
non-cooperative maneuvers in a satellite’s orbit 
determination process. 

• A standardized framework for computing 
realistic orbit determination covariances. 

• A service to objectively validate and verify 
tracking sensor observations for inclusion into 
an aggregated orbit determination. 

• Advancements in algorithms and data sharing 
to optimally task sensors based on space object 
attributes. 

• Advancements in satellite tracking 
augmentation techniques, such as reflectors, 
coatings, beacons, etc.††† 

 
*** The term threat here includes both chemical and 

kinetic impact hazards.  Evaluation of reentry risk for 
constellations should include an annualized, system-
wide assessment.  

†††  A recent demonstration of enhanced radar 
trackability was shown for four 0.25U (10cm x 10cm x 
2.8cm)  SpaceBEE CubeSats launched in January 2018 
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• Development of commercial tracking 
capabilities‡‡‡ to improve satellite and debris 
tracking accuracy and timeliness in support of 
a variety of tactical operations activities. 

• Development of low size-weight-and-power 
(SWaP) sensors to increase operator awareness 
of external environmental conditions and to 
support diagnostic activities in resolving 
anomalies. 

3.2 Environmental Remediation 
• Advancement of the maturity of component 

technologies necessary for rendezvous and 
proximity operations 

• Development of creative ADR mission 
concepts that lead to a commercially viable and 
competitive ADR service industry 

• Standardization of grappling interfaces to 
facilitate capture operations 

4. Conclusion 
The rapid acceleration and diversification of 

commercial space missions is outpacing our ability 
ensure the responsible use of the very resource we 
depend on for these activities.  In this new era of 
microsatellites and large constellation proposals, the 
global community must develop and embrace new 
norms of behavior if we are to avoid a tragedy of the 
commons in LEO.  The authors propose the 
recommendations herein as a basis for discussion on 
what must be an international, collaborative effort 
among industry and government stakeholders.  In 
addition, it is incumbent upon all space actors to 
actively participate in the development of additional 

 
[8].  Improved radar cross section was obtained using 
passive Van Atta array radar retro-reflectors. 

‡‡‡  Commercial space tracking companies have 
emerged in recent years, focusing both in LEO (e.g., 
LeoLabs) and in GEO (e.g., Numerica Corp. and 
Exoanalytic Solutions). 

capabilities that enhance the sustainability of our space 
activities. 
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