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Abstract
The increase in the number of orbiting objects, being them controllable or uncontrollable,

is expected to significantly affect space operations in the near future. This is particularly true
in the Low Earth Orbit (LEO) region, where the population of debris is increasing because of
new fragmentation, while, at the same time, the advent of large constellations has accelerated
the growth of the number of active missions. Therefore, careful mission design together with
the implementation of mitigation guidelines and policies are essential to regulate the evolution
of space environment and to avoid the proliferation of derelict objects around the Earth. In this
view, in recent years, international discussion is ongoing on how to assess space capacity and
how this concept could be improved and exploited to define actionable thresholds to be used to
define specific mission requirements.

This work aims at analysing the threshold of orbital capacity, investigating the evolution of
the space environment with long-term simulation scenarios defined in terms of launch traffic,
explosions rate, and disposal strategies. In this context, a risk metric, considering the likelihood
and associated severity of fragmentation of the satellite(s), is used to measure the impact of each
mission on the environment and subsequent space capacity consumption. The metric is applied
to each mission and in each scenario, both at the beginning and at the end of the simulation,
to evaluate the change in total capacity consumption. The latter is further investigated in terms
of type of in-orbit objects analysed (e.g., payloads, constellations), orbital areas in which they
are located (e.g., altitude slots), and eventual designated post-mission disposal strategy, along
with its reliability. Several scenarios, based on historical trends or on extrapolation of current
behaviours, are considered, subjected to Monte Carlo simulation, and compared to understand
the relevance of each parameter and their adherence to a sustainable evolution of space.
Keywords: Space Debris, Space Capacity, Space Sustainability, Space Traffic Management

Nomenclature

a [km] Semi-major axis
C [-] Capacity value
ec [-] Severity of a collision fragmenta-

tion event
ec [-] Severity of an explosion fragmenta-

tion event
I [-] Space debris index at a single epoch
It [-] Total space debris index of a mis-

sion
pc [-] Probability of collision
pe [-] Probability of explosion

Acronym/Abbreviations

DISCOS Database and Information System
Characterising Objects in Space

ECOB Environmental Consequences of
Orbital Breakups

EOL End-Of-Life
ESA European Space Agency
GEO Geosynchronous Earth Orbit
GTO Geostationary Transfer Orbit
LEO Low Earth Orbit
MC Monte Carlo
MEO Medium Earth Orbit
PIB Particle-In-a-Box
PMD Post Mission Disposal
THEMIS Tracking the Health of the Environ-

ment and Missions In Space
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1. Introduction

The sustainability of the space around the Earth is be-
coming an increasingly important issue in the space sec-
tor. The occurrence of breakup events that increase the
background population of inactive objects and the in-
crease of large constellations that place many satellites
in specific orbital regions (particularly in LEO) [1], led
to the improvement and definition of new mitigation
policies and careful mission design (with particular at-
tention to End-Of-Life (EOL) strategies). Parallel to
this, several risk metrics [2] [3] have been developed
in the past years to assess the impact of missions on
the space environment (each of which seeks to capture
the main elements that influence it) and the status of the
space environment itself (with a focus on the debris pop-
ulation). These metrics could be a useful tool to further
improve the mitigation guidelines.
More recently, the study of space sustainability has also
begun to focus on the problem of the capacity of the
space environment. In fact, space, like other ecosys-
tems, is a finite resource, which must therefore be man-
aged in such a way to have it available also in the fu-
ture. Current models base their formulations either on
the risk metrics (e.g., Letizia et al.[4]) or on the inves-
tigation of the number of active satellites that can be
launched and kept in orbit [5], and are usually linked to
environment models whose aim is to predict the long-
term evolution of the debris population. Most of them
fall into the category of semi-deterministic approaches
(piecewise propagation of the population of orbiting ob-
jects, examples are [6] [7] [8] [9]), while others are re-
ferred to as Particle-In-a-Box (PIB)models (source-sink
models describing the evolution of different species of
objects) [10] [11] [12].
In this work, the concept of orbital capacity is exploited
to study the level of risk of a fragmentation on the space
environment [13]. Indeed, the aim of the work is to un-
derstand if the capacity concept can be used to properly
assess the severity of a fragmentation and rank it ac-
cording to some specific parameters. Each fragmenta-
tion is characterised by several parameters, which influ-
ence what the severity of the fragmentation may be on
the population of orbiting objects. Thus it is essential
to understand its impact both from a short- and a long-
term point of view.
The paper is organised as following: Section 2 briefly
describes the main feature of the metric adopted for the
study. Section 3 introduces the model with which the
risk level of a fragmentation is investigated, while Sec-
tion 4.1 shows the results of the tests performed on fic-
titious fragmentation. A conclusive section summarises
the main achievement and future works.

2. Space capacity evaluation

2.1 Space debris index definition

The assessment of space capacity, as modeled in this
work, is based on a metric defined to assess the impact
of missions on the space environment. The THEMIS
space debris index [14] [15] is defined as a risk indicator
and follows the formulation of the Environmental Con-
sequences of Orbital Breakups (ECOB) index [16]. The
developed index can be used for different mission archi-
tectures (e.g., single satellite, constellation, etc.) [17]
[18] and in different orbital regions, such as Low Earth
Orbit (LEO), Medium Earth Orbit (MEO), Geostation-
ary Transfer Orbit (GTO), Geosynchronous Earth Orbit
(GEO) [15] [19].
Focusing on the LEO orbital region, the model consid-
ers the orbit semi-major axis and inclination of the in-
vestigated object as study parameters [13] [15], being
them themainmission parameters when considering ob-
jects in LEO orbit.
The evaluation is performed along the entire lifetime of
the mission (accounting for each possible phase of the
mission) by computing the total debris index of a mis-
sion It as

It =

∫ tEOL

t0

I(t) dt+ α

∫ tend

tEOL

I(t) dt

+(1− α)

∫ tf

tEOL

I(t) dt

(1)

where the first term of Eq. 1 refers to the operational
phase of the object, while the second and the third term
to the Post Mission Disposal (PMD) phase where the
failure of the End-Of-Life (EOL) disposal is considered.
The latter is taken into account through the PMD relia-
bility α ranging between 0 (fail) and 1 (fully reliable).
In the formulation, I(t) stands for the debris index at a
single epoch

I = pc · ec + pe · ee (2)

with pc and pe the probability of collision and ex-
plosion, and ec and ee the severity of a collision or of
an explosion (i.e., the effects of the breakup in given
orbital region), respectively. Being outside the scope of
this paper, a more in-depth description of the different
terms can be found in [14] [20] [21] or in Appendix A.
Although not directly explicit, the formulation internally
considers many factors such as: the mass and the cross-
sectional area of the object, the CollisionAvoidanceMa-
noeuvres (CAM) capabilities (and their efficacy), the
type of PMD (e.g., re-entry, graveyard). All these pa-
rameters play a role in the computation of the index, in-
creasing or decreasing the impact of the mission on the
space environment.
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2.2 Space capacity definition

Starting from the definition of the space debris index,
the space capacity consumed by a defined population of
orbiting objects is computed by aggregating the debris
index value of each single mission as [15]

C =

Nmissions∑
j=1

Itj (3)

where Itj is the index of the j − th object consid-
ered in the set, andNmissions is the total number of ob-
jects (either active or inactive) considered in the analy-
sis. Thus, the index can be currently seen as the share
of the capacity of the specific mission under analysis.

3. Impact of fragmentation on space environment
using the capacity concept

3.1 Fragmentation events risk level

Since 1957, the number of artificial space objects has
grown constantly [1], undergoing an increase in the re-
cent years due to the introduction of several satellite-
based services. This, however, has also led to an in-
crease in the collision or explosion events, involving the
generation of new debris. Indeed, despite the presence
of guidelines for the space debris mitigation and colli-
sion avoidance, some events are difficult to predict (e.g.,
collision between objects) or even unpredictable (e.g.,
explosion of a rocket body). The growth of the space de-
bris population is a serious concern since it poses space
regions under higher risks, that can even lead to frag-
mentation chain effects [22]. Tools have been devel-
oped to detect those fragmentations, characterise them
and investigate the risk caused by the generated frag-
ments on the population of orbiting objects, with an eye
toward the active satellites.
However, it is also important to understand and quan-
tify the impact, and hence the level of risk, posed by a
new fragmentation event over short- and long- period of
time. The impact should be considered not only in terms
of the number of objects added to the environment, but
also for how long they will be there and how they in-
teract with the already orbiting objects. In this view,
the concept of the capacity tries to consider the problem
from different perspective.
In order to quantify the risk level of a fragmentation, one
must start from the consideration that each fragmenta-
tion event is characterised by different parameters, such
as

- Type of event (e.g., collision, explosion) and num-
ber of objects involved: each type of fragmenta-
tion is characterised by a different energy level,
that thus is linked to a different number of frag-
ments generated (as it is modeled in the NASA
Standard Breakup Model [23]). An example is
shown in Figure 1, with a comparison between

the evolution over time of the number of objects
generated by an explosion and a catastrophic col-
lision fragmentations. For this example, the frag-
mentation was simulated in the same location and
considering the same total mass.

- Location of the event (e.g., altitude, inclination)
and geometry of the orbit(s): this influences on
the one hand the possible interactionwith crowded
regions that will have to interact with the gener-
ated fragments, but also the types of orbital per-
turbations influencing the short- and long- term
evolution of the fragments. Indeed, as can be seen
from Figure 2, two breakup events (of the same
type) were simulated at different altitudes and the
one at lower altitude (green line) is characterised
by a faster reduction of the number of objects (larger
than 1 cm in the figure) in orbit over time thanks
to the effect of the atmospheric drag. The results
are normalised with respect to the number of frag-
ments generated.

Fig. 1. Comparison in terms of evolution over time of
the number of fragments generated by a collision
event (in blue) and an explosion event (in orange).

3.2 Model workflow

The model is based on the comparison of two scenar-
ios: the first in which the evolution over time (using
an environmental evolutionary model) of a population
(referred to as the reference population) of objects is as-
sessed, and the second inwhich the same evolution is in-
vestigated but a fragmentation is added to the reference
population. Then, a metric is introduced to investigate
the difference between the two evolutionary trends.
The scenario is defined in terms of initial population
(of orbiting objects), launch traffic and PMD strategy,
while each fragmentation event can be characterised in
terms of type of event (e.g., collision or explosion), mass
involved, and location (here in terms of orbit altitude
and inclination).
The results of the environmental evolutionary model in-
cludes the number of objects (at different snapshot epochs),
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Fig. 2. Comparison in terms of evolution over time of
the number of fragments generated at higher altitude
(in blue) and at lower altitude (in green). The results
are normalised with respect to the number of frag-
ments generated at time 0.

their characteristics (e.g., Keplerian orbital elements and
physical properties of each single object), and the num-
ber of events that occurred during the period considered.
In addition to these results, the capacity consumed by
the population can be computed at different snapshot
epochs to see its evolution over time and to use it to
compare the two scenarios.
The evaluation of the evolution of both the reference
scenario and of the scenario including the fragmentation
event is simulated several times using a Monte Carlo
(MC) approach to increase the statistical relevance of
the investigation. This implies that several evolution of
the same scenario are available, generating a distribu-
tion of data for the different results (including the ca-
pacity evaluated at different snapshot epochs).
The comparison of the two scenarios is hence performed
comparing the distribution in terms of consumed capac-
ity (i.e., the aggregated values of the impact of each sin-
gle mission, here computed using THEMIS software) of
the two cases to understand if and howmuch the two be-
haviours differ from each other. To do so, the one-tailed
Z-test (typically used to compare two normal distribu-
tions) is used considering the following null and alter-
native hypotheses{

H0 : Cfrag = Cref

H0 : Cfrag > Cref

(4)

with Cfrag describing the distribution of the capac-
ity when including the fragmentation, while Cref is the
distribution of the reference scenario. The alternative
hypothesis is defined considering only the > because
the investigation is performed to understand if (and how
much) the capacity level is higher when adding the frag-
mentation event.
The Z-score (that is the metric of the test) is computed
at each epoch (y) as follow

Zy =
C̄fragy − C̄refy√
σ2
Cfragy

+ σ2
Crefy

(5)

where C̄fragy is the mean value of the fragmentation
scenario at the y− th epoch, C̄refy is the mean value of
the reference scenario at the y − th epoch, and σ2

Cfragy

and σ2
Crefy

are the standard deviation divided by the
square root of the number of MC considered.
Then, according to statistics, three risk levels are cur-
rently defined as shown in Figure 3. Whenever the Z
score is above 3.1, the evolution of the environment is
considered to be highly different from the reference sce-
nario, while below 1.96 the two behaviours can be con-
sidered as similar.
The score can be used in two different ways: to assign
a risk level to a fragmentation event and to investigate
its evolution over time to see if and when the evolution
would fall within the reference scenario.
Figure 4 shows a block-diagram of the model.

Fig. 3. Classification of risk level according to the Z-
score.

Similar approaches can be found in the literature,
where past works have already tried to analyse the prob-
lem, leading to the development of analytical indexes
to rank the fragmentation events and the severity of the
fragmentation of the objects on the environment [24]
[25].

3.3 Reference scenario

The reference scenario used in this work considers the
population of orbiting objects in orbit as of 1st January
2014 [4] (as available in ESADISCOS), considering the
following properties for the long-term evolution of the
space environment:

- Launch traffic repeated every 5 years, consider-
ing historical data from 2009 to 2014 available in

IAC-24-A6.10-E9.4.4 4 of 10



75th International Astronautical Congress (IAC), Milan, Italy, 14-18 October 2024.
Copyright ©2024 by Mr. Andrea Muciaccia. Published by the IAF, with permission and released to the IAF to publish in all forms.

Fig. 4. Risk level evaluation - model workflow.

ESA DISCOS database (including data not pub-
licly available) [ref].

- Lifetime for each single object of 8 years.

- Fragmentation event due to explosion discarded
(assumption considered also in past works [24]).
This hypothesis is introduced in order to investi-
gate the impact of collision events, only.

- Collision avoidance capabilities disabled (assump-
tion considered also in past works [24]).

- Constellations discarded (still considering any ob-
jects already launched).

The reference scenario was propagated 200 years
using the ESA DELTA4 [6] evolutionary model into the
future by running 40 MC simulations (computational
limits of internal server facility). Figure 5 shows the
evolution in the number of objects lager than 10 cm over
time, where the dark line represents the average value
while the light lines the lower and upper limits obtained
from the simulations.. As expected, the number is in-
creasing because of fragmentation events.

Fig. 5. Evolution over time of the number of objects
larger than 10 cm in LEO.

4. Fragmentation events investigation

This section is dedicated to the description of the test
cases performed with the developed model. The tests
involved fragmentations generated at different locations
and with different masses.
Looking at the results obtained and past work [24], it
was decided to focus in the evaluation of capacity in the
first years after fragmentation (while still having results
available for the final part as well). behavior is usually
much more distant from the baseline scenario than what
happens away from the fragmentation.

4.1 Fragmentation location

For the tests described in this work, the locations of the
investigated fragmentation was not randomly selected,
but the severity maps (used in the index formulation,
see Appendix A) were used as a starting point. Indeed,
from those maps it is possible to understand which re-
gions would affect more the population of active objects
in case of fragmentation (mainly from a cumulative col-
lision point of view).
For the purpose of this work, three location have been
considered in terms of orbit altitude and inclination. The
study parameters are included in Table 1, and the loca-
tion of the fragmentation is displayed in Figure 6. The
three location were selected to include the peak of the
map (that is the location that will mostly affect the pop-
ulation in case of a fragmentation), the location of the
active satellites, and an higher altitude object. In addi-
tion, only catastrophic collisions were considered.

Table 1. Characteristics of the fragmentation event.

Altitude [km] 800, 1600
Inclination [deg] 80, 100
Mass [kg] 500, 1000, 4000, 8000
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Fig. 6. Catastrophic collision effect maps computed
considering targets at 01-01-2014 with the location
of the fragmentation on top.

4.2 Space capacity Z-score evolution for fragmentation
in different location

As said in the previous section, three different location
(in terms of orbit altitude and inclination) where consid-
ered for the fragmentation.
A fragmentation involving a mass of 4000 kg was sim-
ulated at an altitude of 800 km, firstly at an inclination
of 80° (where we find the peak in the map in Figure
6) and then at 100°. Before investigating the evolution
of the capacity associated with these scenarios, it is in-
teresting to look at the evolution of the number of ob-
jects along the simulation. This is depicted in Figure 7,
where it is possible to appreciate how, after an initial
difference, the trends tend to converge toward the ref-
erence scenario. This can be explained by the fact that
at this altitude some of the fragments will re-enter, and,
additionally, the DELTA4model will add new fragmen-
tation every years and thus will increase the number of
objects.

Looking at the evolution of the space capacity over
time, Figure 8 shows how at first the value is greater in
both cases, and then converges to the reference. This
implies that, after an initial period, the level of con-
sumed capacity returns to that of the reference scenario.

The same thing can be appreciated investigating the
difference between the scenarioswith fragmentation and
the reference scenario by applying the model introduced
in Section 3.2.
Both the scenarios fall into the level of risk “high”, but
the case at higher inclination (in red) tends faster toward
the baseline with respect to the case at lower inclina-
tion (in dark blue). This can be explained by the fact
that fragmentation at 80° puts fragments in a geometri-
cally more dangerous position for most of the satellites,
namely those in sun synchronous orbit (about 100°), in

Fig. 7. Evolution of the number of objects larger than
10 cm over time considering two fragmentation at the
same altitude but different inclination - LEO.

Fig. 8. Capacity evolution over time (mean value for all
the MC) - same altitude, different inclination.

terms of collision probability and severity. Indeed, this
is a result that could also be inferred by looking at the
effects map (Figure 6), where the peak in terms of sever-
ity of a fragmentation is at 800 km altitude and 80° in
inclination.

Fig. 9. Z-score evolution over time - same altitude, dif-
ferent inclination.

A third fragmentation involving a mass of 8000 kg
was simulated at an altitude of 1600 km and an incli-
nation of 80°, and the evolution of the number of ob-
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jects larger than 10 cm is show in Figure 10. If the frag-
mentation occurs at a higher altitude, the fragments take
longer to re-enter, and this may explain why the trend
remains above than the reference scenario.

Fig. 10. Evolution of the number of objects larger than
10 cm over time considering a fragmentation at high
altitude - LEO.

Figure 11 shows how, in this third case, the risk level
of the fragmentation is ”low”. This is related to the fact
that fragmentation introduces fragments that do not go
into high risk regions for orbiting satellites, thus not go-
ing to affect the probability of collision.

Fig. 11. Z-score evolution over time - higher altitude.

4.3 Space capacity Z-score evolution for fragmentation
with different masses

In the second case, the position of the fragment is con-
sidered fixed (i.e., altitude at 800 km and inclination at
80°) and the mass involved is changed. The results are
shown in Figure 12, where it can be seen that as the
mass decreases the trend tends faster toward that of the
reference scenario. This is probably due to the fact that
fragmentation is hidden because of the other fragmen-
tations simulated by the evolutionary model.

Figure 13 shows, instead, the evolution over time
of the space capacity for each simulated scenario. The

Fig. 12. Evolution of the number of objects larger than
10 cm over time considering different masses in-
volved in the fragmentation - LEO.

common feature concerns the beginning increase in ca-
pacity, and then having a decrease that tends to the ca-
pacity value of the reference scenario. Indeed, the refer-
ence scenario is the only one characterised by a constant
increase.
This behavior can be explained by looking at what also
happens to the number of objects, that is, an initial higher
level and then trending toward a similar value. This re-
sults in similarity in the background population and thus
in an alignment of the probability of collision in the var-
ious scenarios.

Fig. 13. Capacity evolution over time (mean value for
alle the MC) - different masses.

Figure 14 shows the Z-score evolution over time of
the four cases of the fragmentation with the fixed loca-
tion and the change in the mass. As expected, by de-
creasing the mass the level of risk decreases (still re-
maining high) and it is reabsorbed faster by the space
environment.

5. Conclusion and future works

The sustainability of the space around the Earth is be-
coming an increasingly important issue in the space sec-
tor. This because many new objects are launched and
many fragmentation events occur each year. The latter
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Fig. 14. Z-score evolution over time - different masses.

are monitored, reconstructed, and studied to investigate
the risk of collision with the population of active satel-
lites. However, understand the level of risk posed by a
new fragmentation event over short- and long- period of
time is also important.
The aim of this work was to investigate the possibil-
ity of using capacity models of the space environment
to assign a the level of risk caused by a fragmentation.
This is done by comparing the evolution of a reference
scenario (defined in terms of initial population, launch
traffic, and PMD strategy) with the same one but with
the addition of a fragmentation using the one-tailed Z
test.
The proposed model showed how it is possible to com-
bine the space capacity metric and the investigation of
fragmentation. Indeed, the results showed that this tool
provides a different perspective than simply computing
the number of objects and studying the long-term evo-
lution.
The work is still in progress and involves further study
in comparing the evolution of the number of objects,
of possible chain effects due to the generated fragments
(having available information on the additional fragmen-
tations generated), other orbit geometry. In addition, the
model could be applied to real scenarios (e.g., a frag-
mentation that actually occurred) by reproducing the pop-
ulations and the event.
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Appendix A (Fragmentation severity map)

The computation of the severity term is carried out us-
ing the STARLING 2.1 tool, and two steps are needed:
the selection of targets representative of the population
of active objects, and the evaluation of the cumulative
collision probability of dummy fragmentation with the

reference targets selected. All the steps are performed
considering a grid in Keplerian orbital elements, specif-
ically in semi-major axis and inclination for the LEO
objects.
In the grid, a target is defined in each bin where the cu-
mulative cross-sectional area of all the objects in the bin
exceeds a defined threshold (25 km for this work). The
target will have the average physical properties of all
objects included in the bin.
The effect of each fragmentation event, carried out on
the same grid, is evaluated according to the following
three steps:

- Estimation of the initial fragments density distri-
bution, through a probabilistic reformulation of
the NASA Standard Breakup Model (SBM) [26]
[21].

- Propagation of the fragments density through the
Method Of Characteristics (MOC) [27], and con-
sequent characteristics’ interpolation through bin-
ning in the 7D phase space of Keplerian elements
and area-to-mass ratio [21].

- Evaluation of the cumulative number of impacts
against each representative target over the consid-
ered time frame [20]. The representative targets
cross-sectional area is here assumed to be unitary
(the result is re-scaled a posteriori).

The procedure gives as output maps similar to the
one presented in the Figure 15.

Fig. 15. Catastrophic collision effect maps computed
considering targets at 01-01-2014.

Appendix B (Capacity samples from normal distri-
bution)

Due to computing resources, only 40 MC simulations
were calculated for each test case. Since the Z-test 3 re-
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quires a normal distribution in order to work, capacity
samples were checked.
The test was performed considering the Shapiro-Wilk
test [28], typically used to test the null hypothesis that
the data was drawn from a normal distribution. The test
result is the p-value for the hypothesis test which, for
samples taken from a normal distribution, gives a result
greater than 0.05.
Table 2 summarises some of the results of the test for
the different capacity distributions.
However, it is important to mention that, in general,
evolution model are not normal [29]. This was the first
attempt to address the problem, and further investiga-
tions will be conducted in the future.
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