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ABSTRACT

Abstract
In recent years, the number of satellites which have been launched into orbit is constantly
growing. In the event that new concepts, such as mega-constellations in Low Earth Orbit, are
commercially successful, the number of annually launched satellites will increase further. In
the absence of specifically dedicated mitigation or remediation activities, safe operation of
spacecraft in these orbits may become impossible in the near future. To safeguard the use of
our space orbits, we must foster and support the application of concepts like passivation,
post-mission disposal and active debris removal.
At the International Space University’s 2018 Space Studies Program, we developed ADAM
(Active Debris removal And Mitigation), with the aim of cleaning orbital space in an ecofriendly manner on Earth. These aims are based on ESA’s Clean Space initiative. We applied
a concurrent engineering methodology to develop two mission concepts:
1. The Single-chaser Mission concept involves a single-chaser being launched, attaching
to debris, and deorbiting with the debris.
2. The Station Mission concept features two chasers that deploy deorbiting kits onto
target debris.
We also detailed the design of the subsystems of the chaser and the station by the
application of the concurrent engineering to the design process. Both mission concepts were
analyzed, using EcoDesign principles. Our EcoDesign analysis has highlighted that our
Station Mission concept (in comparison with our Single-chaser concept), has the lowest
ecological life cycle impact, when assessed in terms of three environmental impact
categories.
The ADAM business model proposes to initially start as a private entity and thereafter form
partnerships such as public private partnerships. The report outlines a set of legal and policy
steps to be conducted on international as well as national levels to enable commercial
companies to provide active space debris removal services.
We developed a technology roadmap up to the year 2040, when we anticipate a potential for
growth into On Orbit Services, including opportunities for maintenance, repair,
repurposing, and recycling of satellites in Earth orbit.
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Faculty Preface
This is the 31st year of the Space Studies Program (SSP), and is being held at the Delft
Technical University in The Netherlands. The participants were offered the choice of four
Team Projects, focused on applications of space technologies for the benefit of humankind
and the peaceful use of outer space in following themes: climate monitoring, weather
forecast, active space debris removal, and lunar night survival. This report, outlining the
ADAM project is the product of nine weeks of research, and mission and spacecraft systems
design based on concurrent engineering, covering technical, legal, policy, business, and
EcoDesign issues for active space debris removal in Low Earth Orbit.
The ISU Team Project is an academic collaboration, unique in nature, and it is a quite
difficult academic task to accomplish. The team of the ADAM project is comprised of 34
individuals from 15 countries, from different professional backgrounds, and of different
ages, meeting for a very first time in their life. They were challenged with developing a
mission concept and system architecture for the flight hardware. Perhaps for the very first
time, the ISU SSP participants were given the opportunity to test their design ideas via
concurrent engineering methodology and discuss their ideas with the experts directly onsite at ESTEC. The concurrent engineering was the real challenge for the ADAM project
because most of Team Project participants were performing it for the first time. The
participants were also challenged to use EcoDesign, the novel concept for mission design
pioneered by ESA in 2012.
During the whole Space Studies Program the ADAM project team worked with such
passion, enthusiasm, energy, motivation, and sympathy to each other that it clearly
demonstrated that the team can easily “fly” beyond the solar system and set the path for the
future of human expansion beyond Earth as Konstantin Tsiolkovsky and other space
pioneers were dreaming at the birth of space era in 1900s.
To guide these 34 professionals, members of the ISU faculty and visiting experts shared their
knowledge and experience in mission & space system design and architecture, as well as
EcoDesign.
We, the faculty, are very proud and honored to be associated with this talented, very
energetic, highly motivated, very hardworking, and dedicated group of ISU participants and
we present their results to the reader.

Olga Zhdanovich
Rüdiger Jehn
Pierre Evelin
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Participants Preface
The International Space University's 2018 Space Studies Program brought us together; an
international, multicultural and multidisciplinary team of professionals and graduates, who
all share a passion for space. Motivating for us was to ensure that we, and people of any
possible future, have access to space, by taking responsibility for and action towards active
measures to reduce the danger of space debris. ADAM (Active Debris removal And
Mitigation), which is also Hebrew for humankind, is our humble contribution for a roadmap
towards a debris free future.
In ADAM, we sought to find ways to reduce space debris through active debris removal. We
placed EcoDesign, designing for low environmental impact, at the forefront of our approach.
We examined the impact of our proposed solutions over their entire life cycles and aimed to
ensure that any solutions we propose can sustain themselves over the long-term. We looked
at whether a self-funding commercial option would be a possibility and proposed a viable
solution that fits within the current legal and policy environment.
With the support of numerous ESA experts, we had the chance to learn what it means to
apply the concurrent engineering methodology on a complex space mission designed for
fast, effective interactions between different experts, the concurrent design method provided
the foundation for multiple iterations of our mission concepts in a short period of time. This
helped everyone to understand the goals and needs of the various subsystems of a space
mission, and the parameters on which they interface.
Each member of ADAM brought their valuable unique skills to this project. Our team could
leverage the different national backgrounds, everyone’s inherent knowhow about various
disciplines, and different personal as well as professional experiences. We learned much
during this process, from the challenges of space debris mitigation and respecting everyone
and their opinions, to the importance of a revitalizing rest and a strengthening meal.
We, the entire ADAM team, want to take the opportunity to express our gratitude for
having the possibility to participate in this life changing SSP 2018 and once more to thank
Olga, Rüdiger, Pierre, Tiago and all the other people who helped us to stay on track with
their guidance and valuable advice.
ADAM is only one step towards our space futures, and we look forward to taking the next
steps together.
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1. Introduction
Since the launch of the first satellite in 1957, the number of artificial objects in space has
dramatically increased. According to the European Space Agency’s (ESA) Database and
Information System Characterizing Objects in Space (DISCOS) there are currently 20,066
space objects larger than 10 cm (ESA Space Debris, 2018). These objects comprise nonoperational satellites, derelict launch vehicle stages, mission related hardware, and
fragments resulting from collisions and explosions (UCS, 2018).
At the beginning of the space age, space seemed vast; now satellites regularly make costly
evasive maneuvers to prevent collisions and damage. The 2007 anti-satellite missile test
which targeted Fengyun-C1 (Kaufman and Linzer, 2007), and the 2009 Iridium-Cosmos
collision (Anselmo, 2009) produced 400,000 1-cm collision fragments which is equivalent to
the number of explosion fragments which were expected to be generated from 50 years of
spaceflight (Levin, Pearson and Carroll, 2011).
The Low Earth Orbit (LEO) region is especially polluted, and simulations indicate that in the
absence of significant countermeasures, fragmentation will increase (Liou and Johnson,
2008). The mitigations currently planned by international organizations are insufficient to
limit debris growth. While investment firms like Morgan Stanley predict that the revenue
generated by the global space industry will reach $1 trillion United States Dollars (USD) by
2040 (Morgan Stanley, 2017), the question remains as to whether this growth will still be
possible in the face of the growing debris issue. The status quo is no longer sustainable: new
solutions are needed.
We propose an active debris removal (ADR) mission, based on terrestrial EcoDesign
principles. Using concurrent engineering methodology, we developed and analyzed two
space mission concepts. The EcoDesign principles were implemented through end-to-end
product design. The proposed mission, ADAM (Active Debris removal And Mitigation) is
planned through 2040, with 2025 as a target date for the start of ADR activities.

1.1. Mission Statement
“Our goal is to propose a mission concept for the reduction of space debris through
active debris removal, based on terrestrial EcoDesign. This will include developing
a business case and addressing regulatory and policy frameworks.”

1.2. Current Space Debris Removal Missions
Several mission concepts for ADR are currently in development and testing phases. We have
identified two missions tackling similar problems to ADAM: the first mission is the
e.Deorbit mission under the umbrella of ESA’s Clean Space initiative, and the second
mission is the RemoveDEBRIS mission by Surrey Space Centre.
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ESA’s Clean Space initiative (ESA, 2018) aims to develop and conduct space activities with
an eco-friendly approach, targeting the entire product development life cycle (Austin, 2017).
Figure 1 illustrates its three main branches:





EcoDesign: An analytical approach to assess the environmental impact of space
technology, fostering the utilization of eco-friendly technologies.
CleanSat: Research on technological concepts to reduce the production of space
debris by end of life passivation, space debris environmental modeling or ’’Design
for Demise’’.
e.Deorbit: Research and development of an active debris removal mission.

Figure 1 ESA's Clean Space Initiative (ESA, 2018)

e.Deorbit
e.Deorbit is an ADR mission, part of ESA’s Clean Space Program that has similar elements to
the mission proposed in this report. It is planned for launch in 2023. This pioneering mission
aims for automated capture and deorbit of satellites not meant to be serviced. (ESA, 2016).
Some of the mission elements e.Deorbit identified are the capture mechanism, guidance and
navigation, image recognition, and onboard processing. This is a single mission aiming at an
ESA defunct satellite. ADAM will propose a more durable solution servicing a large variety
of satellites.
RemoveDEBRIS
RemoveDEBRIS is a technology demonstration mission led by the Surrey Space Centre to
demonstrate both target acquisition and target capture techniques. The mission includes the
use of a harpoon, a net, vision-based navigation, and a drag sail to capture and deorbit
debris (University of Surrey, 2018).

1.3. Project Justification
RemoveDEBRIS and e.Deorbit are both very promising missions, however, these are not
lasting solutions. These are demonstration missions and will not accomplish a lasting
solution to the debris problem. ADAM is the next step that will absorb these new
technologies and their demonstration feedback and will move forward with an enhanced
clean up orbital space initiative.
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Figure 2 shows the projected growth of the number of space objects which is forecast over
the next 200 years. The red (unbroken) line displays the number of objects without ADR,
and the blue (broken) line displays when ADR is performed on 30% of all satellites ever
launched on orbit. The wave pattern accounts for the 11-year solar cycle. It can be observed
that if nothing is done, a significant amount of Earth’s orbits will become polluted by space
objects. This shows that solely mitigation guidelines and measures are no longer sufficient to
stem the tide of debris growth in space.
We must also account for the impact of space activities on the Earth environment for the
technologies and ideas that need to be developed. To realize a sustainable environment both
on Earth and in space, each spacecraft needs to be developed ensuring that every
environmental aspect is considered from mission feasibility until end of life and all relevant
decisions are taken accordingly.
Based on the approach of ESA’s Clean Space program, we developed and analyzed two
mission concepts for ADR: a single-chaser mission concept and a station mission concept
(outlined in Chapter 2). The mission concepts were developed and analyzed using a
concurrent engineering methodology. EcoDesign principles are implemented through an
end-to-end product life cycle assessment of all phases of both mission concepts. To decrease
the negative environmental impact arising from the developments effectively, specific
environmental hotspots (regions of high impact on the overall eco-balance of the analysis)
will be identified and options will be proposed. The ADAM missions will be designed to
perform a controlled reentry thus fulfilling the design for demise approach. A business
model, public engagement strategy, and a regulatory and policy approach will be developed
and discussed in this report.

1.4. Report Outline
This report provides the mission motivation and objectives in Chapter 2, followed by a
description of the investigated mission that includes concepts in Chapter 3. Chapter 4
explains the EcoDesign implementation. Chapter 5 will discuss the implementation of ADR
based on our findings. A final trade off will be presented and the detailed design will be
explained. Chapter 5 will discuss the business model, with a focus on current and future
markets. In Chapter 7 both the legal and policy aspects of ADR are discussed, with an
overview of the current state of the legal framework and recommendations towards the
future of space law. Public engagement will be discussed in Chapter 8, explaining how we
plan to involve the general public as stakeholders in the activities.

2. Requirements Definition
High level requirements need to be defined to narrow the scope of this project. This chapter
will identify the debris environment that the ADAM project focuses on, and the type of
debris we plan to remove. Furthermore, the type of debris we would like to remove is
defined. This chapter will conclude with mission and system requirements.
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2.1. Target Debris Environment
To provide a long-term solution for the space debris problem, we must first identify the
areas where our proposed solution could be most effective. We need to identify the orbital
altitude, the inclination, and the kind of debris we would like to deorbit. Figure 2 provides a
projection 200 years into the future, based on a non-mitigation scenario simulation. It shows
that the number of objects in LEO is growing much faster than Medium Earth Orbit (MEO)
and Geostationary Orbit (GEO). It is thus clear that mitigation and active removal is needed
in the LEO region.

Figure 2 Prediction of the population of LEO, MEO and GEO (Liou, Johnson and Hill, 2010)

Table 1 lists a number of objects which are categorized as follows: operational satellite, nonoperational satellites, launch vehicle stages, mission related hardware, fragments, other
debris, and unknown objects. There are 20,066 objects of which 2,557 are non-operational
satellites and 1,823 are large launch vehicle objects. These objects make 22% of the total
amount of man-made objects on orbit.
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Table 1 Catalogued objects in orbit per category (ESA Space Debris, 2018)

Operational
satellites
1,833

Nonoperational
satellites
2,557

Launch
vehicle
stages
1,823

Mission
related
hardware
1,097

Fragments +
other debris

Unknown
objects

Total

10,097

2,659

20,066

The increasing amount of debris in Earth orbit has become a critical hazard for satellites and
human spaceflight. The possibility of further collisions between debris objects could lead to
a chain reaction effect. This problem was first addressed by Kessler and Cour-Palais (1978).

Figure 3 Population of space objects as function of mass and probability (Virgili and Krag, 2013)

Figure 3 shows the distribution of space objects in LEO categorized by mass and probability
of collision. The graph shows that most of the objects have a mass lower than 2,000 kg, so
this is the category of objects we will focus on. Large objects have a bigger surface area that
increases the chance of impact with smaller objects. A collision between a small object and a
large object will result in much more debris, when compared to two small objects colliding.
To stabilize the orbital environment, at least 10 to 15 large objects per year need to be
removed (Klinkrad and Johnson, 2009). As there are several different orbits in LEO they
have been characterized by inclination and altitude. To find the most promising orbit, we
have used information from one of our visiting lectures Benjamin Bastidia.
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Figure 4 Predicted number of collisions in 200 years of no further release scenario (Bastida 2009)

The results of the work done by Bastida (2009) shows the predicted number of collisions
within the next 200 years as a function of altitude and inclination (Figure 4). Two areas of
interest are identifiable:
●

1000 km altitude, 82° inclination: 290 objects are identified as important targets for
removal.

●

Sun-synchronous orbit (SSO) at 800 km altitude, 99° inclination: 140 objects are
identified as important targets for removal.

Governments and companies have great interest in using SSO for launching satellites that
offer downstream services like weather forecasting and earth observation. The number of
objects in SSO demonstrate that it is a popular orbit with many potential customers.
Removing objects in SSO will reduce the chance the orbit becoming inaccessible for future
use due to the risk of collision.

2.2. Project Objectives and System Requirements
In this section, high level mission and system requirements are derived from the mission
statement and the information provided in section 2.1. The mission statement has two main
mission level requirements; ADR and EcoDesign. In
Table 2, the mission requirements are stated. Each mission requirement has a unique
identifier, starting with the project name, acronym for the mission and a number.
Table 2 Project Mission Requirements

MIS-ID
ADAM-MIS01

Requirement Specification
The project shall clean and make the orbital environment safe and
prevent a chain reaction effect in the growth of space debris
Space debris is a problem, in order to continue safe operations in space

REQUIREMENTS DEFINITION
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MIS-ID

Requirement Specification
action must be taken
ADAM-MISThe project shall use EcoDesign principles for the development of the
02
mission
Further pollution on Earth will not be created in the process of cleaning
space debris. It is important to consider our terrestrial environment.
From these mission requirements, system requirements are derived (see Table 3). Each
requirement has a unique identifier, starting with the project name, the acronym for system
and a unique number.
Table 3 System Requirements

SYS-ID
ADAM-SYS-01

Requirement Specifications
Orbital altitude of the target shall be 800 km ± 100 km
This is one of the regions that will have high future chances of collision
therefore action needs to be taken in this region. SSO is also important for
downstream applications, such as weather forecasting
ADAM-SYS-02 Orbital inclination of the target shall be 99° ± 1°
From the altitude of interest, the inclination follows
ADAM-SYS-03 The system shall be capable of deorbiting intact objects having a mass up
to 2000 kg
To be effective and stop collisions from happening, the high volume/mass
objects should be removed
ADAM-SYS-04 The system shall deorbit at least 10 debris objects per year. With ADAMSYS-03, this leads to an overall capacity maximum of 20,000 kg of active
debris removal.
To preserve the orbital environment will need at least 10 objects removed
per year (Klinkrad and Johnson, 2009)
ADAM-SYS-05 The system shall comply with the Inter-Agency Space Debris
Coordination Committee (IADC) mitigation guidelines.
As a debris removal service, we have to comply with the debris mitigation
guidelines. To set an example for our potential customers we need to
deorbit within 25 years (IADC, n.d.)
ADAM-SYS-06 The system shall be designed such that it will accommodate the ability to
do On Orbit Servicing (OOS) operations in the future
Burning up debris in the atmosphere is the easiest way to get rid of
disposed satellites. To be more ecological and not waste resources, in the
future satellites should be repaired in orbit
ADAM-SYS-07 The first debris removal mission shall be accomplished by 2025
Space debris is an imminent problem and should be addressed in the short
term
The requirements in this section will be used in the next chapter to arrive at the concepts.
The most challenging requirements are ADAM-SYS-03 and ADAM-SYS-04. The target mass
will impose design constrains which will have an impact on the design. In the beginning it
will be difficult to achieve a timeline that ensures at least 10 successful removals per year. In
Chapter 5, the concepts and high level requirements will be used as inputs to constrain the
engineering solution.
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3. Mission Concepts
We have derived two mission concepts based on the mission and system requirements
introduced in Chapter 2. In this chapter, both mission concepts will be introduced, and the
operations will be explained by using mission overview diagram. This chapter will conclude
with a list of assumptions on which the final design, discussed in Chapter 5, will be based.
Requirement ADAM-SYS-04 states that we shall at least remove 10 large objects per year,
each with a maximum of 2000 kg, leading to an overall capacity maximum of 20,000 kg of
active debris removal. As we will use one single spacecraft per object to be removed,
removal of 10 objects will require the use at least of 10 launches. We also explored a way to
remove multiple objects using one single launch. This logic resulted in the following
concepts.

Figure 5 Concept breakdown structure

The two main mission concepts are the single-chaser mission concept and the station
mission concept. The station mission concept has two scenarios, one where the station is in a
slightly lower orbit with respect to the target, called scenario A, and one where the station is
in the same orbit as the target, called scenario B. Both concepts will be explained in the
following sections. In the design process two more concepts where developed. These
additional concepts can be found in Appendix F. They fall outside the scope of this report.
we also developed a technical roadmap, in which we account for future expansion to several
other services. Beyond 2025, we would like to perform On Orbit Servicing (OOS) including
refueling, maintenance, and repairing satellites. The target for future services will be split
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into the two categories, presented in Table 4. The table shows the different combinations of
prepared, unprepared, cooperative, and uncooperative targets. In the near future, we will
deal with uncooperative, unprepared targets.
Table 4 Definition of Target Characterization

Cooperative target

Uncooperative target

Prepared
target

Functioning object on orbit that can
be controlled from ground and
which is equipped with tools to
allow for servicing/ removal

Non-functioning object on orbit that
cannot be controlled from ground and
which is equipped with tools to allow
for servicing/ removal

Unprepared
target

Functioning object on orbit that can
be controlled from ground, but
which is not equipped with tools to
allow for servicing/ removal

Non-functioning object on orbit that
cannot be controlled from ground and
which is not equipped with tools to
allow for servicing/ removal

3.1. Single-chaser Mission Concept
The single-chaser mission concept makes use of a chaser (see
Figure 6) launched into the same orbital plane as the target.
The chaser performs a rendezvous maneuver to approach
the target, at which stage the motion of the target will be
assessed to ensure a successful capturing maneuver. Once
the debris is caught, both chaser and target will perform a
controlled reentry. This concept is flexible in terms of
servicing different kind of debris in various inclinations and
altitudes. A disadvantage of this concept is that it requires a
more launches, with a greater impact on the Earth
environment.

3.1.1.

Mission Phases

To visualize the different mission concepts, a mission
overview has been created and is presented in Figure 7. The
single operation mission has six phases: launch,
commissioning, phasing, rendezvous, capture, and reentry.
The most interesting phases for this project are phasing,
rendezvous, capturing, and reentry, as elaborated below.
Figure 6 The chaser
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Figure 7 Single-chaser mission concept

Phasing: In the phasing mode, the chaser will achieve an orbit at a slightly a higher or lower
altitude than the target orbit, in an effort to use the least amount of fuel. Depending on the
relative altitudes, this will allow the chaser to either catch up to the target or allow the target
to catch up to the chaser,.
Rendezvous: Once the chaser is nearly in phase with the target, it will start actively seek the
target and make the required final maneuvers to intercept the target. When the target is
within a safe but close range, the chaser will stop the approach and will maintain a constant
range to the target until the capture phase.
As the target is likely to be uncooperative, the chaser will analyze the tumbling rate of the
target before attempting to dock with the target. When the tumbling rate of the target has
been determined, the chaser will begin matching that rate. It will do this using its thrusters
to maneuver around the target so that it will have a constant orientation towards the face of
the target that is most viable for docking. This technical process is constantly evaluated from
ground, to ensure that the feasibility threshold of the chaser, conducting the docking, is
reached and maintained. Therefore, the reachability of the state space by the chaser and the
viability of the restricted state space, determined by the constraints imposed by the target,
have to be analyzed. The accuracy of the results of this analysis will gradually improve due
to the accumulation and fusion of in-situ sensor data.
Capture: Once the chaser has a constant orientation towards the target, it will enter
capturing mode. For this, first the capture mechanism will be deployed to grab the target
and haul it towards the chaser. Once a rigid connection has been formed, the chaser will
enter detumbling mode.
With the chaser and target attached to each other the chaser starts to detumble the
chaser/target combination. When this body reaches the desired orientation with respect to
its orbital path, the chaser can proceed with the reentry phase.
Reentry: In the re-entry phase, the chaser will decrease the orbital altitude by the igniting its
liquid rocket engine. This causes the chaser and target to start on a trajectory towards the
atmosphere. The final touchdown will occur in an uninhabited area. One of the most used
areas to impact after a controlled reentry is the Pacific Ocean.
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Rendezvous

Target
Investigation

Target Motion
Synchronization

Capture

Detumbling

Reentry

Figure 8 Single-chaser mission concept

3.2. Station Mission Concept
The station mission concept aims primarily at
lowering the number of launches. The idea is that
with only one launch twenty satellites can be
deorbited within two years so as to satisfy
requirement ADAM-SYS-04. To achieve this, the
station has twenty deorbiting kits that the chasers
take to the targets. The deorbiting kits will then
perform controlled reentry with the target, while
the chasers return to the station.

3.2.1.

Figure 9 The Station

System Description

The station mission concept is more complex because it holds more elements than the
single-chaser mission concept. In Figure 10, a breakdown of the system is presented. The
station consists of the expendable module and two chasers.
The station has two main functions,
holding the deorbiting kits and
refueling the chasers. The
expendable module is a large fuel
tank with 20 detachable deorbiting
kits. The chaser has a similar design
as that of the single-chaser concept.
The deorbiting kit is a device which
can be transported by a chaser to a
target. The deorbiting kit is then
attached to the debris and a rocket
Figure 10 Station breakdown

engine will provide propulsion for a
controlled deorbit.

The two chasers will be attached to the expendable module and all segments will be
launched together in that configuration. One chaser will always be attached to the
expendable module to provide on orbit functionalities, such as station keeping and attitude
control. At the end of life of the expendable module, the module will be deorbited by the last
deorbiting kit. At this stage the, the expandable module will have transferred all its reserve
propellant and deorbiting kits (except the last one) to the chasers. The remaining dry mass of
the expandable module is then approximately 500kg. For details on the mass budgets, see
Section 5.4. The chasers will remain on orbit and await the next expendable module to be
placed into orbit as a replacement of the previous one.
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kit
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Figure 11 Chaser function flow within station concept

The mission phases in this concept are slightly different when compared to the single-chaser
mission. The chaser from the station mission concept must returns to the expendable
module and does not deorbit each time it visits a target. On return to the station, if required,
the chaser will be refueled by the expendable module.

3.2.2.

Scenario A

In station concept scenario A, the station is placed in an orbit 200km lower than the target.
The orbital maneuvering to get to a target is more expensive because the chaser needs to
travel longer distances. The advantage of this scenario is the reduction of the risk of collision
and a lower number of expected evasive maneuvers will be needed by the expendable
module.

Figure 12 Station mission concept: Scenario A

3.2.3.

Scenario B

In station concept scenario B, the station will be in an orbit at the same altitude of the targets,
800 km. As this region is crowded, regular collision avoidance maneuvers will be required
for the station to mitigate the collision risk. However, these collision avoidance maneuvers
are so small that they are not taken into account. The advantage to station concept scenario B
is that the there is no need for large inter orbit changes, lowering the delta-v required.
Therefore, the fuel expense by the chaser to reach the debris and get back to the expendable
module is lower.

Figure 13 Station mission concept: Scenario B

13

MISSION CONCEPTS

In comparison, scenario A operates from a different orbit, whereas scenario B operates from
the same orbit. There are several things that need to be taken into account, such as the
evasive maneuvers that need to be taken in scenario B, the amount of propellant needed to
raise orbit in scenario A. Furthermore, the return flight to the station is different in both
cases (because the orbital altitude is different). At the end of life, scenario A and scenario B
have different orbits but both need to perform a reentry maneuver. All these aspects play a
roll in the calculation of the propellant mass. In 5.3.2, a detailed overview of the required
delta-v and propellant mass will be provided, based on this information a trade-off is made.

Expendable Module with Chasers
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4. EcoDesign
Within this chapter, both mission concepts of ADAM are analyzed, based on ESA’s
EcoDesign approach. We developed a methodology to combine ESA reference data with
ADAM’s mission concept specific data to derive a verdict on the ecological impact of the
end-to-end product life cycle. This analysis is a tailored approach, based on ESA’s space
system life cycle assessment guidelines (ESA, 2016), which additionally identifying negative
ecological impact hotspots. Hotspots are points of interest, which can be an activity or an
asset (mostly raw material), which has a high negative impact on the relevant environmental
category. We further influence the space segment design by the identification of Design for
Demise solutions, to control the end of life on reentry. Both EcoDesign and Design for
Demise system configuration options are identified within this chapter and applied in
Chapter 5.

4.1. Scope of the EcoDesign within ADAM
The EcoDesign approach is aimed at mitigating the environmental impacts of products as
early as possible by assessing the product’s life cycle. To be able to quantify the
environmental impact, a methodology is needed. This methodology is called Life Cycle
Assessment (LCA) and is standardized by the International Organization for
Standardization (ISO) (ISO, 2006).
The methodology requires the assessment of the consumption of natural resources, energy,
and emissions into the environment. LCA follows a multi-criteria approach, meaning it can
be used to evaluate multiple quantifiable environmental issues (Chanoine, A. et al, 2015).

4.1.1.

Goal and Purpose

Within ADAM, the goal of the LCA is the determination of the environmental impact of the
two proposed mission concepts by analyzing the system elements throughout all mission
phases. This shall be conducted by the assessment of system input/output parameters
which can be used to determine the effect on environmental impact categories.

4.1.2.

Environmental Impact Categories

We selected the subsequent impact categories with the weight factor evenly distributed for
all ecological impact categories thus not favoring or unfairly bias the assessment result
(Normally, the impact categories are weighted differently, mostly due to societal
preferences, implemented in political agendas). Our environmental impact categories are:





Global Warming potential [33.3%]: Measurement of CO2 emissions
Human Toxicity potential [33.3%]: Usage of toxic substances, determined by
Registration, Evaluation, Authorisation and Restriction of Chemicals (REACH)
(REACH, 2018) and Restriction of Hazardous Substances Directive (RoHS) (RoHS,
2018)
Mineral Resource Depletion potential [33.3%]: Critical raw materials identified by
the European Union (EC, 2017)

4.1.3.

Functional Unit

To enable a comparison of the two different mission concepts, the Number of Deorbited
Satellites will serve as a functional unit for the normalization of the impact categories. This
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is a quantified description of the performance requirement that the system fulfils i.e. number
of debris we deorbit. It provides a baseline on which all of the other data can be normalized.
Our functional unit values are:
Table 5 Functional unit values for mission concept comparison

Single-chaser Mission Concept
Station Mission Concept

4.1.4.

Number of Deorbited
Satellites
1
20

Methodology

The developed end-to-end
LCA methodology used in
ADAM is displayed in
Figure 14). The process is
divided in three main stages:


Phase-based
Mission Analysis:
We evaluated both
mission concepts
with the LCA
approach. (We
consider scenario A
and B of the station
mission concepts
equivalent). The
input data for this
stage are ESA
reference data,
providing impact per
kilogram ratios for
space segment and
launcher as well as
impact per working
hour for the ground
station. This data is
correlated with the
mission concepts
specific data,
normalized to 100%
and correlated with
the functional unit
and subsequently
weighted with a
Figure 14 End-to-end Methodology of LCA in ADAM
weight factor (outbalanced to 33% for all categories) for each impact category, to
resolve it to a single score.
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Detailed Analysis: Based on the results of the prior stage, we decide on the mission
concepts and continue with the detailed analysis, based on ESA reference data (("Life
Cycle Perception game results" of ESA), regarding the ecological impact per mission
phase analyzed. This data is used to identify tasks and assets which have a high
negative ecological impact. With that, we determine environmental hotspots and the
correlated critical raw material or human activities. This investigation is conducted
with respect to potential alternatives to provide EcoDesign options for our system
engineers.
EcoDesign Result Integration: This stage targets the implementation of the
EcoDesign options into ADAM’s system design. The system engineers have to
consider the ecological impact of their technical solution as well as the system
requirements. This stage of the methodology is conducted in Chapter 5.

4.1.5.

System Boundaries

The system boundaries (focusing the analysis on specific elements, for each eco impact
category) for the assessment are divided into a phase-based mission and a detailed-level.
Infrastructure is considered to be environmental impact neutral, because it is expected that it
exists independent of the mission. For example, such infrastructure elements include the
launch pad. The system boundaries are:




Phase-based Mission Analysis:
o Covering the space segment, the launcher segment, and the ground segment
as an entire system
o Launcher: investigated as an unchangeable system. Different launchers can be
selected and evaluated
o Ground station: considering the working hours of the staff; not considering
the infrastructure
Detailed Analysis:
o Space segment distributed in subsystems
o Raw material, especially critical raw materials are investigated e.g. beryllium,
germanium, gallium, silicon and magnesium (EC, 2017)
o Toxic resources (propellant)

4.2. Phase-based Mission Analysis Results
The analysis results of the two mission concepts are compared to each other, identifying
weaknesses and strengths. The results of both mission concepts are based on the provided
system impact data by ESA, correlated with the mission specific data.
Table 6 and Table 7 list this data.
Table 6 Eco-reference data for space segments (credit: ESA)

Global Warming
Potential
Human Toxicity
Potential

Total

Ground segment
[impact/hrs] in
[%]

Spacecraft,
drymass
[impact/kg]

Launcher,
drymass
[impact/kg]

26,000

25

5,000

532

4

45

0.00109

0.000294
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Mineral Resource
Depletion Potential

156

0

160

0.011

Table 7 ADAM mission scenario specific data

Single-chaser Mission Concept
Parameter
Value
Chaser Dry Mass
700
Selection-based Launcher Dry Mass
13,405 (VEGA-C)
System Operation Phase (E2)
19,200
Station Mission Concepts
Parameter
Value
Station + Deorbiting Kit Dry Mass
4,000
Chaser Dry Mass
1,400
Selection-based Launcher Dry Mass
82,510 (Ariane 5)
System Operation Phase (E2)
76,800

4.2.1.

Unit
kg
kg
h
Unit
kg
kg
kg
h

Results of the Mission Concepts

The results of the mission concepts assessment is displayed. The higher the value, the
greater the negative environmental impact potential.
Impact Score Value by Category
Single Score Value

0.4
0.3
0.2
0.1
0
Global Warming

Human Toxicity

Single-chaser Mission Concept

Mineral Resource
Depletion
Station Mission Concept

Figure 15 Comparison of ADAM's mission concepts regarding their ecological impact

Combining the three values for the impact categories leads to the single score value for each
mission concept.
Table 8 Single score values of ADAM's mission concepts

Single-chaser Mission Concept
Station Mission Concept

4.2.2.

Accumulated Single Score Value
1
0.88

Interpretation of the Results

Within this subsection the two mission concept results are interpreted. Table 9 lists result
interpretation for the two mission concepts at this stage of the methodology.
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Table 9 Phase-based LCA result analysis of phase-based mission

Impact
Characteristics
Single Score

Global Warming
Potential
Human Toxicity
Potential

Mineral Resource
Depletion Potential

Result Interpretation
The station mission concept offers a better single score regarding
the ecological impact. If the station gets further adapted for a
specific launcher system, the difference would be even better.
The single-chaser mission concept is slightly more ecological in
terms of Global Warming Potential. This is because of the larger
dry mass development and production of the space segment.
The single-chaser mission concept is also slightly more ecological
in terms of Human Toxicity Potential. This is because of the
launcher selection, the single-chaser mission concept can make
use of smaller launchers compared to the station mission concept.
The driving factor is the dry mass of the launchers, i.e. VEGA-C
(Vega, 2014) / Ariane 5 (Ariane5, 2016) weight ratio is 13,000 /
82,000 kg.
The station mission concept is more than twice as eco-friendly as
the single-chaser mission concept by a factor of 2.2, in terms of the
Mineral Resource Depletion Potential. This is because of the
overall number of deorbited debris, in comparison to the space
segment dry mass.

4.3. Detailed Analysis Results
The environmental hotspots are identified through a combination of a detailed further
analysis of the phase-based mission analysis, and results of studies at ESA on a
representative set of mission types.
Identification of Environmental Hotspots for hotspots concentrates on these phases.

Potential Rating (out of 100)

Environmental Hotspots by Mission Phase
100
80
60
40
20
0
A+B Satellite (%)

C+D: Dry Mass
Production (%)

Global Warming Potential

C+D: Propellant
Production (%)

E1: Launch Campaign

Mineral Resource depletion potential

C2: Operations (%)

Human toxicity potential

Figure 16 displays the results of Mission phase data of ESA's Life Cycle Perception Game. It
reveals a high Mineral Resources Depletion Potential in phase C+D. Additionally, the Global
Warming and Human Toxicity Potential is increased in phase C+D and E2. Therefore, the
subsequent search for hotspots concentrates on these phases.
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Potential Rating (out of 100)

Environmental Hotspots by Mission Phase
100
80
60
40
20
0
A+B Satellite (%)

C+D: Dry Mass
Production (%)

Global Warming Potential

C+D: Propellant
Production (%)

E1: Launch Campaign

Mineral Resource depletion potential

C2: Operations (%)

Human toxicity potential

Figure 16 Mission phase data of ESA's Life Cycle Perception Game

4.3.1.1.

Task-based phase C+D and E2 analysis results

Potential Rating (out of 100)

A detailed investigation of the selected hotspots phases, is displayed Figure 17 and Figure
18.
Mission Phase C+D Analysis Results
100
90
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60
50
40
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20
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Platform (dry
Payload (dry
mass) production mass) production

Global Warming

Transport of
spacecraft
components
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Integration &
Testing)

Office work &
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Mineral Resource Depletion

Launcher Dry
Mass Production

Human Toxicity

Potential Rating (out of 100)

Figure 17 Mission phase C+D analysis results

Mission Phase E2 Analysis Results
100
80
60
40
20
0
Ground Stations

Global warming potential

Flight operations control centres

Mineral resource depletion potential

Figure 18 Mission phase E2 analysis results

Payload data ground segment

Human Toxicity
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At this stage, we identified the hotspots for our station mission concept. The Launcher Dry
Mass Production is excluded for the EcoDesign options within ADAM, as it cannot be
influenced by the project.
Table 10 ADAM's identified environmental hotspots

Impact Characteristic
Material Resource Depletion
Potential
Human Toxicity Potential
Global Warming Potential

Phase
C+D

Asset / Activity
Platform

Office Work
Flight Operations & Payload data ground
segment
This information is correlated with the reference data provided by ESA, for the ecological
impact on subsystem level. It outlines which subsystem has the biggest ecological impact.
The combination of the task-based data set and the subsystem impact data set allows a
distinct recommendation of the format of EcoDesign options in the following subsection.

4.3.2.

C+D, E2
C+D, E2

Recommended EcoDesign Options

Within this section the identified environmental activity-centric and subsystem-centric
hotspots are listed, and their impact according to the input or output parameters
determined. The activity-centric options can be seen as qualitative and the task-centric
options as quantitative.

4.3.2.1.

Activity-centric EcoDesign Options

The subsequent table lists EcoDesign options to improve the environmental impact of
human activities within the mission. These options are listed as suggestions to improve the
ecological footprint of the mission in phase E2.
Table 11 Qualitative Activity EcoDesign options

Task
Office Work

Flight Operations

Payload data
ground segment

4.3.2.2.

EcoDesign Option
 Create incentives for employees to use bike or
public transport for commuting
 Usage of renewable energy
 Reduction of paper usage
 Improve automation of space segment
 Install eco-friendly guidelines for the operation
schedule of staff
 Develop and apply eco-friendly operation
guidelines and standards
 Automate data analysis on ground
 Improve filtering and pre-processing of data
before provision to final user

Subsystem centric EcoDesign options

Within this section the identified environmental subsystem hotspots are listed, and their
impact according to the input or output parameters determined.
Table 12 EcoDesign parameters for the liquid propellant (Morales, 2018)

Raw Material

Global Warming
Potential (kg CO2

Mineral Resource
Depletion

Human Toxicity
Potential
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eq)
MMH+MON-3
Hydrazine monopropellant
ADN*-based+3 (LMP-103S)
HNF**-based +4
Hydrogen peroxide

61.23622
68.36403
164.8483
68.36403
32.43803

Potential (kg Fe
eq)
4.330956
2.858752
3.787914
2.858752
1.049263

(CTUh***) 3.44E-09
5.27E-09
8.42E-09
5.27E-09
2.46E-09

*ADN: Ammonium Dinitramide **HNF: Hydrazinium nitroformate ***CTUh: Comparative Toxic Units
Table 13 EcoDesign parameters for the raw material of the solar arrays

Raw
Material

Global Warming Potential
(kg CO2 eq/kWh) (Hong,
2016)

Si*
GaAs**

61.70 (Hong, 2016)
205
(Nuss and Eckelman, 2014)

Mineral Resource
Depletion Potential
(kg Fe eq) (Verones
et al., 2016)
3.43
100

Human Toxicity Potential
(CTUh) -

3.82E-06
(Stolz and Frischknecht, 2017)
8.22E−11
(Amarakoon et al., 2018)

*Si: Silicon **GaAs: Gallium Arsenide
Table 14 EcoDesign parameters for the chaser batteries (Majeau-Bettez, Hawkins and Stromman, 2015)

Raw Material

Lithium-Ion
NickelChromium
Nickel-hydrogen

Global Warming
Potential (kg CO2 eq)

Mineral Resource
Depletion Potential
(kg Fe eq)

1.4
1.9

0.3
0.85

Human Toxicity
Potential (CTUh)
- Comparative
Toxic Units
2.7
4.1

3.5

1.1

5.6

4.4. Design for Demise
Design for Demise is an approach used in spacecraft design to ensure complete burn-up
upon reentry in the atmosphere at the end of life. For large spacecraft, this can be more
challenging, so design for demise is more applicable to small and medium sized spacecraft
(mass range of 800 kg to 4,000 kg) (Riley et al., 2015). The shape of the spacecraft can also
influence the break-up altitude, where the typical altitude for controlled entry is 75 km to 85
km and for uncontrolled entry, it is between 80 km and 90 km (Riley et al., 2015). If you
design for demise, then it is not as important to have a controlled entry. Cylindrical shapes
are preferred due to the aerodynamic characteristics of these objects (a smaller nose radius
and high ballistic coefficient to make it more likely to completely burn up) and the effect of
this is higher reentry velocity and heat loads on the object, leading to more material burning
up.
There are several components on spacecraft that are typically manufactured with materials
that are not suitable for the design for demise concept, to maintain structural integrity and to
withstand the space environment. These include propellant tanks, reaction wheels, batteries,
bearings and propulsion thrusters, magnetorquers, solar arrays, as well as payload elements,
like optical mirrors. The design driver for material selection of these components is
primarily a melting point of approximately 1,000°C. This makes materials such as
aluminum, lithium, magnesium, lead, tin, and copper suitable for design for demise.
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However, it makes common spacecraft materials such as titanium, stainless steel, Inconel,
tungsten, beryllium, Super Invar and Carbon Fiber Reinforced Polymer (CFRP), unsuitable
(Sgobba and Rongier, 2015).

4.4.1.

Design for Demise Solutions for ADAM

Here, we present Design for Demise solutions, applicable for both ADAM mission concepts.
The main drivers for the configuration and design solutions are to increase the probability of
complete burn-up or reduce the casualty risk area. The techniques outlined in this section
are those that are applicable to the expendable module for when it is deorbited at the end of
life. There are different engineering techniques to improve the ability of successful demise
during reentry. These are presented in Table 15.
Table 15 Design for Demise Solutions applicable for both ADAM mission concepts

Problem

Solution

Method

Expendable
Module (System)

Redirect heat flow

Use of layering, fins/stabilizers and open
structures, change overall trajectory
Placement of critical components of the
module closer to the external area of the
spacecraft
Attachment of components, minimize
number of debris falling to the ground
Use of Aluminum lined Carbon Composite
overwrapped pressure vessel (COPV) (Estes
and Moore, 2007; Cobham Mission Systems)

Reduction of casualty area
Minimize heat
required to
demise an object

Use of materials that are
easier to burn up (noncritical)

Propellant Tank
(Subsystem)

Changing configuration

Reaction Wheels

Minimize
casualty area
Payload
Components

Use of ageing materials
with degradation over time
that are easier to burn up
(non-critical)
Reduction of mass of
components

Ensuring that the debris
lands as one piece (in case
of an object not burning up
completely

Thermoplastic lined Carbon/Kevlar tank,
capable of holding green propellant (Airbus
Defence and Space, 2016)
Contain the tank, attack to other surviving
components to reduce the casualty area
Minimize mass of critical materials through
use of multiple, smaller components
Fully or partially design out of aluminum,
where steel is conventionally used

Change radius and thickness, adding hole
and spokes to stimulate increased burn-up
(would need to increase number of wheels
to maintain functionality of AOCS (Attitude
and Orbit Control System)
Elements manufactured from least
demisable materials (non-critical)
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5.1. Mission Trade-off
Within this section, the three mission concepts are compared by the application of a trade-off
analysis and by consideration of the EcoDesign analysis.

5.1.1.

Clarification and Justification

The subsequent table lists the justification and analysis type used to gather the required data
for the justification. Two analysis types had been applied. Qualitative analysis, considering
the context and the relation among the mission concepts, is used in cases where concrete
figures could not be evaluated. And quantitative analysis, in case the system could be
analyzed, and the result distilled to a concrete score.
Table 16 Justification and analysis model

Characteristics
Total Mass
(20 Missions)

Explanation /Justification
The higher the mass needed to be transported into orbit,
the lower the score. The final score is based on the overall
mass calculation per mission concept (see Section 5.2)

Analysis type
Quantitative

Complexity of
Design

The higher the complexity of the design of the system,
the lower the score. The station concept adds complexity
to the overall mission, compared to a repetitive singlechaser mission concept.
The higher the complexity of the manufacturing of the
system, the lower the score. The chasers are very similar
in all mission concepts. The station concept adds further
manufacturing complexity to the overall mission.
The identified single score value of the EcoDesign Life
Cycle Assessment is normalized on the basis 3.00 and
added to the trade-off table. (see Section 4.3)
The mission related risk score is low, when the overall
risk to lose the mission is high. The aim is to use 20
deorbiting kits per 2 years. The station mission concepts,
as a single-shot mission, bears higher overall risk than
potentially 20 single-chaser mission.
The lower the score, the more operational complexity is
involved in the mission. It is considered that orbital
maneuvers, on their return trip from the station to the
target and back add further operational complexity, in
contrast to the maneuvers of the single-chaser mission
concept.
The reliability value is strongly correlated to the
complexity value of the system. Nevertheless, it is
considered that the usage of 20 identically constructed
deorbiting kits, add further reliability to the station
concept. Because of that, the gap is slightly smaller than
for complexity of design category.

Qualitative

Complexity of
Manufacturing

EcoDesign

Mission Related
Risk

Operational
Complexity

Reliability

Qualitative

Quantitative

Qualitative

Qualitative

Qualitative
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Characteristics
Lifetime

Payload
Complexity

Cost (ISRO
Model)

5.1.2.

Explanation /Justification
The score is based on the planned mission lifetime of the
system. The longer the system can be used to fulfill its
purpose, the higher the score.
The higher the score, the lower the payload complexity.
Both mission concepts offer a high complexity, but the
station-based payload offers more complexity with the
task of deorbiting the station at the end of its lifetime.
The higher the overall cost to conduct an ADR, the lower
the score. The cost score is based on the cost analysis (see
Section 5.6).

Analysis type
Qualitative

Qualitative

Quantitative

Trade-off Analysis

Table 17 lists the result of the overall trade-off analysis for the different mission scenarios.
Ten categories have been weighted and each mission scenario was analyzed to determine an
individual score.
Table 17 Trade-off analysis

Weighting
Factor
Total Mass (20
missions)
5.92
Complexity of
Design
4.47
Complexity of
Manufacturing
0.79
EcoDesign
6.84
Mission related
Risk
3.68
Operational
Complexity
1.32
Reliability
3.95
Lifetime
2.89
Payload
Complexity
2.11
Cost (ISRO
Model)
5.68
Trade-Off Summary
Weighted

L1

Singlechaser
Mission

L2

Station
Mission
Scenario A

L3

Station
Mission
Scenario B

2.00

11.8

3.00

17.8

4.00

23.7

3.00

13.4

1.00

4.5

1.00

4.5

3.00
3.00

2
21

1.00
3.40

0.8
23.3

1.00
3.40

0.8
23.3

3.00

11

1.00

3.7

1.00

3.7

4.00
3.00
1.00

5.3
11.8
2.9

3.00
2.00
4.00

3.9
7.9
11.6

2.00
2.00
4.00

2.6
7.9
11.6

5.00

10.5

4.00

8.4

4.00

8.4

1.00

5.7

3.00

17.1

3.00

17.1

*ISRO: Indian Space Research Organization

95

98.87

103.47
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5.1.2.1.

EcoDesign Analysis Results

The conducted EcoDesign did not consider scenario A and B of the station-based mission
concept, because the impact on the EcoDesign analysis is marginal and therefore neglectable.
Therefore, only the comparison among single-chaser and station mission concepts had been
conducted. The normalized results are:
Table 18 Normalized results of the EcoDesign Analysis

Single-chaser mission concept
Station mission concept

Accumulated Single Score value
1
0.88

The results clearly reveal that the station mission concept is eco-friendlier, considering the
selected impact categories, than the single-chaser mission concept. For further details on the
results, refer to 4.3 Detailed Analysis Results.

5.1.3.

Mission Trade-off Conclusion

The results of the mission trade-off analysis and the EcoDesign analysis reveal that the
station mission concept scenario B is the best overall solution. It exhibits the best
performance in the mission trade-off and the EcoDesign analysis.

5.2. System Specification
To meet the system requirements stated in Chapter 2, a chaser is required for the singlechaser mission, and a chaser with an expendable module and deorbiting kit is required for
both station mission scenarios. To meet the requirements stated in Section 2.2, the following
subsystems have been selected:
Table 19 General Subsystem Specifications

Subsystem
Structure

Propulsion
Docking
Mechanism
Communication

Guidance,
Navigation and
Control
On-board Data
Handling
Power
Thermal

Capability
Provides the basic mechanical requirements and adequate stiffness to
withstand stress and vibration, and to maintain structural integrity and
stability.
Provides the required thrust for orbit raising, station keeping of chaser,
and other mission phases of the station.
The docking mechanism provides the required capability to connect and
maintain the connection with the required stiffness between the chaser and
the target.
Provides telemetry, tracking and command subsystem that monitors the
onboard equipment operations and communicates with and from the
ground stations.
Provides spacecraft orientation and position determination, and controls
the movements of the vehicle.
Provides the onboard computer architecture, data buses, and related
interfaces for data handling.
Provides power generation, regulation, and distribution functions during
various mission phases.
Provides a stable thermal environment for spacecraft components.
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Figure 19 displays the subsystems of the chaser and the station. These subsystems are
elaborated in detail in the subsequent section.

Figure 19 Station and chaser, developed within ADAM

5.3. Subsystems Specification
Within this subsection, the
subsystems of the chaser as well
as of the station are elaborated.

5.3.1.

Structure

5.3.1.1.

Chaser

The main platform structure
consists of six vertical panels
and two horizontal decks
supported by a central loadbearing cylindrical inner shell
and can be seen in Figure 20.
The cylindrical shell is a CFRP
sandwich construction.

Figure 20 Chaser design

The structure will be explained starting from the internal configuration, moving outwards
from there.
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The propellant tank is accommodated inside the main cylinder, and the thrusters are
mounted below the bottom deck. The inner side of the vertical panels (referred as
Equipment Panels) carry the subsystem packages such as power system packages, GNC,
communication packages, on board data handling. The mainframe elements are mounted on
the horizontal and vertical decks of the hexagonal prism. The robotic arm, the antennas and
sensors are mounted on the payload deck outside of the chaser. Two solar arrays are
mounted on the equipment panel.
The bottom of the central cylinder is attached to an interface ring that connects to the launch
vehicle through a circular clamp band interface to match with the launch vehicle.
The sun side and anti-sun side equipment panels support the solar arrays and the power
transfer assemblies. The nadir-oriented panel side carries the payload data transmission
antenna, the TTC antenna, the data handling antenna, and the sun sensors on its outer face.
The zenith-oriented side accommodates the satellite positioning system (SPS) antennae. For
ease of integration, all the vertical panels are made removable, while the bottom deck is
permanently attached to the cylinder assembly. The subsystem layout was developed
accounting for the functional requirements and interfaces of various subsystem.

5.3.1.2.

Expendable Module

Figure 21 Expendable module

5.3.1.3.

The expandable module is a cylinder made out
of aluminum alloy honeycomb core sandwich
panel and the subsystems (except kits) are
lined along the inner walls to provide a better
design for demise potential (see Section 4.4).
On either side of the cylinder, the chasers shall
be attached to the module with the support of
adapters. During the mission, one chaser will
always be attached to the module for
maneuver and control. The expendable
module is configured to accommodate 20
deorbiting kits, two chasers and propulsion
tank to refuel the chaser.

Deorbiting Kit

The deorbiting kit is configured as a hexagonal structure made of
CFRP as shown in Figure 22. The propellant tank will be housed
inside the structure. The communication systems and sensors shall
be housed on the top deck. The electronic systems such as GNC,
power, and onboard data handling shall be housed on the vertical
panels. The docking mechanism for the deorbiting kit to dock with
the expendable module, chaser, and debris is accommodated on the
top deck of the deorbiting kit.

5.3.1.4.

Figure 22 Deorbiting kit

Chaser Configuration

The structure configuration for the two chasers is the same as the single-chaser mission
concept. The following table summarizes the proposed structural dimensions for three major

components of this mission:
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Table 20 Dimensions of the system for station mission concept

Expendable module

Mission Concept Scenario A and B
2.5m base width, 4.5m length

Chaser

2.5m base width, 1.2m length

Deorbiting kit
0.8m base width, 1.2m length
A detailed mass budget for both missions can be found in the Appendix.

5.3.1.5.
Launch Vehicle Selection
Single-chaser mission
Based on the dimensions of the satellite
and the envelope of the launcher payload
fairing a suitable launch vehicle was
selected. Here, the lift-off mass of the
launcher has to be considered to ensure
take-off with the payload.
The lift off mass of the single-chaser
mission is 974kg and the dry mass is 700kg.
The spacecraft dimensions are 2.5m
diameter and 1.2m length.
For the single-chaser mission, we propose
the PSLV launch vehicle. The payload
fairing envelope of the PSLV has a
diameter of 2.9m and a length of 2.9m
(PSLV Project, 2000).
Figure 23 Payload envelope for PSLV (PSLV Project, 2000)

Station Mission Concept
For both station mission concept scenarios,
we propose the Ariane 64 launch vehicle.
The usable volume under the payload
fairing for Ariane 64 is 4.57m diameter and
11.135m length, which will accommodate
our payload. The Ariane 64 has a mass
capability of 21650 kg to LEO orbit, which
accommodates the liftoff mass of both of
our scenarios (Arianespace, 2018).

Figure 24 Usable volume beneath payload fairing for Ariane 64 (Arianespace, 2018)
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5.3.2.

Propulsion

The main functions of the propulsion system are primary propulsion, reaction control,
station keeping, precision pointing, and orbital maneuvering (Meyer et al., 2010). The
propulsion system of the chaser consists of propellant tank, main engine, thrusters, and
associated plumbing.
There are two different types of propellant, liquid and solid. Solid propellants are more
advantageous when it comes to simplicity, weight, and overall thrust generation, but liquid
propellants can stop the thrust which is not possible for solid rockets (NASA Propulsion
System, 2014). Here, we only consider liquid propellants for the chaser and the deorbiting
kit as we require the ability to change the thrust value whilst docking on the debris.
Currently, hydrazine is used as a propellant for spacecraft and satellites but recently green
propellants are attracting more attention as they are lower in toxicity. The green propellants
developed so far are roughly classified into three groups: Hydroxylammonium Nitrate
(HAN)-based propellant, ammonium dinitramide (ADN)-based propellant, and hydrogen
peroxide (Tanaka et al., 2011).

5.3.2.1.

Delta-v Calculations

Delta-v is a measure of the impulse that is needed to perform an orbital maneuver. In the
mission concepts defined in Chapter 3, there are three different orbital maneuvers which
require delta-v. These maneuvers are applicable to the single-chaser mission concept, the
station in scenario A and in scenario B.





Altitude Change between Circular Orbits
Rendezvous
Deorbiting from a Circular Orbit (this is either for the deorbiting kit or for the singlechaser)
Return and rendezvous to the station(this is only for both station scenarios)

In the single-chaser, and station scenario B concepts the chaser/station are assumed to be
launched directly in the orbital plane of the target. In reality however this is a slightly
different altitude. This is required to phase towards the targets position. The exact values
can be found in Table 21.
Table 21 Injection altitude assumptions

Single-chaser concept
Injection altitude 750 km

Station concept scenario A
Injection altitude 600 km

Station concept scenario B
Injection altitude 775 km

Altitude Change between Circular Orbits: Velocity of a spacecraft at any point in an orbit
can be calculated using the “vis viva equation” (Larson and Wertz, 1999). For orbital
transfers between two circular orbits, we used Hohmann transfer to minimize the propellant
consumption. When calculating the delta-v, we looked at the difference in speed between
these two circular orbits.
Rendezvous: Delta-v calculations for rendezvous are estimated according to the suggestions
from experts of ESOC (European Space Operation Centre) based on similar previous
missions. For non-cooperative targets, i.e. space debris, 25 m/s of delta-v requirement is
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assumed. On the other hand, for cooperative target such as station 10 m/s is used. A
rendezvous maneuver with non-cooperative target is not always successful in the first
attempt therefore 200% margin is considered. For cooperative target, rendezvous success
rate is high; therefore, no margin is required.
Deorbiting: Delta-v required for deorbiting from a circular orbit can be estimated using the
equations derived by Milstead (1966). The user-defined constraints are the entry altitude and
the entry flight path angle. 60 km of reentry altitude and 1 degree of reentry flight path
angle are assumed to ensure a successful controlled reentry in all mission concepts.
Before rendezvous, the chaser drifts on the orbit until it achieves the required relative
position to the target, in order to perform the transfer maneuver. A worst case of 180º phase
difference is assumed between the chaser and the target, and the relative drift rate is
calculated considering their respective altitudes. The time required for the phasing is
estimated accordingly, using the drift rate and phase difference and is given in Appendix A.
Time durations are estimated for routine operational phases after the first demonstration
mission, where all maneuvers are tested, is accomplished successfully.
Table 22 Summary of the results of the delta-v calculation for the chaser

Phase (margin)

Single-chaser
concept
delta-v in (m/s)
27.4
75
227.8
-

Station Scenario A

Station Scenario B

Phasing (5%)
111.3
13.6
Rendezvous(200%)
75
75
Deorbiting (8%)
Return to the station (
111.3
13.6
5%)
Docking to the station
10
10
Total amount of delta-v
330.2
307.6
112.2
In Table 22, the delta-v is listed for the chaser operations, for each maneuver a margin is
calculated. For altitude change maneuvers, 5% design margin is added to the required
impulsive delta-v values calculated to handle uncertainties and performance deterioration.
For deorbiting, gravity losses depending on the mass, engine thrust level and firing duration
are also calculated based on a parametric study by (Martens, 2018) and 3% gravity loss is
added to the calculated impulsive delta-v to obtain real delta-v values.
The delta-v required in the deorbiting kit is similar to the deorbiting delta-v of the singlechaser concept 227.8 m/s.
These delta-v estimations are used for propulsion system design given in the next Chapter.

5.3.2.2.

Propellant Mass for Station Mission Concept

The propellant mass required for different liquid propellants for a single-chaser mission
have been estimated as shown in Table 23.The dry mass (excluding propellant) of the chaser
was assumed to be 700kg, similar to that of e.Deorbit as our mission is very similar to theirs
(Biesbroek et al., 2013).
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Table 23 Estimation of liquid propellant mass required for deorbiting up to max 2000kg debris for single-chaser
mission

Propellant mass (kg) for required ΔV of (27.4+75+227.85)m/s =330.25 m/s
Chaser dry
Mass in kg
700

MMH+MON
-3
(Isp*: 320s)
233.3

HAN-based
(SHP)
(Isp: 276s)
273.3

ADN-based (LMP103S)
(Isp: 255s)
297.6

Hydrogen Peroxide
(Isp: 182s)
430.7

*Isp: Specific impulse

The propellants with the highest efficiency (Isp) are the MMH-based bi-propellant and the
HAN-based green propellant. Although the propellant mass is higher for the HAN-based
propellant, the MMH-based propellant requires two tanks as it is a bi-propellant, therefore
the propulsion system mass will be lower for the HAN-propellant. The overall complexity is
also reduced when opting for the greener version.
We propose the use of HAN-based green propellant for the chaser. HAN-based propellant
has the advantages of low toxicity, high performance (high specific impulse and highdensity specific impulse), and low freezing point.

Propellant Mass for Station Mission Concept Scenario A
For mission concept scenario A and B the fuel for the chaser has to be recalculated as the
deorbiting kit is responsible for the removal of the debris. Table 24 the propellant mass
required to move the deorbiting kit from the expendable module at 600km to 800 km
altitude to deliver the deorbiting kit and return to the station. It can also be seen how much
propellant is required for deorbiting the station at the end of life.
The data was derived using a dry mass estimation of 100 kg for the deorbiting kit, which
was based on an iterative process considering all subsystems.
The deorbiting of the expendable module will be carried out by one of the two chasers. The
quantity of liquid propellant required to transfer the expendable module from 600 km to 60
km at a delta v of 175 m/s is calculated based on the station initial mass.
Table 24 Propellant mass calculations for mission concept scenario A

Component

Chaser
Deorbiting Kit
Expendable
module + one
chaser dry mass
at the end of
life

Propellant mass calculations for mission concept scenario A
Propellant mass in kg
MMH+
HAN-based
ADNHydrogen
Dry mass in kg
MON-3
(SHP)
based
Peroxide
(Isp: 320s)
(Isp: 276s)
(Isp:
(Isp: 182s)
255s)
Return Mission ΔV: (111 m/s +25 m/s)= 136m/s, Onward mission ΔV:
(111 m/s +75 m/s)= 186 m/s
700
90.4
107.0
114.9
112.6
100
158.3
184.6
200.5
286.2

1200

68.8

80.2

87

123.6
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Propellant Required for Mission Concept Scenario B
Table 25 shows the propellant mass required to move the deorbiting kit from the expendable
module at 800 km altitude to the debris and back. It can also be seen how much propellant is
required for deorbiting the station at the end of life (delta v is 228 m/s). The propellant mass
required for the deorbiting kit is the same as for the mission concept scenario A and is added
for completion. The information obtained in this section is used for the structural design in
section 8.10.
Table 25 Propellant mass calculations for mission concept scenario B

Component

Chaser
Deorbiting Kit
Expendable
module + one
chaser dry mass at
the end of life

5.3.3.

Propellant mass calculations for mission concept scenario B
Propellant mass in kg
MMH+
HAN-based
ADNHydrogen
Dry mass in
MON-3
(SHP)
based
Peroxide
kg
(Isp: 320s)
(Isp: 276s)
(Isp:
(Isp: 182s)
255s)
Return Mission ΔV: 10m/s, Onward mission ΔV: 75 m/s
700
25.1
29.1
31.6
31
100
158.3
184.6
200.5
286.2

1200

90.5

105.5

114.6

163.5

Power

5.3.3.1.

Subsystem Requirements

The power subsystem which is necessary for the system to function provides and distributes
power to the chaser (single-chaser mission) or to the chaser, expendable module and
deorbiting kit (station mission). The power requirements for the different modes are as
follows:
Single-chaser Mission Concept:





Orbital altitude: 800km, SSO
Power demand: peak 1230W , average 860W
Orbital period: ~60 minutes sunlight time, ~30 minutes shadow time
Expected life duration: 5 months

Station Mission Concept:
Chaser + expendable module





Orbital altitude: 600km - 800km, SSO
Power demand: peak 1380W, average 1160W
Orbital period: ~60 minutes sunlight time, ~30 minutes shadow time
Expected life duration: 2 years
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Deorbiting kit





The power supply is used to serve the kit and the rocket engine during the
deorbiting ignition.
Power demand: 115W
Orbital altitude: 800*60 km
Expected life duration: ~30 minutes

5.3.3.2.

Power Subsystem Design for Scenario A and B

Power systems which use semiconductor photovoltaic cells are efficient in harnessing
radiation from the Sun. In this project we adopt a solar panel architecture, as shown Figure
25 (Jensen and Battrick, 2003). The
power sub-system consists of three
parts:






the power generation device,
which uses a solar cell system
during the illumination period and
simultaneously charges the battery,
the energy storage device, which
uses a battery for power supply
during the eclipse period,
the power control device, which is
responsible for mediating the
energy between the solar cell and
the battery to distribute the load to
all the other components.

5.3.3.3.

Figure 25 Basic components of the power subsystem
(Jensen and Battrick, 2003).

Solar Cell Selection Analysis and Design

The design of solar cells mainly depends on the photoelectric conversion efficiency and the
adaptability (temperature, radiation and atomic oxygen concentration) of the space
environment. There are two types of solar cells that are typically used in space vehicles. One
is the silicon solar cell relying on traditional technology, with relatively stable performance.
The second is GaAs (Gallium Arsenide) solar batteries that have been widely used in space
applications in recent years. Although the silicon solar cell is a mature technology and the
efficiency is low in comparison to GaAs, the cost of the silicon solar cell is much less than
that of GaAs. The GaAs solar cell has high efficiency and is suitable for long-life applications
but has a higher cost and it will therefore be used for the multi-task mode in the station
mission concept as this mission has higher power requirements and longer life
requirements. The single-chaser mission concept has a short life requirement and low power
demand, so the silicon solar cells can be used in this application to lower costs. The design of
the single-function solar cell is shown in Figure 25Figure 25 Basic components of the power
subsystem (Jensen and Battrick, 2003). The total power accounts for the load demand and the
charging power demand, which was calculated by taking into account the communications,
propulsion, robotic, thermal, GNC, Data handling and power demand to reach a total value
of 1660 W which includes 1230w for the payload and 430W for charging the battery. The
attenuation factor is not considered in the scope of the chaser mission as it is not required for
a short-term mission.
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Table 26 Single task solar cell design data

BoL*
Power
Final
(W)
1660

EoL**
Power
(W)

Attenuation
coefficient
(/year)

Life
time
(year)

1660

0

0.5

Solar
Areal
density
(W/m2)
120

Area
Needed
(m2)

Power
density
(W/kg)

13.8

78

Cables
and
others
(kg）
3

Solar
Panel
Mass
(kg)
24.2

*BoL: Beginning of Life **EoL: End of Life

The design of the multi-tasking solar cell, which is similar to the design of the singlefunction solar cell, is shown in Table 27, however, as the multi-tasking solar cell is required
for 2 years it is necessary to build a redundancy factor into the design calculation. The total
power considers the load demand and the charging power demand, which is approximately
2269 W (including a 10% redundancy design, and the degradation coefficient which is taken
as 0.02 under the orbital condition).
Table 27 Multitasking solar cell design data

BoL
Power
Final
(W)
2269

5.3.3.4.

EoL
Power
(W)
2180

Degradation Lift
coefficient
time
(/year)
(year)
0.02

2

Solar
Areal
density
(W/m2)
326

Area
Needed
(m2)

Power
density
(W/kg）

6.96

125

Cables
and
others
(kg）
3

Solar
Panel
Mass
(kg)
21.1

Analysis and design of battery selection

Batteries for spacecraft have undergone three generations of development (Miller and
Keesee, 2003). The first generation is a nickel-chromium battery with a typical design life of
less than three years. The second generation is a nickel-hydrogen battery with a design life
of 3-6 years. The third generation is a lithium-ion battery, with a design life of 3-8 years.
A performance comparison of the three batteries is shown in Table 28 (Miller and Keesee,
2003).
Table 28 Battery Performance Comparison

system →
Nickel-cadmium
characteristic↓
specific energy(wh/kg)
25
energy density(wh/lit)
100
battery mass for 300WH
33
MER (KG)
cycle life 50% DOD
>1000
wet life (storage ability)
EXCELLENT
self-discharge (per
15%
month)
temperature range
-10~30
charge efficiency
80%

Nickel-hydrogen

lithium-Ion

30
50
28

>100
>250
6

>1000
EXCELLENT
30%

>1000
GOOD
<5%

-10~30
80%

-20~40
～100%

By comparison, lithium ion batteries have the advantages of high energy density, low selfdischarge rate, high charge conversion efficiency and long cycle life, and have thus become
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an important energy source for many applications in recent years. At present, more than 100
space satellites use lithium-ion batteries as energy storage power sources, including the
Chinese Space Station Tiangong. Since 2017, the International Space Station has also begun
to replace nickel-metal hydride batteries (Harding, 2017) with lithium-ion batteries (Pete,
2017). In line with these industry trends, for the purposes of this project we also decided to
use a lithium ion battery as the energy storage power source.
The design of the multi- and single-tasking battery is shown in Table 29. The discharge
efficiency is 0.94, the single-task mode has a short life requirement, and the discharge depth
is designed according to 0.5. The specific power of the battery pack is 140 Wh/kg. The
design of the multi-tasking battery discharge efficiency is 0.94, the multi-task mode has a
long life requirement, the discharge depth is designed according to 0.3, and the specific
power of the battery pack is 140 W.h/kg
Table 29 Single and multi- tasking battery design
Battery
design

Single
tasking
Multitasking

Cables
and
others
(kg)

Discharge
efficiency

Discharg
e time
(h)

DOD

Power
capacity
(W.h)

Capacity to
Mass ratio
(W.h/kg)

Battery
Mass
(kg)

Battery Size
(m*m*m)

6

0.94

0.5

0.5

914.8

140

12.5

0.2m*0.25m*0.4m

10

0.94

0.5

0.3

2056

140

24.6

0.3*0.45*0.6m

Power Control Device Design
The power control device adopts a universal design to integrate PCU and PDU functions,
including shunt, charging, discharging, power distribution, and feedback control functions.
The internal principle is shown in Figure 26 (Chatwin, 2017).

Figure 26 Block Diagram of the power control unit

The power controller structure is made of aluminum alloy and adopts a modular design.
Each module corresponds to a
structural block, thus when
more power is required, an
additional structural block can
be added to the configuration.
A total of 12 structural blocks
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are combined, as shown in Figure 27. In this figure, the following features are illustrated
from left to right; power distribution, four modules for discharge, control, battery
management, and four modules for shunt charging. The power control unit can be
reconfigured to meet different power requirements for different missions (the single-chaser
mission will require less power than the station mission, as it is less complex).
Figure 27 Structure of the power control unit

The design indicators of the power control device are shown in Table 31.
Table 30 Power control device indicators

BUS
Voltage

Max
Output
power

Charging
efficiency

BDR
efficiency

Commun
-ication
interface

Size (m*m*m)

Mas
s
(kg)

Single task
Multitasking

28V
50V

2520W
3780W

0.95
0.95

0.94
0.94

1553，422
1553，422

0.2m*0.2m*0.4m
0.2m*0.2m*0.4m

19
19

5.3.3.5.

Power Subsystem Design for Deorbiting Kit

The deorbiting kit requires less power that the chaser and has a short life duration, therefore,
both Scenario A and Scenario B use a battery to directly supply power to the load.
According to the power demand, a seven-cell lithium-ion battery is used in series to supply
power to the load. The design results are shown in Table 31:
Table 31 Battery design for a single deorbiting kit

Cables
and
others
(kg)
2

Discharge
efficiency

Discharge
time (h)

DO
D

Power
capacity
(W.h)

Capacity to
Mass ratio
(W.h/kg)

Battery
Mass
(kg)

Battery
Size(m*m*m)

1

0.43

0.9

55.3

140

2.4

0.3*0.15*0.46

5.3.3.6.

Power system outputs

The final design results of the power subsystem are shown in Table 32:
Table 32 Power subsystem design result

Characteristic

Single task

Vbus(V)
BOL Power(W)
EOL Power(W)
Solar panel area(m2)
Solar panel mass(kg)
Battery size(m*m*m)
Battery mass(kg)
Control unit mass(kg)
Control unit size(m*m*m)

28
1660
1660
13.8
24.2
0.2*0.25*0.4
12.5
19
0.2*0.2*0.4

Multitasking(two chaser +
one expansion module)
50
4538
4360
13.9
42.2
0.3*0.45*0.6/one
49.2
38
0.2*0.2*0.4/one

Deorbiting
Kits(20)
21~28
/
/
/
/
0.3*0.15*0.46
48
/
/
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Battery average Heat output
to thermal system(W)

40

45/one

/

Control unite average Heat
output to thermal system (W)

110

168/one

/

Total mass (kg)
Total system weight

55.7
225.1kg

129.4
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5.3.4.

Guidance Navigation and Control System

The guidance, navigation, and control (GNC) system controls the movement of the
chaser/station during various phases of active debris removal. The following system
concept is derived considering these factors.

5.3.4.1.

System Requirements

Mission phases are listed below:
For reasons of simplicity the four mission phases are recalled below:
A. Chaser is raised to target orbit and kept in orbit while maintaining all orbital
characteristics (orbit raising and station keeping)
B. Chaser is chasing debris
C. Chaser is capturing debris
D. Deorbiting of the chaser together with the debris
For mission scenario A and B there are five phases:
A.
B.
C.
D.
E.

Chaser & expendable module orbit raising and station keeping
Chaser is chasing debris
Chaser is capturing non-cooperative target or debris
Chaser is docking with target or expendable module
Deorbiting of debris with deorbiting kit

5.3.4.2.

System Concepts

To meet the above requirements, different GNC systems are used during the different
phases.
The first phase begins when the chaser or chaser + expendable module is released from the
launch vehicle and ends once it has reached its target orbit (mission phase A). During this
phase communication to the ground is established and maintained.
The GNC systems required in this phase are sun sensors to orient the chaser and to deploy
the solar panels in the correct position (Chapman, 2017). Three internally redundant singleaxis fiber optic gyroscopes are used to provide three-axis rate sensing for the Attitude and
Orbit Control System (AOCS). Fiber optic sensors are used as they provide a weight
advantage over other type of gyros. Momentum wheels and reaction wheels are used for
control along pitch, roll, and yaw axes. Coarse attitude control is achieved through thrusters.
AOCS electronics have a fail-safe design approach with a feature of operating autonomously
during eclipse.
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During mission phase B, the chaser approaches the target. The ground based target
information together with the information provided by the Multiple Input Multiple Output
(MIMO) radar on the chaser (Martinez, 2017) are used for coarse target location. The radar
sensors selected have a long-distance visibility, a better view angle, and sufficient resolution
for coarse positioning. Scanning attitude mode is used to compute the attitude and to search
for the target inside an uncertainty region. The control uses thrusters as only coarse
positioning is required.
In mission phase C the non-cooperative target is captured. During this phase, the target
attitude profile is computed using a Charge Coupled Device (CCD) camera, a Photonic
Mixer Device (PMD) based camera (Rems, 2017), and 3D triangulation based LIDAR (Zhu,
2016).
A fly around mission will be carried out to get information about the target’s structural
integrity. During this phase, the target shape characterization and angular momentum
vector is measured.
The chaser will then establish its own reference frame and the debris’ reference frame to
align itself with the object. The debris will be captured using the robotic arm if its tumbling
rate is below five degrees, otherwise the mission will be aborted (Telaar,2017).
During mission phase D of single-chaser mission, the debris object will be deorbited along
with the chaser. The chaser will use an Earth sensor to align with Earth and thrusters to
deorbit the object.
In mission phase D of mission concept
scenario A and B the chaser docks to the
expendable module. The target attitude
profile is computed using a CCD camera,
PMD based camera (Rems, 2017) and 3D
LIDAR (Zhu, 2016). The docking process is
then identical to the previous step.
During the deorbiting phase (mission
phase E), the debris object will be deorbited
along with the deorbiting kit.
Figure 28 Block diagram of GNC system

5.3.5.

On-board Data Handling System

To meet both the single-chaser mission and the mission scenario A and B requirements, the
chaser and the deorbiting kit requires onboard data handling systems. The Onboard Data
Handling System (OBDH) is responsible for managing the power subsystem, the
communication subsystem, the information processing for GNC, and controlling on orbit
tasking functions. While meeting the current needs of the mission, it is necessary to consider
the future processing load capacity with regards to sensor data processing. The design
requires scalability and a sufficient design margin. The particularity of the space radiation
environment must also be considered to achieve the reliability design (ESA Architectures of
onboard data systems, n.d.).
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5.3.5.1.

System Architecture for Chaser

The traditional system architecture options for spacecraft are:
 Distributed
 Centralized
 Distributed + centralized
For our mission, we propose a centralized system architecture. In the centralized system,
each terminal or sensor is only responsible for receiving and transmitting data, and
controlling data. The control process is entirely up to the OBDH system. This generates a
low complexity system. To improve the reliability of the system, we will use cold
redundancy, meaning that only one system will be in operation at any given time. The
chosen components are all space radiation resistant to properly operate in the space
environment.
In the design of the system, the selection of the processor is very important, both to meet the
task processing requirements, but also to meet the space radiation environment. The range
of choice is relatively narrow and currently the mainstream processor in European space
applications is called LEON.
The processor of LEON has
strong performance and
meets the task requirements
of the system. We designed
the onboard computer
around the processor and its
system functional structure
is shown in the figure below.
The OBDH schematic,
including the various
components, is shown in
Figure 29.
Figure 29 OBDH functional block diagram

The internal design of the connectivity of the OBDH
with the different subsystems and sensors is shown in
Figure 30. Each subsystem is interconnected by a
military standard bus (MIL-1553B). The OBDH is the
bus control (BC), meaning it controls the entire system.
The other subsystems can be accessed by the OBDH via
a remote terminal (RT). The solar panel deployment
system is interconnected by an open connector which
acts as a discrete data line.
The overall characteristics of the complete designed
OBDH can be found in the Appendix.

Figure 30 Data connectivity overview
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5.3.5.2.

System Architecture for Deorbiting Kit

The deorbiting kit is not
responsible for the docking
operations, so the requirements
for its data processing platform
are lower than for the chaser’s
OBDH. The deorbiting kits will
use a simplified version of the
chaser’s OBDH. The OBDH of the
deorbiting kit is only responsible
for managing the power, the
mechanism for holding the debris,
the information processing for the
Figure 31 OBDH functional block diagram
GNC, and the propulsion
subsystems. The central processing unit (CPU) module alone can meet those requirements,
and its system functional structure is shown in Figure 32.
The overall characteristics of the designed OBDH can be found in the Appendix.

5.3.6.

Thermal Control System

5.3.6.1.

System Requirements

All components in the chaser, the expendable module, and the de-orbiting kit have an
operating temperature range in which the component can work properly. Table 1 shows the
operating temperature range of each component, and we have to control the temperature of
the component so as not to exceed the operating temperature range. However, it is not easy
to control the temperature because the thermal environment drastically changes in the orbit.
In the sunlight, the spacecraft is heated by the direct solar radiation, the infrared radiation
from the earth, and the albedo, and outer space temperature becomes several hundred
degrees.When components are in operating mode, they produce heat that has to be
dissipated. There are two requirements for a thermal control system: 1) to insulate the chaser
and the expendable module from outer space, and 2) to release the heat produced in the
chaser and the expendable module to outer space.
Table 33 Operating Temperature Range

Subsystem

Equipment

Temp. range [K]

Robotics
Communications

Processor
Antenna
Receiver,
Transmitter
Amplifier

318 < T < 333
223 < T < 323
223 < T < 323
233 < T < 333

Subsystem
GNC

Equipment

Temp. range [K]

Sun sensor
Earth sensor
CCD Camera

233 < T < 353
248 < T < 333
243 < T < 323

Photonic
Mixer Device

263 < T < 358
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Power
Structure
Data
handling

5.3.6.2.

Battery
Power unit
Material of
structure
Processor

288 < T < 303
258 < T < 323
T < 423

LiDAR
MIMO Radar
Gyroscope

263 < T < 323
183 < T < 363
233 < T < 313

318 < T < 333

System Concept

To provide insulation, we attach multi-layer insulation (MLI) blankets on the surface of the
spacecraft. The emissivity and the absorptivity of the MLI are 0.03 (Miyakita, 2015). To
dissipate heat, we will include a radiator, an optical solar reflector (OSR), on the spacecraft
surface. The emissivity and the absorptivity of the OSR are respectively 0.8 and 0.1 (Grob,
2000). The radiator works even if the spacecraft is in eclipse. We will also include heaters to
ensure that temperatures do not fall below the minimum operating temperatures.
We estimate the radiator size and how much power is required for the heater using the
thermal model. We assume that the temperature of the entire spacecraft is uniform.
Table 34 shows the calculation conditions, and the solar flux is decided based on the
reference quoted (Das, 2013). The configuration of the chaser is a hexagonal cylinder but is
assumed to be a cylinder to facilitate the calculations. The chaser has many components as
shown in Table 1. The deorbiting kit uses the same communication and GNC subsystems as
the chaser. We assume that the operating temperature range of the chaser is from 10°C to
30°C because most components can work properly in this temperature range. This
temperature range does not include the operating temperature range of the processors and
the battery. We will discuss these components later. The main role of the expendable
module is to retain the propellant, so we decide that the operating temperature range of the
expendable module is from 5°C to 25°C based on the freezing point of the propellant. The
same operating temperature range applies to the deorbiting kit as it uses less subsystems
than the chaser.
A separate thermal control system is necessary for the processors and the battery. To control
the temperatures of those component, we use heat pipes and loop heat pipes. Heat pipes
and loop heat pipes have been used for thermal control of various satellites because these
devices can control temperature with high accuracy and are reliable (Swanson, 2003). A
detailed analysis can be found in the Appendix.
Table 34 Calculation Condition

Chaser
Configuration
Cylinder (Φ1m, 1.2m)
Mass (kg)
700
Specific heat
921
(J/(K·kg))
Expendable Module
Configuration
Cylinder (Φ1m, 1.2m)

Thermal condition
Solar flux (W/m2)
Albedo factor
Earth temperature (°C)

1414
0.4
20

Heat produced in the
chaser (W)

810 (Hot case)
250 (Cold case)

Mass (kg)

Heat produced in the
module (W)

0

500
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Specific heat
(J/(K·kg))

5.3.7.

921

Heat produced in the
module (W)

86 (Hot case)
0 (Cold case)

Communication System

The purpose of the on-board communication systems is to establish and maintain contact
between the ground station and the satellite. The mission instruments for communications
can be divided into antennas and transponders. An antenna generally consists of a main
reflector, sub-reflector and feed section and a transponder contains a transmitter and
receiver section that deals directly with signals (Takashi, 1997).

5.3.7.1.

Communications System Requirements

The communication system concept for our mission is designed to meet the following
requirements:
1. The system shall be able to communicate with the ground station to downlink
telemetry, perform tracking and uplink tele-command.
2. The system shall be able to communicate with the ground station during the docking
phase (with the target, with the station or with the kit).
3. Selection of antennas that shall have the appropriate characteristics to accomplish the
mission.

5.3.7.2.

System Concept

The subsystems of the communication system are the antenna, the communication control
system and the satellite communication with ground station and are described in detail
below.

Antenna
Based on the above requirements we decided to use a X-band antenna of 300 Mbps
bandwidth. It appeared to be sufficient for transferring image and video during different
docking phases.
The data transfer between satellite and ground station (telemetry), the tracking of the
satellite’s position and the data transfer from ground station to the satellite (tele-command)
is established through a S- band antenna with a data transfer rate of 16 Kbps. The overall
mass of both antennas is estimated to be 35 kg.

Communication Control system
The Communication control system consists of two parts, the hardware structure and the
control software. The two level hardware structure has the lowest possible number of
elements, making the control simpler in contrast to the previous one. Finally, an interintegrated circuit (I2C) expander is used to govern T/R modules individually, and one more
cover cell needs. A multipoint serial standard RS-485 is used to connect the computer with
the panels.

5.3.8.
5.3.8.1.

Debris Capturing Mechanisms
System Selection Strategy

ADR strategies can be divided into two different categories: direct and indirect. Direct ADR
requires the creation of a physical connection with the debris while indirect ADR can be
performed at certain distance from the target. In the direct case, there are several
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possibilities to deorbit a satellite exploiting different principles. The choice of deorbiting
strategy is based on different criteria:
1. Technology maturity level
2. Target debris mass, sizes and orbits
3. Controlled reentry capability, and flexibility
Examples of indirect ADR are laser push, chemical plume, and electrical plume. Lasers
require a great amount of power, have a strong weaponization potential, and can cause
explosions or breakup (Shan, 2016). The plume concept fires a chemical or electrical engine
towards the target applying low pressure through the expellant, which is impinging on the
surface of the debris, thus deorbiting it. Simulations using an electrical engine has shown
that it would require approximately hundreds of days to deorbit a two ton debris (Merino,
2013). As a result of this preliminary evaluation we have ruled out all indirect deorbiting
methods.
Direct methods require a physical connection that can be granted by means of nets, robotic
arms, clamps, and harpoons. Harpoons may cause breakups and/or small debris on impact
and have been excluded for the mission. Clamps are an interesting concept but the maturity
level is still too low. Companies involved with OOS for satellites that are not designed for
OOS are exploiting the concept for a cooperative docking with customer satellites, but for
uncooperative docking the maturity level of the technology is too low. Nets (with tethers)
have a good potential as they are less sensitive to the state of debris, but at present they have
never been tested in orbit. They also cannot be used for regular OOS. Manipulators have
reached a good level of maturity in space and are a reliable means to berth with debris, even
though they have never been used on an uncooperative target in space (Bonnal, 2013). We
have decided to adopt the robotic arm as the first solution for debris connection (sort of
berthing) and rejected the option of the net possible future solution. Robotic manipulators
have the advantage of being compliant with future application of OOS and constitute a
better solution for our technology roadmap and have therefore chosen for our mission.
Once the chaser and the debris are connected it is possible to exploit different techniques to
lower the altitude of the debris and allow deorbiting.
Options include:
1. Solar sails and drag sails. Solar and drag sails might not provide enough force for
deceleration at the required orbits, they are difficult to steer to guarantee a controlled
reentry. And would require a huge surface, which would increase the chance of
debris impact (Shan, 2016).
2. Electrodynamic tethers. Electrodynamic tethers can be used to lower the altitude of
the debris but require power and as they are kilometers in length, there could be an
increase in the risk of impact with other debris.
3. Main engine firing. Thrusters are a very mature technology, and are already present
onboard. They can be used to obtain a controlled reentry. Their only disadvantage is
the required mass of propellant.
With the selected trade off criteria we arrived at the conclusion that main engine firing is the
best and most flexible solution for deorbiting in our mission scenario.
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System Concept and Sizing

Having established a robotic arm as the debris capturing mechanism the main load
transmission path needs to be selected. Options include (Shan et al.,2016):
1. Magnetic grippers
2. Electro adhesion, chemical, or dry (gecko-like) grippers
3. Mechanical clamping.
For the first development stage we have considered only big satellites that are equipped
with a launcher adapter ring. Therefore, we suggest a mechanical clamping mechanism for
the first missions until more flexible alternatives such as gecko-like adhesion (Trentlage and
Stoll, 2015) become more mature.
The robotic arm needs an end effector to perform the grabbing and realignment. For this it
will require a reach of three meters, which gives the best compromise between structural
weight and operation safety. We recommend a system with seven degrees of freedom to
achieve the required flexibility during operations.
We estimated the mass and power of the system by extrapolation from flown robotic arms
and proposed concepts (Cruijssen, 2014). The mass shall be 150kg with an estimated peak
power consumption of 200 W and an operational surviving power consumption of 100W.
Studies show that rocket bodies spin at approximately one degrees per second after a year in
space, while satellite class debris spins at about 10 degrees per second (Reed, 2013) in early
stages, but eventually slows down. If the debris is not involved in a collision, the spin rate
will reduce in time. Having tracked the debris, a robotic manipulator can grab tumbling
debris by using a proper control algorithm (Oki, 2007). The robotic arm can use impedance
control for the capture, but there is a limit on the relative linear and rotational velocities
given by the robotic arm speed. Typically the linear speed of a servicing robot is around 5 –
7cm per second and from this we can roughly estimate that for a three metres satellite the
maximum rotational speed that the arm can follow without requiring motion of the chaser is
two degrees per second. An experienced space robotics company guarantees grasp and
control even with rotation of 5 degrees per second (Bonnal, Ruault and Desjean, 2013). As
part of our mission selection we consider only targets with a spin rate of less than 5 degrees
and will abort when identifying a higher spin rate. In addition, the target has to rotate
around an axis which still allows reaching the clamp-band with the robotic end effector, to
conduct the mechanical clamping. Another success determining factor is the tumbling rate
of the target. ADAM’s system, with its mechanical clamping, demands a relatively stable
spin-orientation, allowing only a few degrees of tumbling around the main rotation axis.
Limiting is the relative velocity of the end effector on the trajectory to grab the target. The
greater the distance of the grabbling point from the center of mass, the target tumbles
around, the higher the relative velocity needed to grab the target. Therefore, the contact
point could be changed when identified that the relative velocity of the robotic arm is not
sufficient to conduct the maneuver. In case it is identified that the target imposes a very
high risk or that the clamp-band even cannot be reached, the mission gets aborted. We will
consider implementing technologies to actively slow down the spin of space debris once
their technology level has matured. Table 35 summarizes the components needed for the
capturing of the debris for the different missions.
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Table 35 Components needed for debris capture

Single-chaser Mission
Robotic arm
Clamp

5.3.8.3.

3m x 150 kg x 220 W
1m x 35 kg x 30 W

Chaser Mission
Scenario A and B
3m x 150 kg x 220 W
0.3 m x 15 kg x 10 W

Deorbiting kit
1m x 35 kg x 30 W

Docking for Refueling

The requirements for our ADR module reflect the need for autonomous rendezvous, &
docking, and refueling; the ability to perform autonomous rendezvous and docking allows
for refueling and replacement of the deorbiting kit. Both were successfully demonstrated by
the Defense Advanced Research Projects Agency ’s (DARPA) Orbital Express Mission in
which the ASTRO spacecraft coupled with and performed a hydrazine transfer to the
NEXTSat Satellite. This mission conducted several demonstrations - upgrading electronic
parts, performing different rendezvous maneuvers, various capture and berthing methods,
and refueling. These were completed using ASTRO’s robotic arm for manipulating
components and grappling, a capture mechanism to facilitate docking, visual & infrared
cameras as sensors, and NASA’s Advanced Video Guidance System (Friend, 2008) (DARPA,
2007). We suggest that a similar combination of technologies would be sufficient for docking
and refueling between the chaser and expendable module, due to the cooperative nature of
the rendezvous.

Figure 32 The ASSIST system probe component (Medina, et.
al., 2017)

Figure 21 The Orbital Express mission
(DARPA/Boeing/MDA)

Hinkel et al (2016) discusses various sensing and docking technologies used in previous
space missions. Many are used for crewed missions yet are still applicable as the technology
remains viable for our purpose because they demonstrate autonomous function. NASA’s
DART mission and NASDA’s ETS-VII missions have conducted on-orbit demonstrations,
and the Russian Soyuz, Europe’s Automated Transfer Vehicle, and Space X’s Dragon
Capsule are proven examples of autonomous docking and rendezvous. The electromagnetic
based sensors offer a lower-power, higher range, and more flexible alternative to radio
frequency (RF) sensors that can also act passively. This is an advantage of EM over RF. Light
Detection and Ranging (LIDAR) is a well-developed technology, having been used on the
Space Shuttle and currently in use on many craft visiting ISS. It functions in all light
conditions. LIDAR has been chosen by the Guidance, Navigation and Control (GNC) work
package for the debris targeting sensor, which reflects the suggestions for docking from this
paper.
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5.4. Mass Budget
Table 36 displays the total lift-off mass of the three mission concepts. In the subsequent
sections, each mass value is elaborated in detail.
Table 36 Lift-off mass budget of all three mission concepts

MISSION TYPE
Single-chaser mission concept
Station concept (Scenario A)
Station concept (Scenario B)

5.4.1.

TOTAL MASS [kg]
975
10140
9900

Mass Budgeting for Chaser

The chaser includes different subsystems like structures, docking mechanisms, propulsion,
communication, GNC, power and thermal sub systems. The mass budgeting is done based
on the configuration arrived at different sub system levels. At subsystem level individual
mass budgeting is done and finally summed up along with propellant mass to arrive at Final
lift off mass. Sufficient margin of 10% is considered. The percentage of mass distribution
among different sub systems with respect to dry mass is worked out. This percentage is
verified against the design guidelines (Wiley J. Larson, 2005) and the mission requirement.
The following table 1 shows the mass budgeting for the chaser.
Table 37 Chaser mass budgeting

Subsystems
Structures
Mechanisms
Propulsion (dry)
Communication
GNC
On board Data Handling (OBDH)
Power
Thermal
Margin and round off
Total dry mass
Propellant Mass (see Section 5.4)
Total lift-off mass

5.4.2.

Mass [kg]
160
160
100
40
60
30
60
15
75
700
275
975

Mass [%]
23
23
14
6
9
4
9
2
11

Mass Budgeting for Expendable module

The expendable module houses 18 refueling kits and 20 de-orbiting kit. The refueling kits
consist of propellant for refueling of chaser for each debris removal mission. The de orbiting
kit has subsystems like structures, docking mechanisms, propulsion, communication, GNC,
power and thermal sub systems. The mass budgeting for these modules under different
mission scenarios are done based on the configuration arrived at different sub system levels.
At subsystem level individual mass budgeting is done and finally summed up along with
propellant mass to arrive at final lift off mass. A margin of 10% is considered sufficient. The
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following table 2, 3, 4 shows the mass budgeting of expendable module mission scenario A,
mission scenario B and de orbiting kits respectively.
Table 38 Mass budgeting of station mission concept (Scenario A)

Expendable Module (Scenario A)
Structures
Propulsion (dry)
Margin and round off
Expendable module dry mass
Propellant Mass (based on mission requirement and
calculations are attached in Chapter 7 with N=18
refueling kits)
Expendable module mass with N=18 refueling kits

Calculated Mass from sub
systems at concept level [kg]
250
200
50
500
1990

2490

Table 39 Mass budgeting of station mission concept (Scenario b)

Expendable Module (Scenario B)
Structures
Propulsion (dry)
Margin and round off
Expendable module dry mass
Propellant Mass (based on mission requirement and
calculations are attached in Chapter 7 with N=18 refueling
kits)
Expendable module mass with N=18 refueling kits

Calculated Mass from sub
systems at concept level [kg]
250
200
50
500
1750

2250

Table 40 Mass budgeting of Deorbiting Kit

Deorbiting Kit
Structures
Mechanisms
Propulsion (dry)
Communication
GNC
On board Data Handling (OBDH)
Power
Thermal
Margin and round off
De orbiting kit dry Mass
De orbiting kit dry Mass (N=20)
Propellant Mass (based on mission requirement and
calculations are attached in Chapter 7 for N=20 deorbiting
kits)
Deorbiting kit Mass (N=20)

Calculated Mass from sub
systems at concept level [Kg]
25
15
15
5
10
5
10
5
10
100
2000
3700

5700
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5.5. Ground Segment Configuration
The system shall use a combination of ground stations (modular approach) and in-orbit
communication services to accomplish the mission.
The basic assumptions of the mission requirements are related to visibility and they are
divided according to the mission operational modes:
1. Operational cruise (a nominal cruise, routine logic mode, no operational maneuver) –
the required visibility is nominal (2-4 passes per day)
2. Operational maneuvers (execution of a mission, including all the mission phases of
tumbling, capturing, de-tumbling and de-orbiting) – the required visibility duration
is very high, at least a consecutive 30-35 minutes of communication
3. De-orbiting – required visibility is slightly higher than nominal
4. Re-entry – no visibility required

5.5.1.

Ground Stations in Use

The ground stations in use during the mission will belong to the ESA Estrack network (or
operated in cooperation with Estrack) and consist of the following:
1. ESOC – main ground control
2. Kiruna
3. Alaska
4. Weilheim
5. Svalbard
6. Troll
The combination of these ground stations allows us a total visibility duration of ~20 minutes
(best case) over the northern hemisphere. The station in the southern hemisphere (Troll) is
used for last confirmation of correct orbit before the re-entry into earth atmosphere. Troll
also allows us to verify correct command uplink and functional telemetry stream before the
last burn maneuver. Backup ground station services hired from NASA should be considered
in case of contingency such as NASA Wallops flight facility (Symonds, 2018).
The following image describes the distribution of the ground station on the globe:

Figure 34 Distribution of ground stations in use over the globe (ESA Space in Images,
2013)

The command
generation will be
performed from the
main Mission
Control Centre in
ESOC (Darmstadt,
Germany), and can
be uplinked from
any of the ground
stations. The
telemetry stream
will be processed at
ESOC and will be
received by all the
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ground stations in the satellite field of view, allowing full control and tracking of the
spacecraft operation.

Unlike the constant telemetry stream, the uplink availability is cut every time we perform a
handover between stations, and the re-acquiring of the telecommand signal might take 1-1.5
minutes. This means we cannot count on a continuously commanded operation. This gap is
covered by the implementation of on board software logic for autonomous operation, on
board software mechanisms for the activation of the robotic arms, and generation of off-line
commands in the background. Online commands can be used for emergency abort or other
urgent activity during the visibility period while performing the operational maneuver.
Figure 35 shows a schematic diagram of the communication link with the ground station
network of Estrack:

Figure 35 Communication link with the ground station network of Estrack (Symonds, 2018)

Table 41 shows the estimated visibility between satellite and ground station. Mean duration
for each location is around 10 minutes. This will not be sufficient for the capturing maneuver
as it would require a contact time above 30 minutes. Therefore we propose the additional
use of a data relay system (in-orbit communication system).
Table 41 Satellite-to-ground station visibility time in second for one month

Sec
Min Duration
Max Duration
Mean
Duration

ESOC
58.05

Kiruna
131.39

Svalbard
414.15

Troll
25.05

Weilheim
94.64

Alaska
176.85

764.05
595.69

767.91
646.75

769.36
663.23

768.6
650.45

916.63
705.98

764.18
625.59
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5.5.2.
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In orbit Communication Services

To complete the visibility gap required by the intensity of the operational maneuver we
intend to use on orbit communication services, considering European EDRS option (~30
minutes of visibility) and the US TDRS option (almost full visibility).
The use of TDRS geo satellite for communication during the operational maneuver requires
an additional antenna on board (S-band) with a dedicated pointing mechanism to support
the communication.
The use of EDRS for the in-orbit communication is based on Ka band which will demand an
addition of Ka band transponder or a Laser unit on board (since EDRS uses Laser inter
satellite links). The laser link requires a very accurate pointing and therefore cannot be used
to maintain the link during the tumbling maneuver.
Other 2 omnidirectional antennas will be mounted on opposite sides of the S/C to assist
with maintaining the communication during the tumbling phase, in which the S/C is more
inclined to lose the signal.

5.6. Overall Cost Estimation
5.6.1.

Single-Chaser Mission

We have estimated the cost of the single ADR mission based on the subsystems of the
chaser. We have used a costing technique known as the analogy method for estimating the
cost of the spacecraft. The first mission includes the development costs, test and qualification
costs and infrastructure establishment costs for simulation, assembly, integration, and
testing.
Based on the ISRO Cost Model, the design and realization costs of the first mission is
estimated as 119.45 million EUR. Considering the ESA cost model, the costs of the first
mission is estimated as 241.30 million EUR. The ESA costs estimates were provided by Mr.
Michel van Pelt of ESA Cost Engineering and are based on a mix of publicly available cost
data and cost models as well as general ESA cost engineering references. The difference in
the two cost estimates is mainly due to the variation in the margins adopted at the project
definition phase.
The recurring costs of realization of hardware and assembly, integration, and testing is only
considered if the mission is repeated. The costs of subsequent repeat missions considering
ISRO model is 36.21 million EUR and based on ESA cost model the estimate is 65.90 million
EUR.
We have worked out the launch costs for two different launch vehicles; the Polar Satellite
Launch Vehicle (PSLV) from ISRO and the Vega launcher from Arianespace. The launch cost
for one spacecraft on PSLV is estimated as 24 million EUR and for Vega launcher is 40
million EUR.
The following table summarizes the subsystem cost for the first chaser mission and the
recurring cost for realizing the subsequent missions.
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Table 42 Cost comparison ISRO versus ESA

SL
No

Sub System

1
2
3
4
5

Structure
Thermal
Robotics
Propulsion
Power Systems
(including harness)
DHC
Communications
GNC (including
onboard software)
Assembly,
Integration &
Testing
Project
Management, PA
and Engineering
Phase E1
Ground Segment
S/c operations per
mission
Margin
Spacecraft cost
Launch Cost
TOTAL COST

6
7
8
9

10

11
12
13
14

5.6.2.

ISRO Model
Cost of first
satellite
(including
development
cost
(Millions of
euros)
1.25
1.10
20.00
5.50
5.80

Recurring
Cost of
subsequent
missions
(Millions of
euros)
0.80
0.70
6.75
2.50
2.20

ESA Model
Cost of first
satellite
(including
development
cost
(Millions of
euros)
1.40
0.60
38.50
9.00
6.40

Recurring
Cost of
subsequent
missions
(Millions of
euros)
0.90
0.40
13.00
4.00
2.50

4.50
2.50
12.50

1.50
1.40
4.50

8.70
2.80
22.20

2.70
1.60
7.10

15.00

4.30

21.60

6.30

20.10

4.80

47.90

8.10

9.75
1.45

0.75

4.20
20.00
2.00

1.30
4.00
1.00

20.00
119.45
24.00
143.45

6.00
36.20
24.00
60.20

56.00
241.30
40.00
281.30

13.00
65.90
40.00
105.90

Mission Scenario A and B

We have estimated the costs of the expansion module with 20 deorbiting kits and two
chasers. The estimates using the ISRO and ESA cost model are calculated for both 800 km
and 600 km. Since no historical cost details are available for a similar kind of mission, higher
marginal values of 30% are assumed for the initial cost estimate for ISRO model. We have
estimated the cost for Ariane-6 launcher based on the information available in the public
domain (Selding, 2016). The total cost of both options is summarized in the table below:
Sl
No

Sub System

1

Structure

ISRO MODEL
800Km
600 km
Orbit
Orbit
1.25
1.25

ESA MODEL
800Km
600 km
Orbit
Orbit
10.00
13.00
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2

Propulsion System for
Expansion module

3
4

5

3.60

4.00

6.00

6.00

De-orbiting Kit
Margin
Expansion Module

126.00
39.00
169.85

126.00
39.00
170.25

180.00
59.00
255.00

180.00
60.00
259.00

Two Chasers

72.42

72.40

120.00

120.00

Launch cost
Total Cost

186.75
356.60

211.5
381.75

186.75
441.75

211.50
470.50
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6. Business

Figure 36 Timeline of ADAM business activities to 2040

6.1. Market Context
The space industry is experiencing unprecedented growth due to the emergence of new
technologies (such as reusable launch vehicles, smallsats, and mega-constellations) and new
commercial interests (such as the NewSpace industry in the private spaceflight sector,
potential for asteroid mining, and routine use of space assets such as the International Space
Station (ISS) for research activities). Growth in the industry has led to new operations aimed
at reducing costs and maximizing the value of assets. Increased tolerance for failure has
become inherent in the current environment leading to more debris items and collision
events and a generally more congested space environment (Paikowsky, 2016). It is therefore
likely that a multifaceted approach, including both mitigation and remediation measures,
will be required in order to find a solution to the debris problem. If law and policy
frameworks can be updated, they can support the viability of the debris removal market as
discussed in chapter 7.
As the commercial space sector expands, new markets of OOS and ADR must emerge to
address the market demand. OOS has the potential to enhance satellite capabilities,
repurpose and recycle defunct parts, and extend useful life spans, generating economic and
operational benefits for satellite operators and users. ADR will clear the road for safer and
more reliable on orbit operations as the core technology that is developed for ADR may be
then used thereafter for other OOS applications. ADR’s value would not be based on a
classical approach that delivers profits to the customers, but rather through the prospect of
protecting assets and current profits. With new business models, new inventions, and
increasing commercialization, investing in ADR now will ensure readiness for new business
opportunities in the future.
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A key challenge to dealing with space debris is the tragedy of the commons scenario
wherein several parties act in their own interest thereby spoiling the shared resources of the
group. Space orbits are public resources that are difficult to exclude any specific individual
actor from using. Because of this, satellite operators face a global collective action problem,
for which even actors not paying for the service will benefit (Salter, 2016). While individual
states can tackle free-riders (actors who enjoy the benefits of ADR without paying for the
service through legislative means and taxation), dealing with free-riding in the international
realm is more challenging, making it difficult for commercial actors to capture economic
value. Several solutions have been proposed, such as multilateral financial mechanisms
(Chan, 2018). However, relying solely on international frameworks to fund public goods is a
risky proposition as even those donors who support public goods may face incentives to
steer away from multilateral agreements (Bayer and Urpelainen, 2013).
To address this collective action problem in space, Sandler (2004) proposes legislative
measures to enforce liability and responsibility. Such legislative measures could enable a tax
designed to compensate for the negative effects from resource usage (such as polluting
orbital space) known as a Pigovian tax. An alternative solution could be a cap and trade
scheme wherein satellite operators are given an allowable amount of debris production, but
above that limit, they must pay a fee to a government or other organization.

6.1.1.

Market Opportunity

As previously established in Chapter 2, the densest area of debris can be found in LEO.
Assuming there are no significant mitigation and remediation efforts for space debris, debris
density will increase 85% in the densest LEO regions (Figure 37Error! Reference source not
found.), unless there are significant mitigation efforts, including passivation, post mission
disposal, and ADR (Figure 38).

Robotic Arm
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Figure 37 Projected space debris growth over time,
assuming business as usual (based on ESA MASTER
2009 model)

Figure 38 Projected space debris density, given
passivation, post mission disposal, and ADR efforts
(based on ESA 2009 model)

Debris Density Across Inclinations, 2025 and 2040
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Data from ESA Space Debris Office, modelled using ESA MASTER 2009

Figure 39 Debris by Inclination (ESA MASTER 2009, 100-10,000kg mass debris)

As stated in Chapter 1 and 2, we have chosen to target LEO as it presents the largest
concentration debris for removal, has high value to remote sensing in SSO and planned
mega-constellations, and is easier to access than higher altitudes like GEO. From a financial
point of view, less launch propellant and smaller rockets are needed to reach LEO, saving
costs and increasing the range of technologies which we can use. This is key for making
commercial operations feasible.

56

BUSINESS

Developing an ADR service market implies reconsidering the classical business model,
redefining the concept of value and use of resources throughout the lifetime of assets. As
stated in Chapter 2, it is estimated that the removal of 10 pieces of debris per year would
significantly reduce the risk of the Kessler syndrome occurring and it will slow the current
growth rate of debris in space to an acceptable plateaued level (Klinkrad and Johnson, 2010).
If this target of 10 pieces of debris per year can be achieved, it will combine preservation of
public good and commercial motivations, and it could represent a building block for a
commercial ADR market.
Our goal is to provide 10 ADR services per year at full operations, with the first service
offered in 2025. Beyond ADR, we plan to expand our services to offer other OOS services as
we demonstrate technology ability.

6.1.2.

Entity Analysis

Historically, public goods and services, like environmental clean-up, have been provided by
a range of entities, such as governments, intergovernmental agencies, non-governmental
organizations (NGOs), and the private sector. It is necessary to decide which type of legal
entity we would like to carry out operations under. The choice of this operating entity - the
functional arm of ADAM - will depend on legislative requirements, liability, and ability to
garner funding. For the purposes of this report, we have considered whether ADAM should
be housed within government, be part of an intergovernmental agency, be an NGO, or be a
private entity. The incentives, advantages, and disadvantages of each option is shown in
Table 41.
Table 43 Advantages and Disadvantages of Service Provider Types
Service Provider
Type

Government

Intergovernmental
Organization
(IGO)

NonGovernmental
Organization
(NGO)

Incentives for
ADR service

 Ensure critical
infrastructure
continuity
 Show space policy
influence
 Enable national
commercial space
industry
 Ensure critical
infrastructure
continuity and
business operations
 Enable commercial
space industry
 Ensure critical
infrastructure
continuity and
business operations
 Environmental
Protection

Disadvantages

Advantages

 Political risk
(policy changes
may change
funding)
 Certain types of
debris may pose
diplomatic and
security risks
 Primary interest in
developing
technology and IP
rather than
carrying out
services.
 Sponsor funding
may be irregular

 Does not need to
make a profit or be
revenue neutral in
the short term
 Ability to sustain
longer timeline

 IGO may use of its
own assets for
technology
demonstration (for
example ESA and
Envisat)
 Able to obtain
funding
unavailable to
private entities,
such as research
grants
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Private Entity

 Profit

 Need to raise
significant initial
capital
 Need to find a
willing client for
initial
demonstration
missions

 Strong motivation
to be efficient and
focused on work
 Motivation to keep
costs low

We have chosen to be a private entity, enabling us to provide ADR and other potential
future OOS services to governments as well as private entities, such as mega-constellation
operators and owners. We could thus provide ADR services to clients who commission the
removal of their own debris or to a group of actors working together to remove specific
debris targets which are owned by at least one of the actors within the group. Looking to
the future, if legal and policy frameworks can be revised or new international agreements
can be reached - it may be possible that the business model could also include ADR services
commissioned by one party for the removal of a piece of debris which was previously
owned by another party but which is now considered as abandoned, however, as discussed
in chapter 7, the likelihood of reaching this type of a scenario is low due to the lack of
consensus between stakeholders and a trepidation in opening the door to any type of
intervention in the property of others.
For the purposes of this report, we have also not chosen to define country of incorporation
for our entity as this would need to be chosen based on the specific funding and clients
which we target at the time of operations. As revenue from governments will likely be a
significant factor in our operations, funding will play a key role in deciding jurisdiction.
Once chosen, the country of incorporation is unlikely to change during the life of the
company.
The question of liability must also be assessed in order to address the consequences of
potential failures of ADR and/or damage to third party equipment. Investigations into this
topic led the team to seek inspiration from other industries, particularly subsea oil and gas.
Many parallels can be drawn between the subsea oil and gas industry and the space
industry, as both industries primarily deal with a relatively small number of extremely large
stakeholders - the majority of which have specific regional/political associations (for
example BP, Total, Shell and NASA, ESA, ROSCOSMOS) and their projects / primary assets
are of extremely high value thus making the entry of new actors into the industry
prohibitively cost and risk intensive. In recent years, the subsea oil and gas industry has also
experienced a shift of values in terms of remediating and mitigating industry debris
(examples of debris being pipelines and platforms which have outlived their design life and
are no longer fit for use). Due to the disproportionate financial nature between the clients
and the “clean up” contractors, paired with extremely high value assets, it is not uncommon
for the customer to bear the international consequences (liability) of failures of the
contractor, rather than the contractor themselves. The ADAM business proposition will be
based on this type of customer led liability scenario as it is believed that customers have a
sufficient interest in removing debris to make this proposal attractive despite the added
financial risks.
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6.1.3.
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Product Development

As the space economy matures, and sustainability principles become more integrated into
space operations, the possibility to repair, refurbish, refuel, and recycle satellites will become
more important. Such services require several technologies and capabilities to be created
and demonstrated in a commercially viable way.
Since the technologies required for activities like satellite recycling will require more than 20
years to see the first demonstration, we propose a multi-stage business plan. This will
provide time to develop the technological and economic momentum needed to develop
technologically feasible and cost-effective solutions.
Considering the growing interest in strategic partnerships between private entities and
public institutions (MacDonald and Riley, 2014), as well as the government’s interest in
keeping orbits accessible for their national stakeholders, we propose a demonstrative ADR
mission as the first step in developing and demonstrating our capabilities. Following an
ADR demo mission, we would be able to further develop the technology and operations for
our services, moving towards OOS capabilities and address other emerging markets.
The largest challenge is to convince funders that there is a business case for developing ADR
technologies, and to convince space actors that there is a need pay for ADR services. The
heart of this economic problem lies in the idea and that “the cost of doing nothing could be
worse than trying to implement solutions from now on” (Baudet and Ruffiot, 2016). This is
what will provide value to the ADR service market.

6.2. Market
6.2.1.

Market Actors

Given the risk of free-riders, customers must be considered based not only from whether
they would benefit from ADR, but also if they have a compelling need to pay for the service,
such as governments.
Looking at IADC historical data, an average of 60% of deorbiting attempts between 2006 and
2015 did not comply with IADC guidelines (Frey and Lemmens, 2017). The average failure
rate for launched satellites is 10% (Werner, 2018). As a result, we estimate approximately 700
non-functional satellites by 2030. Mega-constellations owners and operators would be
interested in preserving their operative orbits and reducing the number of avoidance
maneuvers required to keep their constellation running (Ghelani, 2017). A commercial ADR
service would enable companies and governments to reduce their liabilities caused by
unresponsive space objects, as well as help protect mission operations. In order to make a
substantial effort to stem the tide of orbital debris, we aim to remove 10 pieces of debris per
year as a business target.
Some potential customers of a commercial ADAM ADR business are addressed in Table 44.
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Table 44 Potential Customers of ADR services

Potential Customer
Governments

Space Agencies

Private Entities
(such as Satellite
Owners/Operators)


















Mega-constellation
owners/operators

6.2.2.

Space Debris Related Concerns
Liability of the launching state caused by on orbit damages1
Effect to society and security due to the loss of space assets
(communications networks, meteorological forecasting, navigation,
reconnaissance)
Compliance with international guidelines (IADC)
Moral responsibility of providing accessibility for future generations
Risk and loss of space assets (satellites, ISS)
Decrease of accessibility to space
Downturn of the space industry
Negative public opinion about space
Ensuring future access to space
Ensuring future activities for the space industry
Liability of national laws if they do not deorbit at end of missions
Ensuring future access to space for the full spectrum of interests and
needs
Ensuring future activities for the space industry
Decrease of accessible market
Fuel for maneuvers adds mass and cost to mission (Ghelani, 2017)

 Collisions in high demand regions within LEO result in
interruptions in operations and economic losses
 Ensure the preservation of the crowded orbits in which they operate.
 Reduce the number of future collision avoidance maneuvers
 10% of mega-constellation satellites expected to fail (Werner 2018)

Competitors

There are several ADR activities being done already. The entities in Table 45 are listed as
competitors, however they could also be potential partners for our business.
ADAM adds value to the ADR market through the combination of an EcoDesign approach
(see Chapter 0) with commercial services. It takes new and existing technologies to first
build ADR capabilities. In the future, this could also expand to OOS.
Space agencies are currently working on techniques for ADR. The IADC is made up of 13
space agencies. The primary purposes of the IADC is to exchange information on space
debris research activities between member space agencies and to facilitate opportunities for
cooperation in space debris research. Here, progress of ongoing cooperative activities is
reviewed to identify debris mitigation options. (IADC, n.d.)
Space agencies also work heavily with private entities for further technical development. For
example, the e.Deorbit program introduced in former chapters consists of private entities
like Airbus Defense and Space (Airbus) and OHB Systems (OHB) that conduct a number of
studies for capture mechanisms. As of now, e.Deorbit is looking into two concepts: a net
1

OST and Liability Convention
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mechanism and a robotic arm mechanism, and the net mechanism is developed through an
industrial consortium called First European System for Active Debris Removal with Nets
(ADR1EN).
Table 45 Private entities active in ADR

Commercial
Entity
D-Orbit

Country

Service, Product

Italy

Astroscale

Singapore

Launchspace
Technologies

US

Electro Optic
Systems

Australia

Proprietary solid propellant device “D3” for
decommissioning satellites. (D-Orbit, n.d.)
End of life service through two projects; Monitoring debris
as small as 100μm through a 25kg microsatellite “IDEA
OSG” and capturing debris and burning it upon
atmospheric re-entry in the “ELSA-d” mission. (Astroscale,
2018)
“Debris Collection Unit”. Will be used in equatorial orbit
collecting debris in the range of 1 millimeter to 5
centimeters. (Launchspace Technologies, 2016)
Track, catalogue, and in the future use laser technology to
physically manoeuver objects into different orbits to ablate
space debris. (Electro Optic Systems, 2018)

6.3. Strategic Partners and Alliances
Assessment of potential strategic partners and alliances is a key component in developing a
business model as these types of professional relationships can add value to a business both
in terms of funding (such as direct access to funding / stable reputation of the business
attracts further investment opportunities) and in terms of knowledge / expertise sharing
(harnessing the joint expertise of stakeholders, sharing IP etc.).
As the business grows through the various stages of development, business relationships
will develop, mature and evolve and thus the business relationship environment will change
throughout the life of the business. To attain the funding, which will be required to initiate
the research and development phase of the project, it is likely that strategic partners will be
encouraged to join the business and the business may evolve into a consortium.
A popular consortium type in the space sector is a PPP (Public Private Partnership) wherein
the government forms a partnership with a private entity to provide a public asset or
service, in which the private entity “bears significant risk and management responsibility,
and [payment] is linked to performance” (World Bank PPP Knowledge Lab 2018). PPPs offer
multiple benefits such as providing a means of spreading development costs, higher work
efficiencies, lower overall costs and access to a wider network of stakeholders. Alternatively,
it may also be possible to fund the initial startup stage through use of a consortium with a
private sector company or to form a consortium with an academic or research institution or
to form a consortium with a private sector company and a government.
Indicative lists of initial (development and startup) phase and intermediate (growth and
establishment) phase partners are shown below in Table 46.
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Table 46 Initial and Intermediate Phase Partners

Primary funding partners anticipated for
collaboration in the initial stages are:
 Space Agencies (ex. ESA, NASA, JAXA,
ISRO)
 Governments (ex. European governments)
 Intergovernmental Organizations (ex. EC,
EU, UNOOSA)
 Research Institutions/Universities

Secondary resource partners anticipated for
collaboration in the intermediate stages are:
 Research and Development (R&D)
o Space agencies (ex. ESA, NASA, JAXA,
ISRO)
o Governments (ex. European
governments)
o Intergovernmental Organizations (ex.
EC, EU, UNOOSA)
o Research Institutions/Universities
o Customer (interfaces)
 Operations
o Grounds Station Operators
o Insurance Companies
o Launch Providers
Joint Ventures could also be an option which may be considered at any stage of the project.
A joint venture may be defined as the product of the combination of at least two entities
such that a new entity (or venture) is formed. Joint ventures are generally formed to realize a
particular aim and while the joint venture is active the resources of the two entities may be
shared in order to achieve this aim. Joint ventures offer multiple benefits such as spreading
costs and risk of project between the founding entities, while still allowing the entities to
retain their independent status as independent entities.

6.4. Funding Strategy
Funding this endeavor will be challenging. There is little government funding and the risk
to any individual satellite is small (Werner 2018). The entry of other actors into the market
may hinder additional funding unless we can demonstrate a different market or
technological approach. Even then, there may be a reluctance for governments to fund
specific companies within the industry as it may lead to a skewed market and thus generate
additional problems within the industry in the longterm.

6.4.1.

Initial Funding

Given the high initial development costs of this commercial entity, funding is needed before
services can be demonstrated and delivered. Like many other private space entities, our
overall timeline will be longer than traditional technology companies (Peeters, 2018).
Funders need to be able to sustain a long time-horizon before financial pay-off, and could be
governments, multilateral institutions, and wealthy individuals with personal interests
(Peeters, 2018).
To acquire sufficient initial capital, a combination of government grants and private
investment would be needed. Private investment would need to come from a combination
of angel investors and seed investors. Despite an increase in private funding of space
endeavors, early 2018 results show little early funding in the space sector, especially
compared to later stage funding (Space Angels, 2018). More notably, funding of the
development stage is decreasing in proportion to overall funding in the space sector (Space
Angels, 2018), raising questions about the future market.
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Government and agency funding, whether part of PPP or other, can form part of the idea
that “institutions should support the removal of space debris financially, to encourage the
creation of an ADR service market from the demand side” (Baudet and Ruffiot, 2016).
Depending on the jurisdiction, grants and government programs could be a way forward.
For example, the ESA Business Incubation Centre offers up to €50,000 for product
development (ESA BIC, 2018). Under Horizon2020, funding is also available for research
and innovation, with starting grants at €1.5M (Horizon2020, 2016). Larger US government
grants are available for non-profit (501(c)3 registered US entities) and educational
institutions. Partnering with such an institution would enable access to alternative sources of
funds. Beyond grants, government programs like NASA Commercial Orbital Transportation
Services (COTS), offer payment upon milestone completion. It is important to note that
COTS requires companies to acquire funding outside of NASA, so that companies to have a
financial stake in the outcome (NASA Public-Private Partnerships, 2014) - a requirement
likely to continue in future programs.
Mega-constellation owners, operators, and providers, already identified as potential
customers with a vested interest in ensuring safe orbit, may be willing to provide research
and development financing in exchange for future services. Their contribution, however,
would likely be minimal, given the already tight costs constraints on these actors.
Crowdfunding may also be an option to supplement initial efforts. The ARKYD space
telescope by Planetary Resources raised 1.5M USD on the crowdfunding platform
Kickstarter in 2013, one of the largest crowd funding initiatives of the time. The project
failed, however, and Planetary Resources announced in 2016 that it would refund all
contributors (Kickstarter: ARKYD, 2016).
In both early and later stages of research and operations, loan guarantees by governments
could secure required financing. Local and national tax credits would further act as an
incentive. Companies like SpaceX have grown through these types of measures (Hirsch,
2015).
The use of prizes, such as the X-Prize, does not provide initial and seed funding, although it
could supplement funds upon milestone goals. Prizes cannot be the only source of future
funding: given that that the venture would likely cost more than the 20 Million USD of
Lunar X-Prize, the largest X-Prize ever, (X-Prize, 2018), initial financing is better sought from
other sources. Other groups that offer prizes, such as DARPA (DARPA 2018), offer smaller
prize sums. Similarly, seeking funding from startup accelerators, such as MassChallenge which offers 100,000 USD in equity free financing for top startups (MassChallenge, 2017) would be insufficient without other funding.

6.4.2.

Ongoing Costs and Funding

As the venture begins to offer ADR services, we prefer a cost plus fee service, where initial
costs are covered in addition for a fee for our services. As the venture expands into other
services and matures, we may be able to shift into a competitive fixed fee model, wherein a
schedule of services can be offered for a fixed fee. Unless further services are offered, the
collective action problem makes it likely that we would be dependent on government as the
primary customer of services. If a Cap and Trade, Pigouvian tax, or other incentive/penalty
system are introduced, future ADR demand could be assured.
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6.5. Costs
For the single-chaser mission option, we use an estimated cost of €281.3M for the first
mission and a value of €105.9M for subsequent missions. A single station with two chasers is
estimated to cost €573M for the total package. The station provides 10 deorbit services and
the price of each deorbit service is investigated like in the previous case. We explored
potential cost savings from developing our system in India. Development in India may be
cost effective, but would need in depth analysis.
In-depth cost information can be found in 5.6, where a trade-off table of an ESA developed
mission and an ISRO developed mission are compared. This table illustrates the importance
of detailed cost analysis and planning prior to choosing strategic partners for collaboration.

6.6. Business Canvas
The Business Canvas Model (Osterwalder and Pigneur, 2010) is used to understand the
relevant building blocks of a business model. The Business Canvas to carry out ADAM is in
Figure 40. Key factors for the expansion phase are in bold with an asterisk (*).
Key Partnerships

Key Activities

 Government
 International
Organization
(UNOOSA, IADC)
 Military
 SSO Satellite Operators
 Research
Organizations &
Academia
 Space Agencies
 Business Angels &
Venture Capitalists
 Launch Providers
 Insurance Companies
 Mega-constellations*






Establish Partnerships
Funding
Marketing
Lobbying Policy
Makers
 Public Outreach
Research &
Development
 Attain key resources

Key Resources






Operation Center
Human Resource
Financial Assets
Ground Stations
Orbital sets (chaser,
station)
 Intellectual Property
 Launchers

Value
Propositions

Customer
Relationship

Customer
Segments

 Preservation of
LEO environment
 Reduce risk of
collision & mitigate
Kessler syndrome
 Provide fully
integrated debris
removal service
 Protection of
existing on orbit
assets
 Provide end of life
solutions
 Enable compliance
with legal
requirements
 Implementation of
new criteria of
classifying debris
for taxation regime*

 PPP
 ITT (Invitation to
Tender)
 Co-development
 Personal networking

 Civilian and
Military
Government
segments
 Space Agencies
 SSO Satellite
Operators
 Mega-constellations*

Cost Structure
 Research and Development*
 Manufacturing*
 Operations*

Social Benefit
 Ensuring the access of humankind to space for educational,
scientific, academic, and economical purposes
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Channels
 Media (eg Space
News)
 Events (eg
conferences)
 Direct contact)

Revenue Streams







Government funding
Inter-government funding
Industry funding
Angels and VC funding
Service Fee*
Tax incentives based on space object classification*

Ecological Benefits
 Reduction of human toxicity through reduction of use of
chemical pollutants (REACH)*
 Reduction of environmental impact during re-entry
(demise)*
 Reduction of mineral resource depletion*
 Reduction of carbon footprint*
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The Value Propositions highlights how our customers would benefit from our service while
the Customer Relationship underlines the kind of relationship we want with them. The
channels section refers to the way we want to reach our customers. Cost Structure and
Revenue Streams are related to the financial plan; Social Benefit and Ecological Benefits
highlight the positive outcomes of our business.

6.7. Looking Beyond ADR at Potential Future Services
Once technical competencies have been established in ADR, OOS technology will be our
potential future services. OOS services such as refueling, repairing, and maintenance
technology will enhance the lifetime of spacecraft. With a longer operational satellite
lifetime, operators will be able to generate more revenue from one spacecraft, determine the
most effective management strategy, and protect asset value. If refueling technology is
realized, satellites could carry less propellant and more onboard mission instruments,
saving upfront costs while expanding capabilities.
With the development of OOS robotic technology, we will not only be able to enhance the
specifications of a satellite, but also open a whole market of assembly components in space.
For example, it will allow construction of bigger telescope missions, as well as larger
stations. (Redd, 2014)
Recycling technology could also be a source of new opportunities. Much of mass of the
debris in LEO is aluminum alloy tanks and related structure. Recycling this aluminum could
deliver tons of scrap metal per year. (Levin, Pearson and Carroll, 2011). With future robotic
technology, spacecraft can be manufactured in-situ, however, this is outside the scope of this
report
To realize the OOS technology, further research and development is needed, and
standardization and legal frameworks will be needed especially for ownership of objects
after recycling.

The Chaser
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7. Legal and Policy Framework
From a policy perspective, there is an internationally recognized need to deal with the issue
of space debris. However, ADR activities present a number of concerns, e.g. due to the dualuse nature of ADR technology. From a legal perspective, the lack of a legal framework
directly addressing ADR presents challenges for entities carrying out such activities. ADR
could involve more than one state, multiple private entities incorporated in different states,
or a mix of state and private entities acting together which further complicates the matter.
This chapter provides an overview and analysis of the legal and policy challenges related to
ADR and suggests paths forward for ADAM missions to be successful in the future.

7.1. Definition of Space Debris
Clarifying the term space debris is important for determining the applicability of the UN
space treaties to our mission.
Space debris is not defined in the existing space law treaties. A number of non-legally
binding instruments, such as the space debris mitigation guidelines of the IADC and the
United Nations Committee on the Peaceful Uses of Outer Space (UNCOPUOS) (referred to
in paragraph 7.2.) define space debris as “all man-made objects, including fragments and
elements thereof, in Earth orbit or re-entering the atmosphere, that are non-functional”. This
functionality focused definition can be seen as a useful starting point but does not provide
the necessary legal certainty and efficiency due to its non-binding nature (Jakhu, Nyampong
and Sgobbac, 2017).
The Liability Convention (LIAB) applies to damage caused by space objects. The LIAB lacks
a clear definition of the term space object, merely stating in Article I(d) that “the term space
object includes component parts of a space object as well as its launch vehicle and parts
thereof”. From this provision it seems logical, however, to conclude that space debris qualify
as space objects, or as component parts of space objects, and that the LIAB applies to
damage caused by space debris (Masson-Zwaan, 2017). In the following sections we assume
that space debris qualify as space objects.
A future legal framework addressing space debris mitigation and remediation should
contain a legal definition of space debris (Jakhu, Nyampong and Sgobba, 2017).

7.2. International Legal Instruments Addressing Space Debris
To mitigate the proliferation of space debris and promote the long-term sustainability of
space activities, a number of international guidelines have been developed. Adherence to
these international guidelines is only made by states on a voluntary basis, but the guidelines
can become binding through incorporation into national law (Masson-Zwaan, 2017). The
guidelines include:
1) The 2002 Space Debris Mitigation Guidelines approved by the IADC (IADC
guidelines), issued by the Steering Group and Working Group 4, and revised in
September 2007
2) The 2007 Space Debris Mitigation Guidelines of UNCOPUOS (UNCOPUOS
guidelines) endorsed in Resolution A/RES/62/217 by the General Assembly of
the United Nations
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3) The 2010 International Telecommunication Union (ITU) Recommendation ITU-R
S.1003-2 Environmental protection of the geostationary satellite orbit
4) The 2011 International Organization for Standardization (ISO) of the
international standard ISO 24113 Space Systems - Space Debris Mitigation
Requirements, prepared by Technical Committee ISO/TC 20, “Aircraft and Space
Vehicles”, Subcommittee SC14 “Space Systems and Operations”
5) The 2014 ESA Space Debris Mitigation Policy for Agency Projects (ESA SDM) and
the 2015 ESA Space Debris Mitigation Compliance Verification Guidelines (ESA
handbook) which provides the guidelines for ESA projects to comply with the
ESA SDM
According to the IADC guidelines, objects passing through the LEO region should be
deorbited or, where appropriate, maneuvered into an orbit with a reduced lifetime, limiting
the orbital lifetime to 25 years. The UNCOPUOS guidelines, which are broadly accepted by
UN member states, does not contain a time limit but merely refers to limiting the long-term
presence of spacecraft and launch vehicle orbital stages in the LEO region after the end of
their mission (Guideline 6).
The ESA handbook provides guidelines on verification methods and implementation of
mitigation measures in support of ESA projects. The space debris mitigation measures aim
to reduce the probability of fragmentation events and collisions and minimize the
probability of a hazardous occurrence on orbit and in case of reentry. The ESA handbook
outlines requirements for LEO disposal maneuvers. According to requirement 6.3.3.2, the
orbital lifetime shall not be longer than 25 years after the end of the operational phase. The
handbook contains methods to assess compliance and mitigation measures for temporary
presence in LEO (ESA, 2014).
The abovementioned guidelines focus on the mitigation of space debris, i.e. the prevention
of a generation of new space debris. We encourage states to update or supplement these
guidelines with guidelines addressing space debris remediation, i.e. the removal of existing
space debris. Efforts have been made by the UNCOPUOS through the proposed guidelines
for the long-term sustainability of outer space activities which also address ADR (Guideline
20, 21 and part of 22). These guidelines e.g. encourage states and international
intergovernmental organizations conducting ADR activities to provide information at an
international level in advance through the United Nations Office for Outer Space Affairs
(UNOOSA). The guidelines also outline that states operating satellites with ADR capabilities
should prevent threatening space objects that are controlled, owned, and/or operated
outside of their jurisdiction.

7.3. Registration, Jurisdiction, Control, and Ownership
Several parties can have rights and obligations in relation to the same space object.
According to Article VIII of the Outer Space Treaty (OST), “a state party to the treaty on
whose registry an object launched into outer space is carried shall retain jurisdiction and
control over such object.” The provision establishes a link between the registration of a space
object and the exercise of jurisdiction and control over the object. The provision is elaborated
in the Registration Convention (REG).
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The REG provides that space objects must be registered in a national registry as well as a
registry maintained by the Secretary-General of the United Nations. Where there are two or
more launching states of a space object, the states “shall jointly determine which one of them
shall register the object”, cf. Article II (2) REG.
Ownership of objects launched into outer space is not affected by their presence in outer
space, or on a celestial body, or by their return to the Earth, cf. Article VIII OST. The fact that
a state is no longer able to exercise jurisdiction and control over a space object does not
mean that the object can be considered abandoned and that whoever finds the object may
lay claim to it (International Interdisciplinary Congress on Space Debris Remediation and
On-Orbit Satellite Servicing, 2012).
Based on the above, it is important that we do not interfere with a space object/debris
without the owner’s consent.

7.4. Responsibility and Liability
According to Article VI of the OST, states are responsible for national activities in outer
space, whether such activities are carried out by governmental agencies or by nongovernmental entities.
Like the general principle of state responsibility in international law, state responsibility in
space law is entailed by the state committing an “internationally wrongful act” (Stubbe,
2017). An internationally wrongful act is an action or omission which can be attributed to a
state under international law and which constitutes a breach of an international obligation. It
can be argued that the creation of space debris is an internationally wrongful act, and that
responsibility should be assigned to a state which has failed to responsibly manage its space
debris (Jakhu, Nyampong and Sgobba, 2017).
When two or more spacecraft interact, there is a risk of damage being caused. Under Article
VII of the OST, the launching state is internationally liable for damage caused by its space
objects. The liability principle in the OST is elaborated in the LIAB.
Article I(c) of the LIAB lists four different categories of launching states which can be held
liable: 1) a state which launches a space object, 2) a state which procures the launching of a
space object, 3) a state from whose territory a space object is launched, and 4) a state from
whose facility a space object is launched. Thus, several launching states may be involved in
the same ADR mission. Once a state becomes a launching state of a space object, it will
always be considered a launching state of that space object. On a national level, when ADR
is carried out by a private entity, the state will usually have an interest in transferring its
financial obligations to the ADR provider. Some states have done this by the enactment of
national space laws requiring the operator of a space activity to reimburse the state in case
the state is held liable under the LIAB.
According to Article II of the LIAB, a launching state is absolutely liable to pay
compensation for damage caused by its space object on the surface of the Earth or to aircraft
in flight. In the event of damage being caused in space, the launching state is liable only if
the damage is due to its fault or the fault of persons for whom the state is responsible, cf.
Article III LIAB.
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ADR activities are more likely to cause damage in outer space than on Earth. Thus, the
question of what constitutes fault in outer space is relevant to consider. The LIAB does not
define fault, nor does it provide any standards of care. Removing space debris is risky,
particularly when the operation takes place in a crowded orbit like SSO. The prospects of
potential liability may not outweigh the benefits of carrying out ADR activities.
Based on the above, we encourage the development of technical standards and procedures
for ADR activities against which fault can be assessed, thus making it easier for us, as a
provider of ADR, to predict the possible consequences of our operations.
We also suggest that states consider adopting a liability regime which to a greater extent
encourages ADR activities, e.g. by agreeing not to apply the fault standard when entities
decide to do the right thing, i.e. contribute to the remediation of space debris (Jakhu and
Nyampong, 2012).

7.5. Authorization
Like any other space activity, our ADR mission must be authorized and supervised by a
state.
In Article VI of the OST it is stated that: “the activities of non-governmental entities in outer
space, including the Moon and other celestial bodies, shall require authorization and
continuing supervision by the appropriate State Party to the Treaty.” The OST does not
specify any further requirements but leaves it to states to implement the obligations though
national space laws.
The criteria for obtaining an authorization varies between states. For our mission to be
successful and responsible it is important that we comply with the authorization
requirements in the jurisdiction that we choose (Othman, 2017).
While space debris must be considered an international issue, ADR can also be facilitated at
national level. We encourage states to include space debris remediation clauses in national
authorization requirements. Such clauses could require operators to take out insurance to
cover the costs of removal or disposal of the satellite in case a failure or malfunction impedes
the planned disposal procedures at end of life (Nyampong, 2013). Imposing debris removal
requirements on operators would increase the need for our service.

7.6. Export Control and Intellectual Property Rights
Space technologies are often built on state of the art technologies under careful protection by
manufacturers and governments, and are often closely related to national security concerns.
These technologies may be protected under intellectual property regulations and export
regulations. If the target debris contains trade secrets, then an agreement on confidentiality
must be reached with the applicable satellite owner before target engagement.
Export regulations will restrict free use of products and services from different countries.
For example, the United States International Traffic in Arms Regulations (ITAR) restricts the
export of items for military or defense purposes, and items that are dual-use in nature. Space
products and technologies are considered dual-use technologies and are included in the
Commercial Control List (CCL), creating substantial export control to nations like Russia
and China (Lu, Jiang, 2017).
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Space Traffic Management and Space Situational Awareness

When removing space debris in a crowded orbit like the SSO, the risk of collisions is a
concern for us.
A possible solution is Space Traffic Management (STM). STM has been defined by the
International Academy of Astronautics (IAA) as a “set of technical and regulatory
provisions for promoting safe access into outer space, operations in outer space and return
from outer space to Earth free from physical or radio-frequency interference.” (IAA, 2016).
The Cosmic Study, issued by the IAA in 2006, made a compelling case for STM. As a followup to the Cosmic Study, the 2018 IAA Study named “Space Traffic Management – towards a
roadmap for implementation” presented STM as a comprehensive approach to secure the
sustainable development of future space activities. As part of the national initiatives, the US
issued the National Space Traffic Management Policy (Space Policy Directive 3) on June 18,
2018.
Space Situational Awareness (SSA) is part of STM. SSA refers to space object tracking and
represents the process of predicting the location and velocity of debris for the prescription of
avoidance maneuvers. Tracking implies ground and on-orbit capabilities, calculations, and a
network of sensors distributed around the globe. Information sharing and SSA development
is important for successful missions, including those of ADAM.

7.8. Environmental Protection of Outer Space
Article IX of the OST introduces the principle of due regard according to which states that
carry out space activities must take into account the interest of other states. The article
further requires states to avoid harmful contamination of outer space.
The interpretation of Article IX of the OST and its application to space debris is unclear. It
can be argued that the creation of space debris is contrary to the due regard principle
(Christol, 1979). It can also be argued that harmful contamination is a broad concept,
covering all kinds of harmful interference in outer space, including the creation of space
debris (Marchisio, 2009). The threshold to harmfulness can be considered as crossed when
the contamination by space debris reaches a level that threatens the usability of outer space
and thus disregards the interests of other states (Stubbe, 2017).
In SSO, which is the orbit we are operating in, it could be argued that the above-mentioned
threshold has already been crossed. Thus, if Article IX of the OST can be interpreted as
imposing on states an obligation to remove their non-functioning space objects when they
become threatening to the usability of outer space, now would be the time to start enforcing
this obligation.
Like other articles in the OST that have been elaborated upon in separate treaties, Article IX
of the OST could be a good starting point for a new treaty addressing space debris (Johnson,
2018). Since states are reluctant to enact new binding legal instruments, this does not seem as
a realistic solution in the near future.
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7.9. Defense and Security Implications of ADR
ADR technologies have a dual-use nature and can thus have strategic/military implications
(Jakhu and Pelton, 2017). Technology used for ADR can also be used for Anti-Satellite Tests
(ASAT) or for reconnaissance purposes (Jakhu and Nyampong, 2012).
A future legal and policy framework addressing ADR must be transparent to prevent
creating tensions between states. The legal framework must continue to assure the
sustainable use of outer space for peaceful purposes and for the benefit of all humankind, as
has so far been done successfully through the provisions of the OST. Cooperation in space,
transparent operations, and exchange of information for on orbit maneuvers are necessary
for building trust.
To prevent tensions that would lead to security concerns and promote transparency of
operations, relevant stakeholders, such as states and international bodies like UNCOPUOS,
should be notified about ADR activities. Real-time information sharing mechanisms,
technical standards for ADR activities, and a comprehensive STM system would create a
transparent space environment, build trust, and prevent potentially conflicting situations.

7.10. Customer Relationship
In the relationship between us and our customers, it is important to ensure that expectations
and obligations are clarified in a contractual agreement before the ADR service is carried
out.
Besides agreeing on a price and schedule, the main issues to address in the contract are:






Level of performance: Our technologies are new, and we must make it clear that we
cannot guarantee technical success of the operations but that we will exercise our
best efforts.
Liability: Liability in case of service failure must be addressed. We are not expecting
issues arising from damage caused by our spacecraft to the client’s space objects
since the whole purpose of the mission is to dispose of the objects. However, damage
could occur to a third party as a result of the ADR operation. Since states usually
transfer liability to the operator of a space activity, we must consider how do divide
these potential financial obligations between us and our customers.
Exchange of data: By approaching and capturing a space object, we may get access to
technical information about the object and it is important that we agree on how to
handle such information.

7.11. Path Forward for ADAM Missions
The lack of a clear legal framework addressing ADR is a challenge for us as a private entity
carrying out ADR activities and for which being able to predict the consequences of our
operations is important.
Based on the analysis above, we suggest the following path forward for ADAM missions:
1) International level
Establishment of an international legal and policy framework that:


Clarifies the legal status of space debris
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Ensures transparency of operations to prevent tension between states
Accounts for the long-term sustainability guidelines of the UNCOPUOS
Implements effective systems for Space Traffic Management and Space Situational
Awareness
Applies an adequate liability regime which to a greater extent encourages ADR
activities

2) National level
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Identification of national requirements for licensing of active debris removal
missions
Encourage states to include space debris removal clauses in national licensing
requirements

3) Customer relationship
Conclusion of contractual agreement clarifying the expectations and obligations of the
parties with regard to:
 Level of performance
 Liability
 Exchange of data
 Intellectual property rights and export control
 Cost and schedule
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8. Public Engagement
8.1. Rationale for Public Engagement
Awareness around environmental issues can serve as a roadmap for how the public and
policy-makers can be engaged around the issue of space debris. Awareness of
environmental issues has increased around the world in amongst many groups, such as
academia, the public, and government (Sinha, Sinha and Sinha, 2018). Research has found
that many people view climate change as a psychologically distant, future threat, resulting
in them engaging less in pro-environmental behavior (Lee, Sung, and Wu, 2018). Public
understanding is important for supporting environmental policies as has been shown in
many studies, concluding that public opinion has a significant impact on policy (Brechin and
Bhandari, 2011; Bord et al., 1998; Burstein, 2003).
Research has shown that public awareness level of environmental issues links to the level of
political support and legal implementations for environmental action (Lee, Sung and Wu,
2018). Similar to environmental issues, the issue of space debris is also poorly understood by
most people. Much of the population is not aware of how satellites are used in everyday life.
Without this awareness and knowledge there is a limited perceived risk and thus support
for mitigation of space debris. This is reflected in a lack of funding for debris removal to
those agencies that are capable of addressing that problem, such as ESA.
The difficulty of space debris removal is rooted within the legal and policy framework, as
discussed in Chapter 5. The space debris problem is therefore a responsibility of the
governments of the spacefaring nations. The incentives for policy makers to make legal and
policy changes are set by the general public, which makes public engagement essential.
We propose a media campaign to raise awareness and knowledge of the general public, and
a grassroots campaign to influence legislators to enforce stricter laws for companies with
regards to end of life satellite mitigation.

8.2. Awareness Campaigns
The awareness campaign around the issue of space debris would be based in two phases:
through social media, followed by a general media campaign through print and television.
First, we propose a social media campaign on Facebook, Instagram, and Twitter using
relevant hashtags (such as #cleanspace, #savethesatellites, #cleanspacedebris, #TPDEBRIS,
#ADAMcleanupspace) in order to raise awareness in the general public.
Social media has been successfully implemented for environmental issues such as ocean
plastic pollution (Howard, Gibbens and Zachos, 2018), and can help to make the issue of
space debris something to which the public can relate.
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Figure 41 Sample advertisement about importance of
satellites for air travel

Figure 42 Sample advertisement about importance of
communications

Second, we propose a general media campaign using print and television. The print
campaign would include print and media advertisement. For example, there could be
posters at airports showing the consequences to air traffic if satellites were damaged due to
space debris (see Figure 41). Another poster could be located at a bus stop, showing
someone using a smartphone with an explanation of how a telecommunications satellite
blackout could disrupt their daily communications (see Figure 42). In print media, the
advertisements would link to the genre of magazine; such as in a computer magazine the
link between the danger of space debris and computers would be shown.

8.3. Engagement of Policy-Makers
To engage the policy-makers, we would employ strategies similar to campaigns of other
difficult to relate to issues, such as human rights. We propose a grassroots campaign
strategy, often found in non-governmental organizations (NGOs) such as Amnesty
International to target the governments of different countries. The grassroots campaign
would have an emphasis on personal contact rather than virtual contact to influence
legislators. This campaign would use volunteers to contact politicians through different
communication channels, such as e-mail, phone calls, or face-to face visits. Volunteers would
highlight the importance of satellites to life on earth, and issue a call to action on the danger
of space debris. Policy-makers should be updated on a regular basis with regards to recent
technology developments in space debris removal as well as incidents due to space debris.

8.4. Public Engagement for Debris Removal
We propose to create an advocacy organization similar to Amnesty International, which
uses the traditional media and social media to recruit members. These members carry out a
grassroots campaign to raise awareness on a policy level. The intention is to make policymakers aware of the threat of space debris and the consequences that not removing it will
have on everyday life. The public needs to be informed, too, as the decisions made by
politicians will need their backing, especially when money is spent on space debris removal.
We believe that the campaign shall be designed for initially five years, with bi-yearly
assessment and strategy adjustments where needed. We also believe that in times of high
social media activity especially with regards to environmental issues, the likelihood of the
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campaign to be successful is relatively high as can be seen from recent plastic in the ocean
campaigns.
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9. The Roadmap
Space debris is a problem of today that needs to be solved, but to have a sustainable solution
a roadmap should be projected into the future. We foresee that in 20 years, OOS can provide
this solution. In order to arrive at OOS, intermediate steps need to be taken in the form of on
orbit demonstrations of various technologies. In this section, we present a technology
roadmap with the goal to sustainably use resources in space. In 2025, we will deorbit our
first satellite and start cleaning the orbital environment. We will then focus on unprepared
and prepared refueling in order to extend the life of satellites. After refueling, we will focus
on refurbishing satellites. When the project reaches 2040, we will be able to repair and
maintain satellites on orbit.

Figure 43 Roadmap

9.1. A Time Far From Now…
In 2065, new markets are arising as business opportunities in higher orbits are flourishing.
Our stations are now conducting ADR and servicing assets in MEO, GEO, and even HEO; a
rapid growth of the Earth-Moon economy has begun. We are about to connect a variety of
markets and activities in our growing cislunar economic activities. For commercial
applications and services, Earth-Moon Lagrange point 1 and Low Lunar Orbit are in reach.
New technologies such as autonomous stations, which are converting debris into resources
used in other markets, advance the industry. It is now more cost-efficient to repurpose and
recycle old spacecraft in higher
orbits on such stations, and then
transport them to cislunar space,
than sending supplies from
Earth. Structures are being built
around the Moon and on the
surface of the Moon, using
materials and components
provided by the stations, as well
as from the moon itself.
The Moon has become a
gateway to our solar system,
representing a transit/transfer
point and a stepping stone for
missions to Mars and beyond.
The Moon is now considered
our eighth continent, and is a

Figure 44 Moon-orbiting space servicing station
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science and R&D station, a test-bed for deep-space exploration technologies, a parking lot, a
propellant depot, and a service station. A magnetic rail-gun system is connecting the Moon’s
industrial facilities with the rest of our orbiting space infrastructure.
New challenges lay ahead. We need new economic and technological concepts to foster the
business. The Earth- and lunar-orbital stations offer new services and applications, targeting
a cross-integration of formerly unconnected Earth-Moon markets. Modular concepts to
combine potential human in-situ operation and robotic teleoperation and/or autonomy
concepts are demanded. Legal issues regarding the utilization of space debris are resolved,
but intellectual property and liability for in orbit created spacecraft, threatens the industry.
Once more, science must show its benefit, and public outreach needs to be organized.
To overcome these new challenges a revolutionary station concept is in need, targeting Earth
and Moon orbits. The modular station may have a parent module which controls the
servicing modules. Multiple robotic manipulators service target satellites, brought by
chasers to dedicated bays. Based on different mission objectives and customer requirements,
the space stations can be configured flexibly with different modules and launched to MEO,
GEO, Moon orbit etc. Habitable modules may also be considered, as an optional element for
more complex missions that cannot be done by robotics, such as disassembling nonstandard
targets and extensive scientific and exploratory missions. We want future generations of
SSP’ers to enjoy clear access to space beyond LEO, and develop a team project to combine
the economy of the solar system bodies for further human spaceflight exploration.
New challenges lay ahead. We need new economical and technological concepts to foster the
business. The earth- and lunar-orbital stations offer new services and applications, targeting
a cross-integration of former unconnected markets. Modular concepts to combine potential
human in-situ operation and robotic teleoperation and/or autonomy concepts are
demanded. Legal issues regarding the utilization of space debris are resolved, but
intellectual property and liability for in orbit created spacecraft, threatens the industry. Once
more, science has to show its benefit, and the public outreach needs to be organized.
To overcome theses new challenges a revolutionary station concept is in need, targeting
earth- as well as Moon-orbits. The modular station may have a parent module which
controls the servicing modules. Multiple robotic manipulators service target satellites,
brought by chasers to dedicated bays. Based on different mission objectives and customer
requirements, the space stations can be configured flexibly with different modules and
launched to MEO, GEO, Moon orbit etc. Also, habitable modules may be considered, as an
optional element for more complex missions that cannot be done by robotics, such as
disassembling nonstandard targets and extensive scientific and exploratory missions. Do
you dare to take it to Mars? We think our future SSP team colleagues will!
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10. Conclusion
At the International Space University’s 2018 Space Studies Program, we analyzed two
mission concepts with the aim of cleaning orbital space in an eco-friendly manner. These
aims are based on ESA’s Clean Space initiative.
A mission statement was defined from which system requirements were derived. These
requirements provided the framework in which we came up with two mission concepts
(single-chaser mission concept and station mission concept). We also developed a detailed
design of the subsystems of the chaser and the station by the application of concurrent
engineering to the design process.
Using a trade-off analysis with EcoDesign parameters, we arrived at a final concept: a
station including an expendable module with two chasers and 20 deorbiting kits. The station
will operate in the same orbit as the debris. This is our mission concept proposition and we
named this concept Station Mission Concept - Scenario B. The expendable module’s tasks
are refueling the chasers and hosting the deorbiting kits. The chaser goes to a target debris to
place a deorbiting kit on it, after the deorbiting kit is placed, the chaser returns to the
expendable module. When the deorbiting kits are depleted, the expendable module is
deorbited by one of the chasers, while the other one stays in orbit. A new expendable
module and a new chaser will be launched to enable continuation of our ADR service.
Our EcoDesign analysis highlighted that our station mission concept (in comparison to our
single-chaser mission concept), has the lowest ecological life cycle impact, when assessed in
terms of three environmental impact categories: toxicity to humans, global warming
potential, and mineral resource depletion.
We also explored how to build a commercial business case and assessed regulatory and
policy frameworks, relating to our specific missions and to ADR in general. The ADAM
business model proposes to start as a private entity and later form partnerships such as PPP.
Stakeholder relationships will need to be carefully managed to ensure that commercial
customers can be secured in the long-term.
From a regulatory and policy framework view, we identified a lack of clarity in international
guidelines and national laws. The report outlines a set of legal and policy steps to be
conducted on international as well as national levels to enable private entities to provide
ADR services.
We propose to create an advocacy organization similar to Amnesty International, which
uses both traditional and social media to recruit members. These members carry out a
grassroots campaign to raise awareness on a policy level. The intention is to make policymakers aware of the threat of space debris and the consequences that not removing it will
have on everyday life.
Looking towards 2040, we anticipate a potential for growth into OOS, including
opportunities for maintenance, repair, repurposing, and recycling of satellites in Earth orbit.
These new solutions will depend on the growth of the commercial space market, and the
regulatory environment. Further plans for Moon colonialization and Mars exploration call
for the preservation of the orbits of celestial bodies, identifying them as valuable assets. One

CONCLUSION
of our main future challenges will be the application of our lessons learned from the
preservation and cleaning of Earth’s orbits, for application to other celestial bodies.
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12. Appendix
12.1. Appendix A
12.1.1.

Delta-v detail budget calculation

Mission Phases

Type and estimated duration of maneuver

Nominal
delta-v
(m/s)

Margin

Total
delta-v
(m/s)

Single-chaser Concept < 30 days
Commissioning

10 days

N/A

N/A

N/A

Phasing

Altitude change from 750 km to 800 km:
3.3 days for 180º phase difference

26.1

5%

27.4

Rendezvous

15 days

25.0

200%

75.0

211.0

5% (+3%
gravity
loss)

227.8

Deorbiting
(chaser+target)

Deorbiting from 800 km circular orbit < 1 day

Station Concept – Scenario A < 18 days (per mission)
Phasing to target

Altitude change from 600 km to 800 km:
19 hours for 180º phase difference

106.0

5%

111.3

Rendezvous

15 days

25.0

200%

75.0

Return to station

Altitude change from 800 km to 600 km:
19 hours for 180º phase difference

106.0

5%

111.3

Docking to
station

1 day

10.0

N/A

10.0

Deorbiting
(station)

161.2

5% (+3%
gravity
loss)

174.1

Deorbiting from 600 km circular orbit < 1 day

Station Concept – Scenario B < 30 days (per mission)
Phasing to target

Altitude change from 800 km to 775 km:
7 days for 180º phase difference

13.0

5%

13.65

Rendezvous

15 days

25.0

200%

75.0

Return to station

Altitude change from 775 km to 800 km:
7 days for 180º phase difference

13.0

5%

13.65

Docking to
station

1 day

10.0

N/A

10.0

Collision
avoidance

N/A

1.0 (per
year)

N/A

1.0 (per
year)

Deorbiting
(station)

211.0

5% (+3%
gravity
loss)

227.8

Deorbiting from 800 km circular orbit < 1 day

211.0

5% (+3%

227.8

Deorbiting Kits
Deorbiting

Deorbiting from 800 km circular orbit
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Mission Phases
(target)

Type and estimated duration of maneuver
(< 1 day)

Nominal
delta-v
(m/s)

Margin
gravity
loss)

12.2. Appendix B
12.2.1.

Detailed OBDH schematic (Medina et al., 2017)

12.3. Appendix C
12.3.1.
Item
CPU
RAM
ROM
Instruction
Data Bus
Power
consumption
Weight
Item
CPU

Performance table OBDH
Performance
LEON4,4 Cores,250
MHz,1700DMIPS
SDRAM,1GB (EDAC)
PROM,256KB (EDAC)
OC, Pulse Command
MIL-STD-1553B, 1Mbps
RS422, 5Mbps
< 20 W
< 20 Kg
Performance
LEON3,2 Cores,100

Total
delta-v
(m/s)
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RAM
ROM
Data Bus
Power
consumption
Weight

MHz,200DMIPS
SDRAM,256MB (EDAC)
PROM,128KB (EDAC)
MIL-STD-1553B, 1Mbps
<5W
< 6 Kg

12.4. Appendix D

12.4.1.

Thermal Control

Figure 45 represents the chaser temperature when the radiator size is 2 m , and the heater
power is zero. The chaser temperature is always within the operating temperature range.
Therefore, we can satisfy the requirements with 2 m radiator.
2

2

Figure 46shows the expendable module’s temperature when the radiator size is 0.3 m and
the heater power is zero. The expendable module temperature is also within the operating
temperature range. We can fulfil the requirements when we attach 0.3 m radiator to the
module. Figure 47 shows the de-orbiting kit temperature when the radiator size is 0.3 m and
the heater power is zero. In this case, the de-orbiting kit temperature decreases in the
beginning, but finally converges in the operating temperature range. Therefore, this thermal
2

2

2
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design is also proper. We do not need any heaters for the chaser, the expendable module,
and the de-orbiting kit.
As mentioned above, another thermal control system is necessary for the processors and the
battery. To control the temperature of those components, we use heat pipes and loop heat
pipes. Heat pipes and loop heat pipes have been used for thermal control of various
satellites because these devices can control temperature with high accuracy and are reliable
(Swanson,2003). Based on the thermal analysis, it is found that we do not have to have any
heaters. However, there are only passive thermal control system in each spacecraft. We
should also use active thermal control system to make the mission surely successful. We
attach the small heaters for all spacecraft so that we can intentionally control the
temperature when something happens.

Figure 45 Temperature of the chaser in SSO

Figure 47 Temperature of the deorbiting kit in SSO

Figure 46 Temperature of the chaser and the expendable
module in SSO
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12.5. Appendix E
12.5.1.

Scenario C

After grasping the target, the chaser transfers the target with the deorbiting kit to a lower
intermediate orbit (elliptical, 800km x 300km) (Figure 48).
Upon arrival in the intermediate orbit, the chaser separates from the target (the deorbiting
kit remains attached to the target) and performs a second maneuver to transfer back to the
stations' orbit (Figure 49).
The deorbiting kit continues with the deorbit maneuver and performs another burn to
deorbit the target to a trajectory of 800 km x 40 km and re-enter into the atmosphere (Figure
50).

12.5.1.1.

Trade-off Consideration:

This scenario suggests a re-distribution of the functionality and the fuel mass between the
chaser and the deorbiting kit, in a way that might reduce the overall mass and complexity of
the deorbiting kit. This might reduce the manufacturing cost of the deorbiting kit (making it
more easily expendable and more Eco-design). The rendezvous phases from and to the
station might be improved as well, but the overall complexity of the mission is higher.

Figure 48 - The chaser transfers the debris target and the
deorbiting kit to an intermediate orbit of 300km

Figure 49 - The chaser releases the debris target and
perform an orbital raise maneuver. The deorbiting kit is
performing a single burn to lower the altitude of the target
to a re-entry trajectory

Figure 50 - The chaser is raised to a higher altitude while the target
re-enter with the deorbiting kit

12.5.2.

Scenario-D

Unlike the previous scenario, deorbiting kits are not used here, and the deorbiting is
performed by means of several maneuvers of the chaser. In the first stage, the chaser grasps
the target in the target plane. Then, shortly before the apogee, the chaser performs a
maneuver to transfer to a re-entry orbit of 800 km x 40 km (Figure 52). Immediately at the
end of the maneuver, around the apogee, the chaser releases the target debris, that continues
along the deorbit trajectory (Figure 53).
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After releasing the target debris, the chaser performs a third maneuver to raise its orbit back
to the station orbit (Figure 54).
Eventually, the chaser arrives to an elliptical orbit which is corrected later to the original
circular (Figure 55).

12.5.2.1.

Trade-off Consideration:

In this scenario, burning of expendable deorbiting kits is not necessary anymore which
substantially reduces manufacturing costs and the side effect of pollution. Conversely, the
overall amount of fuel must be considered, as well as the risk of failure while performing the

Figure 52 The chaser separates from the target debris
around the apogee

Figure 55 - The chaser is transferred to a higher elliptical
orbit which later will be corrected to a circular orbit, while
the target debris re-enters the earth atmosphere

Figure 52 - The chaser captures the target debris and
performs a first maneuver to lower the altitude to a reentering trajectory

Figure 56 - The chaser performs a second maneuver to
raise its orbit back to 800 km, while the target debris keeps
the re-entry trajectory

target release, and the increased complexity of the mission.
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12.6. Appendix F
12.6.1.

Mass Budgets for Chaser

The chaser is composed of different subsystems including structures, docking mechanisms,
propulsion, communication, GNC, power, and thermal. The mass budgeting is done based
on the configuration arrived at different sub system levels. Individual mass budgets were
derived at the subsystem level, and summed up along with propellant mass to arrive at final
lift-off mass. A margin of 10% is considered sufficient. The percentage of mass distribution
among different sub systems with respect to dry mass is derived and verified against the
design guidelines (Larson, 2005) and the mission requirements. The following table 1 shows
the mass budget for the chaser.
CHASER
Structures
Mechanisms
Propulsion (dry)
Communication
GNC
On board Data Handling (OBDH)
Power
Thermal
Margin and round off
Chaser dry Mass
Propellant Mass (based on mission
requirement and calculations are
attached in Chapter 7)
Total chaser lift-off mass

12.6.2.

Calculated Mass from
sub systems at
concept level [kg]
160
160
100
40
60
30
60
15
75
700
275

Percentage of sub system
mass with respect to
chaser dry mass(%)
23
23
14
6
9
4
9
2
11

975

Mass budgeting for Expendable module

The expendable module houses 18 refueling kits and 20 deorbiting kits. The refueling kits
contains propellant for refueling the chaser for each debris removal mission. The deorbiting
kit includes structures, docking mechanisms, propulsion, communication, GNC, power, and
thermal sub systems. The mass budgeting for these modules under different mission
scenarios is performed based on the configuration arrived at different sub system levels. As
with the chaser, individual mass budgets were derived at the subsystem level and summed
up along with propellant mass to arrive at the final lift-off mass, again including a 10%
margin. The following tables show the mass budgeting of expendable module mission
scenario A, mission scenario B, and de orbiting kits respectively.
Expendable Module (Scenario A)
Structures
Propulsion (dry)
Margin and round off

Calculated Mass from sub
systems at concept level [kg]
250
200
50
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Expendable module dry mass
Propellant Mass (based on mission requirement and
calculations are attached in Chapter 7 with N=18
refueling kits)
Expendable module mass with N=18 refueling kits

500
1990

Expendable Module (Scenario B)

Calculated Mass from sub
systems at concept level [kg]
250
200
50
500
1750

Structures
Propulsion (dry)
Margin and round off
Expendable module dry mass
Propellant Mass (based on mission requirement and
calculations are attached in Chapter 7 with N=18
refueling kits)
Expendable module mass with N=18 refueling kits
Deorbiting Kit

2490

2250
Calculated Mass from sub
systems at concept level [Kg]
25
15
15
5
10
5
10
5
10
100
2000
3700

Structures
Mechanisms
Propulsion (dry)
Communication
GNC
On board Data Handling (OBDH)
Power
Thermal
Margin and round off
Deorbiting kit dry Mass
Deorbiting kit dry Mass (N=20)
Propellant Mass (based on mission requirement and
calculations are attached in Chapter 7 for N=20 deorbiting
kits)
Deorbiting kit Mass (N=20)
5700
Based on the mass budget calculations, the final lift-off mass for different mission scenarios
was calculated and is shown in Table 5.
Final Lift-Off Mass For Different Mission
Scenarios
MISSION TYPE
TOTAL MASS (kg)
Single-chaser mission concept 975
Station concept (Scenario A)
10140
Station concept (Scenario B)
9900
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Additional Mission Concepts

The main trade-offs considered throughout the mission analysis were the following:
 Functionalities distribution between the components of the system (casher, station
and deorbiting kit)
 Fuel and mass distribution between the components of the system (Scenario A & B)
 Fuel requirements for collision avoidance maneuvers versus orbital altitude changes
(scenario A)
 Mission duration versus fuel consumption for the phasing phase (scenario B)
All the above are important considerations which heavily affect the design of the system.
Not all the possible considerations and scenarios could be studied in the time scope of SSP,
but to continue the study of this problem, in an effort to reduce the environmental impact
and manufacturing costs, we propose considering the following additional scenarios with
similar trade-off considerations.
Both scenarios are based on the station mission concept presented in scenario B. the
expendable module is at 800km, where the chaser performs a rendezvous maneuver to the
target debris and grasp it at the target plane.
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