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1. Introduction

The growing interest in space activity and the
deployment of large satellite constellations, such
as Space-X Starlink, Astra Space, and Amazon
Kuiper, will significantly increase the number of
satellites in Low Earth Orbit (LEO). The de-
ployment of mega-constellations will affect satel-
lites safety during orbit transfer maneuvers due
to the risk of in-transit conjunction with other
Anthropogenic Space Objects (ASO). Currently,
space debris is the primary danger to operational
satellites. Collisions between active satellites
and space junk could create additional debris,
causing a cascade effect known as the "Kessler
Syndrome". Therefore, an accurate understand-
ing of the space environment and its time evolu-
tion is necessary to promote space sustainability
and to mitigate debris creation.

Two different methodologies are traditionally
used to estimate the time evolution of the space
environment’s population: Monte Carlo (MC)
and source-sink models. MC methods consider
real physical dynamics and multiple perturba-
tions, including atmospheric drag, solar radi-
ation pressure, Earth’s oblateness, third-body
perturbations, space weather. These methods
are highly accurate but computationally inten-

sive and require multiple simulations to produce
general statistics. Examples of MC models in-
clude LEGEND, DAMAGE, and DELTA.

On the other hand, source-sink models are based
on a system of coupled Ordinary Differential
Equations (ODEs) to describe the evolution of
various ASO categories, including active and in-
active payloads, rocket bodies, explosion and
collision debris, which can interact with each
other. This modeling approach is less detailed
as it groups ASOs by species. Thus, it is compu-
tationally lighter and faster with respect to the
MC approach, making it suitable for long-term
predictions and sensitivity analyses, but it lacks
the capability to follow individual objects. Nev-
ertheless, these models are versatile and can ac-
commodate various forms of discretization, such
as species, orbital altitude, and physical charac-
teristics (mass, area, and diameter).

Previous studies have already utilized source-
sink models to study the LEO population For
example, Somma et al. [1] introduced a feedback
controller and developed the so-called MISSD
(Model for Investigating control Strategies for
Space Debris). This model was then used by
Trozzi et al. [2] to analyze different defini-
tions of orbital capacity. The current study



utilizes an evolutionary multi-shell multi-species
source-sink model belonging to the MIT Or-
bital Capacity Assessment Tool (MOCAT) fam-
ily. This includes different source-sink versions
already employed to analyze various aspects of
the space environment’s evolution and orbital
capacity. D’Ambrosio et al. [3| developed the
MOCAT-3 based on the model introduced in
the report written by the US government’s in-
dependent advisory body JASON. An extension
with respect to the MOCAT-3 has been pro-
posed by D’Ambrosio et al. [4] with the so-
called MOCAT-4N, where the debris family is
subdivided into two subgroups: trackable and
untrackable debris. Other studies have exam-
ined orbital slotting, stability and system-level
risk in the LEO environment, as well as the ef-
fects of launch rate distribution on source-sink
model stability and LEO environmental capac-
ity sensitivity to projected demand.

2. Objective

The thesis proposes an evolutionary multi-shell
multi-species source-sink model belonging to the
Massachusetts Institute of Technology (MIT)
Orbital Capacity Assessment Tool (MOCAT)
family. The model aims to achieve a more re-
alistic simulation of the space environment by
including rocket bodies and the upwards and
downwards fluxes of objects due to orbit trans-
fer maneuvers. The proposed model is a nat-
ural extension of D’Ambrosio et al work [3, 4].
Moreover, the thesis analyzes the implications of
these maneuvers on the orbital capacity, it con-
ducts a sensitivity analysis on critical parame-
ters, such as the low-thrust acceleration magni-
tude and the number of satellites launched, and
finally it determines, through an optimization
algorithm, the optimal injection orbit altitude to
maximize the number of satellites in orbit while
minimizing debris.

3. Methodology

Source-sink models generally involve simplifying
assumptions. [3] Indeed, previous versions of
MOCAT models assumed that new active satel-
lites are directly injected into their final opera-
tional altitude and, after the mean satellite life-
time, they are instantly removed from the simu-
lation instead of performing maneuvers to lower
their altitude. Given the high number of satel-

lites planned to be launched, an upward flux of
objects raising from the injection to the final op-
erative altitude is expected. Analogously, a sec-
ond downward flux of spacecraft lowering their
altitude until they are burned up in the atmo-
sphere will be formed. As a result, having a
more realistic model capable of describing these
flows of spacecraft performing orbit raising and
deorbiting maneuvers becomes critical.

The proposed multi-bin multi-species source-
sink model discretizes the LEO region by alti-
tude and species. It does so by dividing the
region into several orbital spherical shells, each
with a thickness of 50 km, and categorizing the
population into six distinct object classes: active
satellites, further subdivided into three subcat-
egories (raising S, operative Sy, and deorbiting
Sy satellites), derelicts D, debris N, and rocket
bodies B. Raising satellites represent spacecraft
maneuvering from injection to operative orbit,
operative satellites are those station-keeping and
performing their mission tasks in their assigned
operative altitude, and those re-entering the at-
mosphere at the end of their operational lifetime
are referred to as deorbiting. The resulting pop-
ulation vector, altitude h and time ¢ dependent,
can be expressed as P = [S, S, Sq, D, N, B].
The h and ¢ dependence is omitted for clarity. A
system of ordinary differential equations is uti-
lized to describe the temporal evolution of the
population vector P, resulting in

P=A+Cpyp+C+F (1)

Equation (1) includes terms related to new
launches, Post-Mission Disposal (PMD), colli-
sions, and other additional fluxes, represented
by A, Cpup, C, and F, respectively.

Figure 1 shows a schematic representation of
the proposed MOCAT model. Three types of
intact objects are considered: active satellites,
rocket bodies, and derelicts. Collisions, black
dashed arrows, can produce derelicts, debris, or
both. The creation of derelicts from each active
satellite category is indicated with red dotted ar-
rows. Green arrows show the launch of both S,
and Sj, while the flow between different shells
and category transitions are indicated with .
The model considering P = [Sy, S;, Sq, D, N, B]
is named MOCAT-6RD, while MOCAT-4B is a
simple model without orbit transfer fluxes, with

P =1[S,D,N,B].
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Figure 1: Schematics of the MOCAT-6RD.

3.1. New Launches

The launch rate, denoted as A, represents the
number of objects launched per year. As the
model considers that decaying satellites, dere-
licts, and debris are not launched, their corre-
sponding Ag, p n values are assumed to be zero.
Additionally, it is assumed that all upcoming
rocket bodies utilized for deploying active satel-
lites will be reusable and will reenter the Earth’s
atmosphere after launch, resulting in Ap = 0.
Finally, the launch rate results in

A =[)s,,\s,,0,0,0,0] (2)

The files provided by the International Telecom-
munication Union (ITU)! are used to determine
the first two terms. To incorporate this data into
the model, certain assumptions are necessary.
Filters based on their altitude range (LEO re-
gion) and eccentricity (near-circular orbits) are
applied. A feasibility percentage, representing a
confidence level, is associated to each file entries.
Moreover, the model assumes a deployment time
of 10 years, during which the number of satel-
lites launched follows the exponential trend fit-
ting historical data. After 10 years, the number
of launches becomes constant. In addition, the
complete set of TLEs for Starlink and OneWeb
was obtained from Space-Track? to determine
the distribution of injection orbits.

3.2. Post-Mission Disposal

The Post-Mission Disposal (PMD) process ac-
counts for the average operational lifetime of a
satellite, represented by At. Upon reaching the
end of their operational life, a fraction of active
satellites is assumed to become derelict by failing
to conduct PMD, consistent with the MOCAT-3

"https://www.itu.int
’https://www.space-track.org.

model. [3] Rather than being instantly removed
from the simulation, the remaining active satel-
lites transition from S}, to decaying satellites Sy
and begin to descend in altitude. Therefore, the
term C pyvp can be formulated as:

Cpup = [-9;,,0, P9}, (1 — Py)9;,,0,0] S,
(3)

with P, being the post-mission disposal proba-
bility of success and ¥, = 1/At represents the
PMD transition. The first term in Eq. (3) is
negative, as it involves the removal of operating
satellites from the population Sp. A portion of
those failing PMDs is transferred to the derelict
population D, while the rest undergo successful
disposal and are added to Sy.

3.3. Collisions

Collisions in the proposed model, similar to the
MOCAT-3 model, are based on the kinetic the-
ory of gases. [l, 3] The interactions are sim-
plified by summing all active satellites within a
specific shell, where S = S, + .5, +543. Addition-
ally, all active satellites are assumed to have the
same collision avoidance capability regardless of
their operational phase (raising, station keeping,
or deorbiting). The term for collisions, C, can
be expressed as follows:

C = [CS7CD70N‘nfaCB] (4)

where ny represents the number of fragments
generated by a collision between object ¢ and
j. It is estimated with the NASA Standard
Breakup Model (SBM). [5] The proposed model
assumes that collisions involving active satel-
lites, derelicts, and rocket bodies are catas-
trophic, while those involving debris are non-
catastrophic.

3.4. Atmospheric Drag Flux

The flux of objects decaying into lower altitude
shells due to atmospheric drag, represented by
F,, affects all families except for active satel-
lites, which are assumed to be capable of per-
forming station-keeping maneuvers. Thus, for
active satellites, Fd,S = 0. The flux is modeled
as in the MOCAT-3 model, and for the generic
species @, it is given by:

Q+U+ + @ (5)

Fip=—
4.Q d d
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The thickness of the shells is assumed constant
and indicated by d, while the rate of change of
the semi-major axis is denoted by v and it is
computed as v = @ = —pBe\/ia = —pBer/UR.
Being a the semi-major axis, u the Earth’s grav-
itational parameter, p the atmospheric density,
R the orbital radius, and B, the ballistic coeffi-
cient. The subscript + denotes the upper shell,
while its absence refers to the current shell. Note
that due to the negative sign in the definition of
v, the first term of Eq. (5) represents the influx
of objects into the current shell, while the second
term represents the outflux of objects leaving the
current shell.

3.5. Orbit Transfer Flux

The flux resulting from orbit transfer maneuvers
is modeled in this work by taking into account
the secular variation of the semi-major axis a(t)
under the influence of a low-thrust acceleration
vector of magnitude €. According to Di Carlo
and Vasile [6], it can be expressed as

at) = [alo O — 024 T e

being C; and C5 two constant whose value de-
pend on the low-thrust acceleration ¢, the initial
semi-major axis ag, and other parameters.

The diagonal matrix T = diag(7,,) collects
the time that satellites spend in each shell dur-
ing the orbit transfer maneuvers. After being
injected into the parking orbits, raising satel-
lites initiate an increase in their altitude. As
the launched batch leaves the current to enter
into the upper shell, a certain number of satel-
lites, whose final operational altitude is within
the current shell, are deposited. The deposi-
tion is described by the diagonal matrix (-);.
The next step includes the removal of dropped
satellites from the current shell and the entry
of the remaining satellites into the upper shell.
These two dynamics are respectively represented
by ©; and ©;. Once the satellites reach their
end of life, they undergo PMD and start to de-
crease their altitude until reentry. The satellites
leaving the current shell are represented by @,
while those entering the shell are represented by
@;. Moreover, the current model introduces a
new term representing the possibility of failure
during orbit transfer maneuvers (P, 4). As for
the post-mission disposal, those satellites fail-
ing in performing the maneuver transition into

the derelict category. Finally, the orbit transfer
flux FOt,Q for each species is expressed in Eq.
(7). The orbit transfer flux and the atmospheric
drag flux are summed to compute the total flux
affecting the species F = Fy; + Fy.

In summary, Table 1 explicitly reports the pri-
mary sources, sinks, and interactions for all the
species, where S = Sy, + S, + Sy.

4. Results

As of September 2022, the initial population for
the source-sink model is taken from the cur-
rently tracked LEO population, which comprises
around 24,000 objects retrieved from the Space-
Track? Two Line Elements catalog. Moreover,
DISCOSweb? and CelesTrak?* sources are used
to retrieve object class and status (active or in-
active). The magnitude of the low-thrust ac-
celeration € is obtained by inverting Eq. (6)
and solving the resulting second order equation.
To this aim, real data from the full two-line el-
ements catalog for each Starlink and OneWeb
constellation satellites has been retrieved from
Space-Track? and utilized.

4.1. MOCAT-6RD

Figure 2 provides insight into the time and al-
titude evolution of the six species, with .S;, and
D exhibiting high population levels at 400 km,
600 km, and between 1200-1300 km. Likewise,
N is primarily concentrated in the upper shells
between 1200-1300 km. Moreover, the count
of rocket bodies declines at lower altitudes due
to the impact of collisions and drag. Further-
more, the plot indicates an increasing trend in
the number of satellites launched in the first
10 years, and a decreasing trend as altitude in-
creases due to the raising flow. Similar patterns
are observable in Sy, with an increase in the first
few years and convergence from higher to lower
altitudes. It is worth noting that a decaying
satellite must reach the first shell (200-250 km)
to be deemed as decayed and removed.

4.2. Orbital Capacity

To investigate the orbital capacity, a 100-year
scenario using the Jacchia-Bowman 2008 at-
mospheric model is considered. The Jacchia-
Bowman 2008 atmospheric model, with respect

3https ://discosweb.esoc.esa.int.
‘https://celestrak.org.
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Fo,5, = ©) T S, (7a)
Fps,=—©, TS, +0,T!'S8, -0, T'S,~-(1-P)T'5, (7b)
Fors,=Pm©;, T' S, -0, T'S4+0f T 5;—(1-Py) T' 5, (7c)
Fup=(01-P)T 'S +(1-P) T 'S8, (7d)

Table 1: Interactions among the species of the MOCAT-6RD model.

Species S (active satellites) D (derelicts) N (debris) B (rocket bodies)
A —_— As 0 0 0
CPMD —— —(1—Pm)’l9;5h (1—Pm)19,:Sh 0 0
F —— Fot,s Fot,D + Fd,D Fd,N Fd,B )
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Figure 2: Population evolution in time and altitude in MOCAT-6RD model.

to the static exponential, allows to see the ef-
fects of solar cycles. The orbital capacity has
been computed following Trozzi’s work [2]. The
number-time product and the cumulative Crit-
icality of the Spacecraft Index (CSI) are com-
puted. Additionally, a third metric associated
to the risk of loosing satellites due to collision
was defined. As an example, Figure 3 shows
the cumulative CSI computed with the model
considering orbit transfer maneuvers (MOCAT-
6RD) and without (MOCAT-4B). It can be
noted that the curve associated with rocket bod-

ies are higher than those for derelicts, and that
the curves computed with MOCAT-6RD (solid
lines) are above those associated to MOCAT-4B
(dashed lines).

4.3.

A sensitivity analysis is conducted on MOCAT-
6RD to investigate the impact of varying the
confidence level and the magnitude of low-thrust
acceleration, while keeping all other parameters
constant. To simplify computations and reduce
costs, a static exponential atmospheric model

Sensitivity Analysis
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Figure 3: Cumulative CSI for MOCAT-6RD and
MOCAT-4B.

is employed and the propagation time is set to
25 years. Results indicate that a higher confi-
dence level, which corresponds to a higher num-
ber of satellites launched, leads to an increase in
the number of debris and collisions. However, a
lower thrust results in a decrease in the number
of debris, which is not intuitive as one would ex-
pect a higher probability of collision with longer
time spent in each shell. This is due to the
fact that debris created at higher altitude has
a longer residual lifetime than those at lower al-
titude. To better understand this concept, it
worth to analyze Fig. 4, where three surfaces,
one per species, representing the mean collision
events over the altitudes and time are shown.
The graph shows the total collisions involving

700

/ - -
I:l]sj / i ST —
I / / AESSE
600 | == x Al A T
— 4 VA /4 2
= y; ’ p - 711,07
500 7

> 400 -|

300

N

=3

S
Il

Collision events Cy [#/y

100 +

70

x10° 8 2 )
Confidence level [%]

50

Low-thrust acceleraction € [m/s?]

Figure 4: Collision events with a sensitivity
analyses in MOCAT-6RD.

active satellites (S = Sp, + S, + S4), revealing
the dynamics underlying the previous analysis.
A higher confidence level and lower acceleration
lead to more collisions for satellites and dere-
licts. Lower thrust results in longer residence
time while maneuvering and hence more colli-
sions and failures. Consequently, more derelicts

are created at lower altitudes with shorter life-
times than debris. In contrast, debris created
at higher altitudes remain in orbit for a longer
time, increasing the orbital density and thus the
probability of collisions.

4.4. Injection Orbit Altitudes Opti-
mization

The last analysis carried out is the injection or-
bit altitudes optimization. The cost function is
composed by three different terms: one related
to the final number of active satellites in orbit,
one to the final number of debris created, and
one to the satellites collision events. Each term
is pre-multiplied by a factor w;, which makes the
term with the same order of magnitude. The op-
timizations proposed consider several cost func-
tions in which the weights w are different or
equal to zero. Results indicate that using three
injection orbits results in significant improve-
ments in the final solutions. There are over 1,200
active satellites, approximately 8,200 fewer dere-
licts, and 3,200 fewer debris. However, there are
no significant differences between the seven pro-
posed cases, which is mainly due to the limited
discretization of the altitude variations.

Figure 5 compares the solution obtained in the
case with w12 # 0 and ws = 0 to the solution
analyzed in Section 4.1. All solutions lead to
the same reduction in derelicts and debris, but
this case results in a higher number of active
satellites. Including the term that maximizes
the final number of operative satellites in the
cost function can be advantageous for satellite-
producing industries, while minimizing the final
number of debris benefits both the space envi-
ronment and industries.

Number of Objects [—]

Years

Figure 5: Comparison between the optimal and
non-optimal solutions.



5. Conclusions

The thesis addressed the critical issue of space
debris and the sustainability of LEO by using
an evolutionary multi-shell multi-species source-
sink model. The results of this study have pro-
vided valuable insights into the evolution of ob-
jects in LEO and have highlighted the impor-
tance of considering the flow of objects across
multiple shells during orbit transfer maneuvers.
The study develops a higher fidelity version of
the MIT Orbital Capacity Assessment Tool and
compares different models to show the impact of
including orbit transfer maneuvers. The study
also highlights the criticality of highly populated
shells and reducing failures during orbit transfer
maneuvers. The tool provides possibilities for
further analysis and offers applications for ex-
ploring different scenarios.

References

[1] Gian Luigi Somma. Adaptive remediation of
the space debris environment using feedback
control. PhD thesis, University of Southamp-
ton, 2019.

[2] V Trozzi, C Colombo, M Trisolini, et al.
Analysis of possible definitions of the
space environment capacity to pursue long-
term sustainability of space activities.
In INTERNATIONAL ASTRONAUTICAL
CONGRESS: IAC PROCEEDINGS, pages
1-14, 2021.

[3] Andrea D’Ambrosio, Miles Lifson, and
Richard Linares. The capacity of low earth
orbit computed using source-sink modeling.
arXive, 2022. Accessed: 2022-09-6.

[4] Andrea D’Ambrosio, Simone Servadio,
Peng Mun Siew, and Richard Linares.
A novel source-sink model for space en-
vironment evolution with orbit capacity
assessment. Journal of Spacecraft and
Rockets, 2023.

[5] P. Krisko. Proper implementation of the
1998 nasa breakup model. Orbital Debris
Quarterly News, 15(4):1-10, 2011. Accessed:
2022-09-14.

[6] Marilena Di Carlo and Massimiliano Vasile.
Analytical solutions for low-thrust orbit

transfers. Celestial Mechanics and Dynami-
cal Astronomy, 133(7):1-38, 2021.



	Introduction
	Objective
	Methodology
	New Launches
	Post-Mission Disposal
	Collisions
	Atmospheric Drag Flux
	Orbit Transfer Flux

	Results
	MOCAT-6RD
	Orbital Capacity
	Sensitivity Analysis
	Injection Orbit Altitudes Optimization

	Conclusions

