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a b s t r a c t 

From the beginning of 2010 to the end of 2022, 951 intact objects (spacecraft and orbital stages) with a 

radar cross-section greater than one square meter re-entered the Earth’s atmosphere uncontrolled. The 

total returned mass was about 1500 t, with a mean of 116 t per year, mostly concentrated (80 %) in 

orbital stages. On average, objects with a mass greater than 500 kg re-entered every 8 days, those ex- 

ceeding 20 0 0 kg every 2 weeks, and those above 50 0 0 kg around 3 times per year. Only 4 % of the 

re-entries came from orbits with an eccentricity greater than 0.1, while 41 % were from nearly circular 

orbits with eccentricity lower than 0.001. 52 % of the re-entries occurred in the northern hemisphere 

and 48 % in the southern one. The areas of the planet most affected were those between 30 ° and 60 °
north. However, excluding the polar regions, the re-entry flux per unit area was relatively uniform, from 

60 ° south to 60 ° north, implying a ground casualty risk mainly driven by the population density. 84 % of 

orbital stages and 19 % of spacecraft exceeded a casualty expectancy of 10−4 , the ceiling recommended by 

several guidelines and standards worldwide. The total ground casualty expectancy over the 13 years ana- 

lyzed was estimated to be 0.194, corresponding to a probability of injuring or killing at least one person 

of about 18 %. After remaining relatively stable from 2010 to 2018, the casualty expectancy and probabil- 

ity have grown systematically from then on, leading in 2022 to a chance of casualty of 2.9 %, with orbital 

stages and spacecraft contributing, respectively, 72 % and 28 %. 

© 2024 International Association for the Advancement of Space Safety. Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

The current cumulative annual global casualty expectancy for 

ncontrolled re-entries of orbital stages and spacecraft is of the 

rder of 10−2 . Hence, the corresponding individual risk is still ex- 

remely low, if compared with the hazards commonly faced in ev- 

ryday life, with a probability of being personally injured of the 

rder of 1 in 800 billion per year. However, this risk is increasing, 

ue to the rapid growth of space launch activities and to the rise 

n world population. Moreover, during the last decades there has 

een a growing consensus, at the international level, in considering 

 casualty expectancy of 10−4 as the risk limit not to be exceeded 

or any individual uncontrolled re-entry [1–5] , while the introduc- 

ion of collective risk limits is currently considered for large space 

ystems, like mega-constellations [ 6 , 7 ]. 

In order to assess the current situation in light of these de- 

elopments, the analyses we have done over the past decade [8–
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1] have been revisited and updated, for the period between 2010 

nd 2022, focusing the attention on the uncontrolled re-entry of 

arge intact objects (orbital stages and spacecraft). In Section 2 , a 

omplete characterization of uncontrolled orbital re-entries is pre- 

ented, in terms of number, type, orbit, mass and geographical dis- 

ribution, to provide the community with data useful for assess- 

ng the size and evolution of the phenomenon, the latitudes of 

he planet most affected, and the grouping of orbital eccentricities 

efore decay, these latter impinging upon the re-entry prediction 

rocess (relative importance of perturbations, re-entry prediction 

ccuracy, definition of uncertainty windows). The casualty risk on 

he ground, and its evolution, are then estimated in Section 3 , as- 

uming the technical standard approach recommended by NASA 

2] , in order to be compliant and comparable with most of the 

ules adopted internationally. A brief discussion of the results and 

 general recommendation conclude the paper. 

. Uncontrolled re-entries of large intact objects 

Considering only the intact objects classified as “large” (i.e. 

ith a radar cross section > 1 m2 ) by the 18th US Space Con- 
ed by Elsevier Ltd. This is an open access article under the CC BY license 
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Table 1 

Large orbital stages re-entered without control from 2010 to 2022, with the associ- 

ated returned mass. 

Year 

Annual number of 

re-entered orbital stages 

Associated returned 

mass [kg] 

2010 26 53,078 

2011 43 104,327 

2012 39 81,193 

2013 38 65,681 

2014 47 87,779 

2015 38 71,420 

2016 37 102,809 

2017 32 61,992 

2018 27 53,758 

2019 50 107,096 

2020 40 93,266 

2021 52 151,476 

2022 56 163,283 

Total 525 1197,158 

Average 40.39 92,089.08 
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Table 2 

Large spacecraft re-entered without control from 2010 to 2022, with the associated 

returned mass. 

Year 

Annual number of 

re-entered spacecraft 

Associated returned 

mass [kg] 

2010 6 9189 

2011 10 19,541 

2012 8 24,751 

2013 13 23,661 

2014 10 22,711 

2015 11 21,279 

2016 11 13,807 

2017 10 11,505 

2018 45 38,931 

2019 21 24,789 

2020 67 18,758 

2021 102 36,578 

2022 112 42,285 

Total 426 307,785 

Average 32.77 23,675.77 
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rol Squadron, from 1 January 2010 to 31 December 2022, 525 or- 

ital stages and 426 spacecraft (951 in total) have re-entered with- 

ut control the Earth’s atmosphere. 1 The total returned mass was 

round 1500 t, corresponding to the re-entry of almost 116 t per 

ear, on average. 2 

80 % of this mass was concentrated in orbital stages, with an 

nnual average of approximately 92 t, and the remaining 20 % in 

pacecraft, with an annual average of about 24 t. Concerning space- 

raft, 65 % had a mass below 500 kg, 18 % exceeded 1 t, 10 % were

ver 2 t, and only 1 % was above 5 t. Re-entering orbital stages

ere decisively more massive than spacecraft, with only 14 % be- 

ow 500 kg. 73 % were more massive than 1 t, 56 % and 7 % ex-

eeded, respectively, 2 and 5 t, while just under 1 % was above 

0 t. 

Based on what was observed in the period analyzed, objects 

ith a mass greater than 500 kg re-entered uncontrolled about 

very 8 days, those with a mass exceeding 20 0 0 kg re-entered 

pproximately every 2 weeks, those with a mass above 40 0 0 kg 

e-entered about every 2 months, and those with a mass greater 

han 50 0 0 kg re-entered approximately 3 times per year. 74 of the 

e-entered orbital stages had a mass greater than 40 0 0 kg. Con- 

erning the re-entries from large satellite constellations, 61 Iridium 

atellites re-entered without control between 2017 and 2020, with 

 total associated mass of approximately 40 t. Regarding Starlink, 

57 satellites re-entered from the beginning of 2020 to the end of 

022, with a total associated mass of about 63 t. 

.1. Annual number of re-entries and returned mass 

The annual number of large orbital stages and spacecraft re- 

ntered without control between 2010 and 2022 is shown in 

ables 1 and 2 , together with the associated returned mass. In 

021, the total returned mass of orbital stages, amounting to nearly 

51 t, was approximately 64 % higher than the average between 

010 and 2022, that is 92 t. Additionally, an ever larger increase, 

f about 77 % with respect to the average, was observed in 2022, 

s a result of a further intensification of space activities. Regarding 

pacecraft, a consistent growth of the number of re-entry events 

as observed since 2020, mostly caused by the disposal of satel- 

ites from the Starlink constellation. As for the spacecraft returned 
1 These numbers were estimated using the database of the US Space-Tack orga- 

ization at https://www.space-track.org . 
2 The main source of mass data was the ESA’s DISCOS database at https:// 

iscosweb.esoc.esa.int/ . 

2

o

182
ass, it increased by approximately 79 % in 2022, compared with 

he average during the analyzed period. 

.2. Evolution of the ratio between re-entry events involving large 

rbital stages and spacecraft 

From 2010 to 2022, the ratio between the number of re-entry 

vents involving large orbital stages and spacecraft was gradually 

ecreasing, going from just over 4, in 2010, to about 0.5 in 2022 

 Fig. 1 , blue curve). This means that while in 2010 the number of

e-entering stages was 4 times that for spacecraft, presently the 

atter are twice as many as the former. The situation then reversed, 

s natural consequence of the disposal of numerous satellites from 

arge constellations operating in low Earth orbit. A typical example 

s represented by Starlink, of which 106 satellites re-entered with- 

ut control in 2022, 90 in 2021, and 61 in 2020. 

On the contrary, the ratio between the returned mass associ- 

ted with orbital stages and spacecraft shows a totally different 

volution ( Fig. 1 , green curve). In fact, in the period analyzed, the 

eturned mass from orbital stages was always larger than that from 

pacecraft, with a minimum ratio occurred in 2018 ( ∼1.4) and a 

aximum in 2016 ( ∼7.4). Moreover, this ratio remained around 4 

ince 2019, showing that the contribution in re-entering mass from 

rbital stages has recently been at least 4 times greater than that 

eriving from spacecraft. 

.3. Orbit eccentricity before re-entry 

Large orbital stages, re-entered uncontrolled between 2010 and 

022, were generally characterized by relatively low values of the 

rbit eccentricity before re-entry ( Fig. 2 ). Only 6 % of the re-entries

ame from elliptical orbits with an eccentricity ( e ) larger than 0.1. 

bout 29 % of the events were from nearly circular orbits ( e < 

.001), 38 % came from orbits with low eccentricity (0.001 < e < 

.01), and 27 % from orbits with low to moderate eccentricity (0.01 

 e < 0.1). During the same period, most of the large spacecraft 

e-entered without control came from quasi circular orbits (56 %), 

ith only 2 % from highly elliptical trajectories ( Fig. 3 ). 33 % came

rom orbits with low eccentricity and just 9 % from orbits with low 

o moderate eccentricity. 

.4. Latitude bands overflown 

On the basis of the distribution in inclination of the 525 large 

rbital stages and 426 large spacecraft re-entered without control 

https://www.space-track.org
https://discosweb.esoc.esa.int/
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Fig. 1. Evolution of the ratio between re-entered orbital stages and spacecraft, in term of number of re-entry events (in blue) and returned mass (in green). 

Fig. 2. Orbit eccentricity distribution before re-entry of large orbital stages decayed 

between 2010 and 2022. 

Fig. 3. Orbit eccentricity distribution before re-entry of large spacecraft decayed 

between 2010 and 2022. 
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Fig. 4. Percentage of orbital stages, re-entered without control between 2010 and 

2022, overflying latitude bands of assigned amplitude. 

Fig. 5. Percentage of spacecraft, re-entered without control between 2010 and 

2022, overflying latitude bands of assigned amplitude. 
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etween 2010 and 2022, the overflown latitude bands were iden- 

ified. For orbital stages, it resulted that nearly 96 % overflew re- 

ions of the planet with latitude boundaries, north and south, > 

0 °; 92 % with boundaries > 20 °; 75 % with boundaries > 30 °;
0 % with boundaries > 40 °; 63 % with boundaries > 50 °; 36 %

ith boundaries > 60 °; 25 % with boundaries > 70 °, and 24 %

ith boundaries > 80 ° ( Fig. 4 ). Just to give an example, the Euro-

ean continent might potentially have been affected by more than 
183
0 % of the uncontrolled re-entries involving large orbital stages 

etween 2010 and 2022. 

In the case of spacecraft, regions of the planet within 10 ° of lat- 

tude, north and south, were overflown in all re-entry events con- 

idered. 99 % of them overflew latitude bands with boundaries > 

0 °; 98 % with boundaries > 40 °; 95 % with boundaries > 50 °;
8 % with boundaries > 60 °; 29 % with boundaries > 70 °, and 28 %

ith boundaries > 80 ° ( Fig. 5 ). Between 98 % and 99 % of these

e-entries, then practically all, might potentially have affected the 

uropean territory. 

.5. Geographical distribution of re-entries 

The geographical distribution, in terms of latitude and longi- 

ude, of uncontrolled re-entries of large orbital stages and space- 
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Fig. 6. Uncertainty window associated with the post-event assessment decay epoch (TIP messages) for the uncontrolled re-entries of orbital stages occurred between 2010 

and 2022. 

Fig. 7. Uncertainty window associated with the post-event assessment decay epoch (TIP messages) for the uncontrolled re-entries of spacecraft occurred between 2010 and 

2022. 
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raft was obtained through the Tracking and Impact Prediction 

TIP) messages issued by the 18th US Space Control Squadron. In 

articular, the TIP message corresponding to the post-event assess- 

ent for each re-entry event was taken into account. Herein, to 

ach decay epoch is associated an uncertainty window, which can 

ange from a minimum of ±1 min to even a few days, in the most

oubtful cases. For the re-entries analyzed, this uncertainty win- 

ow varied between ±1 min, in 485 cases, and ±8640 min ( ±6 

ays) for an orbital stage re-entered on 22 March 2019. 

Of the 498 large orbital stages for which the TIP messages were 

vailable, 325 (65 %) had an uncertainty window of ±1 min asso- 

iated with the post-event assessment decay epoch, 39 ( ∼8 %) a 

indow of ±7 min, 19 ( ∼4 %) a window of ±120 min, and so on

 Fig. 6 ). Concerning the 423 (almost all) large spacecraft for which 

he TIP messages were available, a lower percentage ( ∼38 %), com- 

ared to orbital stages, had an uncertainty window of ±1 min 

ssociated with the decay epoch. The other windows were more 

cattered ( Fig. 7 ), and the maximum was ±2880 min ( ±2 days) for

 satellite re-entered on 30 June 2011. 

Finally, considering the latitude and longitude corresponding to 

he decay epoch of the 921 large intact objects (498 orbital stages 

nd 423 spacecraft) for which the TIP messages were available, ir- 

espective of the uncertainty window, the geographical distribution 

f the re-entries is plotted in Fig. 8 . Fig. 9 shows instead the re-

ntry distribution as a function of latitude, while Fig. 10 does the 

ame as a function of longitude. 

As expected, the longitudinal distribution of uncontrolled re- 

ntries was roughly uniform, with maximum deviations from the 

ean of about 20 % for spacecraft and about 25 % for orbital 

tages, while the latitudinal distribution was affected by the orbital 

nclinations of the re-entering objects. However, in order to have a 

ore accurate picture, the analysis was focused on the subset of 
±

184
ases for which a claimed error of ±1 min was associated with the 

ecay epochs of the TIP post-event assessments. During the period 

onsidered, this applied to 325 orbital stages and to 160 spacecraft. 

he resulting re-entry distribution as a function of latitude is pre- 

ented in Fig. 11 . 

Compared with Fig. 9 , the distribution shown in Fig. 11 appears 

ess symmetrical with respect to the equator. However, the main 

eatures of Fig. 9 are confirmed, or further enhanced, in Fig. 11 . 

mong them, the peak of orbital stage re-entries between 10 ° and 

0 ° north, the secondary peak between the equator and 30 ° south, 

nd a higher occurrence of spacecraft re-entries at mid-latitudes, 

oth north and south, mainly due to the many re-entries (59 % of 

he total) of the Starlink satellites, with inclination around 53 °. 
77 (48 %) out of 160 spacecraft re-entries occurred in the south- 

rn hemisphere, while 83 (52 %) in the northern hemisphere. The 

ame fraction of re-entries per hemisphere was observed for or- 

ital stages, with 156 (48 %) out of 325 occurring in the southern 

emisphere and 169 (52 %) in the northern hemisphere. 

The geographical distribution of uncontrolled re-entries of large 

ntact objects is a function of launch patterns, mission orbits, end- 

f-life practices and the underlying complex dynamics of orbital 

ecay. It is therefore bound to change over time. From September 

992 to December 1996, for example, there was a prevalence of 

ecays in the northern hemisphere as well (56.5% vs. 43.5 %) [12] , 

hile from 2004 to 2015 it was found a prevalence of re-entries 

ccurring in the southern hemisphere (53.5% vs. 46.5 %) [8] . 

.6. Uncontrolled re-entry flux 

Based on the previous data for a total of 485 intact objects (325 

rbital stages and 160 spacecraft), with a claimed re-entry error of 

1 min between 2010 and 2022, the flux of re-entered objects over 



C. Pardini and L. Anselmo Journal of Space Safety Engineering 11 (2024) 181–191

Fig. 8. Geographical distribution of uncontrolled re-entries occurred between 2010 and 2022: orbital stages (in red those with uncertainty window of ±1 min; in pink those 

with greater uncertainties) and spacecraft (in blue those with uncertainty window of ±1 min; in light blue those with greater uncertainties). 

Fig. 9. Distribution per latitude bands of the number of uncontrolled re-entries of 

orbital stages and spacecraft occurred between 2010 and 2022. 
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Fig. 10. Distribution per longitude bands of the number of uncontrolled re-entries 

of orbital stages and spacecraft occurred between 2010 and 2022. 
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ix latitude bands of the Earth’s surface was computed ( Fig. 12 ), 

ividing the number of re-entered objects in each band by the area 

f the corresponding latitude band. The relative re-entry flux per 

nit area, compared with the average value over the total Earth 

urface, is given in Table 3 . 
ig. 11. Distribution per latitude bands of the number of uncontrolled re-entries of orbita

ncertainty window of ±1 min. 

185
For orbital stages, the re-entry flux was higher than average be- 

ween 30 ° south and 60 ° north. For spacecraft, it was higher than 

verage at mid-latitudes, between 30 ° and 60 °, both north and 

outh. Overall, the areas of the planet most affected by the un- 

ontrolled re-entry of large intact objects were those between 30 °
nd 60 ° north. However, excluding the polar regions, with latitudes 
l stages and spacecraft occurred between 2010 and 2022, and characterized by an 
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Fig. 12. Flux of uncontrolled re-entries per unit area, occurred from 2010 to 2022 

and characterized by an uncertainty window of ±1 min, over six latitude bands of 

the Earth’s surface. 

Table 3 

Relative re-entry flux per unit area, compared with the average value over the total 

Earth surface (2010–2022). 

Latitude band Spacecraft Orbital stages 

from −90 ° to −60 ° 37.3 % 59.5 % 

from −60 ° to −30 ° 153.7 % 88.8 % 

from −30 ° to 0 ° 70.0 % 111.6 % 

from 0 ° to 30 ° 75.0 % 110.4 % 

from 30 ° to 60 ° 146.8 % 117.3 % 

from 60 ° to 90 ° 93.3 % 41.2 % 
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xceeding 60 °, the re-entry flux was relatively uniform from 60 °
outh to 60 ° north, roughly implying a ground casualty risk manly 

riven by the population density. This is quite similar to what was 

ound from 2004 to 2015, although in that case the maximum flux 

as observed between 30 ° and 60 ° south [8] . 

. Evaluation of the casualty risk on the ground between 2010 

nd 2022 

Specific guidelines and standards to minimize the risk to hu- 

an life and property on the ground have been defined, over the 

ears, by several space agencies and organizations [1–5] . This led 

o a growing consensus in considering a casualty expectancy of 
Fig. 13. Casualty area corresponding to the casualty expectancy threshold of 10−4 , e

186
0−4 as the risk threshold not to be exceeded for any individual 

ncontrolled re-entry. The main factors affecting the estimations 

f the risk of human casualties include the number of debris ex- 

ected to reach the surface of the Earth, the kinetic energy of each 

urviving fragment and the amount of the world population poten- 

ially at risk [ 10 , 11 ]. 

A crucial metric to represent and evaluate the potential risk 

rom re-entering debris is the so-called total debris casualty area 

 AC ), which for a re-entry event is the sum of the casualty areas 

f all the pieces able to survive the harsh re-entry conditions [2] . 

he human casualty expectation, better known as the casualty ex- 

ectancy ( EC ), is obtained – for unsheltered people – as the prod- 

ct of the total debris casualty area ( AC ) and the average popula- 

ion density ( PD ) in the latitude band overflown by the re-entering 

bject, that is: 

C = AC × PD (1) 

For instance, a world-wide casualty expectancy of 1:10,0 0 0 can 

e currently (2022) reached in a single uncontrolled re-entry event 

f the total casualty area of the surviving fragments is between 4 

nd 11 m2 , depending on the orbital inclination of the re-entering 

bject ( Fig. 13 ). For inclinations lower than 20 ° and higher than 

0 °, the average population density is lower and a higher total ca- 

ualty area is needed to obtain a given casualty expectancy (be- 

ween 6 and 11 m2 below 20 ° and from 6 to 9 m2 above 55 °). For

ntermediate inclinations, between 20 ° and 55 °, the mean popu- 

ation density is higher and a total casualty area as small as 5 m2 

ay be sufficient to exceed the 10−4 casualty expectancy threshold 

or orbit inclinations between 24 ° and 43 °. 

.1. Total debris casualty area 

Very detailed information on the design and the materials used 

o build the object under scrutiny is needed to obtain realistic es- 

imates of the casualty area. However, this crucial information is 

issing in most of the cases and detailed fragmentation analy- 

es are only available for a very limited subset of re-entry events. 

herefore, in all cases where this information is not available, it is 

ecessary to resort to alternative, albeit coarser, methods to esti- 

ate the casualty area. 

In a previous work [ 10 , 11 ], various relationships for AC were ob-

ained starting from the estimate of the casualty area available for 

 sample of space objects (spacecraft and orbital stages), mostly 

lready re-entered, and then fitting the results obtained with sim- 

le mathematical functions in terms of the re-entering mass ( M ). 
stimated in 2022 as a function of the orbit inclination of re-entering objects. 
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Fig. 14. Expected number of casualties per unit casualty area versus inclination, from 2010 to 2022. 

Fig. 15. Casualty area associated with orbital stages re-entered uncontrolled from 2010 to 2022. 
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mong the various relationships obtained [ 10 , 11 ], the following 

as adopted in this paper to estimate the total debris casualty 

rea: 

C = 0 . 05627M0 . 7563 (2) 

here AC is given in m2 and M in kg. 

.2. Expected number of casualties per unit casualty area 

The casualty expectancy EC ( Eq. (1) ) can be obtained by multi- 

lying the object’s casualty area, in terms of the re-entering mass 

f the object, by the expected number of casualties per unit casu- 

lty area, corresponding to the re-entry year and to the orbit in- 

lination of the decaying object. The latest was available in [ 10 , 11 ],

nd its evolution in time is herein represented from 2010 to 2022 

 Fig. 14 ). 

.3. Casualty expectancy and casualty probability 

The casualty probability P ( k ), where k is the number of victims, 

an be obtained, from the average number of the expected casual- 

ies EC , using the following Poisson distribution: 

(
k
)

= Ek 
c · e−Ec 

k ! 
(3) 

Herein EC was estimated by multiplying the expected number 

f casualties per unit casualty area by the casualty area obtained 

ith Eq. (2) . 
187
.4. Casualty area of orbital stages re-entered uncontrolled from 2010 

o 2022 

Eq. (2) was used to compute the casualty area of the 525 or- 

ital stages re-entered between 2010 and 2022, as a function of 

he returned mass associated with them ( Fig. 15 ). The 4 highest 

eaks observed in Fig. 15 ( AC > 100 m2 ) refer to the first stages

f the Chinese launcher CZ-5B, with a mass of 21,600 kg each, re- 

ntered without control from 11 May 2020 to 4 November 2022. 

he peaks that follow, in order of height, belong to 5 Soviet upper 

tages, including one from SL-16 (Zenit-2) and 4 from SL-23 (Zenit- 

), which re-entered between 19 March 2011 and 27 January 2018, 

ith mass ranging from 8360 to 9300 kg [9] . There are then 5 up-

er stages of the Chinese rocket CZ-2F (70 0 0 kg), 6 of the Chinese

auncher CZ-7 (60 0 0 kg), 4 Indian upper stages (5300 kg) of the 

SLV launcher, 15 American second stages (4300 kg) of the Falcon 

 rocket, and many others of 4 t, or less. 

The total casualty area associated with large orbital stages re- 

ntered uncontrolled from 2010 to 2022 was 9553 m2 , with an av- 

rage casualty area per object of about 18 m2 . 

.5. Casualty area of spacecraft re-entered uncontrolled from 2010 to 

022 

Also for the 426 spacecraft re-entered uncontrolled between 

010 and 2022, Eq. (2) was used to compute the casualty area as 

 function of the re-entering mass ( Fig. 16 ). The two highest peaks 

n Fig. 16 ( AC > 40 m2 ) correspond to the Progress-M 27 M cargo 

hip, with a mass of 7289 kg, re-entered on 8 May 2015 [8] , and

o the Tiangong-1 space station, with a mass of 7150 kg, re-entered 
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Fig. 16. Casualty area associated with spacecraft re-entered uncontrolled from 2010 to 2022. 

Fig. 17. Casualty expectancy associated with orbital stages re-entered uncontrolled from 2010 to 2022. 

o  

R

a

S  

j

u

s

3

f

5

i

c

i

8

c

p

1

t

b

t

3

2

4

Fig. 18. Distribution, per casualty expectancy interval, of the re-entries of large or- 

bital stages occurred uncontrolled between 2010 and 2022. 
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n 2 April 2018 [13] . The peak around 40 m2 is associated with the

ussian payload IPM-3/PERSEY, re-entered on 5 January 2022 with 

 mass around 60 0 0 kg. The NASA satellite UARS, re-entered on 24 

eptember 2011 with a mass of 5668 kg [14] , accounts for the peak

ust below 40 m2 (the first in the figure from left to right). 

The total casualty area associated with spacecraft re-entered 

ncontrolled from 2010 to 2022 was 3059 m2 , with an average ca- 

ualty area per object of about 7 m2 . 

.6. Casualty expectancy for orbital stages re-entered uncontrolled 

rom 2010 to 2022 

Using Eqs. (1) and 2 , the casualty expectancy estimated for the 

25 orbital stages re-entered between 2010 and 2022 is illustrated 

n Fig. 17 . As for the casualty area, the highest peaks were asso- 

iated with the 4 first stages of the Chinese launcher CZ-5B, but, 

n addition to these, most of the re-entered stages (approximately 

4 %; see Fig. 18 ) were characterized by a casualty expectancy ex- 

eeding the alert threshold of 10−4 . No stage had a casualty ex- 

ectancy below 10−5 , while 84 (16 %) had EC between 10−5 and 

0−4 ( Fig.18 ). Fig. 17 also highlights a slow and gradual increase of 

he casualty expectancy during the last few years, mainly caused 

y the re-entry of many Chinese stages, including those related to 

he CZ-5B launcher. 

.7. Casualty expectancy for spacecraft re-entered uncontrolled from 

010 to 2022 

Using Eqs. (1) and 2 , the casualty expectancy estimated for the 

26 spacecraft re-entered between 2010 and 2022 is illustrated 
188
n Fig. 19 . As for the casualty area, the highest peaks correspond 

o the re-entry of the most massive vehicles, with some small 

hanges in trend, compared with Fig. 16 , caused by different con- 

ributions from the population density at various epochs and in- 

linations. Moreover, contrarily to the behavior observed for or- 

ital stages ( Fig. 17 ), the casualty expectancy related to re-entering 

pacecraft has been generally quite low in recent years. The only 

xception was represented by the Russian payload IPM-3/PERSEY, 

n January 2022, with an estimated casualty expectancy slightly 

igher than 5 × 10−4 . For most of the spacecraft re-entered in the 

ast few years, mainly represented by those of the Starlink constel- 

ation – with a re-entering mass around 227 kg for 60 of these and 

60 kg for the remaining 197 – EC was below the alert threshold. 

he estimated casualty expectancy for each Starlink satellite was 

bout 6.4 × 10−5 , using Eq. (2) to compute the casualty area. 
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Fig. 19. Casualty expectancy associated with spacecraft re-entered uncontrolled from 2010 to 2022. 

Fig. 20. Distribution, per casualty expectancy interval, of the re-entries of large 

spacecraft occurred uncontrolled between 2010 and 2022. 

c

r

t

l

c

3

t

g

n

a

c

p

c

y

p

C

f

a

c

c

c

c

t

2

e

s

a

Fig. 21. Cumulative annual global casualty expectancy associated with uncontrolled 

re-entries of large spacecraft and orbital stages occurred between 2010 and 2022. 

Fig. 22. Casualty probability associated with uncontrolled re-entries of spacecraft 

and orbital stages occurred between 2010 and 2022. 
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As summarized in Fig. 20 , 81 % of the re-entered large space- 

raft were characterized by EC < 10−4 , while 19 % exceeded the 

isk threshold of 10−4 . Therefore, although the situation, from 2010 

o 2022, was much better than for orbital stages, about one in five 

arge re-entering spacecraft still surpassed the recommended risk 

eiling. 

.8. Cumulative annual global casualty expectancy 

For large orbital stages, the total casualty expectancy from 2010 

o 2022 resulted to be around 1.51 × 10−1 , corresponding to a 

lobal casualty probability of approximately 14 %. Its average an- 

ual value was 1.16 × 10−2 , equivalent to a global casualty prob- 

bility slightly above 1 % per year. For large spacecraft, the total 

asualty expectancy was 4.27 × 10−2 , implying a global casualty 

robability of about 4 %. The average annual EC was 3.28 × 10−3 , 

orresponding to a global casualty probability of about 0.3 % per 

ear. 

The evolution of the cumulative annual global casualty ex- 

ectancy is shown in Fig. 21 , both for spacecraft and orbital stages. 

oncerning large spacecraft, it was below the 2010–2022 average 

rom 2010 to 2017. It increased by nearly 46 %, with respect to the 

verage, in 2018, due to the re-entry of 41 satellites of the Iridium 

onstellation, then approached again the average in 2019, with a 

umulative value around 3.2 × 10−3 . Afterwards, a progressive in- 

rease of the cumulative casualty expectancy was observed, mainly 

aused by the re-entry of many satellites of the Starlink constella- 

ion. The increase with respect to the average was around 144 % in 

022, even if only 5 % of the spacecraft had a casualty expectancy 

xceeding the 10−4 threshold that year. 

Regarding large orbital stages, the cumulative annual global ca- 

ualty expectancy was below the 2010–2022 average, or marginally 

bove (in 2011 and 2016), up to 2018, then it definitely increased 
189
n the following years, growing by nearly 76 % in 2021 and by ap- 

roximately 82 % in 2022, compared with the average. In 2022, al- 

ost 79 % of the uncontrolled re-entries of large orbital stages had 

 casualty expectancy exceeding the 10−4 threshold, and the total 

asualty expectancy associated with them was 0.0212 ( Fig. 21 ). 

.9. Casualty probability 

The annual probability that uncontrolled re-entries could have 

njured or killed at least one person on the ground was estimated 

sing Eq. (3) , and the results obtained are shown in Fig. 22 . For

pacecraft, this was below 0.5 % until 2020, then reached 0.8 % in 

022. Therefore, the casualty probability associated with the un- 

ontrolled re-entry of spacecraft is still quite low, but the disposal 

f satellites from the current planned mega-constellations could 
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Table 4 

Cumulative annual casualty expectancy (EC ) and casualty probability for large intact 

objects (spacecraft and orbital stages) re-entered uncontrolled from 2010 to 2022. 

Year Total EC per year Casualty probability [%] 

2010 0.0073 0.72 

2011 0.0141 1.39 

2012 0.0120 1.19 

2013 0.0108 1.07 

2014 0.0123 1.22 

2015 0.0108 1.07 

2016 0.0148 1.46 

2017 0.0098 0.97 

2018 0.0119 1.17 

2019 0.0173 1.70 

2020 0.0163 1.61 

2021 0.0276 2.69 

2022 0.0293 2.85 
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ignificantly increase the likelihood of casualties on the ground in 

he coming years [ 10 , 11 ]. 

For re-entering orbital stages, the re-entry risk was always sig- 

ificantly higher, at least in the period analyzed, than that repre- 

ented by spacecraft. In 2022, the total casualty expectancy asso- 

iated with spacecraft was 0.0082, corresponding to a probability 

f having at least one victim of 0.8 %. The casualty expectancy as- 

ociated with orbital stages was instead 0.0212, corresponding to a 

robability of having at least one victim on the ground of a little 

ore than 2 %. Chinese upper stages accounted for nearly 65 % of 

he total risk, Russian/Soviet stages for about 15 %, and American 

tages for approximately 15 % (with 8 % associated with Falcon 9 

econd stages). Therefore, in 2022, the risk represented by the un- 

ontrolled re-entry of orbital stages slightly exceeded 72 % of the 

otal. 

A global casualty probability of the order of 2 % per year may 

till seem quite low, but it can no longer be ignored, also because 

t has grown nearly four times from 2010 to 2022 and may in- 

rease even more in the coming years, as a consequence of the 

apid growth of space launch activities, if a significant fraction of 

rbital stages will continue to re-enter without control [ 15 , 16 ]. 

Between 2010 and 2022, the cumulative annual casualty ex- 

ectancy and probability due to the uncontrolled re-entry of large 

ntact objects, i.e. spacecraft and orbital stages, are summarized in 

able 4 . Globally, during the 13 years from the beginning of 2010 

o the end of 2022, the total casualty expectancy from uncontrolled 

e-entries of large intact objects was estimated to be 0.194, cor- 

esponding to a casualty probability of about 18 %. On an annual 

asis, the chance of injuring or killing at least one person on the 

round varied between 0.7 %, in 2010, and 2.9 %, in 2022. The 

ean annual value was 1.47 % ± 0.63 %, but from 2010 to 2018 

t was 1.14 % ± 0.22 % and relatively stable. Only after 2018 did a 

ignificant upward trend begin to appear, multiplying in 2022 by 

lmost a factor of four the casualty probability estimated for 2010. 

. Conclusions 

Following previous analyses [ 8-12 , 15 ], the statistics and ground 

asualty risk of uncontrolled re-entries of large spacecraft and or- 

ital stages were revisited and updated, for the 13 years from the 

eginning of 2010 to the end of 2022. The fragments from decay- 

ng space objects have fortunately not caused any casualties so far, 

nd the individual risk from uncontrolled re-entries is still rela- 

ively small. However, the global risk was found to have increased 

istinctly since 2018, and it may further grow in the coming years, 

ue to the significant evolution of space activities. In any case, it 

an no longer be ignored. 

In 2022, almost 79 % of the uncontrolled re-entries of orbital 

tages and 5 % of those of spacecraft had a casualty expectancy 
190
xceeding 10−4 , namely the upper limit recommended by sev- 

ral safety and mitigation guidelines, standards and national laws 

dopted worldwide. Still in 2022, the global probability of having 

t least one person on the ground injured or killed by a debris 

rom uncontrolled re-entries reached 2.9 %, a value certainly not 

egligible and attributable for almost 3/4 to orbital stages. 

These results may be affected by several uncertainties, begin- 

ing with the adoption of the standard method recommended by 

ASA [2] for estimating the casualty expectancy. The casualty area 

stimates are individually uncertain as well, being obtained from 

 simplified relationship fitting the distribution of a reduced sam- 

le of (mostly simulated) cases. Finally, the results for spacecraft 

ight be currently biased by the re-entries from a single constel- 

ation, namely Starlink, which could be much more, or much less, 

emising than assumed. That said, the approach taken is consistent 

ith the international standards used for re-entry risk assessment 

nd that is the best we can do now with the available information. 

Therefore, based on our assessments, any initiative and effort 

imed at changing the present situation, leading to widespread 

se of controlled re-entries not only for spacecraft, but for orbital 

tages as well, can only be welcome. An important step in this di- 

ection is undoubtedly represented by the «Letter to Space Agency 

eaders on reducing risks from uncontrolled reentries of rocket 

odies and other space objects», promoted by the Outer Space In- 

titute of the University of British Columbia, in Vancouver, Canada. 

16] . 
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