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Abstract

Recent advances in space debris mitigation methods have become a prominent area of research and interest within the space commu-
nity. Active debris removal missions are widely recognized as essential for improving both current and future debris conditions and pro-
moting the sustainable use of near-Earth space. This paper introduces a novel method for studying and characterizing debris objects as
potential targets for multiple Active Debris Removal (ADR) missions. A detailed framework for evaluating the impact factor of debris,
considering both mission feasibility and environmental impact, is provided. This approach is integrated into a flexible mission design tool
that leverages a multi-objective optimization algorithm to generate potential missions, enabling the selection of optimal debris targets
based on specific needs. Simulation results for three separate mission cases are presented in this paper that optimally select targets
for a multiple ARD mission service in Low Earth Orbit (LEO).
© 2025 The Author(s). Published by Elsevier B.V. on behalf of COSPAR. This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by/4.0/).
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1. Introduction

The growth of man-made objects in space around Earth
is rising concerns among the space community. Sustainabil-
ity and future use of outer space for scientific and commer-
cial goals keeps being endangered by the growing problem
of space debris. These uncontrolled objects and fragments
pose a substantial threat to the current population of active
satellite operated around Earth, which as of now they have
to implement counteracting measures such as avoidance
manoeuvres to avoid catastrophic events of collision. A
snapshot of the current situation of the debris and space
environment is outlined in the Space Environment Report
(ESA Space Debris Office, 2024), issued by the European
Space Agency (ESA), where these problematic are high-
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lighted in a quantitative way. Furthermore, the effect of
the current debris population is described both in terms
of required collision avoidance measures and unwanted
collisions. In summary, the growth of the number of debris
is worrying the experts for the possible uncontrolled
growth due to a cascade collision effect, and the operators
for the increase number of collision avoidance manoeuvres
from satellites in certain regions. To mitigate these effects,
the number of uncontrolled debris objects must be reduced
and controlled in the future. A possible mitigation strategy
is identified by the space community in actively removing
objects from space, which will avoid their further colli-
sions/fragmentation and will reduce the risk of debris pop-
ulation growth in the future. In Liou and Johnson (2009,
2011) it was concluded, that with at least a rate of removal
of five objects per year the growth of debris population in
LEO can be largely mitigated and eventually stopped.
Indeed, these removal rates were found to be effective
under the environmental conditions of the past but may
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become ineffective for the more recent debris population.
The question of how many removals are needed to stabilize
the long-term evolution of the environment remains an
active area of research Giudici et al. (2024).

Solutions for the feasibility and applicability of Active
Debris Removal (ADR) missions to manage the in-orbit
debris population have been actively pursued by the space
community over the past decades. Significant technological
challenges exist in approaching and removing uncoopera-
tive, non-collaborative objects, and no mission has success-
fully performed a debris removal to date. Several methods
in literature are proposed, from the use of robotic arms
(Biesbroek et al., 2017; Jaekel et al., 2018) and tethered nets
and harpoons (Forshaw et al., 2016), to contactless meth-
ods, such as laser ablation (Tsuno et al., 2022), ion beams
(Bombardelli and Pelaez, 2011) and electrostatic forces
(Schaub and Sternosvky, 2013). A notable example in liter-
ature is represented by the ESA funded e.Deorbit mission
study (Biesbroek et al., 2017) which reached up to phase
B and aimed to capture and remove with a robotic arm
the large uncontrolled satellite ENVISAT. Currently, the
ClearSpace-1 mission is venturing to design a satellite with
multiple manipulators to capture and remove a debris
object Biesbroek et al. (2021). Furthermore, Japan Aero-
space and Exploration Agency (JAXA) is active in the
development of ADR mission and technologies. It is cur-
rently implementing the Commercial Removal of Debris
Demonstration (CDR-2) programme which aims to estab-
lish ADR as a new business thorough funding of missions
in cooperation with private companies. The first mission of
the programme, ADRAS-J, achieved rendezvous to a dere-
lict rocket bodies, performing proximity operations and
inspection at distances up to 50 meters (Atarashi et al.,
2024).

A future direction of sustainable space activities and
logistic will be to have ADR missions as a service, which
can act to mitigate collision risks in required orbital
regions, jointly with the plethora of other mitigation mea-
sure present. The future question to the community will be
raised on the topic of selection of target objects to be
removed that can mostly benefit the space envirnoment
and future operations. The objective of this paper is two-
fold. Firstly, a comprehensive framework to rank the deb-
ris population is presented, specifically tailored to ADR
targets and their peculiarities relevant for removal mis-
sions. Secondly, a flexible mission design tool is developed
which optimally selects the targets to remove within an
ADR service accounting for the overall benefit to the envi-
ronment and the mission cost.

Several studies in literature have focused on the target
selection and mission planning problem for removal mis-
sions. Of specific interest are the multiple ADR mission
architectures, where multiple targets can be sequentially
removed within the same mission, hence increasing the
effectiveness per launch. Within this field, the literature
focused on the optimisation of the sequence of debris to
minimise a mission metric, typically identified with the pro-
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pellant expenditure or mission time (or a combination of
the two).

Bérend and Olive (2016) approached the problem of
selecting 10 debris using a 15 tons servicer by performing
a bi-objective optimisation considering the propellant con-
sumption and the total time of flight. In the aforemen-
tioned work, the authors used a branch and bound
algorithm to tackle the optimisation problem and consid-
ered two separate disposal strategies: (1) direct ser-
vicer + debris transfer to disposal orbit, (2) servicer
attaches a deorbiting kit to the debris. A branch and bound
algorithm was used also by the reference Cerf (2013), where
impulsive transfers are considered and the simultaneous
optimisation of the sequence selection and orbital manoeu-
vres is done. Also Madakat et al. (2013) solved the bi-
objective optimisation problem minimising the propellant
consumption and transfer time with a branch and bound
algorithm. Casalino used an evolutionary to optimise the
impulsive transfers to remove the Russian Kosmos 3 M
rockets residing in the 82 degrees inclination slot in LEO.
A simulated annealing is used to solve the problem of
removal of 20 targets in Federici et al. (2019a). Machine
learning methods are explored in Xu et al. (2023), where
an estimation method for approximating the impulsive
delta-v required for the transfers based on deep neural net-
works coupled with a reinforcement learning method for
optimising the sequence of debris is used. Neural networks
approximation of the transfer costs are studied also in
Viavattene et al. (2022), which achieved a great reduction
of computational time of the sequence optimisation prob-
lem. Genetic algorithms have been used to solve this prob-
lem in literature (Murakami and Hokamoto, 2010; Federici
et al., 2019b; Liu and Yang). In Federici et al. (2021) an A*
algorithm was applied to the debris sequence optimisation
of a debris cluster in Sun synchronous orbit. The authors in
reference Shen et al. (2018) exploited a evolutionary algo-
rithm, namely an ant colony optimisation, to prove that
the removal of around four to six objects at similar inclina-
tions is feasible with current chemical and electric propul-
sion technology. Low thrust approaches for the transfers
between debris are explored in the reference Zuiani and
Vasile (2012), where a simplified and fast low thrust
multi-revolution design algorithm is used within a multi-
objective optimisation problem of sequence selection min-
imising the propellant and total mission time. In reference
Carlo et al. (2017) the optimisation of debris sequence
between 800 and 1400 km of altitude is done minimising
the delta-v expenditure for low thrust transfers using a
bio-inspired optimisation algorithm.

The target selection for an multiple ADR mission can be
re-conducted to a travelling salesman problem (TSP),
which has a combinatorial nature and is an NP-hard prob-
lem. Therefore, the dynamics and transfer models between
targets, both considering impulsive and low-thrust
approaches, relied on simplified approaches.

Remarking the relevance and complexity of the topic,
the optimisation problem of debris sequence selection
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under J, perturbed near-Earth orbital dynamics has been
proposed in 2014 during the GTOC 9 competition and
named “The Kessler Run” (Izzo and Maertens, 2018).
Within this event, several teams around the world have
proposed solutions to the impulsive transfers to an optimal
sequence of debris in LEO by minimising a cost function
related to the mission delta-v cost, total mission time,
and, as common for these competition events, the solu-
tion’s delivery time (Petropoulos et al., 2018; Izzo and
Maertens, 2018; Hallmann et al., 2017).

The aforementioned works predominantly focus on
identifying solutions aimed at minimizing propellant con-
sumption for the servicer and reducing the total mission
duration, as these factors typically drive the costs in space
mission design. Nevertheless, when dealing with the pecu-
liar problem of multiple ADR mission design, the minimi-
sation/maximisation of different cost metrics of the
sequence can be of great interest. For example the maximi-
sation of the impact on the long term debris environment
evolution through the removal of objects as mitigation
strategy can align mission design to the broader objective
of multiple ADR mission. In fact, within a sequence of
debris which results optimal for the servicer propellant con-
sumption, it might be that there are few targets whose
removal is not as of interest as for other targets or their fea-
sibility is not possible.

Authors in the field have started to address also these
aspects. Liu and Yang Liu and Yang performed a bi-
objective optimisation through an evolutionary algorithm
obtaining pareto solutions with mission cost and collision
risks as the key cost metrics. Yang et al. Yang et al.
(2018) took a different approach by maximising the total
reward of the removed objects and imposing delta-v and
total mission time as constraints. The reward function used
is based on the potential risk of the removed objects to
operational spacecraft. A greedy heuristic is then applied
to solve the optimal sequence among the Iridium 33 debris
cloud data. In a similar way, the authors in Barea et al.
(2020) also exploit the maximisation of the cumulative
impact of the removal of a sequence of debris, modelled
through the Criticality of Spacecraft Index (CSI) of refer-
ence Rossi et al. (2015a). Once again the delta-v and total
mission time are imposed as constraints.

In this paper, the problem is considered first by an anal-
ysis and a identification of the impact factor of interest for
a ADR mission, developing a multi-index ranking frame-
work that quantify the advantages and complexities of
removing each debris objects in orbit. Specifically, the
aspects under study include: (1) the criticality of an object
to the debris environment in terms of collision risk and
fragments generated in case of a collision, (2) the complex-
ities of performing removal operations with rigid capture
to particular objects, and (3) the benefit from a commercial
perspective of clearing a certain objects from a valuable
orbital slot. These impact factors are then used to compute
a cumulative metric, called the ADR index, which is opti-
mized jointly with mission cost quantities (e.g., propellant)
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within a mission design tool to determine the optimal
sequence of removals.

This paper is organised as follows: after this introduc-
tion, a study of the current debris population characteris-
tics is presented, with focus in the orbital region and
properties relevant for ADR missions. Subsequently, the
definition of the ADR index is outlined in Section 3. Sec-
tion 5 describe the multi-objective mission design tool
developed to solve the multiple ADR design. The results
of three different test cases are presented and discussed in
Section 6, where ADR missions with different capabilities
and objectives are considered. Finally, conclusion are
drawn to highlight the achievement of the approach and
future development plans and possibility of the methods
are outlined.

2. Debris population analysis

According to the ESA Annual Space Environment
Report of 2024 ESA Space Debris Office (2024), which pro-
vides statistics on the space environment up to the end of
2023, more than 35,000 objects are currently being tracked
around Earth. Of these, approximately 9,100 are active
payloads, while the remainder are debris larger than
10 cm. It is also estimated that debris larger than 1 cm
exceeds one million in number.

The majority of the data used in this paper was retrieved
from the ESA DISCOS database Floher et al. (2013, 2023),
where debris objects are categorized into different types:
payload, payload mission-related objects, payload frag-
mentation debris, payload debris, rocket body, rocket body
mission-related objects, rocket fragmentation debris, and
rocket debris. Additionally, the physical characteristics of
the debris, such as fundamental dimensions, mass, shape,
and cross-sectional area (average, minimum, and maxi-
mum), are reported. The orbital data for each classified
debris object in the DISCOS database was obtained as
Two-Line Elements (TLEs) from SpaceTrack SpaceTrack
(2023).

Figs. la and 1b show the distribution of space debris
objects in the LEO region, representing the cumulative
mass and object count in terms of semi-major axis and
inclination, respectively. Several high-density regions of
debris are already identifiable. For example, the band
around 90-100 degrees of inclination corresponds to the
Sun-Synchronous Orbit (SSO) region, which has been of
great interest for launches and missions across various
applications, resulting in high traffic over recent years.

In addition to their orbital location and physical charac-
teristics, other properties of debris objects significantly
influence the planning and operations of an ADR mission.
Specifically, the dynamic state of an object, i.e. its rota-
tional motion, is often crucial in determining the feasibility
of capture and removal. In missions involving rigid or
contact-based capture methods, rapid rotational motion
can impose severe constraints and complications in safely
capturing and stabilizing the debris. Unfortunately, accu-
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Fig. 1. (a) Mass distribution of debris objects in LEO in function of semi-
major axis and inclination. (b) Number of debris objects distribution in the
semi-major and inclination within the LEO region. (c) Mass distribution
of debris objects in LEO in function of semi-major axis and eccentricity.

rately measuring a debris object’s rotational state from the
ground is extremely challenging. Various methods utilizing
ground sensors have been explored and implemented in
recent years, where the analysis of signal periodicity and
other features is correlated with the object’s rotational
motion. Methods with optical telescopes (Silha et al.
(2017, 2018, 2015)), radar observations (Lemmens et al.
(2013)) and laser ranging observations (Kucharski et al.
(2014)) are among the solutions currently studied and
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implemented. These approaches come with their own set
of advantages and characteristics that have impacted their
practical use. For satellite laser ranging to yield highly pre-
cise measurements and estimates, retroreflectors on debris
surfaces are necessary, a feature lacking in the majority
of current orbital debris (Kucharski et al. (2014)). The
observation of the Envisat debris leveraged this method
to derive a light curve through satellite laser ranging, offer-
ing estimates into the satellite’s rotational period and spin
axis, as described in Kucharski et al. (2014) and Sagnieres
and Sharf (2019). Additionally, passive radar techniques
have been employed to observe Envisat rotation, described
in Lemmens et al. (2013), taking advantage of its large scale
dimensions. However, it’s important to note that the use of
radar techniques is constrained by the inherent spatial res-
olution achievable for debris objects from ground-based
observations. Optical techniques have been the most widely
used to obtain light curve of in-space objects and estimat-
ing their apparent rotational period, as explained in the fol-
lowing references Vananti et al. (2021, 2018, 2020a). In this
paper, information on the rotational state of debris objects
is obtained from the light curve database of the Mini-
MegaTORTORA (MMT-9) optical telescope MMT
Telescope Light Curves (2020). To the authors’ knowledge,
this database is the largest publicly available source of light
curve data. However, the main limitation is that data for
objects with the CIS (Russia) country code is not publicly
accessible.

In this database the light curves of over 12000 objects
are publicly available, of which 2792 are classified as inac-
tive objects as of August 2024. Based on the analysis of the
Fourier components of the light curve, the database classi-
fies objects according to their rotational state. The objects
are categorized as periodic, a-periodic, or non-variable. The
periodic state is given to objects which show a fundamental
period of variability within their light curves acquired. The
non-variable classification is assigned to objects whose light
curves show no variation over time, indicating a likely
stable attitude configuration. Conversely, the aperiodic
objects are the objects which show a variation of the light
curve, either within one track or across multiple tracks,
but no periodicity of this variation can be asserted. An
example of the light curve of an aperiodic object is pro-
vided in Fig. 2, while a periodic example is displayed in
Fig. 3, with an apparent period of 121 s.

In Fig. 4 the statistics for the number of inactive objects
observed as periodic, aperiodic, or non-variable within the
dataset are reported. The small mass class includes satel-
lites weighing 100 kg or less, the medium class covers those
between 100 kg and 1000 kg, and the large class comprises
objects over 1000 kg. It is important to note that the num-
ber of inactive objects with available mass data in DISCOS
observed in the MMT database is 2049 out of a total of
2792. The remaining objects represent fragmentation debris
for which light curve data has been collected, but no mass
estimate is available. Here no specific tendency is notice-
able, aside of a larger percentage of large objects showing
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Fig. 2. Light curve obtained at epoch 12-07-2023 00:20:30 from the 25964
GLOBALSTAR M061/ GLOB object, taken from the MMT light curve
database MMT Telescope Light Curves (2020).
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Fig. 3. Light curve obtained at epoch 12-07-2023 00:09:45 from the 32379
ATLAS 5 CENTAUR R/B/ US object, showing a period of 121 s. Data
taken from the MMT light curve database MMT Telescope Light Curves
(2020).

periodic behaviour. Fig. 5 displays the recorded angular
rates for inactive periodic objects in the MMT database
as a function of perigee altitude. It is evident that at any
perigee altitude both fast and slow rotators can be present.
Fig. 6 displays the distributions of perigee altitude for the
rotators (periodic) and non-rotators (aperiodic and non-
variable). No clear trend can be noticed from the distribu-
tion, where both rotators and non-rotators share of the
total are detected at lower altitudes where atmospheric
drag and magnetic field effects may dissipate the residual
angular rates.

This analysis of the debris’ orbital distribution and its
physical and dynamical characteristics highlights the moti-
vation for conducting a more in-depth classification of the
debris using specific indices before employing the data
within the multiple-target mission design framework.
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Fig. 4. Histogram of the number of stable and rotating objects divided by
their mass class, observed with the MMT telescope MMT Telescope Light
Curves (2020).
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Fig. 5. Scatter plot of the objects’ angular rates observed with the MMT
telescope MMT Telescope Light Curves (2020) in function of their perigee
altitude.

3. Active debris removal index

This paper introduces the ADR index to jointly account
for the various impacts that selecting specific debris targets
may have on an ADR mission. Three factors are consid-
ered: (1) environmental impact, assessing the benefit to
the debris environment of removing a specific object; (2)
economic impact, quantifying the commercial value of
removing a potential threat from a particular region; and
(3) operational impact, measuring the challenges in
approaching and capturing an object based on its proper-
ties and state. By combining these impacts into quantitative
indices, the ADR index is defined as a weighted sum of
these contributions as follows:

IADR = Wenvlenv + WEIE + Woplop (1)
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Curves (2020).

where /.., is the envirnomental index, and we,, its associ-
ated weight; /g is the economical index and wg its associ-
ated weight; and finally, /., is the operability index and
wop its associated weight. The particular definition is for-
mulated under the assumption that the impact factors are
independent of one another, and the weights are intended
to serve as adjustable parameters for the mission analyst
to modify the relative importance of the different factors
as desired. This framework is developed to classify the deb-
ris objects according to their different characteristics and is
aimed at providing a tool to select the appropriate candi-
date and mission architecture for active debris removal.
In fact, multiple ADR and mission are proven to be eco-
nomically viable Braun et al. (2014, 2023), but the target
selection and sequence that minimize the cost and maxi-
mize the output is a topic of research and debate which still
lacks of a systematic approach. The present framework
describes and classifies the debris environment to enable
a meditated choice according to the different objects prop-
erties. It is important to highlight that the sub-indices, thus
the ADR index, are formulated and selected to establish a
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ranking system that is relative in nature. This implies that
achieving accurate modelling of all factors influencing an
ADR mission is beyond the scope, and simpler models
are often utilized instead to prioritize computational effi-
ciency. Moreover, since the aim of the classification
through these impact factors is to establish their relative
significance with respect to one another, the normalization
of these quantities plays a key role in defining the sub-
indices and will be discussed in the following sections
describing their formulation. The sub-indeces are nor-
malised to be within the same numerical range, and the
weights are intended to be tuned by the mission designer
according to its prioritization criteria.

3.1. Environmental index

As previously mentioned, the environmental index
describes the criticality of a particular inactive object to
the orbital debris environment and is closely related to
the benefits gained from its removal. In literature, different
studies are present to quantify the environmental impact of
a specific debris object. In 2009, Liou and Johnson pre-
sented a ranking method evaluating the product of mass
and collision probability of objects from spatial densities
and relative velocities (Liou and Johnson, 2009). In
Yasaka (2011), the objects are studied considering their
capability of generating fragments due to a collision. In
the works of Anselmo and Pardini, the ranking proposed
is based on the product of the probability of catastrophic
collision with the number of fragments generated
(Anselmo and Pardini, 2015; Anselmo and Pardini, 2016;
Anselmo and Pardini, 2017). Similarly, Rossi et al. formu-
lated the Criticality of Spacecraft Index (CSI) considering
the spatial density of debris, orbital life time, mass and
inclination factor (Rossi et al., 2015b). Virgili ranked the
objects considering Monte-Carlo runs and evaluating the
objects which are involved in collisions using long-term
propagation of the debris environment (Virgili and Krag,
2013a; Virgili and Krag, 2013b). InLetizia et al. (2016),
an index (ECOB) is defined based on the effects of a frag-
mentation, simulating its evolution and the evaluating the
collision probability for a set of representative targets in
the LEO region of interest. Later in Letizia et al. (2017)
the ECOB index was extended to consider also the estima-
tion of the fragmentation risks and explosions effects.
Colombo et al. (2023) developed THEMIS, a index to
quantitatively assess the impact of a space mission in the
in-orbit environment. The work of McKnight et al.
(2021) provides a comprehensive study on the methods
used globally to assess high risk objects, identifying the
50 most-concerning debris to be removed.

The environmental index I.,, used in this work is based
on the previous heritage, particularly on the work of
Anselmo et al. (Anselmo and Pardini, 2015; Anselmo and
Pardini, 2016; Anselmo and Pardini, 2017). The choice
was made considering the trade-off in complexity and com-
putational expense in the evaluation with the proper mod-
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elling of the environmental effect of a debris. Specifically,
the index represents a quantification of the probability of
collision of an object P. and the number of fragments gen-
erated in its breakup N,. The formulation of Anselmo and
Pardini (2016) is reported in the following equations.

P.~®-M - life(h) (2)
Ny~ M7 3)
(@) ()" ()

In Eq. 2, @ is the current debris flux encountered by the
object, M is the mass of the object from DISCOS database
and % is the orbital lifetime function. In this work, ® is
computed using the MASTER-8 environment model
(Braun et al., 2021), considering objects with size greater
than 10 cm. The size threshold selected corresponds to a
catastrophic collision with impact energy of 40 J/g in
LEO as indicated in reference Oikonomidou et al. (2021).
Only catastrophic collision risks are considered in this def-
inition to reflect the impact that a fragmentation of the
object will have on the space environment over the long
term. For computational purposes, the flux is computed
for a 2D grid in mean altitude and inclination in LEO,
shown in Fig. 7, and the specific value for each LEO object
is obtained through simple interpolation. The mean alti-
tude is defined subtracting the mean Earth’s equatorial
radius to the semi-major axis. Mean altitude results equiv-
alent to the constant altitude only in the case of a circular
orbit. The orbital life time function is computed using the
semi-analytical propagator PlanODyn developed at
Politecnico di Milano (Colombo, 2016). A cut-off in reen-
try time of 200 years is set to avoid excessive weighting
of high altitude objects. Eq. 3 expresses the number of frag-
ments generated from a catastrophic collision according to
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Fig. 7. Debris flux grid in LEO computed with the MASTER-8 model
considering objects greater than 10 cm.
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the NASA break-up model in adherence with (Johnson
et al., 2001). The environmental index of Eq. 3 is then nor-
malized with the value corresponding to an object of
1000 kg of mass in an orbit of 800 km of altitude and
98.5 deg of inclination. The present definition results in
higher values of environmental index for objects which
pose an higher risk to the debris environment.

3.2. Economical index

The previously defined environmental index considers
the criticality of each object’s presence in the near-Earth
environment, primarily focusing on the long-term risk of
collisions and their potential impact on space operations.
However, this approach does not fully address the eco-
nomic implications of debris removal, particularly in terms
of safeguarding space resources that are valuable for com-
mercial exploitation. While the environmental index
assesses collision risks and their effects over time, it does
not factor in the potential threat that specific debris objects
pose to the economic value of the orbital regions they
occupy.

To complement this evaluation, we introduce a metric
that quantifies the economic and commercial risk posed
by space debris. This metric assigns a value, referred to
as the economic index /g, to each altitude and inclination
bin, reflecting the potential economic resource value endan-
gered by the presence of debris in those specific orbital
regions. By incorporating this economic perspective, we
aim to quantify the advantages debris removal efforts that
not only mitigate collision risks but also protect the com-
mercial viability of key orbital zones.

In the literature, various studies have been conducted to
model and evaluate the economic value of orbital
resources, both from the perspective of assessing commer-
cial losses due to orbital debris risks Adilov et al. (2023)
and of estimating a satellite tax to compensate for these
risks Rao et al. (2020); Macauley (2015); Béal et al.
(2020). In the work of Adilov et al. (2023) the value of
an orbital asset is modelled according to functions of its
mass, using a constant cost per kilogram model and a fit-
ting model retrieved by real insurance data of past satellites
Kunstadter (2021).

The model used in this work to define the value of an
orbital slot is based on the one introduced in the work of
Colombo et al. (2017), where a the active satellite types
and mass of the orbital regions are used as a proxy for
the economical value of the them. To relatively weight
the value of the different satellite types, the revenues value
of the space economy from the Satellite Industry Associa-
tion (SIA) report of 2023 are used, which define the differ-
ent value of each services provided by active satellites in
orbit. In this report, the global value of the space economy
is studied and revenue streams of different satellite applica-
tions are quantified. From a mathematical perspective, the
economical index of an orbital slot (Aa, Ai)) is defined as:
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In Eq. 6, Oy, is the estimated revenue value of the satellite
k-th revenue categories assigned to the satellite j, while M
represents its mass. My, and Q,, are respectively the total
mass of satellites of the k-th type and the total revenue
value of the satellite industry. The satellites types have been
retrieved from the UCS satellite database, which compre-
hend 30 different types, among which are for example
Earth observation, communication, navigation, Earth
science etc. These types are mapped to the revenue cate-
gories of satellite services taken from the SIA 2023 report,
which include telecommunication, governmental space
budgets and institutional, remote sensing. The discretisa-
tion bins widths are considered 50 km and 0.25 deg in alti-
tude and inclination respectively. Again, the /g index is
normalised with the value computed for the SSO bin of
800 km of altitude and 98.5 deg of inclination and defined
in a logarithmic scale, as reported in Eq. 6, to guarantee a
comparable interval between maximum and minimum val-
ues and a meaningful comparison in the aggregation with
the other sub-indeces in the ADR index. Indeed, a more
advanced assessment of satellite value based on specific
mission characteristics (e.g., resolution, coverage, operat-
ing frequencies and downstream supported services) could
improve the accuracy of orbital slot valuation. However,
such data are often not publicly available for all current
missions and are difficult to obtain. Therefore, the simplic-
ity of our model is also constrained by the availability of
open-source data. The computed map in mean altitude
and inclination with the first model of economical resource
value of the LEO orbital region is shown in Fig. 8. A debris
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Fig. 8. Map of the economical index displayed for the altitude and

inclination bin defined in the LEO region.
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objects is then assigned an economical index according to
the orbital slot value computed in the semi-major axis
and inclination grid.

3.3. Operability index

The last contribution to the ADR index of Eq. 1 is intro-
duce to describe the feasibility and complications arising
during the operations of approach and capture of a debris
object in the context of an ADR mission. Despite the sig-
nificant efforts devoted to advancing and addressing the
technical challenges of debris capture and removal, a
high-level assessment of each object’s suitability for capture
based on its state and characteristics is, to the authors’
knowledge, not yet available in the literature. Specifically,
the operability index /., aims to quantify the difficulties
in the approach and capture of an uncooperative target
based on its physical and dynamical characteristics. Three
main properties of the target are considered to influence
the approach and capture phases:

o Attitude state: The tumbling motion of the target will
require the servicer to synchronise to its motion in order
to rigidly attach to the target.

e Mass: A massive satellite will impose more stringent
constraints on the capture mechanisms employed and
propellant requirements for the deorbiting.

o Illumination conditions: Relative sensors measurements
and operations are poorly affected by difficult illumina-
tion conditions, i.e. eclipse regions.

The definition of current impact factors relies on the
assumption of a rigid capture method, such as robotic
arms, with the consideration that the maturity level for
future implementation is higher than that of flexible meth-
ods, such as tether nets. If one considers alternative capture
methods, some of the latter considerations may become
inapplicable, while some may be added.

The information regarding the attitude state of each
debris object is taken considering the light curve data as
described in Section 2, where the apparent period and rota-
tional state is retrieved. Despite the apparent period does
not represent directly the target absolute angular rate, it
provides an estimation of the entity and scale of a debris
attitude state. A more accurate estimation of the target
shape and attitude motion based on light curve data is also
a active field of research, as described in (Allworth et al.,
2020b; Blacketer et al., 2019). However, such high fidelity
estimation is out of the scope of this study which mainly
aims to rank and weight the debris population according
to its characteristics in a relative fashion. The choice of
the light curves as a proxy representation of the target atti-
tude motion can be further motivated by the work of
Sagnieres and Sharf (2019) and Silha et al. (2017), where
the light curves of Envisat was studied over time in com-
parison with simulation based and higher fidelity data
acquired (through radar and satellite laser ranging meth-
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ods). One major drawback for the fidelity of using this data
is the not complete availability for all objects. However, no
other means of reliably estimate the attitude state of an
inactive objects has been identified in this study. It should
be noted that complementing this data availability will
improve the operability index representativeness.

The operability index is defined as the product of vari-
ous factors that quantify these considerations, with its
value designed to be directly proportional to the feasibility
and ease of approaching and capturing a target.The pro-
posed formulation is as follows:

]op = PmeJZ{((U,L, wo,Lo) (M> (7)

M

which depends on the illumination factor Py, the shape fac-
tor S;, an acceleration function .o/(w,L,w,,Ly) and the
mass of the debris object M. The term Py represents the
average percentage of orbit in eclipse during a one year
simulation, estimating the probability for each object to
encounter a poor illumination condition during the
approach rendezvous and capture. It is worth noticing that
poor illumination conditions do not prevent the successful
completion of capture, since the proximity operations can
be planned in time accordingly or specific sensors can be
employed which overcome this difficulties. However, it will
impose additional constraints from the mission analysis
and system design point of view which can be of relevant
influence in the mission design process. The term S, in
Eq. 7 represents a shape factor between 0 and 2 classifying
complex shapes to be captured from the shapes property
contained in the DISCOS database. Table 1 shows some
example of shapes in the classification performed, together
with the associated shape factor S, considered.

The acceleration function introduced in the index defini-
tion of Eq. 7 aims to represent the acceleration level
required to synchronise with the target object rotational
motion to achieve rigid capture. The acceleration level will
depend on the rotational state of the target, together with
the safe distance of approach during proximity operations
and capture. The definition is based upon the compensa-
tion centripetal relative acceleration needed by the chaser
satellite to synchronise with the target rotational motion,
which is expressed as Lw® where L is the safety distance
and o is the target’s angular rate. The expression of the
acceleration function is as follows:

Table 1

Debris objects shape classification.

Easy Moderate Hard Very hard

Sp=2 Sr=1 S;=02 S;=0

Box Box + 1 panel Box + 2 panel Box + 1 sail

Box + Cyl Box + 1dish Box +2arms Box + 1 tether

Cone Box + 1 rod Box + 4 ant Cone + 1 sail

Cyl Cyl + 2 dish Box + 6 panel Box + 1 ant + 1 sail
Box + 1 truss Box + Box + tether

Sphere Cyl + 4 panel
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2.
— LL(:Z)2 if o< w
0
&/((D,L, OJQ,L()) = Lol (8)
Lowzo if o> w,

The function o/ (w, L, wy, Lo) is defined as a monotonically
decreasing function, which models the decreasing feasibil-
ity of synchronisation and capture at growing angular
rates. The piecewise definition is leveraged to guarantee a
linear trend for angular rates less than the w, value, which
is set to 3 deg/s a value that considers the feasibility of cap-
ture in past studies Nishida and Kawamoto (2011). This is
introduced to avoid excessive weighting of slow rotators
using the reciprocal relationship used for values of angular
rates greater than 3 deg/s. Instead of introducing a cut-off
value at the threshold angular rates studied in literature
Nishida and Kawamoto (2011), the monotonic increase is
maintaned considering that technologies such as tentacle
like robot arms Biesbrock et al. (2021) or detumbling of
the target prior capture Peters and Olmos (2016, 2024)
can be used, although introducing complexities in the pro-
pellant expenditure, servicer design and synchronisation
requirements. For the objects which do not show in the
light curve data any periodicity, labelled as aperiodic and
non-variable, a constant angular rate equal to the orbital
mean motion w, =n deg/s is taken. This assumption is
based on the idea that if no variation in the reflected light
along the sensor’s line of sight is detected, the apparent
rotation in that direction can, at most, correspond to the
object’s orbital revolution rate around Earth. The safe dis-
tance L is defined from the largest dimension of each object
taken from the DISCOS database, while the baseline L, is
taken equal to 2 meters.

Finally, a mass dependency is introduced as a simple lin-
ear inverse proportionality weighting the largest masses as
the harder to be captured, stabilised and deorbited. A nor-
malisation with a mass M, equal to 10 tons in Eq. 7 is
considered.

4. Debris ranking in low Earth orbit

The proposed ranking framework based on the ADR
index Iapr metric is here applied to candidate debris
objects in LEO. The objects analysed are the one with mass
greater than 100 kg and in the mean altitude region
between 400 km and 2000 km, e.g., the LEO protected
region ESA Space Debris Office (2024).

In order to properly scale the different contributions rel-
ative to each other, the weights in Eq. 1 are considered as
follows: Wey = 1,wg =1, and wep, = 10. The peculiar
choices are dictated both by the relative importance given
to the different sub-indices in the context of a general debris
remediation mission, and from the fidelity of the employed
model for the assessment. This choice allows the ranges of
minimum and maximum of the single sub-indeces to be
comparable, and therefore provide an example of how
the different aspect influence different objects in the popu-
lation. In the cases where the ADR service is designed to
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specific needs or with specific priorities, the weights should
be adjusted accordingly. An example is the case of a com-
mercial ADR service provided to satellite operators, where
the remediation and reduction of collision risk and avoid-
ance manoeuvres frequency and long-term risk in the orbi-
tal region of more economical resource values may be
prioritized, thus the weight of the economical index would
increase with respect to the others.

Advances in Space Research 77 (2026) 4864-4884

Table 2 reports the top 50 ranked objects obtained from
the index example application to the analysed population.
It can be noted the first spots are mostly taken from large
rocket bodies in the SSO region and in the 70 deg of incli-
nation region. These are characterised mainly by a large
environmental index, driven by the large debris flux experi-
enced in that regions and the large mass, which will intro-
duce more fragments in the case of a catastrophic collision.

Table 2

Generated ranking of the first 50 objects identified by the ADR index in LEO.

NORAD Type Name Mass [kg] sma [km] i [deg] Loy [-] I, [-] Ig [-] Lipr [-]
28353 RB Zenit-2 s stage 9000 7222 71.00 49.85 0.01 25.03 75.03
31793 RB Zenit-2 s stage 9000 7222 70.97 49.65 0.02 25.03 74.83
26070 RB Zenit-2 s stage 9000 7218 71.00 48.83 0.01 25.03 74
27386 PL Envisat 8110 7141 98.29 46.69 0.27 22.14 71.51
22566 RB Zenit-2 s stage 8500 7220 71.01 44.57 0.02 25.03 69.84
25400 RB Zenit-2 s stage 8226 7184 98.75 39.04 0.03 30.36 69.65
23088 RB Zenit-2 s stage 8226 7221 71.00 42.28 0.03 25.03 67.6
20625 RB Zenit-2 s stage 8226 7221 71.00 42.29 0.02 25.03 67.57
23705 RB Zenit-2 s stage 8226 7219 71.02 41.95 0.03 25.03 67.24
23405 RB Zenit-2 s stage 8226 7219 70.98 41.89 0.02 25.03 67.16
19650 RB Zenit-2 s stage 8226 7217 71.00 41.62 0.03 25.03 66.92
25407 RB Zenit-2 s stage 8226 7217 71.01 41.62 0.02 25.03 66.89
16182 RB Zenit-2 s stage 8226 7216 71.00 41.52 0.02 25.03 66.79
22220 RB Zenit-2 s stage 8226 7215 71.00 41.46 0.03 25.03 66.77
17590 RB Zenit-2 s stage 8226 7214 71.00 41.39 0.03 25.03 66.7
22803 RB Zenit-2 s stage 8226 7213 70.99 41.37 0.03 25.03 66.68
17974 RB Zenit-2 s stage 8226 7212 71.01 41.29 0.02 25.03 66.57
19120 RB Zenit-2 s stage 8226 7205 71.01 40.57 0.02 25.03 65.85
23752 PL Skipper 228 7183 98.82 0.07 32 30.36 62.46
48607 RMRO Starlink operational debris 100 6936 53.03 1.4e-3 2.54 36.91 62.26
24753 PL DMSP Block 5D-2 F14 816 7216 98.86 0.75 3.22 28.69 61.67
28891 PL Topsat 115 7061 98.22 3.1e-3 2.78 32.9 60.73
6276 RB Star 26B (Thor-Burner 11A) 115 7198 98.54 0.02 3.05 30 60.55
1430 PL Tiros X 126 7133 98.44 0.03 2.9 30.93 60.01
6788 RB Star 26B (Thor-Burner 11A) 115 7181 98.72 0.02 2.96 30.36 59.94
56229 PL Skykraft 3 Carrier 100 6867 97.55 9,3¢.4 2.48 34.74 59.58
28368 PL Demeter 132 7010 98.04 3.7e-3 2.63 33.26 59.56
7817 RB Star 26B (Thor-Burner ITA) 115 7205 98.74 0.02 3.06 28.69 59.32
43644 RMRO YG-32 Adapter 200 7052 98.01 2.6e-3 2.6 33.26 59.26
26103 RB PEGASUS-2 (Taurus) 223 6873 97.39 3.0e-4 2.45 34.74 59.23
23533 PL DMSP Block 5D-2 F13 1487 7215 98.82 2.16 2.84 28.69 59.22
4954 RB Star 37B (Thor-Burner II) 154 7140 98.41 0.03 2.8 30.93 58.97
4953 PL DMSP 5A-F6 416 7132 98.58 0.22 2.78 30.93 58.91
4047 PL DMSP 5A-F3 416 7173 98.51 0.23 2.86 30 58.83
44887 RMRO CZ-4B operational debris 200 6985 97.84 9.3e-4 2.54 33.37 58.82
3522 RB Star 37B (Thor-Burner II) 154 7169 98.72 0.04 2.83 30.36 58.74
3510 PL DMSP 5A-F2 416 7177 98.49 0.22 2.84 30 58.63
7412 RB Star 26B (Thor-Burner ITA) 115 7192 98.64 0.02 2.81 30.36 58.51
23324 RB PSLYV fourth stage (PS4) 912 7213 98.93 0.91 2.99 27.68 58.5
28637 RB ORION 38 410 7231 98.74 0.23 2.96 28.69 58.49
6218 RB Star 37B (Atlas F) 154 7084 98.59 0.01 3.05 27.68 58.21
27945 PL KAISTSat-1 106 7050 98.30 3.9¢-3 2.75 30.71 58.19
49385 RMRO Yaogan Weixing 32 adapter 200 7050 98.20 2.5¢-3 2.72 30.71 57.88
28898 RB Cosmos 3 s stage 1569 7063 98.26 0.79 2.4 32.9 57.73
37390 RB PSLYV fourth stage (PS4) 920 7177 98.41 0.87 2.66 30 57.49
12553 PL NOAA 7 717 7212 98.89 0.58 2.92 27.68 57.46
27422 RB H10 (Ariane 42P H10) 1820 7169 98.53 2.87 2.46 30 57.43
20443 RB H10 (Ariane 40 H10) 1764 7140 98.39 2.01 245 30.93 57.4
41039 RB L-14B-res (YF40B-res) 1000 6891 97.57 2.9e-3 2.26 34.74 57.37
54362 RB PSLV fourth stage 960 6861 97.46 4.5¢-3 2.26 34.74 57.37
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However, these objects do not possess a high operability
index. Furthermore, high position in the ranking is occu-
pied by the ESA owned Envisat, which have been studied
as a target for a ADR missions in the past (Biesbroek
et al., 2017). It is interesting to note how in the generated
ranking there are less massive objects which are not charac-
terised by a large environmental index, but they score well
in terms of operability index and economical index. For
example operational debris of the Starlink constellation
at 53 deg of inclination which is stable as rotational motion
and has high operability index, or also some smaller objects
in Sun-Synchronous region, i.e. Skipper payload and Star
26B (Thor-Burner 11A) stages. Interestingly, the particular
ranking using the example weight proposed in Table 2
shows similar results in the top positions with the ranking
presented in the work of McKnight et al. (2021). Particu-
larly, the Zenit-2 stages dominate the first positions, show-
ing combined high scores both in the environmental impact
(captured also by McKnight et al. (2021)) and economical
index. Notably, a difference is the placement in the ranking
of Table 2 of objects which have combined large operabil-
ity and economical index with respect to McKnight top 50,
in which these impacts were not considered explicitly.

These first 50 ranked objects are also displayed in the
altitude and inclination plot in Fig. 9, where each object’s
circle radius is proportional to the objects’ mass and the
colormap display the MASTER-8 objects flux considered
in Section 3.1. As pointed out from Table 2, they are evi-
dent the two clusters dominating the ranking in SSO and
aroud 70 deg of inclination and 800-900 km of mean
altitude.

Fig. 10 shows the scatter distribution of the environmen-
tal index /.,y and economical index /g for the population
analysed. At first glance, it can be noted that some debris
score medium to high on the environmental index but are
close to zero on the economic index, indicating no commer-
cial interest in their removal from this orbital region. Some

D [#/mzlyear]

® Envisat
O Zenit-2 second stages

%10

Inclination [deg

50
6900 7000 7100 7200 7300 7400 7500 7600 7700 7800
Semi-major axis [km]

Fig. 9. Scatter plot of the first 50 ranked objects according to the ADR
index super-imposed to the in-orbit debris flux computed from MASTER-
8 (Braun et al., 2021).
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Fig. 10. Scatter distribution of the debris objects in LEO in function of
their environmental index /.,, and economical index /g, with some notable
objects highlighted. Note that both indices have been multiplied by their
associated weights.

objects are also present which have the highest combined
score in the distribution plot shown in Fig. 10, i.e. Envisat
and other objects in SSO. The distribution of the objects in
the envirnomental index and operability index domain is
displayed in Fig. 11. Notably, two distinct block are evi-
dent, representing objects with high and low operability
among the overall population. Within these blocks, a wide
range of environmental index is observed. The distribution
of these properties is influenced by the angular rate condi-
tions of the debris, leading to the stacking of stable objects
in the block with higher operability index values. It is also
noteworthy that a greater number of object is present in the
block of low operability, representing conditions of com-
plex shapes, large angular rates, and large mass.
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Fig. 11. Scatter distribution of the debris objects in LEO in function of
their environmental index /.,, and operability index /,,. Note that both
indices have been multiplied by their associated weights.
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5. Multiple target removal design tool

The previously described index formulation is employed
in this work in a multiple ADR mission design tool to opti-
mally select the target sequence. The goal of the tool is to
provide mission analysts with a flexible tool for preliminary
planning of multi-target ADR missions, which can be tai-
lored to specific needs using the index definition. The
design tool is used to select the optimal removal sequence
to maximize impact while minimizing mission costs. The
mission design problem addressed in this paper assumes a
chaser + kits mission architecture and considers impulsive
transfers to a fixed number of debris targets.

5.1. Mission architecture

Various mission architectures for debris removal, specif-
ically for multiple targets, have been explored in the litera-
ture. The simplest and most straightforward solution for a
multiple ADR mission involves a single monolithic satellite
servicer that sequentially rendezvouses with and captures
each target, performing a disposal orbit injection before
moving on to the next target. In this approach, the ser-
vicer’s propulsion system is used to transfer both the ser-
vicer and the debris to disposal orbits, after which the
servicer detaches and proceeds to the next target’s orbit.
Disposal orbits are typically selected to ensure a faster
reentry of debris towards Earth, which would not happen
in the current situation. While this mission architecture is
conceptually simple, it has the drawback of high mission
costs in terms of propellant, as the servicer must transport
both itself and the debris to and from disposal orbits. This
generally limits the number of objects that can be removed
by a single servicer due to propellant constraints.

Another mission architecture explored in Huang et al.
(2020) leverages an orbiting station placed in a convenient
orbit to serve as a refueling platform for the servicer during
the removal process. While this option introduces greater
complexity in terms of mission design and cost—since the
station itself must be designed, launched, and main-
tained—it increases the servicer’s capacity to remove more
targets within the same mission. Lastly, a mission architec-
ture utilizing removal kits has also been explored in the lit-
erature. In this approach, the servicer carries multiple
removal kits as payloads. These kits, equipped with their
own propulsion systems, are attached to each debris object.
This allows the deorbiting burns to be handled by the kit
alone, avoiding the need to expend servicer propellant to
transport both the servicer and debris to and from disposal
orbits as part of the capture stack (Huang et al., 2020;
Colombo et al., 2021).

In this paper the deorbiting kits mission architecture is
considered, which concept is displayed in Fig. 12. Chemical
propulsion is assumed for both servicer and removal kits,
assuming a specific impulse of 250 s.

The mission design is focused on the computation of the
transfer delta-v and time of flight required from the i-th
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debris to the next debris of the sequence. The dynamics
considered are the J, perturbed motion of satellites in the
near Earth environment. The model dynamics can be
expressed considering the mean variation of the Right
Ascension of the Ascending Node (RAAN) and the argu-
ment of the perigee due to the J, zonal harmonic of the
geopotential. Atmospheric drag effects are neglected in
the orbital dynamics, as the orbits of the debris targeted
by ADR are assumed to experience minimal drag influence
over the mission time frame - otherwise, ADR would not
be of practical interest. Other perturbations affecting
LEO dynamics, such as solar radiation pressure and
third-body gravitational effects, are also neglected at this
stage of the study. This assumption significantly simplifies
the orbital dynamics and their implementation within the
mission design tool, which is intended for preliminary mis-
sion analysis and target selection. In later, more refined
phases of mission design, these perturbations will need to
be included to accurately model the transfer trajectories
to the target orbits. Accordingly, the mean orbital elements
rates can be expressed as:

a=0, ¢=0, i=0

. 2

Q=-3J, (a(lRer)) ncosi 9)
2

a=-3J (a(lRTz)) n(5cos’i—1)

where « is the semi-major axis, e the orbit eccentricity, 7 the
orbit inclination, Q the Right Ascension of the Ascending
Node (RAAN) and o the argument of the perigee of the
satellite orbit. Note the elements considered are the mean
elements and the dynamics is the average variation of the
osculating elements across one orbital period.

The problem of mission design of multiple target
removal mission can be described as the sequence of debris
is to be selected such that the transfer cost is minimised.
More specifically the mission design problem can be
divided in a optimisation problem for each transfer nested
within the combinatorial problem of selecting the sequence
of targets to be removed.

5.2. Transfer strategy

Being the servicer assumed to be equipped with chemical
propulsion engine, impulsive transfers strategies between
an initial and target orbit are devised for the multiple
ADR mission. The delta-v estimation and time of the
transfer is obtained considering a sequence of simple
impulsive manoeuvres to correct the difference in orbital
elements between the two debris. Firstly, a Hohmann
transfer is used to change the semi-major axis resulting in
a delta-v cost expressed as follows:

_ R ]2k N
AVHT\/;(\/H—I{ 1>+\/kr1<1

2
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Fig. 12. Illustration of the multiple ADR mission architecture envisioning a servicer equipped with deorbiting kits which sequentially attaches them to the

debris objects to deorbit them.

where k is the ratio between a; and «a,, semi-major axis of
debris 1 and debris 2 respectively, assuming circular orbits.
The difference of inclination is compensated by a plane
change manoeuvre at the node which has the following
delta-v cost:

AV e =2V sin((iy — i2)/2) (11)

Note that the assumptions of circular initial and target
orbit for the transfer manoeuvres of Hohmann and plane
change is used, which is reasonable according to the distri-
bution of debris object mostly on near-circular orbits
around Earth.

Moreover, the transfer strategy to move from debris 1 to
debris 2 shall also compensate the RAAN difference, to
match the two orbital planes. Different strategies can be
used to obtain a RAAN change between two orbits:

e Direct plane change: a AV along the normal is used to
directly change the plane orientation with impulsive
action. The delta-v required for such manoeuvre is com-
puted as:

AVAQ = 2V1 sin((Ql — Qz)/z) (12)

e Natural drift: The differential change in the RAAN
between the two orbits caused by the J, perturbation
will eventually lead to a convergence to the same value
(i.e., same plane). This convergence is typically reached
by taking into account the waiting time required for
the RAAN alignment to occur naturally expressed as
follows:

Qp — Qo
Q-
which depends on the difference of orbits between the
two debris objects. The RAAN drift rate for each orbit

AT,,m_JZ = (13)
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is computed with the mean variation from Eq. 9. This
will cause large time of flight, but with the advantage
of not using any delta-v for this manoeuvre.
Drift orbit strategy: An intermediate drift orbit is used to
enhance the RAAN drift difference due to the J, pertur-
bation and reduce the time of flight to match the two
orbital drifting plane. Here the strategy of changing
the altitude to act on the RAAN drift rate of the drift
orbit is usually employed. This will allow a limited cost
of transfer to the drift orbit with respect to a change of
inclination, and an enhanced effect on the achievable
drift. The time of flight on the modified drift orbit is
expressed as:
ATy = 22~ 1
Qurifi —
with the RAAN rate on the drift orbit obtained by mod-
ifying the orbit semi-major axis and eccentricity as:

(14)

2
R,

Qarift (1 - e?]rift)

In this research, we utilise the natural drift approach,
where a waiting period described by Eq. 13 is introduced
between debris object 1 and debris object 2. This waiting
time is necessary to achieve a matching RAAN condi-
tion without resorting to propellant-based manoeuvres.
It is worth emphasising that this choice does not repre-
sent an efficient strategy in terms of total time of flight of
the overall mission. Besides considering the cost of pro-
pellant, the mission’s time of flight is a significant factor
in both mission design and operations. If minimising the
total time of flight is as critical as reducing propellant
consumption for the multiple ADR mission, alternative
strategies should be explored. Another important thing

3,

3 Nayift COS il (15)

Quife =
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to point out is that the delta-v required to align with
orbit anomalies and successfully rendezvous with the
target is not taken into account at this stage. This
assumption is motivated by the possibility of conducting
phasing manoeuvrers along orbits with the same shape
and plane after other transfer manoeuvrers and the lim-
ited allocation of propellant resources for these type of
manoeuvrers. After the estimation of the cost for trans-
ferring from debris 1 to debris 2, an estimation of the
delta-v needed from the deorbiting kit is required. A
perigee lowering manoeuvres is assumed to be per-
formed by the kit attached to the debris to reach perigee
altitude of 400 km.

The propellant expenditure for each of the delta-v
manoeuvre planned, including the deorbit burn provided
by the deorbiting kit, is estimated through Tsiolkovsky
equation:

AV =1,,8yln <@>
my

where m, and m, represent the initial and final mass during
the burn. For delta-v transfer manoeuvrers, the initial mass
consists of the platform, the remaining de-orbiting Kkits
with their propellant, and the platform’s propellant. In
contrast, for the de-orbiting burn performed with the kits,
the initial mass includes only the kit structure and the pro-
pellant contained within the kit. This formulation allows
for the estimation of propellant mass across different
delta-v burns, while ensuring that all contributions are
accounted for in the total initial wet mass.

(16)

5.3. Multi-objective mission design tool

In this section the mission architecture, transfer strate-
gies and the ADR index definitions are embedded in a
multi-target mission design tool. This tool aims to opti-
mally choose the sequence of debris to retrieve with the
defined architecture which minimise specific cost metrics.
Specifically, the novelty brought by this paper lies in con-
sidering, together with the usual mission cost, the ADR
index presented in 3 as a cost metric for the mission design.
This results in a multi-objective optimisation tool to min-
imise the mission cost while maximising the mission effect
and feasibility, i.e. conveyed by ADR index. The selection
of a sequence of candidate among a population to minimise
a cost holds similarity to the Travelling Salesman Problem
(TSP), well known and studied in optimisation literature.
In the debris removal case, the J, dynamics conveys a
time-variation in the debris orbital properties (orbital ele-
ments), transforming it into a Time-Dependent Travelling
Salesman (TDTSP) problem. The combinatorial optimisa-
tion problem is formulated to select the optimal sequence
of debris to minimise a multi-objective cost function. Gen-
erally, even in the case of single-objective minimisation, the
present problem falls within the NP-class problem.
Namely, the NP-class includes the optimisation problem
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with no known polynomial-time solving algorithm and
are among the most difficult problems in operation
research. As for the time-dependent travelling salesman
problem, the multiple ADR selection is NP-hard and
requires special care in the solution procedure. Methods
for resolution of these combinatorial optimisation problem
mainly fall into three main approaches:

o Explicit enumeration: This approach involves systemati-
cally assessing every combination in the combinatorial
optimisation problem to guarantee the discovery of the
best solution. However, as the problem’s size grows,
the number of possible combinations rapidly make the
problem numerically intractable.

Implicit enumeration: The exploration of the feasible space
is performed with branch and cut or branch and bound
methods to search for the optimal solution. An exponential
growth of problem computational complexity for such
algorithms is expected in function of the problem size.
Stochastic programming methods: These approach
involves heuristic methods such as genetic algorithm,
simulated annealing, ant-colony optimisation. These
algorithms rely on a limitation of the combination eval-
uated according to a specific heuristic to tackle large
scale problem with a limited computational time com-
pared to the explicit and implicit enumeration methods.
Therefore, the global optimum is not guaranteed to be
found, but rather approximate optima in a feasible com-
putational time.

In this work a genetic algorithm is selected to approach
the optimisation problem. This has been selected thanks to
its feasibility in handling large scale problems with reason-
able computational expense. The debris selection problem
is defined considering a fixed number of debris N to be
removed from a considered population, and is formulated
in general as follows:

m}}n[JI(X),JZ(X))]T (17)

s.t.
g.,(X) <0 for m=1,.,.M
hy(X)=0 for p=1,...,P

where X is vector variable to be optimised, J;(X) and
J2(X) the two objective functions, and the g,(X) and
h,(X) functions are the inequality and equality constraints.
The optimisation problem of this study considers the opti-
misation variable X € N" as variable of fixed size N of nat-
ural numbers that corresponds to the sequence of the
debris object labels considered in the multiple ADR
removal sequence. The objective functions are defined as
follows:

‘]1 (;X’) = My tot

1) = =3 Lo, 1)
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which represent the total propellant mass m,,, used during
the sequence of removal and the negative of cumulative
ADR index of the objects retrieved. The minus sign is
introduced since the mission design tool shall prioritize tar-
gets with high cumulative ADR index, thus more interest-
ing and feasible to be removed. As constraints, only
inequality constraints are imposed, conveying a limit in
the total time of flight for the overall mission:

g(X) = TOF(X) < Tim (19)

The time of flight function TOF(X) is computed consider-
ing the natural drift due to J, required to transfer between
two subsequent debris of the sequence. The mission time
limit T, is set equal to 5 years in this work. The multi-
objective optimisation problem described above is solved
by computing the pareto front of solutions with respect
to the cost functions of Eqgs. 18. The solutions of this
NP-hard combinatorial multi-objective optimisation prob-
lem are obtained considering a genetic algorithm heuristic.
In particular a controlled elitist genetic algorithm, a variant
of the NSGA-II algorithm Deb et al. (2002, 2006) is used,
implemented in the MATLAB function gamultiobj.m Deb
(2001). The algorithm creates the pareto front of non-
dominated solutions for the ADR sequences in the two cost
functions space.

6. Simulation results

In this section, we present the results generated by the
multi-objective mission design tool for multiple ADR mis-
sions across different scenarios. Three distinct mission cases
are defined, each representing a specific driver and the
expected outcomes of implementing an ADR mission from
the perspective of a mission designer. Specifically, the fol-
lowing mission cases are considered, each with a differently
tuned ADR index:

e Mission case 1 - Balanced ADR mission: in this scenario
the ADR index comprehends the contributions from all
its sub-indices, namely the environmental, economical
and operability. Here the mission designer seeks for a
balanced solution which is capable of acting effectively
as mitigation of the in-orbit collision risk in highly valu-
able orbital region, while accounting for the feasibility
of capture of each target.

e Mission case 2 - Debris collision risk mitigation: in this
scenario the ADR index comprehends the environmen-
tal and the economical contributions to convey a need
of the mission designer to maximise the mitigation of
collision risk in orbit for both the current population
and the space environment in the long term.

e Mission case 3 - Debris mitigation as technological
demonstration: in this scenario the ADR index compre-
hends the contributions of operation feasibility and of
environmental effect. Here the mission designer seeks
for a solution which can achieve a mitigation effect on

Advances in Space Research 77 (2026) 4864-4884

the environment but with limited complications from
the proximity operations point of view, i.e. early techno-
logical demonstrations of ADR.

For all test cases, a servicer with an initial wet mass of
2500 kg is assumed, equipped with an impulsive propulsion
system with a specific impulse of 250 s. Additionally, the
mission architecture assumes that the launcher can inject
the servicer directly into the orbit of the first debris target,
thus neglecting any transfer cost from an initial parking
orbit. The ADR mission design tool simulates the removal
of three debris targets. The population of objects consid-
ered is located in the region with a semi-major axis between
6800 km and 8000 km, and an inclination between 85 and
110 degrees. The vicinity of the SSO region was selected as
a representative example, although objects in other inclina-
tion bands may be of interest. Substantial inclination
changes are impractical within a single mission sequence
due to their high propellant cost. Consequently, constrain-
ing the initial population’s inclination range is advised to
reduce the computational burden of the multi-objective
optimization and to prevent the algorithm from exploring
infeasible solutions that cause large inclination manoeu-
vres. For each test case, the multi-objective optimization
genetic algorithm is run ten times to generate a comprehen-
sive representation of the Pareto front of solutions. The
parameters used for the genetic algorithm are reported in
Table 3.

6.1. Mission case 1

The weights used in the ADR index definition of Eq. 1
for the first mission case are reported in Table 4. The test
case represents a mission design where the removal of tar-
gets equally prioritise all the contribution of the ADR
index.

The multi-objective optimisation problem is solved over
10 runs exploiting the genetic algorithm and the superim-
position of the pareto front of solutions of the runs is
shown in Fig. 13. Three different solution are highlighted
with colored markers, which represent peculiar conditions
of the ADR mission found. With a red marker, a solution
in the low-end section of propellant expenditure is shown

Table 3
Parameters used in the ADR mission tool simulation for the multi-
objective genetic algorithm.

Population size 5000
Maximum generations 10000
Maximum stall generations 50

Cost function tolerance le-6
Constraint function tolerance le-3
Cross-over fraction 65 %
Pareto fraction 40 %
Selection function tournament
Distance measure function distance crowding
Non linear constraint algorithm penalty
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Table 4
Weights selected for the ADR index associated to the test case 1 - balanced
ADR mission.
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Fig. 13. Pareto front of optimisation solutions for test case 1 - balanced
ADR mission.

and the debris sequence is reported in Table 5. It can be
noted that the objects taken are all in the same orbital
region, thus the transfer strategy used yields extremely
low propellant values. However, this solution results in a
cumulative ADR index which is low in absolute value. Fur-
thermore, the object selected are of limited mass, thus lim-
iting the propellant expenditure to perform de-orbiting. On
the other hand, the solution highlighted in blue in Fig. 13
corresponds to larger cumulative index values, but still

Table 5
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with moderate propellant cost. In this case, as reported in
Table 6, the object selected are still of moderate mass,
but are characterised by large operability and economical
index. Therefore, it correspond to a solution where the
removal targets are easy to be approached and captured
and occupy orbital region of high commercial interest.
Fig. 14 show the polar plot of the evolution of the RAAN
and semi-major axis over time due to the J, natural drift
and altitude changes manoeuvres involved in the first
(top) and second (bottom) transfer of the solution high-
lighted in blue in Fig. 13 and with sequence of Table 6.
Specifically, it can be noted how in the transfer strategy
of RAAN drift for plane matching, after the designed drift-
ing time, the RAAN of the two objects naturally match
thanks to the differential perturbations induced by the
Earth second zonal harmonic J2. Once the orbital plane
is matched, the semi-major axis difference is also compen-
sated with the Hohmann transfer to complete the orbit
matching between the two consecutive target objects.

In general, for the balanced ADR mission case the par-
eto solutions which show low and moderate propellant
consumption prioritise smaller objects with larger opera-
tional and economical index. Lastly, in the solution high-
lighted in magenta in Fig. 13 a large target, e.g. Envisat,
is included in the sequence to reach higher cumulative
ADR index, adding the contribution of high environmental
contribution in the index. For this solution a propellant
expenditure of around 742 kilograms is found. The full
sequence, orbital location and associated sub-indeces for
the objects of this last solution are reported in Table 7.

6.2. Mission case 2

The second mission case studied in this paper represent
a mission where the environmental and economical contri-
butions are prioritised. The weights selected in the index
Eq. 1 are reported in Table 8.

Sequence solution highlighted in red in the pareto front of test case 1 of Fig. 13. Propellant used for the transfer and deorbit strategy within this sequence is

equal to 45.37 kg.

NORAD Type Name M [kg] a [km] i [deg] Q [deg] Low [-] Lo, [-] Ip [-]
55059 PL Orbiter SN1 200 6819 97.417 296.3 0.00012 2.43 27.77
59677 PL Haiwangxing-01 239 6857 97.399 306.8 0.00068 0.24 34.73
55090 PL Chimera LEO-1 270 6833 97.420 296.1 0.00055 1.21 27.77
Table 6

Sequence solution highlighted in blue in the pareto front of test case 1 of Fig. 13. Propellant used for the transfer and deorbit strategy within this sequence

is equal to 165.11 kg.

NORAD Type Name M [kg] a [km] i [deg] Q [deg] Ienv [*] lop [7] IE [7]
3522 RB Star 37B (T-Burner II) 154 7168 98.722 7.5 0.0401 2.83 30.36
6276 RB Star 26B (T-Burner IIA) 115 7197 98.539 45.9 0.0228 3.05 30.00
28891 PL Topsat 115 7061 98.220 358.4 0.0031 2.78 32.90
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Fig. 14. Polar plot of first transfer (top) and second transfer (bottom)
displaying the evolution of RAAN due to the natural J, induced drift and
the altitude change performed with Hohmann transfer.

Again, the solution of the pareto front obtained for 10

runs of the multi-objective optimisation algorithm are
super-imposed displayed in Fig. 15. The behaviour similar

Table 7
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Table 8
Weights selected for the ADR index associated to the test case 2 - Debris
collision risk mitigation.
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Fig. 15. Pareto front of optimisation solutions for test case 2 - Debris
collision risk mitigation mission.

to the first mission case where the high ADR indexes
sequences are related to higher propellant expenditure is
still evident. The cause of this behaviour is twofold: (1)
the population of debris used which does not have any
orbital region with high density of large objects with high
environmental index, and (2) in general objects with larger
mass, thus with a larger environmental index, require a lar-
ger amount of propellant mass to be deorbited. Interesting
to note is also that the pareto solution highlighted in red in
Fig. 15, which refers to low propellant consumption but
low cumulative ADR index, has debris objects selected sim-
ilar to the same solutions highlighted in test case 1, as
reported in Table 9. Particularly, relatively small mass deb-
ris within the same orbital region at low altitude SSO are
inside this sequence.

Table 10 reports the debris objects in the sequence high-
lighted in blue in the pareto front of solutions in Fig. 15,
selected a good compromise in the pareto front between
cumulative ADR index and propellant used. Table 11

Sequence solution highlighted in magenta in the pareto front of test case 1 of Fig. 13. Propellant used for the transfer and deorbit strategy within this

sequence is equal to 742.48 kg.

NORAD Type Name M [kg] a [km] i [deg] Q [deg] Low [-] Lop [-] I [-]
27386 PL Envisat 8110 7141 98.2878 192.1 46.69 0.268 22.14
28050 RB PSLYV fourth stage (PS4) 920 7212 98.969 190.4 0.921 2.87 27.68
33313 PL Trochia (RapidEye-5) 152 6949 97.483 269.4 0.001 251 31.58
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Table 9
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Sequence solution highlighted in red in the pareto front of mission case 2 of Fig. 15. Propellant used for the transfer and deorbit strategy within this

sequence is equal to 76.54 kg.

NORAD Type Name M [kg] a [km] i [deg] Q [deg] Ly [-] 1,, [-] Ig [-]
58825 PL Taijing 2-02 100 6886 97.506 306.9 2.9e-05 0.125 34.74
59677 PL Haiwangxing-01 239 6857 97.400 306.8 0.0007 0.244 34.74
48843 PL Beijing-3 3000 6874 97.400 3104 0.149 0.176 34.74
Table 10

Sequence solution highlighted in blue in the pareto front of mission case 2 of Fig. 15. Propellant used for the transfer and deorbit strategy within this

sequence is equal to 463.51 kg.

NORAD Type Name M [kg] a [km] i [deg] Q [deg] Ly [-] I, [-] Ig [-]
27386 PL Envisat 8110 7141 98.288 192.1 46.69 0.268 22.14
31117 PL Egyptsat 1 (MisrSat 1) 100 7018 97.968 180.5 0.0023 0.262 33.26
26619 PL EO-1 588 7049 98.022 187.2 0.144 1.256 33.26
Table 11

Sequence solution highlighted in magenta in the pareto front of mission case 2 of Fig. 15. Propellant used for the transfer and deorbit strategy within this

sequence is equal to 1071.79 kg.

NORAD Type Name M [kg] a [km] i [deg] Q [deg] Lony [-] Lop [-] Ig [-]
25400 RB Zenit-2 s stage 8226 7183 98.746 173.7 39.04 0.0252 30.36
33272 PL Cosmos-2441 7000 7095 98.244 176.0 21.47 0.0067 32.90
27386 PL Envisat 8110 7141 98.288 192.1 46.69 0.268 22.14
shows instead the debris objects in the sequence highlighted 0
in magenta in the pareto front of solutions in Fig. 15, rep- . : 22:;
resenting the best solution in terms of cumulative ADR 20 1 ® sok3 |+
index in the pareto front. The mission include large debris ¢
objects in SSO which, if remove, will greatly mitigate the _ HAop ". )
risk of the current and long term space environment. T: ."

S 60 1
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| 80 r 1
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lates an early future mission within the ADR domain. -100 - o, 7
Therefore, there is emphasis on assessing technological i Al .o
and operational feasibilities, as these initial missions serve 120 ¢ .0 °
as crucial demonstrations of their capabilities in orbit for
the first time. The associated weights for the ADR index 140 500 1000 1500
in this test case are outlined in Table 12. Ji =m, [ke]

Fig. 16 shows the solutions of the pareto fronts for the
10 runs of the multi-objective optimisation algorithm for
mission case 3. Again, three solutions have been high-
lighted and sequence reported in Tables 13-15. Also in this

Table 12
Weights selected for the ADR index associated to the mission case 3 -
debris mitigation as technological demonstration mission.

Wop [7]
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Wenv [7] WE [7]
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Fig. 16. Pareto front of optimisation solutions for test case 3 - debris
mitigation as technological demonstration mission.

case, the behaviour of choosing objects with large environ-
mental index in solutions where there is a greater cumula-
tive ADR index and, thus, greater propellant expenditure is
observed. Of course it is possible for the mission planner,
thanks to the flexibility of the tool, to tailor the outcome
of the mission to its specific needs. For example, if the
maturity of the demo mission is lower, and cannot afford
to capture large objects as in this test case, the relative
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Table 13
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Sequence solution highlighted in red in the pareto front of mission case 3 of Fig. 16. Propellant used for the transfer and deorbit strategy within this

sequence is equal to 88.41 kg.

NORAD Type Name M [kg] a [km] i [deg] Q [deg] Loy [-] 1, [-] Ig [-]
5556 RB Star 26B (T-Burner IIA) 115 7191 99.013 169.9 0.0221 3.10 0
28050 RB PSLYV fourth stage (PS4) 920 7212 98.969 190.4 0.9213 2.87 27.67
7219 RB Star 26B (T-Burner IIA) 115 7184 98.980 165.8 0.0221 3.07 0
Table 14

Sequence solution highlighted in blue in the pareto front of mission case 3 of Fig. 16. Propellant used for the transfer and deorbit strategy within this

sequence is equal to 492.64 kg.

NORAD Type Name M [kg] a [km] i [deg] Q [deg] Ly [-] I, [-] Ig [-]
27386 PL Envisat 8110 7141 98.288 192.1 46.6903 0.27 22.14
4513 RB Star 37B (T-Burner II) 154 7156 98.877 171.8 0.04007 3.11 0
28637 RB ORION 38 410 7230 98.743 233.4 0.2296 2.96 28.69
Table 15

Sequence solution highlighted in magenta in the pareto front of mission case 3 of Fig. 16. Propellant used for the transfer and deorbit strategy within this

sequence is equal to 818.88 kg.

NORAD Type Name M [kg] a [km] i [deg] Q [deg] Ly [-] 1, [-] Ig [-]
4513 RB Star 37B (T-Burner II) 154 7156 98.877 171.8 0.04007 3.11 0

25400 RB Zenit-2 s stage 8226 7184 98.747 173.7 39.0377 0.025 30.36
27386 PL Envisat 8110 7141 98.288 192.1 46.69 0.268 22.14

weight between operability and environmental index
should be changed.

7. Conclusions

This paper has presented an innovative ranking frame-
work for active debris removal missions target’s selection,
and a flexible mission design tool to plan these mission
efficiently. The ranking definition incorporates an evalua-
tion not only of the object’s danger to the debris environ-
ment in terms of collision risk but also considerations
regarding the technical feasibility of its capture and the
commercial interest for current satellite operators to
remove it from its current orbital region. Moreover, the
mission design tool presented is capable to address in a
flexible manner the need of different mission scenarios that
the mission planner may require. The tool implements the
generation of pareto front through multi-objective optimi-
sation of the debris sequence with a genetic algorithm con-
sidering propellant cost of the mission and the cumulative
index of the removed objects. Application of this frame-
work to three different mission cases is presented, where
missions with different priorities have been considered.
As future work stemming from this paper, two domains
can be identified. Firstly, in the ranking framework defini-
tion, more advanced index formulations to more accu-
rately model the operational and environmental impact
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of debris are envisioned. In particular, future work will
investigate methods to overcome the lack of data-and its
limited representativeness-regarding the rotational states
of many in-orbit objects, as well as studies on the formu-
lation of operability indices for different capture methods
discussed in the literature. An interesting impact will also
arise in the considerations of the effects of just-in-time col-
lision avoidance and ground-based non-contact removal
of small debris in the evaluation of the true environmental
risk of the considered target debris. Concerning the mis-
sion design tool, in this paper the development focused
on capturing the behaviour in a multi-objective optimisa-
tion by simultaneously considering the ADR index and
mission cost as metrics. Therefore, a choice on the mission
architecture and transfer methods was made in this
regard. Future investigation to find better solutions in
terms of absolute cost of the mission should focus on
the development of different architectures and different
transfers methods within the sequence, i.e. low thrust
transfers and drift orbits methods for RAAN
compensation.
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