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Abstract

In recent decades, numerous studies have addressed various aspects of Solar Power Satellite (SPS) missions, with
particular focus on assembly optimization, energy transmission, decommissioning, and mission design. Despite the
potential implications, the literature provides limited systematic frameworks for assessing the short- and long-term
effects of SPS systems on the space environment in terms of collision risk and debris generation. The introduction
of large-area structures with long operational lifetimes and complex end-of-life scenarios may threaten the already
fragile equilibrium of the orbital environment. This study proposes a novel framework for evaluating the long-term
debris-related environmental impact of SPS systems, with a focus on how potential collisions may affect the stability of
different orbital regions depending on mission parameters such as lifetime, manoeuvrability, and operational orbit. The
analysis is based on NESSY (NEtwork model for Space SustainabilitY), a space environment evolutionary model based
on network theory developed at the University of Strathclyde. This research enhances the NESSY framework to account
specifically for SPSs by introducing a tailored collision risk and breakup model that distinguishes between various
components, enabling more accurate estimations of both major and minor debris production. Furthermore, localized
connectivity and diffusivity indices are developed to better capture the regional impact of collisions—an improvement
over existing models that primarily evaluate global effects and may thus underestimate the localized consequences of
SPS collisions. In conclusion, this approach provides a more detailed and region-specific assessment of the debris risks
posed by SPS systems, supporting more informed design and policy decisions. By capturing both local and global
impacts of potential collisions, it enhances long-term space sustainability and helps prevent cascading debris scenarios
that could threaten future space operations.

Nomenclature Acronyms/Abbreviations
LEO Low Earth Orbit
a fragments characteristic length [m] MOID Minimum Orbit Intersection Distance
a™  global connectivity index [-] NASA SBM  NASA Standard Breakup Model
B;  impact angle [°] PDF Probability Density Function
D;  impactor largest diameter [m] SPS Solar Power Satellite

Av  collision velocity increment [kTm]
n per—hop transmission factor [-]
J impact impulse (per link) [N s]

m;  impactor mass [kg]

SBSP Space-Based Solar Power

1. Introduction

p()  probability or likelihood [-] Space-Based Solar Power (SBSP) has been investi-
R, local connectivity [-] gated since the 1970s, with early studies driven by the
T nodes collision rate [%] promise of delivering large amounts of clean energy from
T, target thickness [m] orbit to Earth. In recent years, the growing urgency of sus-
v; impactor speed [m/s] tainable energy production has renewed interest in these

concepts, moving research closer to potential demonstra-
tion and commercial missions. Despite this progress, only
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a limited number of architectures have been investigated
in detail, mainly due to the technological complexity and
high costs involved.

Among the most significant proposals in Geostation-
ary Orbit (GEO) is the SPS-ALPHA concept by NASA,
designed to deliver approximately 1 GW of power to Earth
[1]. A related GEO architecture is CASSIOPeiA (Con-
stant Aperture, Solid-State, Integrated, Orbital Phased Ar-
ray), developed from the earlier HESPeruS concept [2, 3],
with an intended capacity of more than 1 GW. Both archi-
tectures rely on very large phased-array reflectors to con-
centrate solar energy and transmit it to the ground. The
first on-orbit technology demonstration, the Space Solar
Power Demonstrator (SSPD-1), was launched by Caltech
in 2023 [4], marking a key milestone in the field.

An alternative approach, recently under study by ESA
and Thales Alenia Space, is the SOLARIS project [5].
This concept envisions a constellation of large, ultra-thin
reflectors deployed in Low Earth Orbit (LEO). Each re-
flector consists of a composite membrane of about 1 km
in diameter and only 4-8 pum thickness, supported by a
truss ring and a central mast approximately 564 m in
length. The system is designed for a dawn-dusk Sun-
synchronous orbit at about 890 km altitude. By contrast,
the CASSIOPeiA design for GEO features a vertical struc-
ture about 3 km in height, with reflectors 2 km in diame-
ter.

While mission studies for these systems have ad-
dressed aspects such as assembly, power transfer, orbital
insertion, and operational control, much less attention has
been devoted to their interaction with the orbital environ-
ment. In particular, the collision risk and fragmentation
potential of such unprecedentedly large and thin structures
remain poorly understood. The challenge is especially crit-
ical in LEO, where object density is high and the geometry
of thin reflector membranes makes traditional debris mod-
elling approaches inadequate. In GEO, although collision
probabilities are lower, the sheer size of concepts such as
CASSIOPeiA requires dedicated risk assessment method-
ologies. The complexity of these structures, which is the
reason for the need for such peculiar development, is well
represented by the SPS-Alpha concept pictured in Figure
1.

The objective of this paper is to fill this gap by introduc-
ing a framework to estimate the environmental impact of
SPS systems on the orbital environment in terms of colli-
sion risk, debris production, and long-term consequences.
The methodology is applied to the ESA reflector concept
in LEO and the CASSIOPeiA architecture in GEO, but it
can be extended to other SPS designs. This framework
is integrated into the NESSY (NEtwork model for Space
SustainabilitY) evolutionary model, enabling both global
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and regional assessments of SPS-related debris risk, and
supporting the development of sustainable space policies
and mission designs.

L

Fig. 1. NASA SPS-Alpha concept representation [credits
NASA].

2. Methods for the quantification of the SPSs’ impact
on the space environment

As previously anticipated, several challenges arise in
developing an ad-hoc pipeline for quantifying the impact
of SPSs on the space environment. Based on these chal-
lenges, we identified the main objectives for the proposed
pipeline: (i) the capability to accurately simulate the frag-
mentation of unconventional structural geometries that are
not typically addressed by standard breakup models; (ii)
the ability to forecast the evolution of the space environ-
ment in the presence of SPS structures; and (iii) the defi-
nition of metrics to quantify collision risk within specific
orbital regions due to SPSs.

The following sections describe the main methods de-
veloped to address these points. The following approaches
are all part of the same environment, which is based on
the NESSY network model, allowing the forecast of the
space environment and its inspection over time. The com-
ponents of this pipeline ar the following: (i) an evolution-
ary model to estimate the space environment changes in
time, (ii) an estimator of collision likelihood for the dif-
ferent macro components of an SPS, and (iii) a breakup
model to adequately account for fragmentations due to im-
pacts tailored for SPSs.

2.1 NESSY: evolutionary model

NESSY is the evolutionary algorithm developed at the
Aerospace Centre of Excellence at the University of Strath-
clyde, allowing us to compute the evolution of the space
environment in time, starting from an initial population
and eventually including new mission launches. NESSY
modelling is reported in detail in [6], while the main mod-
elling aspects are briefly described here. NESSY’s main
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novelty is its core algorithm based on the network the-
ory, which better allows for inspecting the spreading of the
events’ effects through the orbital regions. NESSY’s net-
work considers the repartition of the physical space around
Earth in "nodes”, each node is characterised by a range of
inclination and altitude. Space objects are grouped into
four classes: Payloads (P), Upper-Stages (U), Fragments
(F) and Non-Maneuvrable (N) objects. The resident pop-
ulation used in NESSY is extracted for LEO from Sat-
Cat TLEs [7] and ESA DISCOS [8]; while for GEO, just
from ESA DISCOS data. The F classt includes objects
bigger than 1 mm, considering objects with a bigger di-
mension higher than 10 c¢m as single objects, while be-
tween 10 cm and 1 mm are treated as spatial densities
as defined also in ESA Master[9]. This model has been
adapted to welcome the class of SPS, mainly because its
physical characteristics are too different from those of the
other classes. The environment evolution is considered
in this paperwork only for the LEO (altitudes up to 2000
km) and GEO (both GEO and EGO are considered, as
defined in ESA’s annual report [10]) regimes, not consid-
ering orbits crossing both regions or transfer orbits (like
GTOs) yet. In NESSY, the collision rate between objects
in nodes is computed in the following way (described in
detail in Reference [11]):

75,5; = Ps,Ps;08,5; AvU; [1]

where pg is the spatial density of node S defined by the
fraction of number of objects ng and volume Vg. As-
suming dr is the shell thickness and r is the radius at the
bottom of the shell, the volume of a node Vs can be cal-
culated by the volume of a sphere minus the volume of
two spherical cones. While Awv is the relative collision
velocity between two colliding objects in crossing nodes
and U is the volume of the sphere where objects inter-
sect. Once a collision with the SPS is identified, the part
of the structure impacted is selected through the proba-
bility values for each component derived from the likeli-
hood analysis. While for all the objects in NESSY the
NASA SBM is employed, SPS’s collisions are treated us-
ing the custom breakup model described in the following
section, an ad-hoc formulation defined to improve the frag-
mentation description for such structures. Different from
the other classes the SPS class (S) is defined in NESSY
as a manoeuvrable object capable of station-keeping and
collision avoidance manoeuvres. In the end-of-life phase
for the LEO scenario, it is reasonable to think that a maxi-
mum drag configuration could be considered, while for the
rest of the time, it is oriented to be able to minimize the
drag and optimize the orientation to the Sun. In the GEO
scenario, instead, the SPS at the end-of-life is moved to a
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graveyard orbit or transferred far from the Earth’s sphere
of influence to avoid possible collisions.

While for LEO environment evolution a lot of litera-
ture shows methods to estimate the evolution of the envi-
ronment in time, for the GEO region, just a few studies
have been presented. For the LEO simulation NESSY has
been validated as compared with MOCAT-MC developed
by MIT [12] (full analysis in [6]). All main forecast anal-
yses in GEO focus more on the estimate of the collision
risk, like in [13], presenting an analysis for the collision
likelihood in GEO, or works like [14] and [15] studying
collision hazards with respect to debris in GEO instead.

As indicated before in the evolutionary simulations
also small fragments (diameter between 10 ¢m and 1 mm)
are considered in a dedicated node of NESSY. Many stud-
ies have inspected methods for small fragments debris den-
sities propagation in time, usually treated considering the
analogy of debris clouds with the gas theory (as done in
References [16], [17], [18], [19]). In the present model,
a simplified and approximated approach is considered to
minimize the computational cost and better adapt to the
network structure, as NESSY is a low-fidelity simulator.
The number of fragments for each node can be recovered
from Master densities, considering the altitude shells dis-
cretisation provided by Master itself (100 altitude bins be-
tween 200 and 2000 km altitude), associated also with
the objects’ diameter. At the beginning of the simula-
tion, each shell is associated with an average initial alti-
tude, depending on the discretisation itself (average of the
altitudes in the range provided by Master). The altitude
derived is used for the analytical propagation in NESSY
(for LEO or GEO perturbations), combined with the ob-
ject size provided by Master distributions. Some tools
have been developed in the past to estimate collisions with
small fragments in time, but their analysis is usually lim-
ited to medium-sized objects. For example, ESA DRAMA
is limited to missions’ maximum cross-sectional area of
1000 m2.

2.2 SPSs collision probability definition

Once a collision with SPS is detected inside NESSY,
the impacted SPS components must be selected, since dif-
ferent parts would lead to very different fragmentation pat-
terns.

The part selected is chosen via the computation of col-
lision likelihood for the SPS. This combined with the mass
threshold analysis allows us to estimate the encountered
severity for the mission. The likelihood is the probability
of finding a background population object at a distance
smaller than the MOID (Minimum Orbital Intersection
Distance) threshold considered (\). This probability is de-
rived through an intersection of distributions method [20].
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In the next formula, p is the likelihood for a satellite having
MOIDs with the background population within a certain
threshold distance A:

Ny
Neat Ny i i
p(MOID < \) = %Ibkgd > (px (s )
i=1

: (MOID(i) < A) Viat Voked (2]

where N7 is the number of samples of the distribution used
to integrate, x£;2 and x,()f()gd are samples from the orbital pa-
rameters of the mission of interest and background popu-
lation (composed by DELTA [21] and MASTER [22] ob-
jects at the end of 2023), respectively, (M OID® < ))
is 1 when the MOID is less than the threshold and 0 oth-
erwise, and Vi, (is the volume of a hyperellipsoid with
radius 60 in each direction) and Vj4q are the volumes
of orbital parameters over which the distributions are sam-
pled. The threshold A can instead be derived from the max-
imum probability of collision that can be accepted for a
mission. p(xfﬁl) ) for the mission considered is derived con-
sidering a series of Probability Density Functions (PDF).
For a single simple satellite, this is done with a combi-
nation of three normal distributions (considering an ellip-
soid around the object as the uncertainty volume). In the
SPS’s case, PDFs are different for each sub-component, to
optimally account for the uncertainty about their position
knowledge. Distributions are considered on a range of val-
ues around the local RTN reference frame centred in the
centre of mass of the satellite. The same approach can be
adapted to any other mission with similar characteristics.

Figures 2, 3, 4 show the Probability Density Functions
defined for the reflector components. PDFs are obtained
through a range of values sampling the given distribution,
characterised by a certain mean and covariance. Distribu-
tions are modelled to optimally represent the shape of the
reflector components with respect to its local body frame.
In the figures, the blue curve stands for the probability dis-
tribution over the three coordinates (in km) and the com-
bined one for the reflector (radius of 500 m); while the red
curve (the baseline) is the equivalent normal distribution
using the same sampling on the RTN parameters (when
only blue is visible is because of superposition).

The reflector attitude considered in those plots corre-
sponds to the operational configuration, so with the main
face in the plane of the orbital velocity; different attitudes
can be also considered with this method. Three different
distributions are considered: normal, normal combined
with uniform and two-normal combination. The normal
combined to uniform distribution is instead used to model
the main face of the membrane or the bigger dimension of
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Fig. 2. LEO reflector’s central body (CB) PDF. The radius
of the reflector is 500 m.

the central body. Instead, combining two nominal distri-
butions accounts for the ring shape.
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2.3 SPSs custom breakup model

A custom breakup model has been developed to better
catch the behaviour of breakups involving SPS structures.
The scheme of the fragmentation pipeline is presented in
Figure 5. This pipeline (previously presented in [23] and
detailed in [24]) is mainly composed of two models: one
addressing collisions with large uniform structure of the
SPS (lower branch of the pipeline in the figure), and the
other to model the effects of impacts on more complex
structures composed of interconnected elements (upper
branch of the pipeline). The first approach refers to any
impactor striking large solid components (comparable to
plates much larger than the impactor’s dimensions) of the
SPS, or components that can be modelled similarly. In this
first approach, a distinction is made between impactors
larger and smaller than 1 m in diameter. For smaller
impactors, empirical fragmentation cumulative laws (of
the type N (> a)), interpolated for missing data. Empiri-
cal laws derived from experimental data are of the shape,
where N is the number of fragments larger than a certain
dimension (characteristic length):

N(> a) — off (Meq)aen' a*’Yet‘f7 [3]

For larger impactors, an NSBM-like fragments
adapted distribution law is employed, because of the lack
of available empirical data. Main sources employed for
this development are: Piekutowski [25], Verma and Dhote
[26], and Nishida [27, 28]. Larger-scale campaigns such
as SOCIT [29] and DebriSat [30] also provide reference
data. In these scenarios, the pure standard NSBM is insuf-
ficient; for instance, when a fragment impacts the entire
reflector of the CASSIOPEIA SPS, a more detailed and
localised analysis is required to accurately model the frag-
mentation pattern. The other branch of the pipeline han-
dles impacts with reticular SPS structures, which are com-
mon in these mission concepts, such as reticular trusses or
large panel-based assemblies. This part allows for defin-
ing the separation of main elements and fragmentation
mass due to the transfer of impact energy. The approach
is based on Paluszny et al. [31] for fracture modelling in
finite-discrete element structures, combined with empiri-
cal data such as Wittel experiments [32]. The separation
of the main components (called also ’primitives”, the pan-
els or trusses) happens when all the joints around it are
broken. On the other side a joint is defined broken as a
consequence of an impact when the J (impulse, [N s])
threshold for that material and type of joint is exceeded.
The impulse is propagated through the reticular structure
per graph hop, and can be modelled as (J is the impact
impulse):

i1 =10 Jk, 0<n<L (4]
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The main materials considered for SPS structures are
aluminium (for large panels and structural components),
carbon fibre (for most reticular structures and membranes),
and honeycomb (for certain panel types). The current
model can provide fragmentation patterns with a mini-
mum dimension of 1 mm.

Macro impact modelling
Indentification of modelling
major structural [
components Momentum transfer|
structural analysis

Momentum transfer Fragmentation
threshold analysis [ semi-empirical
(cat./non-cat. impact) modelling

Fragmentation
pattern and
velocity field

SPS scenarios
characteristics

Local impact modelling

Fig. 5. SPECS fragmentation model pipeline.

2.4 Network analysis metrics

The network architecture allows for inspection of the
evolution of the regions of the space environment, based
on the interaction of nodes. The main phenomenon we
want to monitor via the network analysis is the growth of
the space population in the different regions of space be-
cause of the presence of certain objects. If a population
grows constantly in time in a certain region, this could be
defined as a divergence of the local environment that could
also lead in the future to a more extensive divergence, or re-
main localise. This is one of the main goals of the network
analysis process. Among the different indices developed
so far in NESSY, two main metrics are very useful for the
assessment of a space mission’s presence on the space en-
vironment: the global and local connectivity. In order to
define these metrics it is important to stress the network
nature of the NESSY model. Each node of NESSY is a
space region (range of inclination and altitude) containing
objects of the same type (e.g. payloads). While the site is
the region of space containing any type of object located
in that region, or the sum of all nodes of the same region.
Each node or site is connected by “’links” or fluxes of ob-
jects moving through nodes, which could be due to the de-
cay (in this case, the flux of objects could be of fragments
or also satellites decaying through shells) or collisions (in
this case, instead of fragments derived from fragmentation
events).

Local connectivity, also defined as Ry, is defined, for
a certain site j, as:

Yy

n

R (5]
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accounting for the local maximum probability of an event
spreading around its neighbourhoods. p is the maximum
bottleneck value from site ¢ to site j.

The global connectivity, defined also as o™, can be ex-
pressed with the following equation:

n L (220
o =~ Z - [6]
where index ¢ spans over all the sites of the network
and j covers all the linked sites to the one considered.
The global connectivity can be understood as the prob-
ability that if a collision event happens in the space en-
vironment, it spreads in all regions, also affecting them.
While local connectivity tries to quantify the same effect,
but just considers a single site of the space environment
with respect to its neighbourhoods.

3. Test cases and Results

In this section, some test cases are selected to show the
behaviour of the tool. A couple of impact examples are se-
lected to visualise the fragmentation characteristics, as re-
ported in Table 1: one local fragmentation and a primitives
structure fragmentation for a reticular ring truss structure.
In the table, 3; stands for the impact angle with respect to
the normal direction.

Table 1. Test cases for impact analysis.

Impact test cases
Test case Plpejhne Impactor Target
regime

Local D;=04m | Ty = 10mm

Test-1 D <1m | = 105 Al6061

! Al6061 Bi=0°

D; =0.5m 3D ring

Test-2 i\t/[rocchtllzrler v; = 10’“7m CFRP
e AI6061 | N, =300

Furthermore, a NESSY propagation test is considered,
placing the ESA reflector SPS in LEO region in three dif-
ferent orbits, and propagating the space environment for
50 years starting from the 2023 pace resident population.
The NESSY model is stochastic, so it has been run for 200
Monte Carlo runs to produce the propagation results. Ulti-
mately, the connectivity for these same NESSY test cases
is computed to assess the effect of the SPS structure in
LEO orbit.

3.1 Test-1: local fragmentation, D <Im

The first test inspects the case of impact between a
spherical fragment of 400 mm diameter and an SPS panel

[AC-25-1AC-25,C3,2,12,x101968

10 mm thick, both of aluminium. The impact speed is 10
%, perfectly normal to the plate plane. Figure 6 reports
the Voronoi-based fragmentation pattern sizes based on
the interpolated empirical law for the impactor-target cou-
ple. The empirical cumulative law used is plotted on the
right side (yellow) with its truncated form (blue, to meet
the maximum fragment size constraint), together with the
Voronoi fragments distribution (red). Minimum dimen-
sion considered in this test is 1 cm. Voronoi fragments
follow the empirical law with a slight tendency to overes-
timate for higher dimensions.

N(> a) law

Cumulative N (> a)
5]
N

100 ——Nu(>4a)
— — -Voronoi empirical
- Power-law (no trunc.)
101 =
107 10"

Fragment size a [m]

Fig. 6. Test-1 Voronoi pattern (on the left) and N(> a)
cumulative law comparison between interpolated empir-
ical NV law against Voronoi generated fragments (on the
right).

Figure 7 instead shows the distribution of Voronoi-
based fragment sizes (blue bars) against the NASA SBM
distribution for the same test case. NASA SBM provides
slightly higher values of area-to-mass ratio with respect
to the Voronoi approach, as also observed in Francesconi
et al. [33]. While the Av-to-area ratio is quite in agree-
ment with the NASA SBM distribution. The fragmenta-
tion model then also allows to compute the orbital param-
eters for each parameter, derived from the Av distribution
estimated for each fragment (more details in [24]).

3.2 Test-2: primitives modelling

In this section Test-2 results analysis is reported. Ta-
ble 2 provides more details about the reticular truss struc-
ture impacted. The impactor is considered again a sphere
of aluminium of 0.5 m diameter and impacting at 10 ’%"
This example can be considered as a good representation
of the ESA LEO reflector concept external ring (see Thales
report [5]).

Figure 8 represents the entire ring 3D, seen from the
top: trusses are represented as grey lines connected by
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Fig. 7. Test-1 Voronoi-based (blue bars) vs NASA SBM
(red curve) fragments distributions: area-to-mass ratio
(left) and Aw-to-area ratio (on the right). Distribution
reported for the number of fragments normalised to the
total number of fragments generated.

grey dots (intact joints). In Figure 8 and Figure 9, broken
links because of the impact are plotted as red dots, while
secondary fragmented trusses are plotted in violet. The
impact point (the point where the impactor hits the struc-
ture) is instead indicated with a blue dot in these figures
(except for Figure 10 where it is red). Figure 10 shows in-
stead the impulse J values for all the joint points around
the impacted region of the truss structure, together with J
threshold defined by the tool reported on the colorbar.

Table 2. Reticular structure definition. Nomenclature:
h=height of the trusses, t=thickness of trusses,
D, +=external diameter of trusses, J;,=threshold im-
pulse for trusses separation.

Component | Number Properties
h=1m
t=5mm
Trusses 1330 Dout = 5 cm
CFRP
. type = bolted
Joints 380 T = 143 Ns

The impact imposes a fracture of 44 joints of the struc-
ture and fragmentation of 46 trusses (total fragmented
mass 22.08 kg). Impulse due to the impact decays inside
the structure by the empirical law described in the previ-
ous section [24]. The model can estimate the size distribu-
tion of fragments from the considered mass with the same
approach presented for local fragmentation, distributing

TAC-25-TAC-25,C3,2,12,x101968

mass and Awv to each fragment. The same approach can
be employed to study elements separation and fragmen-
tation on other types of geometries: 2D truss structures,
2D panel structures and 3D truss structures with different
shapes.

LEO Reticular Ring (CFRP truss) - 3D Truss

o v5
o f oo e ey
o2 ee soe.
SR Seele

Members
o In J

oo ——Fragmented members

.......

Fig. 8. Test-2 3D truss structure top view via primitives
modelling: broken joints are plotted with red dots, while
intact joints are in grey, and fragmented trusses are in
violet.

LEO Reticular Ring (CFRP truss) - 3D Truss

z [m

0

x [m] 20 o -4

Fig. 9. Test-2 3D truss structure lateral view via primitives
modelling: broken joints are plotted with red dots, while
intact joints are in grey, and fragmented trusses in violet.

3.3 NESSY propagation test cases

The breakup model described so far has been inte-
grated into the NESSY evolutionary model to examine
the long-term effects of the SPSs’ presence in orbit. The
SPS mission considered here is the ESA reflector concept,
placed in three different LEO orbits (h = orbit altitude, inc
= orbit inclination): (i) hq = 560 km, incy = 97.7°, (ii) hs
=890 km, ince = 99°, (iii) hg = 1200 km, incs = 100.7°.
These tests consider different Sun-Synchronous Orbits for
the LEO reflector, whereas current studies have so far only
considered the lowest one.
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LEO Reticular Ring (CFRP truss) — 3D Truss

3e+03

500

143 (thr)

Fig. 10. Test-2 3D truss structure lateral view via primi-
tives modelling: J propagated over joints is plotted
with heatmap colours to show its distribution on the
structure itself.

Additional details are also provided about the simula-
tion settings for the LEO region. The network discreti-
sation used for the following results is 60° in inclination
and 50 km for altitude shells. We assumed a PMD (Post-
Mission Disposal) period of 5 years, i.e. a new payload is
removed from the environment after 5 years if still active,
and a PMD failure rate of 5%. This failure rate results
in a proportion of payloads becoming non-manoeuvrable
satellites. The success rate of collision avoidance manoeu-
vres, soanr, was set to 99.9%. These assumptions are fur-
ther described in [6]. For the SPS mission, no collision
avoidance is considered in this test case in order to assess
the worst possible scenario. Furthermore, the SPSs are
assumed to have an operational lifetime of 7 years; after-
wards, they decay in maximum-drag configuration. The
baseline initial population corresponds to the resident ob-
jects at the end of 2023 in the LEO regime (below 2200
km altitude): 5471 payloads, 1111 upper stages, 9804
fragments, and 2440 non-manoeuvrable satellites. For the
test cases reported here, only objects larger than 10 cm
are considered, including all fragments produced by colli-
sions.

Figure 11 shows the average NESSY propagation over
50 years for the baseline population (red) and the different
reflector orbits. Figure 12 instead reports the distribution
of catastrophic collisions over time. The final population
in all three cases is higher than in the baseline scenario.
This is also reflected in the collision plot. The highest col-
lision rate (more details in Appendix A) occurs in the case
of the reflectors at 560 km. However, since the decay rate
in this region is very strong, the resulting population is
not the largest. The collision distributions for the 890 and
560 km cases are very close, with the 890 km case ending
with the highest population because the reflector remains

TAC-25-TAC-25,C3,2,12,x101968

in the space environment for a longer time.

P population o« F population

/ ~
E —
1900
1

5 26 25 23 08 23 26
T ¢ Time [ycar

N population

Number of Objects

023 2033

10 Total population

= ~ —— Bascline
——R 560 km
g ——R 890 km
5s R 1200 km|
TS
14

Number of Object

P
Time [year

o 1w 2o wm 26
Time [year

Fig. 11. NESSY population (d > 10 ¢m) propagation over
50 years (average trend over 200 Monte Carlo runs):
baseline resident population against 3 reflectors lo-
cated at different altitudes. NESSY discretisation 60°-
50km.

140
120
Z100+
% ——— Baseline
= e R 560 km
S 80r ——R 890 km
© R 1200 km
E 60f
C 40
20
0 : . . .
2023 2033 2043 2053 2063 2073

Time [Year|

Fig. 12. NESSY cumulative catastrophic collisions over
50 years (average trend over 200 Monte Carlo runs):
baseline resident population against 3 reflectors lo-
cated at different altitudes. NESSY discretisation 60°-
50km.

3.4 Connectivity network analysis for reflector tests
Figures 13 and 14 show the evolution of global and lo-
cal connectivity for the reflector constellations at different
orbits compared to the baseline case. Global connectiv-
ity shows a net increase, for all tests, during the SPS mis-
sion lifetime (first 7 years), then stabilises on the baseline
trend once the reflector decays, with values slightly higher
than the baseline. This means that the fragments produced
by collisions, which are much more frequent with reflec-
tors, still affect the connectivity between sites even after

Page 8 of 13



76™ International Astronautical Congress (IAC), Sydney, Australia, 29 September - 03 October 2025.

Copyright © 2025 by the authors. Published by the International Astronautical Federation (IAF), with permission and released to the IAF to publish

in all forms

the SPS has left the environment. The local connectivity
plot instead compares the trend for the 800 km test case
at the site where the SPS was initially launched, against
the baseline for the same site. Local connectivity shows
a higher value than in the baseline case, which decreases
once the SPS leaves the site; after the SPS has decayed,
the trend of local connectivity is decreasing. This differ-
ence arises because the presence of the reflector created
a series of generally small fragments from larger objects,
causing a slight reduction in the collision rate for the site
considered. In this case, one could say that the reflector
has a kind of “cleaning effect” on the space environment,
reducing the size of larger fragments (even if more smaller
fragments are produced), and thereby decreasing the col-
lision rate for that specific region.

Comparing the different cases, the 560 km case re-
ports the highest value of «,,, as it has the highest colli-
sion rate and lies very close to a densely populated pay-
load region. However, its trend is very close to that of the
890 km case. The 1200 km case instead shows the low-
est trend among the SPS cases, with a late peak due to the
passage of the SPS through the lower shells after 10 years
of simulation.

Spatial Connectivity - 3 reflectors (no CA)

0.1
0.08}
0.06} \
< 0.04
| o |—Basel'1nej
[ —R 560 km
[ R 890 km
0.021 |—R 1200 km.

0 10 20 30 10
Time [years]

Fig. 13. o, connectivity evolution for the different test
cases along 40 years of simulation. The average trend
(solid) is plotted together with the standard deviation
(shaded, considering 100 Monte Carlo runs). NESSY
network discretisation 60°-50km.

4. Conclusions and next steps

This paper introduces a framework to assess the envi-
ronmental impact of launching an SPS mission (or a large
space structure) into orbit. The major challenges are ac-
counting for the peculiar shapes of large space missions
and their specific mission profiles. The present pipeline
includes the following approaches:

TAC-25-TAC-25,C3,2,12,x101968

Local Connectivity - 3 reflectors (no CA)

100,
f —Baseline
——R 890 km
10|
~ 7
1072}
10 : :
0 10 20 30 40

Time [years]

Fig. 14. R, connectivity evolution for the reflectors at 890
km altitude along 40 years of simulation. The average
trend (solid) is plotted together with the standard de-
viation (shaded, considering 100 Monte Carlo runs).
NESSY network discretisation 60°-50km.

e A custom estimate of the collision likelihood for
SPSs via PDFs, allowing better accounting for arbi-
trary shapes

* A new breakup model pipeline, designed to be more
suitable for SPS structures’ characteristics (shape,
materials, types of impact)

* A set of analytics to examine the long-term effects
of SPSs in specific orbital regions on the rest of the
space environment

The NESSY network model is used to forecast the
long-term evolution of the space environment; here just
a LEO case is treated, while also GEO is available. This
paper reports only the main results to illustrate the capa-
bilities of the tool; further analyses will be presented in
future work, more focused on the influence the custom
breakup model has on the evolution results with respect
to the NSBM.

While the model is capable of covering a wide range of
analyses, further improvements are possible. One of the
main limitations concerns the breakup model, which does
not currently account for the effects of impactor shapes
in collision events. Another useful analysis for SPS man-
ufacturers or operators would be ranking orbital regions
(depending on the type of SPS selected) in terms of col-
lision risk and environmental impact. To do this, an ad-
ditional index would be needed, combining the currently
available statistics. These analyses will be addressed in
future work.
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Appendix A: NESSY collision rate distribution

In order to support the understanding of the connec-
tivity results, the collision rate distribution for the initial
timestep (as computed by NESSY) through the LEO shells
is reported, considering also the SPS reflectors at 560, 890
and 1200 km. The network discretisation considered in
the plots is 60 ° for inclination, and 50 km for altitude
shells. This plot reports the pure value of the collision
rate computed by the NESSY model, not considering any
type of collision avoidance strategy that could mitigate
this value. We notice the collision main peaks match the
most congested regions of the LEO regions: around 700-
800 km altitude and about 1500 km altitude. The highest
value of collision rate is for the 560 km case during the
first timestep, very close to the 890 km case.

Av. Collision Rate across shells
Total = 25.45 [1/year]

10()

102

Average Collision Rate [1/year]

10

500 1000 1500 2000
Altitude [km)]

Fig. 15. Collision rate through altitude shells computed
at the first simulation timestep for the test case with
the three reflectors at 590 km altitude (average of 200
Monte Carlo runs). NESSY discretisation 60°-50km.
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