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THE EFFECTS OF ORBIT RAISING AND DECAY IN ORBITAL
CAPACITY MODELS
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The sustainability of the Low Earth Orbit (LEO) environment is threatened by the
growing number of Anthropogenic Space Objects planned to be launched in the
coming years. This paper investigates the evolution of objects residing in LEO
through the MIT Orbital Capacity Assessment Tool (MOCAT), an evolutionary
multi-shell multi-species source-sink model. The proposed novelty considers the
flow of objects crossing multiple shells during orbit raising and deorbiting maneu-
vers, which increases the probability of collision and debris creation. To this aim,
a higher fidelity MOCAT version including active satellites, derelicts, debris, and
rocket bodies has been developed and used.

INTRODUCTION

In the last years, space activity has rapidly increased. Hundreds of satellites have been launched,
and many others are planned. Large constellations have been confirmed to be deployed, causing the
number of satellites to increase dramatically. Some examples are the Space-X Starlink constellation,
with more than 3000 satellites already in orbit and a potential final number of about 42000 satel-
lites,** the Amazon Kuiper constellation, with approximately 7800 satellites,†† and Astra Space
constellation with 13000 satellites.‡‡ Such a high number of new launches will affect satellites’

*Graduate student, Department of Aeronautics and Astronautics, Massachusetts Institute of Technology, Cambridge, MA
02139, USA. Email: davgus98@mit.edu

†Postdoctoral Associate, Department of Aeronautics and Astronautics, Massachusetts Institute of Technology, Cambridge,
MA 02139, USA. Email: andreada@mit.edu

‡Postdoctoral Associate, Department of Aeronautics and Astronautics, Massachusetts Institute of Technology, MA 02139,
USA. Email: simoserv@mit.edu

§Postdoctoral Associate, Department of Aeronautics and Astronautics, Massachusetts Institute of Technology, MA 02139,
USA. Email: siewpm@mit.edu

¶Associate Professor, Department of Aerospace Science and Technology, Politecnico di Milano, 20156 Milano, Italy.
Email: pierluigi.dilizia@polimi.it

||Rockwell International Career Development Professor, Associate Professor of Aeronautics and Astronautics, Mas-
sachusetts Institute of Technology, Cambridge, MA 02139, USA. Email: linaresr@mit.edu

**https://licensing.fcc.gov/cgi-bin/ws.exe/prod/ib/forms/reports/swr031b.hts?q_
set=V_SITE_ANTENNA_FREQ.file_numberC/File+Number/%3D/SATAMD2021081800105&prepare
=&column=V_SITE_ANTENNA_FREQ.file_numberC/File+Number. Assessed September 2022.

††https://licensing.fcc.gov/cgi-bin/ws.exe/prod/ib/forms/reports/swr031b.hts?q_
set=V_SITE_ANTENNA_FREQ.file_numberC/File+Number/%3D/SATLOA2021110400145&prepare
=&column=V_SITE_ANTENNA_FREQ.file_numberC/File+Number. Assessed September 2022.

‡‡https://licensing.fcc.gov/cgi-bin/ws.exe/prod/ib/forms/reports/swr031b.hts?q_
set=V_SITE_ANTENNA_FREQ.file_numberC/File+Number/%3D/SATLOA2021110400140&prepare
=&column=V_SITE_ANTENNA_FREQ.file_numberC/File+Number. Assessed September 2022.

1

https://licensing.fcc.gov/cgi-bin/ws.exe/prod/ib/forms/reports/swr031b.hts?q_set=V_SITE_ANTENNA_FREQ.file_numberC/File+Number/%3D/SATAMD2021081800105&prepare=&column=V_SITE_ANTENNA_FREQ.file_numberC/File+Number
https://licensing.fcc.gov/cgi-bin/ws.exe/prod/ib/forms/reports/swr031b.hts?q_set=V_SITE_ANTENNA_FREQ.file_numberC/File+Number/%3D/SATAMD2021081800105&prepare=&column=V_SITE_ANTENNA_FREQ.file_numberC/File+Number
https://licensing.fcc.gov/cgi-bin/ws.exe/prod/ib/forms/reports/swr031b.hts?q_set=V_SITE_ANTENNA_FREQ.file_numberC/File+Number/%3D/SATAMD2021081800105&prepare=&column=V_SITE_ANTENNA_FREQ.file_numberC/File+Number
https://licensing.fcc.gov/cgi-bin/ws.exe/prod/ib/forms/reports/swr031b.hts?q_set=V_SITE_ANTENNA_FREQ.file_numberC/File+Number/%3D/SATLOA2021110400145&prepare=&column=V_SITE_ANTENNA_FREQ.file_numberC/File+Number
https://licensing.fcc.gov/cgi-bin/ws.exe/prod/ib/forms/reports/swr031b.hts?q_set=V_SITE_ANTENNA_FREQ.file_numberC/File+Number/%3D/SATLOA2021110400145&prepare=&column=V_SITE_ANTENNA_FREQ.file_numberC/File+Number
https://licensing.fcc.gov/cgi-bin/ws.exe/prod/ib/forms/reports/swr031b.hts?q_set=V_SITE_ANTENNA_FREQ.file_numberC/File+Number/%3D/SATLOA2021110400145&prepare=&column=V_SITE_ANTENNA_FREQ.file_numberC/File+Number
https://licensing.fcc.gov/cgi-bin/ws.exe/prod/ib/forms/reports/swr031b.hts?q_set=V_SITE_ANTENNA_FREQ.file_numberC/File+Number/%3D/SATLOA2021110400140&prepare=&column=V_SITE_ANTENNA_FREQ.file_numberC/File+Number
https://licensing.fcc.gov/cgi-bin/ws.exe/prod/ib/forms/reports/swr031b.hts?q_set=V_SITE_ANTENNA_FREQ.file_numberC/File+Number/%3D/SATLOA2021110400140&prepare=&column=V_SITE_ANTENNA_FREQ.file_numberC/File+Number
https://licensing.fcc.gov/cgi-bin/ws.exe/prod/ib/forms/reports/swr031b.hts?q_set=V_SITE_ANTENNA_FREQ.file_numberC/File+Number/%3D/SATLOA2021110400140&prepare=&column=V_SITE_ANTENNA_FREQ.file_numberC/File+Number


safety during orbit transfer maneuvers, for example, from the injection orbit to the operational orbit.
Indeed, a satellite can experience in-transit conjunction with other Anthropogenic Space Objects
(ASO) and debris. For instance, the Two Line Elements (TLEs) evinced that Starlink satellites are
usually launched in batches of 60, which are deployed into an injection orbit; they are then raised to
a higher altitude parking orbit before being raised again to the final operative orbit. Assuming that
most new constellations follow the same deployment pattern, the number of objects crossing the
first shells will be extremely high and dangerous. Thus, the focus of this paper is to introduce orbit
raising and deorbiting maneuvers within a multi-species multi-shells source-sink model, compute
the flux of satellites, i.e., active satellites, transiting among shells before reaching their final alti-
tude, and analyze their implications on the orbital capacity. Orbit transfer maneuvers are assumed
to be performed with continuous longitudinal low-thrust acceleration. To the best of the authors’
knowledge, this is the first attempt to include orbit raising within source-sink models.

An estimate of the time evolution of the space environment’s population is required to study the
orbital capacity. This is traditionally estimated by using one of these two different methodologies.
The first exploits a Monte Carlo (MC) approach, where all the objects are propagated forward in
time. This method typically considers the real physical dynamics of the single object and consid-
ers various perturbations, such as atmospheric drag, solar radiation pressure, the oblateness of the
Earth, third-body perturbations, and space weather (including solar cycle effects), and in addition,
collisions and explosions. Unfortunately, although very accurate, this approach is computation-
ally expensive: to provide general statistics for some critical parameters, many runs are required.
Examples of models employing this approach are LEGEND,1 DAMAGE,2 and DELTA.3 On the
other hand, the second methodology relies on the so-called source-sink model, which is a system
of coupled Ordinary Differential Equations (ODEs) describing the evolution of different categories
of space objects, such as active satellites (S), derelicts (D), debris (N ) and rocket bodies (B). The
main difference concerning MC methods is the lack of information about single objects; in source-
sink models, objects are propagated as species. These models, typically called particle-in-a-box
models, are computationally lighter and faster, thus proving to be suitable for long-term propaga-
tion and sensitivity analyses.

Source-sink models have already been employed to study the LEO population in literature. For
example, the model proposed by Talent,4 based on a first-order ODE, describes the evolution trend
of the objects in orbit. Somma et al. introduced a feedback controller5 and developed the so-called
MISSD (Model for Investigating control Strategies for Space Debris).6 This model has also been
exploited by Trozzi et al.7 to study the evolution of the LEO region and analyze different defini-
tions of space environment capacity, the number-time product,8 and the Criticality of the Spacecraft
Index (CSI).9 The model used in this work, an evolutionary multi-shell multi-species source-sink
model belonging to the MIT Orbital Capacity Assessment Tool (MOCAT) family, which consists of
both source-sink and Monte Carlo models, has already been exploited to study and analyze different
aspects of the space environment evolution as well as the orbital capacity. D’Ambrosio et al.10 used
the MOCAT-3 to estimate the LEO orbital capacity, the definition of which is based on the stable
equilibrium points of the source-sink model. Moreover, Miles et al.11 and D’Ambrosio et al.12 de-
veloped different versions of MOCAT by considering the effects of orbital slotting and the impacts
of untracked debris, respectively. In addition, Jang et al.13 worked on the stability of the LEO envi-
ronment and the assessment of the system-level risk in the LEO environment. Finally, Pasiecznik14

and D’Ambrosio15 studied the effects of the launch rate distribution on the stability of source-sink
models and the sensitivity of LEO environmental capacity to the projected orbital demand and the
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orbital slotting. The previous MOCAT models lacked the presence of the rocket bodies family, the
major potential debris source, and assumed direct injection and removal of objects. Thus, this work
aims to fill these gaps, achieving a more realistic model by including rocket bodies and upwards and
downward fluxes of objects due to orbit raise and decay.

The manuscript is organized as follows. First, the proposed source-sink model is explained,
focusing on the procedure to compute the flux of objects related to orbit transfer maneuvers. Then,
results obtained with the proposed model are presented and compared with previous works. Finally,
concluding remarks are given.

PROBABILISTIC SOURCE-SINK MODEL

The proposed probabilistic source-sink model is a multi-bin multi-species model in which the
LEO region is divided into many orbital spherical shells, and different categories of objects are con-
sidered. One of the novelties proposed with respect to the previous works is the introduction of the
rocket bodies as a new family and the subdivision of active satellites into three subcategories: rais-
ing, decaying, and operating satellites. Respectively, they represent the active satellites maneuvering
from the injection to the operative orbit, from the operative to the reentry orbit, i.e., altitude lower
than 200 km, and those staying in their assigned operative shell. The species taken into account can
be grouped into the following vector

P (h, t) = [S(h, t), D(h, t), N(h, t), B(h, t)] (1)

where h indicates the hth altitude shell, while t is the time instant considered. The active satellites
can be expressed as

S(h, t) = [Sh(h, t), Sr(h, t), Sd(h, t)] (2)

where the subscript h indicates the active satellites operating in the hth altitude shell, the subscript
r and d represents the raising and the decaying satellites. The three satellite families share the
same physical characteristics and the possibility to maneuver. Be aware that, from now on, both the
arguments (h, t) will be omitted for a lighter notation, even if the dependence remains.

The current MOCAT model considers the following assumptions:

i Only near-circular orbits with an altitude between 200 km and 2000 km are considered.

ii The atmosphere is considered static and spherical symmetry of the Earth’s gravitational po-
tential is assumed.

iii The model works only with the objects’ radial information. Earth harmonics and third-body
effects are not included in the model. Because of the altitude range, Solar Radiation Pres-
sure (SRP) effects can be assumed to be negligible. The only perturbation considered is the
atmospheric drag; thus, the semi-major axis a is the only orbital element changing.

iv Active satellites are expected to perform station-keeping maneuvers and are not subject to
atmospheric drag effect.

v No active debris removal is considered. The only sink to reduce the population of space
objects is the atmospheric drag and active satellite post-mission disposal;

vi The minimum size of debris able to disrupt a satellite is 10 cm, which is also the minimum
size detected by the Space Surveillance Network (SSN) to assess conjunctions.
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vii Explosions are not included in the computation of the preliminary results but could be in-
cluded in future works.

With respect to the previous MOCAT models, two main assumptions are dropped: firstly, new active
satellites can be instantaneously injected into their final operative altitude, or they can be launched
into a parking orbit and undergo orbit raising maneuvers; and secondly, after the mean satellite
lifetime (∆t), active satellites are no longer directly removed with a certain probability of success,
but they will decrease their semi-major axis through deorbiting maneuvers. Therefore, flows of
objects from lower to upper shells, and vice-versa, are now modelled. A schematic representation
of the model is visible in Figure 1. Active satellites, rocket bodies, and derelicts constitute intact
objects. Collisions, represented by dashed black arrows, could involve objects from the same or
different species, giving rise to derelicts and debris or debris only. Moreover, derelicts might be
created from each category composing active satellites. These transitions are indicated with the
dotted red arrows and will be explained in more detail afterward. For what concerns active satellites,
both Sr and Sh are launched, represented by green arrows, while the category transitions among the
S families and the flow between different shells are indicated with ϑ. Let the model considering P =
[Sh, Sr, Sd, D,N,B] be referred to as the MOCAT-6RD. The model without decaying satellites Sd

is named MOCAT-5R. Finally, the simple model without orbit transfer flux is MOCAT-4B with
P = [S,D,N,B].

Figure 1. Schematics of the MOCAT-6RD source-sink model.

The evolution in time of the population P is captured by a system of ordinary differential equa-
tions, written in a vectorial form as

Ṗ = Λ̇+ ĊPMD + Ċ + Ḟ (3)

where Λ̇ represents a term related to new launches, ĊPMD to Post-Mission Disposal (PMD), Ċ
and Ḟ to collisions and other additional fluxes respectively. The unit of Eq. (3) is number of objects
per year [#/year]. Let us analyze the terms in more detail.
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New Launches

The variable Λ̇ is the launch rate, it indicates the number of objects launched per year. It can be
expressed as

Λ̇ = [λSh
, λSr , λSd

, λD, λN , λB] (4)

Since decaying satellites, derelicts, and debris are not launched, the corresponding λ is equal to
zero. Furthermore, the model assumes that all future rocket bodies used to inject active satellites
will be reusable and will reenter after launch, thus λB = 0. Particular attention needs to be paid to
the first two terms. International Telecommunication Union’s (ITU) files are used for this purpose.
The list comprises a series of entries providing the operator’s name, the orbital elements, and the
number of satellites planned to be launched. To use these data, the following assumptions are made:

i Rwanda satellites, present with more than 300,000 objects, are not considered feasible and
thus removed.

ii The list is filtered according to the altitude range (200-2000 km) and the eccentricity (near-
circular orbits).

iii To the remaining satellites, a confidence level is given, and a percentage is considered.

iv A deployment time of 10 years is assumed. During these years, the number of satellites
launched follows the exponential trend extrapolated from historical data. After 10 years, the
number of satellites remains constant.

v List entries with more than 50 satellites are considered constellation satellites. Those are then
binned into parking orbits and will undergo orbit raising. The remaining satellites instead are
directly injected into their operative orbits.

Historical data are used to extrapolate the number of satellites that might be launched in the near
future. To this aim, the entire Space-Track catalog was downloaded and exploited to retrieve the
number of satellites launched yearly from the beginning of space exploration until November 2022.
As shown in Figure 2(a), the number of objects is drastically increasing, and an exponential function
can fit the trend. Moreover, Space-Track was also used to retrieve the entire set of Starlink’s and
OneWeb’s TLEs, from which the distribution of injection orbits was recovered. According to Figure
2(b), most Starlink satellites are launched between 200 km and 300 km, while OneWeb between
400 km and 500 km. Therefore, for future launches, two injection orbits are used: satellites with
an operative orbit between 200 km and 400 km are injected into the first shell at an altitude of 250
km, while those designated for higher altitudes are launched at 450 km. The exponential function
fitting the historical data is exploited to scale up the number of satellites launched annually. Thus,
combining the ITU’s file with historical data information makes it possible to compute the future
launch profile. In Figures 3(a) and 3(b) the number of satellites composing the launch profile λSr

and λSh
are reported. Another step must be taken concerning the distribution on the left, the one

associated with raising satellites. The satellites are grouped into two batches and are inserted in the
model at the two injection orbits aforementioned. Finally, note the numbers reported in the legends
of Figure 3: these values represent the number of satellites that would be launched according to
ITU’s files and the exponential trend. It would mean that more than one thousand satellites per day
would need to be launched, which is assumed to be unfeasible with the current level of technology.
Therefore, those numbers reported are further reduced by a factor of 10.

*The aim is to reproduce Figure 2.8 of the ESA’s annual space environment report.16
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(a) Number of satellites launched per year in LEO ac-
cording to Space-Track catalog.*

(b) Starlink’s and OneWeb’s satellites parking orbit
analysis.

Figure 2. Historical data and TLEs analysis to extrapolate the future launch profile
and determine the injection orbits.
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Figure 3. Future extrapolation of the number of satellites launched according to the
ITU’s files with 80% confidence level.

Post Mission Disposal

The Post-Mission Disposal takes only into account the mean operational lifetime of the satellite,
∆t. At the end of their lifetime, a percentage of active satellites is assumed to fail to conduct
PMD, consequently becoming derelict, while the remaining switch from operating satellites Sh to
decaying satellites Sd. As a result, the term ĊPMD is

ĊPMD =
[
−ϑ−

h Sh, 0, + Pmϑ−
h Sh, + (1− Pm)ϑ−

h Sh, 0, 0
]

(5)

where Pm is defined as the post-mission disposal probability of success and

ϑ−
h =

1

∆t
(6)

represents the PMD transition. The first component in Eq. (5) is negative because operating satel-
lites are removed from the population Sh. A percentage of those who fail the disposal are added to
the derelicts D, whereas the remaining successfully begin decaying maneuvers and are added to Sd.
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Collision

Collisions are modeled according to the kinetic theory of gases; this approach has already been
used in previous works.5, 7, 10 The collision interactions can be simplified by first summing all active
satellites in a specific shell, where S = Sh + Sr + Sd. Note that S is different from S: the first
represents an [nx1] vector, where n is the number of shells, while the second is a [nx3] matrix.
All active satellites are assumed to have the same collision avoidance capability, regardless of their
current operational phase (raising, station keeping, or deorbiting). The collisions term Ċ can be
written as

Ċ = [ĊS , ĊD, ĊN · nf , ĊB] (7)

where nf is the number of fragments generated by a collision, estimated with the NASA stan-
dard breakup models.17 According to this model, two different kinds of collisions are considered:
catastrophic nf,c and non-catastrophic nf,nc. This analysis assumes that all the collisions involving
active satellites, derelicts, and rocket bodies are catastrophic, whereas those involving debris are
non-catastrophic. Table 1 explicitly indicates all the combinations among the species.

Table 1. Collision classification between the species.

Species S D N B
S nf,c nf,c nf,nc nf,c

D nf,c nf,c nf,nc nf,c

N nf,nc nf,nc nf,nc nf,nc

S nf,c nf,c nf,nc nf,c

The number of fragments generated by the collision between object i and object j can be calcu-
lated using

nf =

{
0.1L−1.71

C (Mi +Mj)
0.75 catastrophic

0.1L−1.71
C (Mp · v2imp)

0.75 non-catastrophic
(8)

where LC is the characteristic length of the minimum size of generated debris (assumed to be 0.1
m), Mi,j is the mass associated with the objects i, j, instead Mp = min(Mi , Mj) is the mass of the
projectile (i.e., the mass of the less massive object), and finally vimp is the impact velocity assumed
to be equal to 10 km/s. Indicating with Q one among the Ns species considered (Ns = 4), the terms
composing Eq. (7) can be written as

Ċi =

Ns∑
j=1

Γi,jϕi,jQiQj + Ċi,add (9)

where Γi,j indicates the coefficients related to collision avoidance probability and the derelict gen-
eration, namely

Γ =


−αa −(δ + α) −(δ + α) −(δB + α) S

B+S

+δ −1 −1 +δB
+α +1 +1 +1

−(δB + α) B
B+S −(1 + δB) −(1 + δB) −(1 + δB)

 (10)

δ and δB are the ratios of the density of disabling to lethal debris, while α and αa the fractions
of collisions that a live satellite fails to avoid (αa refers to S-S collision). It is assumed that the
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coefficient related to the generation of derelicts due to unforeseen effects involving satellites (δ)
is equal to the coefficient involving rocket bodies (δB). It can be highlighted that the signs in Eq.
(10) indicates if the corresponding quantity is added or removed from the species. In fact, the third
column related to debris has all positive signs since every collision generates debris. By substituting
S with the three subcategories, it is possible to expand the equation and write the explicit relation
for each term Sh, Sr, and Sd.
The term Ċi,add indicates the gain in derelicts and debris due to collisions involving active satellites
and rocket bodies. The additional collision fluxes are obtained by replacing the subscript i with
s, d, n, b, which represent the four species:

Ċs,add = 0

Ċd,add = +ϕs,nδNS + ϕs,bδBBS + ϕn,bδBNB + ϕb,bδBB
2

Ċn,add = αaϕs,sS
2 + ϕs,dαSD + ϕs,bαSB + ϕd,dD

2 + ϕd,bDB + ϕb,bB
2

Ċb,add = 0

(11)

It is worth noting that collisions involving B do not generate other rocket bodies; instead, it is
assumed that only derelicts (this time intended as big uncontrolled objects) and fragments are pro-
duced by B-Q fragmentation events.
Finally, the last component to be addressed is the probability of collision ϕi,j , between objects i and
j. It can be expressed as

ϕi,j = π
vrσi,j
V (h)

(12)

where vr and V (h) are the impact velocity, assumed constant, and the volume of the altitude bin
involved, respectively. Instead, σi,j represents the impact parameter between the two species and is
calculated as

σi,j = (ri + rj)
2 (13)

with ri,j being the radius of the colliding objects.

Atmospheric Drag Flux

The flux of objects decaying into lower altitude shells due to the atmospheric drag is indicated as
Ḟd and it can be expressed as

Ḟd =
[
0, Ḟd,D, Ḟd,N , Ḟd,B

]
(14)

All the families, except for active satellites, supposed to be capable of performing station-keeping
maneuvers, are subjected to this flux. The flux affecting species Q, results in

Ḟd,Q = −Q+v+
d

+
Qv

d
(15)

with d being the thickness of the upper and current orbital shell (supposed to be the same for
spherical shells). The subscript + refers to the upper shell; if not present, it indicates the current
shell. The unit of measurement of Ḟd,Q is [#/year], which is coherent with the unit of Eq. (3).

Defining µ as the Earth’s gravitational parameter and ρ the atmospheric density at a radial distance
R, the parameter v, representing the change in the semi-major axis, is approximated as

v = −ρBc

√
µR (16)
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In the above equation, the ballistic coefficient Bc, species-dependent, is computed

Bc = cD
A

m
(17)

where cD is the drag coefficient, A and m the area and the mass of the object. The static exponen-
tial density profile derived from CIRA-72 (Committee on Space Research International reference
Atmosphere) is used in this work.18 The altitude-dependent density is

ρ = ρ0 exp

(
−h− h0

H

)
(18)

where ρ0 is the atmospheric density at the reference altitude h0, H is the scale height, and h is
the altitude considered. Table 8-4 of reference18 presents the reference values considered. How-
ever, due to its simplicity, this model does not consider many external factors, such as geomagnetic
storms and solar activity, which can strongly affect the density. Indeed, those effects can be taken
into account by performing an atmospheric density adjustment to have a piecewise-continuous for-
mulation with a mean solar activity.18 Therefore, the height scale is considered a function of the
exospheric temperature (i.e., the asymptotic value of the temperature reached at a higher altitude of
the exosphere), which in turn depends on the F10.7 solar flux index. Some studies10 already include
this model, and it is planned to include it in future work as well.

Orbit transfer flux

As already stated, another important novelty introduced in this work is the flux of objects related
to orbit transfer maneuvers, which can include both orbit raising and deorbit maneuvers. The first
ones are related to the new satellites launched into space that are transitioning to a higher final orbit.
On the contrary, deorbit maneuvers are required at the end of a satellite’s life to reduce the orbit’s
altitude to a region where the spacecraft are burned up in the atmosphere during reentry: less than
200 km. While PMD was often considered in previous models as a percentage level of compliance
with the post-mission disposal guidelines (the satellites are assumed to be instantly removed from
their altitude shell), its temporary effects related to the flux of objects passing through different
shells are often neglected. At the same time, the assumption behind the launch rate is that objects
instantly reach their final altitude as soon as they are launched. Indeed, this paper achieves a higher
fidelity model by including the flux of objects passing through higher altitude orbital shells (for the
case of orbit raising) and lower altitude orbital shells (for the case of deorbit). In fact, the fluxes of
objects related to orbit transfer maneuvers lead to a temporary increase in the population associated
with each shell and, thus, a higher probability of collision and debris creation.

This flux is modeled by considering the semi-major axis secular variation and its rate of change
under a low-thrust continuously applied control. Indeed, only a tangential low-thrust acceleration is
considered since its typical spiral-shaped trajectory makes the satellites spend relevant time through
different shells before reaching their final altitude. This assumption is based on future LEO traffic:
most satellites will be launched as part of constellations and thus will have electric propulsion
systems. According to Di Carlo and Vasile,19 the semi-major axis secular variation as a function of
time ā(t) can be expressed as follows:

ā(t) =

[
1

ā0
+ C1t

2 − C2t

]−1

(19)
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with ā0 being the initial value of the semi-major axis secular variation (in this work, approximately
set equal to the initial parking orbit altitude). The coefficients C1 and C2 are provided by:

C1 =

(
ϵ(1− ē2)f(ē)

2π
√
µ

)2

(20)

C2 = sgn(cosα)
ϵ(1− ē2)f(ē)

π
√
ā0µ

(21)

where ϵ is the magnitude of the low-thrust acceleration, ē is the mean value of the eccentricity,
sgn(·) indicates the sign function, and f(ē) is represented by:

f(ē) =
2

1− ē
EIc

(
4ē

(1 + ē)2

)
+

2

1 + ē
FIc

(
4ē

(1 + ē)2

)
(22)

where FIc and EIc are the complete elliptic integrals of the first and second kind, respectively:

FIc(m) = FI

(π
2
,m

)
(23)

EIc(m) = EI

(π
2
,m

)
(24)

In Eq. (21), α indicates the azimuth angle of the control acceleration with respect to a radial-
transverse-normal reference frame. It can be shown that the maximum rate of change of the semi-
major axis occurs for planar thrust with an azimuth angle equal to the flight path angle (γ), which
means that the spacecraft always provides the control acceleration along the velocity direction.19

Hence, α = γ increases the semi-major axis (orbit raising), whereas α = γ + π decreases the
semi-major axis (deorbit). Furthermore, the reader has to be aware that Eq. (19) is valid under
the assumption that the variations of the semi-major axis a, the eccentricity e, and the argument of
perigee ω due to the continuous thrust are small within one revolution.

The proposed approach relies on the time spent by the satellites within each shell during the orbit
transfer maneuvers, i.e., the time required to reach the above (or below) shell from the current one.
An estimation of this residence time τot(h) = [τot1 , . . . , τotn ] can be computed by inverting Eq.
(19) and setting āf = āh+1 and ā0 = āh. It is worth noticing that τot is altitude dependent, and, in
particular, the higher the altitude shell, the lower the time required to cross it. Let us also define

T =

τot1 . . .
τotn

 (25)

Once the raising satellites are injected into the parking orbits, they start to increase their altitude.
Whenever the launched batch switches from the current to the upper shell, a certain number of
satellites (i.e., those whose final operational altitude is within the current shell) are deposited. This
phenomenon is represented by the transition from the Sr to the Sh family, and it is described by the
diagonal matrix

Θ+
h =

ϑ
+
h1

. . .
ϑ+
hn

 (26)

Each element of the matrix ϑ+
h represents the fraction of dropped satellites over the number of

satellites still raising. Thus, each component is altitude dependant. The matrix is a [nxn] matrix.
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The satellites that are still raising need to transition from the current to the upper shell, while those
left behind have to be removed from the population of the current shell. The following two matrices
capture this dynamic:

Θ+
r =


0(

1− ϑ+
h1

)
0

. . . . . .(
1− ϑ+

hn−1

)
0

 Θ−
r =


(
1− ϑ+

h1

)
. . . (

1− ϑ+
hn

)
 (27)

Notice that Θ+
r is a lower triangular matrix. Moreover, whenever a shell is associated with an

injection orbit, the corresponding entries are zeros. Indeed, there is no transitioning flow of raising
satellites for those shells.

Once the satellites reach the end of life, they have to start the PMD, which corresponds to the
transition from operating to decaying satellites already taken into account in Eq. (5). However,
analogously to raising, each shell is also subject to the decaying flow: satellites, starting from the
uppermost shell, start lowering their altitude until reenter. Satellites leaving the current shell can be
represented by Θ−

d , whereas those entering are expressed through Θ+
d , and result to be

Θ+
d =


0 1

. . . . . .
0 1

0

 Θ−
d =

1 . . .
1

 (28)

Also, in this case, the resulting matrices are [nxn] squared. Moreover, Θ+
d is an upper triangular

matrix, while Θ−
d is diagonal.

It is now possible to express the terms composing the orbit transfer flow as

Ḟot,Sh
= Θ+

h T−1 Sr (29)

Ḟot,Sr = −Θ+
h T−1 Sr +Θ+

r T−1 Sr −Θ−
r T−1 Sr − (1− Pr) T

−1 Sr (30)

Ḟot,Sd
= Pm Θ−

h T−1 Sh −Θ−
d T−1 Sd +Θ+

d T−1 Sd − (1− Pd) T
−1 Sd (31)

Another novelty of the current model is the presence of the term (1 − Pr,d) T
−1 Sr,d in both Eqs.

(30) and (31). The term models the possibility of failure during orbit transfer maneuvers, e.g.,
propulsion system failure or propellant depletion. In particular, Pr,d, similarly to Pm, are defined
as the probability of successful completion of raising and deorbit, respectively. Whenever a failure
occurs, a fraction of Sr and Sd is removed and added to the derelicts

Ḟot,D = (1− Pr) T
−1 Sr + (1− Pd) T

−1 Sd (32)

Finally, it is possible to express the flux as

Ḟot = [Ḟot,Sh
, Ḟot,Sr , Ḟot,Sd

, Ḟot,D, 0, 0] (33)

The orbit transfer flux is thus summed to the atmospheric drag flux to compute the total flux
affecting the source-sink model species

Ḟ = Ḟot + Ḟd (34)
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To sum up, the primary sources, sinks, and interactions are explicitly reported in the following
tables. In particular, Table 2 reports the terms involving active satellites, while Table 3 summarises
all the species, where S = Sh + Sr + Sd.

Table 2. Interactions among the active satellites of the MOCAT-6RD model.

Species Sh Sr Sd

Λ̇ λSh λSr 0

ĊPMD −ϑ−
h Sh 0 +Pmϑ−

h Sh

Ḟ Ḟot,Sh Ḟot,Sr Ḟot,Sd

Ċ

Sh −αaϕs,sS
2
h −αaϕs,sShSr −αaϕs,sShSd

Sr −αaϕs,sSrSh −αaϕs,sS
2
r −αaϕs,sSrSd

Sd −αaϕs,sSdSh −αaϕs,sSdSr −αaϕs,sS
2
d

Table 3. Interactions among the species of the MOCAT-6RD model.

Species S D N B
Λ̇ - λS 0 0 0

ĊPMD - −(1− Pm)ϑ−
h Sh (1− Pm)ϑ−

h Sh 0 0

Ḟ - Ḟot,S Ḟot,D + Ḟd,D Ḟd,N Ḟd,B

Ċ

S −αaϕs,sS
2

ϕs,dδDS

+ϕs,nδNS

+ϕs,bδBBS

nf,ssαaϕs,sS
2

+nf,sdϕs,dαSD

+nf,snϕs,nαSN

+nf,sbϕs,bαSB

−ϕs,b(α+ δB)
B2S

B + S

D −ϕs,d(δ + α)SD −ϕd,dD
2

nf,ddϕd,dD
2

+nf,dnϕd,nDN

+ nf,dbϕd,bDB

−ϕd,b(1 + δB)BD

N −ϕs,n(δ + α)SN −ϕd,nDN nf,nnϕn,nN
2 −ϕn,b(1 + δB)BN

B −ϕs,b(δB + α)
S2B

B + S

ϕd,bδBDB

+ϕn,bδBNB

+ϕb,bδBB
2

nf,nbϕn,bNB

+nf,bbϕb,bB
2

−ϕb,b(1 + δB)B
2

NUMERICAL SIMULATIONS

The evolution of the future satellites and debris population, together with the LEO orbital capac-
ity, will be analyzed and compared with other approaches in the literature, highlighting similarities
and differences. Some differences are expected due to the additional terms within the model, which
have not been considered before.

Initial Population

The current LEO population is taken as the initial population. From the Space-Track* Two Line
Elements catalog (as of September 2022) it is possible to retrieve a total of around 24,000 objects.
Since the source-sink model is based on different classes, it is important to distinguish the space
objects within the four species. To this aim, two other sources have been used: DISCOSweb†,
developed by the European Space Agency, and CelesTrak‡. The object class and the status of the

*https://www.space-track.org. Assessed September 2022.
†https://discosweb.esoc.esa.int. Assessed September 2022.
‡https://celestrak.org. Assessed September 2022.
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objects (active or inactive) are retrieved respectively from the two sources. The MIT’s processed
catalog consists of 21,014 TLEs, out of which 10,869 are debris, 7,015 payloads (5,129 active and
1,886 inactive), 1,421 rocket bodies, and the remaining 1,709 Mission Related Objects. Figure 4
shows the resulting initial population with respect to the altitude shells.
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Figure 4. Initial population of the model according to MIT’s catalog.

Low-thrust Acceleration Magnitude

One key parameter for both orbit raising and decay is the magnitude of the low-thrust acceleration
ϵ provided by the propulsion system. The value used in the simulations is determined by analyzing
the most recent Starlink and OneWeb TLE database. It is possible to solve Eq. (19) to obtain ϵ by
providing the initial and final altitude values and the time required for the maneuver. The resulting
value is ϵ = 5.0 · 10−8 km/s2. Figure 5 shows the real time evolution of the altitude, derived from
the semi-major axis provided by the TLEs, and the analytical one. Note that once injected, the
satellites do not perform orbit transfer maneuvers from the beginning until the operative altitude.
Indeed, some time is spent at the same altitude to perform sensor checking and maneuvers to match
the desired operative orbit in terms of all the orbital elements, not just the altitude.
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Figure 5. Starlink’s and OneWeb’s TLEs real and analytical altitude evolution in time.

The acceleration magnitude plays a crucial role in the model. Indeed, each element of the vector
τot(h), and consequently of the matrix T appearing in the orbit transfer flux terms, represents the
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time spent in each altitude shell while maneuvering. The lower the thrust, the higher the time and
the higher the collision probability. With the considered acceleration level, τot varies from around
7 days (low altitudes) to almost 5 days (high altitudes).

Validation Case

As a first case study, it is worth understanding if the raising mechanism correctly transitions the
satellites from Sr to Sh. To this aim, it is possible to turn off all the interactions between species and
not consider decaying satellites, thus using the MOCAT-5R model. Figure 6 shows the active op-
erational satellites Sh, indicated as Sraising, compared to the active satellites population Sno raising,
obtained with MOCAT-4B. The graph compares the population at the end of the propagation time,
which is 30 years. As can be seen, the two models achieve the same final desired satellite distri-

200 400 600 800 1000 1200 1400 1600 1800 2000
0

1

2

3
10

4

Figure 6. Active satellites at the final time without interactions for both raising
(MOCAT-5R) and non-raising case (MOCAT-4B).

bution. It can also be noticed that the profile resembles the number of satellites launched visible in
Figure 3. The good match between the launch profile and the final population is mainly due to the
absence of interactions, which prevents collisions from occurring.

Results comparison

In the following section, results from different MOCAT models are presented. Particular attention
is given to the time evolution at different altitudes of the population and to the number of collision
events involving the different species. Finally, a sensitivity analysis of the ITU’s confidence level
and the low-thrust acceleration magnitude ϵ is presented.

The left plot in Figure 7 shows the time histories of S, D, N , and B for both the raising and
non-raising cases. In particular, solid lines are associated to MOCAT-5R, while the dashed lines to
MOCAT-4B results. The right plot shows the difference between the two models, ∆Q = Qraising −
Qno raising. What is essential to notice is the sign of ∆Q: if positive, the raising case has more
objects than the non-raising case; if negative, the other way around. The number of derelicts and
debris is higher with the MOCAT-5R, and consequently, the number of satellites is lower. This is
due to the higher number of satellites crossing multiple shells causing collisions and failures during
orbit transfer maneuvers. No significant differences can be evinced between the rocket bodies.
Concerning active satellites, the reported S for the raising case indicates the operating satellites
Sh. This explains the wavy behavior of ∆S: in MOCAT-4B the active satellites are instantaneously
injected not only in their operative altitude but also in the S species. However, in MOCAT-5R, active
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Figure 7. Population evolution in time and their difference for both raising (MOCAT-
5R) and non-raising case (MOCAT-4B).

satellites are launched as Sr species, and it requires time to transition to Sh. Finally, ∆S increases in
magnitude for the first 10 years, which corresponds to the deployment time chosen for the simulation
and, thus, the exponential increment for the number of objects launched. After this first period, the
number of satellites launched is kept constant and ∆S decreases. This difference would tend to
zero only if the models were propagated without interactions, obtaining the null difference of the
validation case. For the same simulation, it is worth highlighting the altitude distribution of active
satellites and derelicts at the final time. Figure 8 shows how S and D are spread along the shells
for both the raising and non-raising cases. It is visible that both species resemble the launch rate
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Figure 8. Comparison of S and D, and their difference at the final propagation time
for both raising (MOCAT-5R) and non-raising case (MOCAT-4B).

distribution, true also for ∆S, but mirrored with respect to the x-axis. Moreover, in the ∆S graph,
it is possible to evince two negative peaks at 650 km and 1300 km, which are associated to the loss
of satellites during the orbit transfer maneuvers. In fact in the non-raising case, all the satellites are
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assumed to be directly injected into their operative altitude. The peak at 450 km in the top-left plot is
not reflected in ∆S because that shell corresponds to one of the chosen parking orbits. On the other
hand, the behavior of ∆D is not straightforward. There are three main reasons for an active satellite
becoming derelict: collision, failure in PMD, and failure during raising. The first two are directly
related to the number of objects in the shells: a higher density means a higher risk of collision,
and a higher number of active satellites corresponds to a higher number of them failing PMD. These
effects lead the derelicts to be a percentage of the active satellite distribution, which is what happens
in the non-raising case. However, in the raising case, the failure during the orbit transfer maneuver,
associated with Pr and the dynamic of Sr, strongly affects the final distribution. In the ∆D graph,
for altitudes lower than 650 km, the increasing trend is due to the combination of lower atmospheric
drag and high number of satellites crossing. Instead, when the raising satellites reach the most
populated shell at 650 km, the collision events become more frequent. Once this shell is passed, Pr

becomes again the major source of derelicts creation. In fact, the number of derelict decreases as
the altitude increases, thus, as the number of rising satellites decreases. Finally, the negative value
at 1300 km is related to the direct injection assumption for the non-raising case: since the very
beginning, more satellites could fail in PMD and become derelicts. After that, another decreasing
trend from 1350 km starts because of Pr effects. To better visualize the concept, Figure 9 shows
the collision events in time and altitude related to the MOCAT-5R model population. Again, most

Figure 9. Collision events evolution in time and altitude in MOCAT-5R model.

collisions involving operating satellites, derelicts, and debris are associated with the most populated
shells (650 km and 1200-1300 km) because of the high number of objects present. Note that, even
if the Sh become one order of magnitude bigger than D and N (see Figure. 7), the number of
collision events is similar among the three species because active satellites are able to maneuver.
On the contrary, as B is small, the number of collision events involving rocket bodies is low.

Let us now consider the combined effect of raising and decay, thus the MOCAT-6RD model. The
simulation is repeated with the same settings. Figure 10 shows the comparison between S and D
for both raising and non-raising cases. Similar comments as for Figure 8 can be made. However, in
the ∆D plot, the effects of orbit transfer fluxes are more evident. In fact, by modeling the descent
flux of satellites starting at the end of their mission lifetime, all the shells become temporarily more
populated. Thus, the combination of failures (i.e., Pr and Pd) and the collisions cause the peak at
650 km and the monotonic decreasing trend as the altitude increases. Note that the values of Pr and
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Pd are constant, but Pd > Pr to model that during deorbit the probability of failure is higher, e.g.,
propellant depletion.
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Figure 10. Comparison of S and D, and their difference at the final propagation time
for both raising (MOCAT-6RD) and non-raising case (MOCAT-4B).

It is also interesting to notice in Figure 11 the evolution in time and altitude of the six species.
For what concerns Sh, D, and N , the most populated shells are at 450 km, 650 km, and in between
1200-1300 km because of the high orbital density, as can be evinced from the Sh and D plots and the
left plot in Figure 10. The behavior of rocket bodies is almost steady, as the shells in which more
B are present correspond to a lower orbital density area around 1000 km where the atmospheric
drag is not significant. Moreover, it can be noticed that at altitudes lower than 650 km, the most
populated shell, the number of rocket bodies decreases due to collisions and drag effects. Finally,
from Sr it is possible to clearly distinguish the second injection orbit at 450 km, while the first one is
less visible because the number of satellites designated to lower altitudes is considerably lower than
those launched at higher altitudes. From the same plot, it is visible the increasing trend along the
first 10 years, and it can also be seen the decreasing trend as the altitude increases. Similar trends
are shown in Sd: increment in the first years and convergence from higher to lower altitudes. In fact,
decaying satellites must reach the first shell (200-250 km) to be considered decayed and removed.

Sensitivity analysis

Lastly, a sensitivity analysis of MOCAT-6RD with respect to the confidence level and the low-
thrust acceleration magnitude is performed, while keeping fixed all the other parameters. In partic-
ular, the former spans from 50% to 100% with 5% increment, while the acceleration assumes the
following values ϵ = [0.5, 0.6, 0.7, 0.8, 0.9, 1, 2, 3, 4, 5, 6] · 10−5 m/s2. The reason behind spanning
the acceleration in the lower range with respect to the value used for the previous results is related
to how satellites perform raising. As can be seen in Figure 5, particularly for Starlink satellites,
the raising maneuvers are not direct, but the satellites perform a sort of steps, and the time passed
within the shells may be higher, thus lower thrust. Figure 12 reports two different results obtained:
Figure 12(a) on the left shows the final number of debris obtained at the final instant of time; Figure
12(b) on the right considers a fixed confidence level and it shows how the collision events involving
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Figure 11. Population evolution in time and altitude in MOCAT-6RD model.

raising satellites are spread among the shells. The choice of showing the number of debris at final

(a) Final number of debris obtained at the final
instant of the propagation time.

(b) Raising satellites collision events in altitude
with 80% confidence level.

Figure 12. Sensitivity analysis over confidence level and acceleration magnitude in MOCAT-6RD.

time (Ntf ) is due to the fact that N is the species with the highest growth rate, as can be evinced
from Figure 7, and it is not strictly related to the confidence level as much as S and D are. As
expected, results show that the number of debris and collision grows for a higher confidence level,
thus a higher number of satellites launched, and for a lower thrust, thus more time spent in each
shell. Moreover, as the acceleration increases for a fixed confidence level, the differences in Ntf
become less evident. The right plot, instead, considers a fixed confidence level of 80% and shows
the distribution of collisions per each shell. Note that ĊSr is evaluated at the final propagation time.
Again, as the time necessary to raise increases, the number of collisions increases. The highest peak
corresponds to the most populated shell at 650 km.

Finally, three surfaces, one per species, representing the sum of collision events over the altitudes
at the final time, are drawn in Figure 13. Reminding that S in the MOCAT-6RD model stands for
S = Sh + Sr + Sd, the graph reports the sum of all the collisions involving active satellites without
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distinctions. As before, the higher the confidence level and the lower the acceleration, the higher
the number of collisions for each species. The number of collisions events involving the species
resembles the behaviour seen for the MOCAT-5R model visible in Figure 9, and indeed the surface
related to D lays in between the other two.

Figure 13. Collision events with a sensitivity analysis over confidence level and accel-
eration magnitude in MOCAT-6RD.

CONCLUSIONS

The main novelties proposed in the paper are the introduction of the significant potential source of
debris, the rocket bodies species, and the implementation of orbit transfer fluxes (raising and decay)
to achieve a more realistic model. To this aim, the active satellites family is divided into three
subcategories: raising, operating, and decaying satellites. Satellites can increase and lower their
altitude by assuming a low-thrust continuously applied control. During these two phases, failures
and collisions increase, yielding high orbital density shells. An attempt to study the future launch
profile is proposed by analyzing historical data and the ITU’s files. With all these novelties, results
show the criticality of having highly populated shells and the importance of reducing the failures
during orbit transfer maneuvers to a minimum. Thus this tool could be used for further analysis:
to compute the orbital capacity in LEO, and to quantify the risk of collision during orbit transfer,
or it could also be exploited to optimize the injection orbit altitude to minimize the number of
collisions and debris. In conclusion, the strength of MOCAT relies on the possibility to continuously
improve the model by adding more accurate representations of the interactions between families or
by performing analyses of its parameters and coefficients.
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