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ABSTRACT

Over the last 11 years (2010-2020), more than 600
intact objects larger than 1 m? have re-entered without
control into the Earth’s atmosphere. The total returned
mass was approximately 1100 metric tons, roughly
corresponding to the re-entry of nearly 100 metric tons
per year, mostly concentrated (79%) in rocket bodies.
Objects with a mass greater than 500 kg re-entered
every about 8 days, those exceeding 2000 kg every
about 2 weeks and those heavier than 5000 kg one or
twice per year. The total casualty expectancy associated
with uncontrolled re-entries over the past 11 years was
of the order of 1.4 x 107, that in 2020 was almost 1.7 x
1072, corresponding to a probability of having had at
least one victim of approximately 13% and 2%,
respectively. Unlike the alert threshold of 1074, linked to
single re-entry events, no cumulative risk limit exists for
satellite re-entries over one year or more. However, the
casualty probability, although still relatively small,
cannot be considered negligible, even in view of the
launches of mega-constellations planned in the coming
years. For instance, the addition of 4000 spacecraft re-
entering annually would increase the probability of
having at least one victim to nearly 30% per year, while
20,000 more satellites would boost it to almost 80%.

1. INTRODUCTION

Space activities are in the midst of an epochal
transformation. As of mid-July 2021, more than 11,500
satellites have been launched since the beginning of the
space age, in 1957, of which almost 7600 are still in
orbit and nearly 4400 functioning. However, in the next
decade alone, the launch of another 100,000 satellites is
planned, radically changing the modalities and scale of
space operations.

The kinetic casualty risk from uncontrolled re-entries
will be affected as well. Due to the huge number of new
payloads placed in low altitude orbits, or disposed from
higher orbits in order to comply with space debris
mitigation measures, the number of uncontrolled re-
entries will increase accordingly. During the long phase
preceding this authentic revolution, characterized by
small satellites and mega-constellations, the casualty
risk of uncontrolled re-entries was generally managed

object by object, for example by evaluating whether or
not a single event might result in exceeding a certain
casualty expectancy threshold, often set equal to 107
But the profound change in space activities we are
experiencing may require a shift to a more holistic
approach to the problem, at the very least more system-
oriented than object-oriented. In fact, as an example,
even if a single re-entering satellite of a mega-
constellation can have a casualty expectancy equal to
~1073, i.e. below the widespread alert threshold of 1074,
if 100 satellites per year re-enter, their overall casualty
expectancy becomes equal to ~1073, i.e. comparable to,
or greater than, that of events, such as the re-entries of
UARS [1] or Tiangong-1 [2], which received great
international attention.

In order to evaluate the rationale and the need of a new
general approach to the casualty risk, this study starts
reviewing in detail the uncontrolled re-entries of
satellites and rocket bodies occurred during the last 11
years, i.e. the period of time covering the transition from
“old space” to “new space economy”. Then, using
several formulations for estimating the kinetic casualty
area or expectancy as a function of the re-entering dry
mass, the global evolution of the re-entry risk in the
time interval considered is evaluated and discussed.
This preliminary analysis is then projected in the near
future, taking into account the planned launches, the
current operational experience of the first mega-
constellations and the envisaged mitigation practices
leading to re-entries. The discussion of the results and
the consequent proposals finally conclude the analysis.

2. ARTIFICIAL OBJECTS DECAYED IN THE
EARTH’S ATMOSPHERE

As of 15 July 2021, a total of 3646 payloads, 3993
rocket bodied and 17,880 orbital debris have re-entered
in the Earth’s atmosphere (www.space-track.org, 15
July 2021). Since the beginning of the space age, this
corresponded, on average, to the re-entry of 1 intact
object (either payload or rocket body) every 3 days, plus
the re-entry of 1 piece of debris every 31 hours. The
associated returning mass, amounting to approximately
33,200 metric tons (reentry.esoc.esa.int, 15 July 2021),
was mainly concentrated (~98%) in intact objects [3].
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During the space age, the trend of the re-entries into the
Earth’s atmosphere (Fig. 1) has been affected by the
following factors:

] The rate of launches (Fig. 2), which was
influenced by geopolitical, economic and
technological aspects (space race, cold war,
dissolution of the Soviet Union, constellations,
micro-satellites, new space economy);

= The type of missions (operational and parking
orbits, ratio between very low, low, medium
and geosynchronous Earth orbits);

= On orbit fragmentation events, mainly
accidental and unexpected, but also intentional;

] The solar activity (Fig. 3), which, with an 11-
year periodicity, significantly increases and
decreases the atmospheric density at satellite
altitudes, causing drastic changes in the rate of
orbital decay and re-entry of objects in low
Earth orbit.
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Figure 1. Re-entries per year of artificial space objects
(top) and intact objects (bottom) from the beginning of
the space age until the end of 2020
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2.1. Uncontrolled re-entries during the last 11 years

During the last 11 years, from 1 January 2010 to 31
December 2020, re-entered on average 67 payloads, 42
rocket bodies and 287 debris per year. In the last 3

years, from 1 January 2018 to 31 December 2020, while
the average number of re-entered debris per year
decreased by about 39%, compared with the average
over the past 11 years, and that of the rocket bodies
remained practically the same, there was instead a
significant increase — about 51% more than the average
over the last 11 years — in the annual decay rate of
payloads.
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Figure 3. Solar activity, in terms of the daily observed
and 81-day average solar flux at 10.7 cm, Fi97, from the
beginning of the space age until the end of 2020

F 0.7 solar flux

These data are clearly indicative of the changes taking
place in space activities, characterized by numerous
multiple launches of small satellites (Fig. 4), resulting in
an immediate increase in the number of re-entries of the
latter compared to that of the other components.

® Number of launches B Number of payloads deployed in each launch
1400

1200
1000

2
2

1963
1966
1969
1978
1984
1987
990
1993
1996
1999
2002

2008 |

2011
2014
2017
2020

o wn
% (=]
) =1
- ~

1975

~
N
@
-

~
n
)]
-

Figure 4. Yearly number of launches and payloads
deployed for each launch since the beginning of the
space age until the end of 2020

Considering only the uncontrolled re-entries of intact
objects, classified as “large” (radar cross section > 1 m?)
by the U.S. Combined Space Operations Center
(CSpOC), 214 events involved payloads and 417 rocket
bodies, with a total mass of 1113 metric tons, i.e. almost
100 metric tons per year. 97.2% of the mass was
concentrated in 491 objects heavier than 500 kg, 23.6%
in 270 objects heavier than 2000 kg and 17.8% in 28
objects heavier than 5000 kg. Therefore, based on what
was observed during the last 11 years and after a careful
analysis to sort out the controlled re-entries, the current
situation can be summarized as follows:

= On average, approximately 100 metric tons re-
enter in the atmosphere uncontrolled every
year;



] Objects with a mass greater than 500 kg re-
enter uncontrolled every about 8 days;

] Objects with a mass exceeding 2000 kg re-
enter approximately every 2 weeks;

Ll Objects with a mass greater than 5000 kg re-
enter one or twice per year;

] The total returned mass is associated for nearly
79% to rocket bodies and for the remaining
21% to payloads (Fig. 5).
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Figure 5. Yearly re-entries (top) and returned mass
(bottom), from 1 January 2010 to 31 December 2020,
for payloads and rocket bodies

3. RE-ENTRY RISK EVALUATION

Specific guidelines and standards to minimize the risk to
human life and property on the ground have been
defined, over the years, by several space agencies and
organizations. During the last decades there has been a
growing consensus at the international level in
considering a casualty expectancy of 107* as the risk
threshold for an uncontrolled re-entry. The main factors
affecting the estimations of the risk of human casualty
from uncontrolled re-entries include the number of
debris expected to reach the surface of the Earth, the
kinetic energy of each surviving fragment and the
amount of the world population potentially at risk. A
kinetic energy threshold of 15 J is typically adopted as
the minimum level for potential injury to an unprotected
person, while a probability of fatality of 50%
corresponds to a kinetic energy of 103 J [4]. A crucial
metric to represent and to evaluate the potential risk
from re-entering debris is the so-called total debris
casualty area (4¢), which for a re-entry event is the sum
of the casualty areas of all the pieces able to survive the
harsh re-entry conditions. It is computed as follow [5]:

> (3, 4]
ACZEI\@+\//TZ. (N

where 4;, = 0.36 m? is the projected cross-sectional area
of a standing human and 4; is the cross-section of each
individual fragment reaching the ground. 4¢ is de facto
a simple and effective method to combine in a single

figure all the information on the breakup process of a re-
entering space object, even though Eq. 1 is obviously
based on some extremely simplistic hypotheses, as
assuming that the whole population is standing and
outdoors, that air traffic can be ignored, that the
impacting fragments cannot bounce, that if hitting
sensitive targets, such as storage tanks for hazardous
materials or ground transport systems, secondary
casualties cannot be produced, and so on. However, it
seems that Eq. 1, coupled with the world-wide
population distribution and the orbital inclination of the
re-entering object, can still provide the correct order of
magnitude of an uncontrolled re-entry risk.

The human casualty expectation, better known as the
casualty expectancy (Ec), is obtained as the product of
the total debris casualty area (4c¢) and the average
population density (Pp) in the latitude band overflown
by the re-entering object, that is:

Ec=Ac*x Pp (2)

For instance, a world-wide casualty expectancy of
1:10,000 can be currently reached in a single
uncontrolled re-entry event if the total casualty area of
the surviving fragments is between 5 and 10 m?
depending on the orbital inclination of the re-entering
objects. For inclinations lower than 20° and higher than
60°, the average population density is lower and a
higher total casualty area is needed to obtain a given
casualty expectancy, while for intermediate inclinations,
between 20° and 60°, the average population density is
higher and a total casualty area as small as 5 m?> may be
sufficient to reach the 10™* casualty expectancy
threshold.

The re-entry casualty risk can be determined through the
probability to cause serious injury or death. For a re-
entry event with surviving fragments, and inside the
latitude belt overflown by the object, the probability of
debris fall is obviously 1, but the expected
consequences, at least for people in the open, are not
particularly adverse with respect to the common risks
accepted in the everyday life. For instance, the risk of
being hit by falling orbital debris amounts to about one
part per trillion per human per lifetime, i.c. it is of the
order of 1072, that of being hit by a lightning is
approximately 1/1,500,000, while that of being killed in
a car accident amounts to 1/100 in industrialized
countries [6].

3.1. Casualty area estimate

Very detailed information on the design and the
materials used to build the object under scrutiny is
needed to obtain realistic estimates of the casualty area.
However, this crucial information is missing in most of
the cases and detailed fragmentation analyses are only



available for a very limited subset of re-entry events.
Therefore, in all cases where this information is not
available, it is necessary to resort to alternative, albeit
coarser, methods to estimate the casualty area. One
possible approach is that described in [7], consisting in
deriving Ac from a sample of historical re-entry
assessments — carried out with specific software tools
for re-entries, such as the NASA’s Object Re-entry
Survival Analysis Tool (ORSAT) or the ESA’s
SpaceCraft Atmospheric Re-entry and Aerothermal
Break-up software tool (SCARAB) — and then in fitting
the results with simple mathematical functions in terms
of the re-entering dry mass. For instance, the following
linear regression is presented in [7] to relate the casualty
area Ac, in m%, with the dry mass M, in metric tons, of
the re-entering object:

Ac=14.58+ 14.49 x In (M) 3)

Based on the same strategy as in [7], various
relationships for 4c were obtained in this paper, starting
from the estimate of the casualty area available for a
sample of space objects, mostly already re-entered.
Among the objects included in the sample there were:
BeppoSAX, CGRO, GPM, Delta 2" Stage, EOS-Aura,
EUVE, GLAST/Fermi, GOCE, HST, Iridium (Ist
generation), PAM-D/Star-48B, ROSAT, Terra, TRMM,
UARS, which dry masses ranged from 230 kg (PAM-
D/Star-48B) to 14,000 kg (CGRO). Apart from the
PAM-D and Delta 2™ stages, which casualty areas were
derived from the recovered fragments, all others
casualty areas were estimated using the high-fidelity
models SCARAB and ORSAT. Moreover, the casualty
areas herein considered were those computed for
fragments with impact kinetic energies greater than 15
J. The distribution of the casualty area Ac as a function
of the dry mass M, for the sampled objects, is
represented in Fig. 6.
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Figure 6. Casualty area assessment in terms of the dry
mass of sampled objects

The results shown in Fig. 6 were therefore fitted using
the following mathematical functions, where 4¢ is given
in m?and M in kg:

Linear (least-squares fitting)

Ac=0.007604 M + 2.882 4

Linear (least absolute residuals)
Ac=0.005268 M +3.15 )

Power (least-squares fitting)

Ac=10.02308 M 08834 (6)
Power (least absolute residuals)

Ac=0.05627 M 07563 @)
Power (bisquare weights):

Ac=0.03351 M 08053 ®)

3.2. Population evolution

Considering that the population density is proportional,
based on Eq. 2, to the expected number of casualties per
unit casualty area, the latter was used to represent the
evolution of the population. The expected number of
casualties per unit casualty area, as a function of the
orbit inclination, was kindly provided by A. Kato from
JAXA [8]. It is based on the population model GPW4
(Gridded Population of the World version 4, produced
by the Center for International Earth Science
Information Network, CIESIN) and represents a
prospect for 2020 based on data available at the end of
2016. The expected number of casualties per unit
casualty area, as a function of the orbit inclination, is
shown in Fig.7 for the year 2020.
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Figure 7. Expected number of casualties per unit
casualty area versus inclination for the year 2020

Then, considering the world population by year and the
population projections (www.worldometers.info/world-
population, 15 July 2021), yearly percentage decreases
and increases were applied to the expected number of
casualties per unit casualty area in 2020 to assess the
historical expected number of casualties from 2010 to
2020, as well as the projections up to 2050 (Fig. 8).

Finally, for each re-entering object, a rough estimate of
the casualty expectancy Ec was obtained by multiplying
the object’s casualty area (from one of Eqgs. 3-8 in terms
of the dry mass of the re-entering object) by the
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expected number of casualties per unit casualty area
corresponding to the re-entry year and to the orbit
inclination of the decaying object.
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Figure 8. Expected number of casualties per unit
casualty area versus inclination from 2010 to 2050

3.3. ISTI-CNR uncontrolled re-entry magnitude
scale definition

Another approach to assess the relevance of
uncontrolled re-entries was introduced at ISTI-CNR
(formerly CNUCE-CNR) since 1995 [9]. It uses the dry
mass M, in kg, of a re-entering object as an indirect
indicator of the casualty risk, which is certainly
plausible, from a statistical point of view, when the
hazard derives from the ground impact of fragments.
The magnitude My of uncontrolled re-entries was
defined as follows [9]:

Mr=logio (M /100) )

This definition was subsequently slightly modified in
2017 as indicated below [3]:

Mg=logio (M /100) + 0.3 (10)

The order of magnitude of the global casualty
expectancy Ec may be then evaluated as:

Ec~10M:-5 (11)

4. THE KINETIC CASUALTY RISK OF
UNCONTROLLED RE-ENTRIES DURING
THE LAST 11 YEARS

The different approaches just presented for estimating
the casualty expectancy were applied to the 631 large
intact objects (214 payloads and 417 rocket bodies) re-
entered without control from 1 January 2010 to 31
December 2020, in order to assess their relevance in
terms of the potential risk associated with the re-entry.
For each of the 8 relationships considered, the number
of re-entries was classified per interval of casualty
expectancy. These intervals were: Ec<0 (values
obtained with Eq. 3 for objects lighter than about 366
kg); 0<Ec<107; 10°<Ec<10™ 10*<Ec<1073;
Ec>1073. Afterwards, by summing, for each E¢

interval, the number of re-entries occurred in all 8 cases,
it was found that nearly 65% of the re-entries of large
intact objects were characterized by a casualty
expectancy between 10 and 1073, while about 32% had
Ecbetween 107 and 10~* (Fig. 9).
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Figure 9. Distribution, per casualty expectancy interval,
of the re-entries of large intact objects occurred from
1 January 2010 to 31 December 2020

Breaking down by type of object, it was found that
almost 80% of the rocket bodies had a casualty
expectancy between 10 and 1073, against 35% of the
payloads, while nearly 17% of the stages, against 59%
of the payloads, had Ec between 107 and 107
Therefore, in terms of the risk associated with the
uncontrolled re-entries of large intact objects occurred
over the last 11 years, it can be concluded that almost
65% (80% for upper stages and 35% for payloads) were
characterized by a casualty expectancy larger than the
alert threshold of 107,

4.1. Casualty expectancy and casualty probability
for uncontrolled re-entries of large intact objects

The casualty probability P(k), where k is the number of
victims, can be obtained from the average number of the
expected casualties Ec using the following Poisson
distribution:

E k e Fe
P(k) =CT (12)

Herein Ec¢ was estimated by multiplying the expected
number of casualties per unit casualty area by the
casualty area obtained with Eq. 7. The total casualty
expectancy was estimated for each year, from 2010 to
2020, and also for the whole 11-year period.

Tab.l lists the total casualty expectancy per year
computed for large intact objects, together with the
probability of having no victims (k = 0). It was found
that, for each year between 2010 and 2020, the
probability of having no victims was always higher than
98%, although such value has slightly decreased over
the last 3 years. The total casualty area from 2010 to



2020 was more than 9000 m? (Tab. 2), with values in
2019 and 2020 higher by almost 36% and 21%,
respectively, with respect to the mean value of the
period in question (Fig. 10).

Table 1. Total casualty expectancy per year and
probability of having no victims for uncontrolled
re-entries of large intact objects occurred
between 2010 and 2020

Total casualty

No casualty

expectancy per probability (%)

year (k=0)
2010 0.007286 99.27
2011 0.014057 98.60
2012 0.012048 98.80
2013 0.010791 98.93
2014 0.012330 98.77
2015 0.010826 98.92
2016 0.014806 98.53
2017 0.009844 99.02
2018 0.011867 98.82
2019 0.017293 98.29
2020 0.016738 98.34

As for the total casualty expectancy per year, Fig. 11
shows an increase of more than 30% over the last two
years (2019 and 2020) compared to the 11-year average.
The total casualty expectancy over 11 years, found with
Eq. 7, was 0.1379 for large intact objects, corresponding
to a probability of having no victims of about 87%,
while the probability of having at least one victim was
of the order of 13%.

1200
1100
1000
900
800
700
600

500

Total casualty area per year [mA2]

400
2010 2012 2014 2016 2018 2020

Figure 10. Total casualty area per year associated to
large intact objects re-entered without control between
2010 and 2020

Comparing the results obtained using, in addition to Eq.
7, also Egs. 3, 4, 5, 6 and 8 to compute the casualty
area, and considering as well Eq. 11, it was found that,
over the past 11 years, the total average casualty
expectancy due to uncontrolled re-entries of large intact
objects was of the order of 0.1441, corresponding to a
probability of having no victims of about 87% (Tab. 2).
These average values are in good agreement with those
previously obtained using Eq. 7.

The method that differs the most from the others is the
ISTI-CNR approach which uses Eq. 10 to assess the
magnitude for uncontrolled re-entries. In effect, it
overestimated the kinetic casualty risk, with a value of
the casualty expectancy which is approximately 53%
higher than the average, leading, as a consequence, to a
lower probability (~80%) of no victims by re-entering
debris in the last 11 years. In general, however, all
approaches have shown a very good agreement with
each other, with a standard deviation of just 3%.
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Figure 11. Total casualty expectancy per year
associated to large intact objects re-entered without
control between 2010 and 2020

Table 2. Total casualty expectancy, total casualty area
and probability of having no victims for uncontrolled
re-entries of large intact objects occurred
between 2010 and 2020

Approach ~ Total Total Probability

to assess casualty  casualty of having

Ec area expectancy no victims
(m?) (%)
Eq.3 10013 0.1437 86.6
Eq. 10 0.2213 80.2
Eq.9 0.1109 89.5
Eq. 4 10244 0.1515 85.9
Eq.5 7821 0.1153 89.1
Eq. 6 10293 0.1522 85.9
Eq. 7 9389 0.1379 87.1
Eq. 8 8158 0.1201 88.7
Average” | 9320 0.1441 86.6

*The average is over the different approaches used to
estimate Ec

4.2. Casualty expectancy and casualty probability
for uncontrolled re-entries of large payloads

In the 11 years between 2010 and 2020, 214 large
payloads have re-entered without control into the
Earth’s atmosphere. The total casualty expectancy per
year, obtained with Eq. 7 to compute the casualty area,
is shown in Fig. 12, which, in the last 3 years, highlights
a significant increase of Ec due to the decay of
numerous satellites from constellations, such as Iridium
and Starlink.



The total casualty expectancy over 11 years was of the
order of 0.0285, corresponding to a probability of
having no victims of approximately 97% and of having
at least one victim of nearly 3%. These values were also
confirmed by the average over the 8 approaches
considered to estimate Ec, as in Tab. 2. The total
casualty expectancy over 11 years is represented in Fig.
13, in terms of the methodology adopted to estimate Ec.
Herein, the average value of the casualty expectancy
was approximately 0.0286, with a standard deviation
around 0.0081 (~28%).
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Figure 12. Total casualty expectancy per year

associated to large payloads re-entered without control
between 2010 and 2020
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Figure 13. Total casualty expectancy for large payloads
re-entered without control between 2010 and 2020, in
terms of the approach used to compute Ec

4.3. Casualty expectancy and casualty probability
for uncontrolled re-entries of large rocket bodies

In the 11 years between 2010 and 2020, 417 large
rocket bodies have re-entered without control into the
Earth’s atmosphere. The total casualty expectancy per
year, obtained with Eq. 7 to compute the casualty area,
is shown in Fig. 14, where, differently from payloads
(Fig. 12), there was not a significant increase over the
last 3 years. The total casualty expectancy over 11 years
was of the order of 0.1094, corresponding to a
probability of having no victims of approximately 90%
and of having at least one victim of nearly 10%. As in
previous cases, these values were compared with those
resulting from the average of the eight approaches
considered to estimate the casualty expectancy (Fig.

15). The average E¢ from Fig. 15 was around 0.1155,
with a standard deviation of 0.0282 (~24%).
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Figure 14. Total casualty expectancy per year
associated to large rocket bodies re-entered without
control between 2010 and 2020
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Figure 15. Total casualty expectancy for large rocket
bodies re-entered without control between 2010 and
2020, in terms of the approach used to compute Ec

5. PROJECTIONS OF THE KINETIC
CASUALTY RISK

In recent years there was a dramatic increase in the
launch rate of small satellites in low LEO (Low Earth
Orbit). The most impressive development at the moment
concerns the deployment of mega-constellations of
satellites, with more than 10,000 spacecraft planned in
low LEO in the coming years. For instance, the U.S.
aerospace company SpaceX has approval from the
Federal Communication Commission (FCC) to operate
nearly 12,000 Starlink satellites in low LEO — between
approximately 340 km and 570 km — with a possible
later extension to 42,000, also considering higher
altitudes. In late July 2020, FCC approved Amazon’s
plans to launch 3236 satellites for its Kuiper
constellation at altitudes around 600 km. A new Chinese
company, named GW, has filed a spectrum application
with the International Telecommunication Union (ITU)
for two constellations: GW-59 and GW-2, operating
below 650 km (GW-59) and around 1145 km (GW-2).
With 12,992 communication satellites in orbit, ranging
in altitude from 508 to 1145 km and from 30° to 85° in
inclination, the Chinese company seems to be interested



in the global market, where it would compete with
SpaceX and OneWeb. Eventually, if in addition to the
already operating constellations, the upcoming and
proposed ones are considered, the total number of
spacecraft below 650 km might reach values ranging
between 10,000 and 50,000 within the next decade.
Considering that constellation satellites will be
periodically replaced, and that satellites at the end-of-
life will re-enter without control in the atmosphere, we
will have to expect a noticeable increase of uncontrolled
re-entries of small satellites in the coming years. Taking
as an example the Starlink constellation, of which 1656
satellites are currently (6 July 2021) in orbit, of the 1738
satellites launched (excluding the two Tintin), since 24
May 2019, 82 have already re-entered (61 in 2020 and
21 in 2021). Therefore, focusing on what happened in
2020, even if the casualty expectancy associated to a
Starlink satellite, with a mass of 260 kg, is of the order
of 6.3 x107° (Eq. 7 was used to compute the casualty
area equal to 3.77 m?), the total casualty expectancy for
the 61 re-entries, occurred in 2020, is 3.8 x 1073, that is
about 83% of the total casualty expectancy for payloads
re-entered in 2020 (Fig. 12), and nearly 23% of that for
intact objects decayed in 2020 (Fig. 11). It is therefore
evident that the launch of thousands of constellation
satellites in low LEO will have a far from negligible
impact, significantly increasing the global risk due to
uncontrolled re-entries.

Moreover, the low LEO zone will also be significantly
affected by the evolution of space activities above this
region, because mega-constellations are planned at
higher altitudes as well, and in order to mitigate the
long-term accumulation of objects and the production of
new collisional debris in high LEO, constellation
satellites are disposed at the end-of-life to guarantee
their relatively fast re-entry in the atmosphere.
Therefore, also these satellites will contribute to
increase the number of uncontrolled re-entries and,
consequently, the re-entry risk.

Making an accurate forecast of what will happen in the
near future is practically impossible, due to frequent and
sudden changes in the planning of new space activities.
However, it was possible to roughly estimate how much
the current re-entry risk could increase due to the
uncontrolled re-entry of a variable number of satellites.
To give an example, typical small constellation satellites
with a mass of 250 kg were considered. Their individual
casualty area, computed with Eq. 7, was approximately
3.66 m>. These satellites were supposed to decay from
different orbit inclinations, nearly corresponding to the
maximum (35°), medium (50°) and minimum (90°) of
the world population density distribution. The number
of re-entering satellites per year was assumed to vary
from 100 to 20,000, i.e. 100, 200, 2000, 4000 and
20,000. The reference value of the casualty expectancy

was that associated with the uncontrolled re-entries of
large intact objects in 2020, which was approximately
0.0167 (Fig. 11). Successively, by taking into account
the increase of the world population in the next three
decades (Fig. 8), projections of the re-entry risk up to
2050 were carried out.

The casualty expectancy for each single satellite is
represented in Tab. 3, in terms of the epoch and orbit
inclination. Each value of the casualty expectancy was
then multiplied by the number of constellation satellites
re-entering annually and added to the unrelated re-entry
background (assumed to remain constant since 2020) to
obtain the corresponding total casualty expectancy for
each case. Finally, the ratio between the total casualty
expectancy obtained in each case and the reference
value in 2020 was computed.

Table 3. Casualty expectancy for each single satellite as
a function of the orbit inclination and epoch
Orbit inclination

500
2020 8.39E-05 | 6.23E-05 | 4.03E-05
2025 8.81E-05 | 6.54E-05 | 4.23E-05
2030 9.20E-05 | 6.83E-05 | 4.42E-05
2035 9.56E-05 | 7.10E-05 | 4.59E-05
2040 9.90E-05 | 7.35E-05 | 4.75E-05
2045 0.000102 | 7.57E-05 | 4.90E-05
2050 0.000105 | 7.78E-05 | 5.03E-05

Figs. 16-18 show the evolution of this ratio for 100,
200, 2000, 4000 and 20,000 satellites decaying from
orbits inclined by 90°, 50° and 35°, respectively.

Based on the results obtained, the worst scenario occurs
when 20,000 satellites re-enter annually from orbits
inclined by 35° (Fig. 18). If this were the case, the
casualty expectancy would already be 100 times higher
than in 2020, and a further increase of the order of 25%
would be recorded by 2050, considering the growth
trend of the world population. This situation cannot be
considered unrealistic at all, since it would roughly
correspond to a total of 100,000 satellites put into orbit,
with a replacement time of approximately 5 years. But
also considering just 3 constellations, such as, for
example, Starlink, with 11,926 satellites below 570 km,
GW-59, with 6080 satellites below 650 km, and Kuiper,
with 3236 satellites below 630 km, the number of
satellites in orbit at the same time would be greater than
20,000. Then, assuming again an average lifetime of
nearly 5 years, an average of about 4000 satellites
would re-enter each year, increasing by about 10-20
times — depending on the orbit inclination — the total
casualty expectancy estimated in 2020 (Fig. 16-18).

Concerning the yearly probability of nobody being hit,
this would drop from 98.3% (see Tab. 1 for 2020) to




18.4% if 20,000 more satellites were re-entering as well,
passing from 97.5%, 96.7%, 83.1%, 70.3% for 100,
200, 2000 and 4000 additional re-entries, respectively.
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It is therefore evident that the launch of mega-
constellations in low LEO, together with the disposal of
satellites from higher orbits, will entail a significant
increase of the kinetic casualty risk in the coming years.
Therefore, even if the value of the casualty expectancy
associated with each satellite is below the alert threshold

of 107, the re-entry of numerous satellites of this type
every year could lead to unacceptable values of the
associated re-entry risk, both on the ground and in the
airspace.

The U.S. Government Orbital Debris Mitigation
Standard Practices (ODMSP) [10] specify that for large
constellations (consisting of 100 or more operational
spacecraft), the preferred post mission disposal option is
“Direct reentry or heliocentric, Earth-escape”. The
ODMSP also states that: “In developing the mission
profile, the program should limit the cumulative reentry
human casualty risk from the constellation”. However,
no cumulative risk limit has been established for
spacecraft re-entries. To cope with this problem, W.H.
Ailor of the Aerospace Corporation suggested using the
Range Commanders Council (RCC) document RCC 321
[11] as a guidance on how that risk might be managed
[12,13]. Concerning acceptable risk criteria for the
General Public (GP), the RCC document states that the
collective risk for the GP must not exceed a casualty
expectancy of 10~ for any single mission. If the annual
risk is measured, collective risk for the GP should not
exceed a casualty expectation of 3 x 10~ on an annual
basis. Applying this annual limit to each satellite
constellation or space system as a whole, as proposed by
Ailor [12], could be a reasonable step in the right
direction. However, according to the flight and re-entry
record, the Starlink mega-constellation, for example,
has already marginally exceeded the proposed ceiling in
2020.

6. CONCLUSIONS

We are going through a period of transition concerning
the evolution of space activities. The number of
operational satellites in orbit could increase by a factor
10-20 in the coming decades due to the launch of mega-
constellations.  Furthermore, the application of
mitigation measures, to avoid the accumulation of
satellites in certain orbital regions in order to reduce the
collision risk, would lead to deorbit these satellites at
the end-of-life, significantly increasing the number of
uncontrolled re-entries into the Earth’s atmosphere.
Therefore, even if the risk related to uncontrolled re-
entries is still relatively low compared to all other risks
faced in everyday life, this risk could increase
dramatically over the next few years.

The analysis based on the last 11 years, i.e. the time
period preceding and partially overlapping such
transition phase, confirms that the global casualty
probability is still quite low, of the order of less than 2%
per year. However, if another 4000 or 20,000 satellites
were to re-enter without control every year, the
probability of having at least one casualty would
become about 30% and 80%, respectively, probably
reaching unacceptable values for safety on the ground



and in airspace.

In order to minimize such risk, the components of a
satellite should be designed and made of materials able
to maximize the probability of being burned upon re-
entry into the atmosphere. Also SpaceX promised to
further revise the components of its satellites and to
collaborate with NASA on specific designs that would
minimize the risk of hitting people.

However, also this strategy might not be the most
appropriate over relatively long periods of time and for
thousands of re-entering objects. The problem, in this
case, would be due to the release, in the upper
atmosphere, of large quantities of chemical substances,
like aluminum, that could damage the protective ozone
layer. Another effect of the burning of aluminum is the
production of aluminum oxide which reflects light at
certain wavelengths and, if created in large quantities,
may also change the albedo of the planet.

In order to avoid the release of substances harmful to
the atmosphere, the satellite should not disintegrate
upon re-entry, but in this case it would be necessary for
the re-entry to take place in a controlled way to
minimize the casualty risk. There is therefore no simple
way to address this issue, but it will still be essential that
these problems are well analyzed and discussed to avoid
running into an irreversible situation, where the re-entry
risk is at that point too high to be controlled.
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