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APPENDIX A: BASIC DATA

DISE-2024 is a global, aggregate, dynamic integrated economy-space model (a type of In-
tegrated Assessment Model, IAM) that encompasses both human activities in the Earth
and outer space. Following the tradition of climate-change IAMs, the model consists of
two interdependent modules: an economic module and a space environmental module.
Human activity in space produces a negative externality in the form of orbital debris de-
teriorating the space environment, which in turn negatively affects economic growth. The
economic module is based on the optimal neoclassical growth model by Ramsey (1928),
which is extended to incorporate a space economy sector. The space environmental mod-
ule is built on a three-equations dynamical system that models the accumulation of three
types of orbital debris: derelict satellites, rocket bodies, and fragments. Given the diverse
nature of variables and parameters in DISE-2024, we draw on a wide range of data sources,
including economic databases from the World Bank, International Monetary Fund (IMF),
Penn World Table (PWT), Bureau of Economic Analysis (BEA), and United Nations Pop-
ulation Division, as well as space activity databases from the National Aeronautics and
Space Administration (NASA), European Space Agency (ESA), Union of Concerned Sci-
entists, (UCS), Space-Track (US Space Forces), Satellite Industry Association (SIA), Space
Foundation, and Jonathan C. McDowell databases.

Human activity in space began in 1957. Since then, space has been populated by an in-
creasing number of human-made objects. A portion of these objects are operational satel-
lites that provide a variety of services to Earth’s users. However, another significant por-
tion consists of non-functional objects, classified as orbital debris, which are by-products
of launches, operational activities in orbit, and an endogenous in-orbit process of debris
fragments emissions due to breakups and collisions. Regarding human activity in outer
space, two key data points are fundamental: the number of launches and the number of
satellites inserted into orbit, both of which are considered components of investment in
the space sector.

The number of launches is a fundamental variable in the analysis for three reasons.
First, launches are the current technical method by which spacecraft are inserted into or-
bit. While not an economic variable in themselves, launches are an integral part of the
investment process in space capital. Second, the number of satellites per launch varies
depending on the launch vehicle and the size of the satellites, which decouples rocket
launches from the number of satellites inserted into orbit. Third, launches are the primary

source of orbital debris with the current technology. Most existing launch vehicles consist
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of several stages, and the upper stages of rocket bodies often remain in orbit after the pay-
load has been deployed. Additionally, during the payload insertion phase, various pieces

(such as payload fairings and connection parts between stages) are jettisoned.
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FIGURE A.1. Number of launches per year (1957-2023). Source: NASA

Figure A.1 plots the annual number of launches for the period 1957-2023. Over time,
we can distinguish four stages. The first stage covers the first 10 years of space exploration,
during which the number of launches increases rapidly, primarily driven by the space-race
between the US and the Soviet Union. From the early 1970s to the end of the century, we
observe a decline in the number of launches, as the space-race between the two super-
powers lost intensity, and also due to the disintegration of the Soviet Union. The third
stage begins with the new century and the entry of private firms into the market, firms that
are not only satellite operators, but with launch capabilities (the new space economy). This
state spans from 2000 to 2021. In 2022 launch activity experimented a sharp increase with
the advent of satellite constellations, and in particular, with the activation of the Starlink

satellite constellation by SpaceX, the leading and most active space firm on the World. The
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number of launches in 2020 was 107, but increased to 138 in 2021, 186 in 2022, and 217 in
2023.

Figure A.2 displays the number of new satellites inserted into orbit each year. A sig-
nificant change is clearly visible in the last three years of the sample period. For most of
the period, the number of new satellites inserted into orbit remained relatively constant, at
around 200 per year. However, this trend began to shift in 2014 with the entry of more pri-
vate firms into the market, and particularly accelerated in 2022 and 2023 with the launch
of large satellite constellations. Although 542 satellites were inserted into orbit in 2019, this
number increased to 2,950 by 2023. The large number of satellites inserted in the last two
years is mainly due to the deployment of Starlink satellite constellation of SpaceX and the

OneWeb satellite constellation.
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FIGURE A.2. Number of new satellites inserted into orbit (1957-2023). Source: NASA

Table A.1 shows some relevant data about human activity in Earth’s orbits and the
amount of debris estimated by the ESA as of December 2023. Since the beginning of space

exploration until December 2023, around 6,500 successful launches have taken place. The
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total number of satellites launched is 16,990, although only 11,500 remains in Earth” or-
bit. Of this number, around 8,500 to 9,000 are operational. As already indicated, a rocket
launch can include more than one satellite or spacecraft. Indeed, the relationship between
launches and new satellites in orbit is changed dramatically in recent years due to the use
of small and micro satellites and the higher power and payload capacity of launch sys-
tems. The number of estimated incidents by the ESA, including break-ups, explosions, col-
lisions, or anomalous events, resulting in fragmentation, is approximately 630. The NASA
Breakups database by Anz-Meador et al. (2022) identifies a total of 268 breakup events,
including collisions of intact objects with debris, deliberate collisions, self-destruction of
payloads, and explosions of intact objects. One of the most significant incidents was the
collision on February 10, 2009 between an active US communications satellite (Iridium 33)
with a defunct Russian military communications satellite (Kosmos 2251). Both satellites
were destroyed in the collision, producing around 2,200 pieces of new tracked debris mea-
suring at least 5 cm (NASA, 2007). However, the most severe incident was intentional:
an anti-satellite military test that resulted in the destruction of the Fengyun-1C (a Chinese
satellite) on January 1, 2011, by a kinetic weapon, producing an estimated 3,037 pieces
of new tracked debris (NASA,2011). Most of the activity takes place at Low-Earth-Orbit
(LEO, between 200 and 2,000 km), and at Geostationary Orbit (GEO, at 35,786 km).

The categorization of space debris is typically based on size and the availability of ap-
propriate technology for tracking fragments in outer space. Orbital debris is tracked using
Earth-based radar systems and optical telescopes. These systems can detect and monitor
objects larger than 10 cm in low Earth orbit (LEO) and larger than 30 cm in geostationary
orbit (GEO). In general, debris are classified according to size into three categories: Debris
larger than 10 cm, debris between 1 cm and 10 cm, and debris between 1 mm and 1 cm.
This classification is also based on the expected damage that can be produced by a piece of
debris depending on its size. The NASA Standard Breakup model (Johnson et al., 2001) es-
timates that a catastrophic collision occurs when the ratio of the impactor energy to mass
of the target exceeds 40 Joules (J) per gram (g). Locke et al. (2024) define a catastrophic
collision as one in which two objects collide at an impact velocity above 6 kilometers (km)
per second (s) and with an energy in the range 35-45 J /g, sufficient for both to break apart.
For a collision speed of 10 km/s of a 10 cm impactor, Locke et al. (2024) estimate a lower
bound of an impact energy of 1.3 M]J, or about 9 J/g for a large satellite and 59 J/g for a
small satellite. These authors assume that the probability of a catastrophic event is 100%

for a debris of 10 cm, 10% for a debris of 1 cm, and 0.01% for a debris of 1 mm. They use a
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simple probabilistic model using previous figures, resulting in an average lethality proba-
bility of 21.7% for debris between 1 cm and 10 cm, and an average lethality probability of
0.09% for debris between 1 mm and 1 cm. A 3 mm of debris impacting at 10 km /s produces
an energy similar to a bullet (a kinetic energy of 1.9 KJ, equivalent to 0.45 grams of TNT),
and a 1 cm piece produces a kinetic energy of 70.7 KJ (equivalent to 16 grams of TNT).
McKnight et al. (2021) indicate that, using data from growth test and on-orbit tests, the
energy threshold for catastrophic breakups is 40 ] /g of target mass. This corresponds to a
target mass to projectile mass ratio of 1250 at 10 km/s (Kessler et al., 2010). Breakups mod-
els consider that fragments larger than 20 cm typically have a mass of over 1 kg and would
almost always cause a catastrophic collision. The LEGEND model predicts that only 45%
of the collision between cataloged objects (those larger than 10 cm) will be catastrophic,

and 55% will be non-catastrophic (Johnson et al., 2001).

TABLE A.1. Basic space data

Number of rocket launches 6,500
Number of satellites inserted into orbit 16,990
Number of satellites in orbit 11,500
Number of operational satellites 9,000
Number of fragmentation events ESA 630
Number of fragmentation events NASA 268
Number of rocket bodies 2,050
Number of derelict satellites 3,500
Number of tracked objects by SSN 35,150
Estimated number of orbital debris greater than 10cm 36,500

Estimated number of orbital debris between 1lem and 10cm 1,000,000
Estimated number of orbital debris between Imm and 1ecm 130,000,000

Source: ESA and NASA. December 2023.

Based on previous information, we can conclude that debris smaller than 1 cm gen-
erally poses a low risk of catastrophic satellite damage. While their destructive power
is estimated to be minimal, such debris can still significantly impair critical systems and
shorten the operational lifespan of satellites. On the other hand, debris larger than 1 cm
can be very dangerous due to the high speed of collisions. Therefore, in calculations the
probability of destruction for operational satellites, derelict satellites, and rocket bodies,

we use the population of debris larger than 1 cm.
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Projections from various space debris models, such as ESA’'s MASTER (Meteoroid
and Space Debris Terrestrial Environment Reference) model, estimate that as of Decem-
ber 2023, there are 36,500 pieces of debris larger than 10 cm in diameter, 1,000,000 objects
between 1 cm and 10 cm, and over 130 million fragments between 1 mm and 1 cm. As os
that date, the total number of debris pieces tracked by the United States Space Surveillance
Network (SSN) was 35,150.

For calibration and computational reasons (particularly due to variable scaling), we
first calculate the population of orbital debris larger than 10 cm, which we assume can be
approximated by the number of tracked and cataloged non-operational objects. Then, us-
ing estimates from the ESA’s MASTER model, we calculate the ratio between the estimated
number of debris between 1 cm and 10 cm and the estimated number of debris larger than
10 cm to obtain the total number of debris larger than 1 cm, which are considered poten-

tially fatal.



A.1 Operational satellites

Using the model’s equations and historical data, we estimate key space variables, namely
the number of operational satellites in orbit and the number of satellites destroyed by
collisions. First, the stock of operational satellites in orbit is estimated using the following
equation for t=1957 to 2023,

St=(1—-10s)St—1+Hi — X; (A1)

where S; is the stock of satellites at time ¢, H; is the number of newly inserted satellites
as shown by Figure A.2, X; is the number of satellites destroyed by collision with debris,
and & is the depreciation rate for satellites (see Appendix C). The initial value for the
stock of satellites is S1957 = 3, given that S195 = 0 and Hjgs; = 3. Figure A.3 plots the
estimated stock of operational satellites for the period 1957 to 2023, resulting from running
equation (A.1) for the period. Whereas the number of operational satellites were around
1,000 from 1970 to 2013, from 2016 onwards, the number of satellites experienced a sharp
increase, with the building of Starlink and OneWeb satellite constellations. The estimated
number of operational satellites for the year 2023 is of 8,391. The ESA estimates around
9,000 operational satellites. Those figures can be compared with the number of operational
satellites in the USC satellite database at May 2023 (last update) of 7,561. Based on this
information, we consider that the initial stock of satellites in orbit for the simulation of the
model is of 8,500. Around 84% of operational satellites are in LEO, 12% in GEO, and the
rest (4%) in MEO. However, the model is an aggregate model and does not distinguish by
altitude.

Notice that, to compute the number of operational satellites in orbit, we need to know
the number of satellites that have been destroyed by collision with orbital debris. The

number of satellites destroyed is calculated as,
Xt = (1 - Ut)BDtSt (A2)

where D; is the stock of orbital debris, v; is the collision avoidance capability, and 6 is the
collision risk parameter (see Appendix D). In this expression, D; represents pieces of debris
larger than 1 cm. v; represents the fraction of potential collisions that can be avoided by
altering the orbit of the operational satellite. This depends on the tracking, alert-systems,
and maneuvering capacities of the satellite. This variable will be a key factor for comput-
ing damages, and it represents a factor that disentangles the population of orbital debris
with the risk of collision. In the baseline model, v; takes a value of one for the collision

avoidance and ESA zero debris scenarios, and a value of zero for the rest. This assumption
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FIGURE A.3. Estimated stock of operational satellites (1957-2023)

is made for the sake of simplicity. In reality, the value of v; is positive and increasing over
time as tracking systems are developed and new satellites incorporate automatic collision
avoidance systems.

Figure A.4 plots the estimated annual number of operational satellites destroyed by
collisions resulting from the model for the period 1957-2023. The estimated number of
fatal collisions is below 1, except for the last year of the sample period. Nevertheless, the
accumulative sum of the estimation is seven for the full sample period. Estimated figures
are not far from the data about losses of operational satellites by collision. Both the ESA’s
DISCOS database and the NASA’s breakups database (Anz-Meador et al., 2022) account
for a total of five collision events between operational satellites and orbital debris in each
database. However, combining the two databases accounts for six different events and
also includes a number of fragmentation events involving satellites for which the cause is
unknown.

Many satellites have been lost or have suffered damages from impacts with microme-
teorids and orbital debris, but also due to internal failures. Some of these events are only

suspected, and difficult to determine the real cause of the damages. The earliest suspected
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FIGURE A.4. Estimated number of operational satellites destroyed by collision

loss was of Kosmos-1275, a Soviet Union positioning satellite that fragmented on 24 July
1981 (a month after launch). However, there is no evidence that the destruction of this
satellite was caused by a collision with orbital debris or by an internal explosion. NASA
(2022) indicates that the Russian authorities reported that the destruction of the satellite
was due to a battery explosion. Tracking by NASA showed that it broke up into 479 ob-
jects. The first known collision took place on December 23, 1991 with the destruction of
Cosmos-1934. However, the ESA’s DISCOS database classifies the fail of the Ayame-1 due to
the Delta rocket fails in the insertion into planned orbit on February 6, 1979, as a collision,
given that the 3rd stage of the launcher came in contact with the satellite after separation,
producing 3 cataloged debris. Another collision took placed on July 24, 1996, between a
French microsatellite (Cerise) and debris from a French Ariane-1 H-10 upper-stage rocket
that had exploded in November 1986, but although the impact occurred, the satellite re-
mained operational. The most significant known incident was the collision on February
10, 2009, between an active U.S. communications satellite (Iridium-33) and a defunct Rus-

sian military communications satellite (Kosmos-2251), resulting in the destruction of both
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satellites. This collision created around 2,370 pieces of catalogued pieces of debris. On Au-
gust 23, 2016, the Sentinel-1A was hit by a small fragments on its sollar array, producing 9
cataloged debris. Finally, on November 21, 2021, the Yunhai-1-02 collided with a fragment
of a Russian rocket, producing 37-38 fragments.

Table A.2 collects relevant information about operational satellite collision events as
collected in the ESA’s DISCOS database and in the NASA’ Breakups databse by Anz-
Meador et al. (2022).

TABLE A.2. Operational satellite collisions

Name Date Cataloged debris Apogee (Km) Perigee (Km)
NASA ESA

Ayame-1 6-Feb-1979 - 3 - -
Cosmos-1934  23-Dec-1991 3 2 1,010 950
Cerise 24-Jul-1996 2 1 675 665
Iridium-33 10-Feb-2009 2,371 2,375 780 775
Sentinel-1A 23-Aug-2016 9 - 698 696
Yunhai-1-02 15-Nov-2021 38 37 785 780

Source: ESA’s DISCOS and NASA's Breakups (Anz-Meador et al., 2022).

Apart from the confirmed events included in ESA and NASA databases, there are more
suspected but nonconfirmed colissions. On March 29, 2006, the Russian Ekspress-AM11
communications satellite was struck by an unknown object and rendered inoperable. On
March 12, 2010, Aura lost power from one-half of one of its 11 solar panels, which resulted
damaged. On January 22, 2013, BLITS (a Russian laser-ranging satellite) was struck by
debris suspected to be from the 2007 Chinese anti-satellite missile test, changing both its
orbit and rotation rate. On 22 May 2013, GOES-13 was hit by an object, which caused it to

temporary lose track of the stars that it used to maintain an operational attitude.
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A.2 Orbital debris

The stock of debris is calculated as the sum of three components: Intact objects comprising
both derelict satellites and rocket bodies, and fragments. Following standard classification
by ESA, fragments are defined depending on their size, considering three types: fragments
larger than 10 cm, between 1 cm and 10 cm, and between Imm and 1cm. We denote F; ; as
the population of fragments larger than 10 cm, F, ¢ as fragments larger than 1 cm, and F3
as fragments larger than 1mm. Derelict satellites and upper stages rocket bodies, including
ullage motor, have sizes larger than 10 cm.

The amount of orbital debris is defined as,
Diy=Wi+Z;+F; for i=1,2,3 (A.3)

where W; is the stock of derelict satellites, Z; is the stock of rocket bodies, and F;; is the
stock of fragments other than derelict satellites and rocket bodies, depending on their size.
In our analysis, the population of debris used to calculate the risk of collision is Dy, that
is, debris larger than 1 cm in size. The model computes fragments larger than 10 cm. Then,

we assume that,
Fy=(1+T)F, (A4)

where I is a scale parameter calibrated from the estimated population of debris fragments
by size by the ESA (Appendix D).

In the space engineering literature, we can find a large number of orbital debris evo-
lutionary models. In practice, several models for simulating the population dynamics of
orbital debris have been developed by several authors (Farinella and Cordelli, 1991; Tal-
ent, 1992; Cordelli et al. 1993; Rossi et al. 1994; Rossi and Farinella, 1998; Lewis et al. 2009;
Lafleur, 2011; Percy, 2015; Letizia et al. 2017, D’Ambrosio et al. 2022; and Lifson et al. 2022).
On the other hand, debris evolutionary models have been developed by some governmen-
tal space agencies: the National Aeronautics and Space Administration (NASA), with the
EVOLVE and LEGEND models; the European Space Agency (ESA), with the DELTA and
MASTER models; the Japan Aerospace Exploration Agency (JAXA), with the NEODEEM
model; the China National Space Administration (CNSA), with the SOLEM model; the
United Kingdom Space Agency (UKSA), with the DAMAGE model, and the Centre Na-
tional d’Estudes Spatiales (CNES), with the MEDEE model.

Farinella and Cordelli (1991) developed a simple model with two differential equa-
tions. Talent (1992) developed the PIB (particles-in-a-box) model. Lewis et al. (2009) de-
veloped the FADE (Fast Debris Evolution) model, consisting in a first-order differential
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equation to estimated the number of new objects larger than 10 cm that are added and re-
moved from the environment. Lafleur (2011) extended the model by Farinella and Cordelli
(1991) to include collisions between intact satellites (both operational or not) and between
fragments. D’Ambrosio et al. (2022) and Lifson et al. (2022) develop a debris evolutionary
model for LEO with the aim of obtaining an estimate on the maximum number of satellites
can be fit in LEO. They used a PIB model based on a system of differential equations to
describe the time evolution of different types of objects.

A variety of debris evolutionary models have been developed to integrate with eco-
nomic models. Rouillon (2020) and Guyot and Ruillon (2023) developed a simplified
model with two types of debris: large objects representing derelict satellites and rocket
bodies, and small fragments. Rao and Letizia (2022) utilized a multi-shell and multi-
species PIB model of the debris environment. Rao et al. (2023) developed the OPUS model.
Percy (2015) and Guyot (2024) extended the two-population debris model to different lay-
ers (altitude), where atmospheric drag moves debris from upper layers to lower layers.
Bongers and Torres (2023) developed a single dynamic equation with emissions related to
launches and collisions. A more complex model was developed by Bongers et al. (2025).

The DAMAGE (Debris Analysis and Monitoring Architecture for the Geosynchronous
Environment) model was developed by the University of Southampton (Lewis, 2020) for
the UKSA. NASA developed initially the EVOLVE model in 1986 for LEO debris environ-
ment between 200 and 2000 km altitude (Krisko et al., 2001). The EVOLVE debris model
has been replaced by the LEGEND (LEO-to-GEO Environmental Debris) model (Liou et
al., 2004), which reproduces the historical debris environment from LEO to GEO. The
ESA has developed the MASTER (Meteoroid and Space Debris Terrestrial Environment
Reference) model as a replecement for the previous DELTA model, whereas the Japan
Aerospace Exploration Agency (JAXA) developed the NEODEEM (Near Earth Orbital De-
bris Environment Evolutionary Model) model, and the China National Space Administra-
tion (CNSA) developed the SOLEM (Space Objects Long-term Evolution Model) model
(Wang and Liu, 2019).
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A.3 Derelict satellites

The first type of debris is abandoned end-life satellites in orbit. This is an intact object, but
the presence of residual fuels and batteries can produce an explosion and fragmentation

of these objects. The law of motion of derelict satellites, W;, is given by,

WZ
Wit = (16— &)W —0(Zt + Foy + (1 — 04)St) Wi — 9% + x3sS; (A.5)

where J, is the natural orbital decay rate of derelict satellites, €, is the decay rate of derelict
satellites due to breakups, v; is the collision avoidance capability, and yx is the fraction of
non-operational satellites abandoned in orbit. Values for these parameters can be found
in Appendix D. The first term of the right side accounts for the reduction in the stock of
derelict satellites due to natural causes or internal explosions. The second term of the right
side accounts for the reduction due to collision with other debris and with operational
satellites. Finally, the last term of the right side accounts for the number of non-operational

satellites abandoned each period.
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This accumulation equation is used to estimate the stock of derelict satellites in orbit.
The initial value for derelict satellites is set to zero. Accordingly to the ESA, the number
of derelict satellites in orbit as of 2023 is approximately 3,000. The DISCOS database, as
January 2025, reports a total of 13,582 payloads, encompassing both operational and non-
operational satellites. Figure A.5 plots the estimated number of derelict satellites in orbit
from the model for the period 1967-2023, with an estimated value of 3,524 for the year
2023.

Furthermore, it is possible compare the estimations with NASA’s, estimates for the
stock of spacecraft, which includes both operational satellites and derelict satellites
(NASA, 2024). Figure A.6 compares the values from the NASA database with the sum
of estimates values from Figures A.3 and A.5. For the period 1960 to 2010, the model’s
estimates are higher than the number of spacecraft tracked by NASA. However, the fig-
ures converge towards at the end of the period, which is significant as this will be the
initial value used for the model simulation. In 2023, the NASA tracked 11,860 spacecraft,

whereas the model estimates 11,915.
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A.4 Rocket bodies

The second type of orbital debris is rocket bodies. Rocket bodies are the upper states of
launch vehicle systems. Standard launch vehicles systems are composed of different stages
(two to four). Whereas first stages are expended at low altitude and return to Earth, the
last stage usually remains in orbit once the payload has been released if not deorbiting
procedure is implemented.

As in the case of derelict satellites, rocket bodies are large intact objects that are suscep-
tible to breakup. The final stages of launch system contain residual fuel and pressurized
tanks that degrade under the extreme conditions of space, potentially leading to explosion
and fragmentation of the rocket. According to Anz-Meador et al. (2022), there have been 83
rocket body breakups, resulting in a total of 8,315 tracked fragments. The first rocket body
breakup occurred on 17 October 1970 with the explosion of a NASA AGENA-D stage. Ad-
ditionally, ullage motors, relatively small rocket engines attached to the last stage of the
launch system, are also intact objects subject to breakup. Anz-Meador et al. (2022) report
53 breakup events of ullage motors producing a total of 664 pieces of tracked debris.

Historically, not all final stages of launch vehicle systems have been abandoned into
orbit, as some launch systems are reusable vehicles. This is exemplified by NASA’s Space
Shuttle program, which commenced its first flight in April 1981. The Space Shuttle was
attached to a large external tank containing liquid oxygen and hydrogen, along with two
solid rocket boosters (SRBs). In the first stage of flight, once the solid propellant was ex-
hausted, the two SRBs were jettisoned and parachuted into the ocean for recovery and
reuse. In the second stage, after the main engines consumed the propellants, the external
tank was jettisoned, disintegrated upon reentry, and its remnants fell into the ocean. Pay-
loads, such as satellites or other spacecraft, were deployed into orbit using a robotic arm.
Upon mission completion, the orbiter vehicle re-entered Earth’s atmosphere and landed
for refurbishment and reuse. NASA’s Space Shuttles completed 135 missions, whereas the
Soviet Union’s Buran shuttle completed only one flight. This type of launch vehicles can be
classified as debris-free partially reusable launch vehicles. More recently, several private
firms are developing reusable launch vehicles. SpaceX'’s Starship, although not yet opera-
tional, has completed four orbital test flights. The upcoming ninth test flight, scheduled for
May 27, 2025, will mark the first time a previously flown Super Heavy booster is reused.
This test is significant in advancing the development of fully reusable launch systems.

The accumulation equation of rocket bodies is a positive function of the number of

launches, and a negative function of the natural decay rate, the breakups, and the collisions



Appendix DISE-2024 17

with debris. The law of motion for rocket bodies, Z;, is given by,

Z2
Zi1=(1-06;—e)Zt —O(Wy + Fop + (1 — v¢)St) Zs — 97f + oLy (A.6)

whereas J, represents the natural decay rate of rocket bodies, €, denotes the fraction of
rocket body breakups, ¢ is the fraction of rocket bodies per launch, and L; is the number of
launches at the time ¢. Tracked rocket bodies are included in the NASA database, Monthly
objects in orbit by type.

Figure A.7 illustrates the trajectory of rocket bodies tracked by NASA along the esti-
mates generated by the model using expression (A.6). Despite the approximation of con-
stant parameters for natural decay and breakup rates of rocket bodies, the estimate result-

ing from expression (A.6) is similarly align the rocked bodies tracked by NASA.
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A.5 Fragments

Finally, the third type of debris is fragments. The law of motion for fragments includes two

endogenous sources of orbital debris: Breakups and collisions. Formally,

Fl,t+1 = (1 - ‘Sf)Fl,t + wLi + (Pwewwt + (PZSZZt + v Xt + ')’we(zt + FZ,t)Wt

W? 72
+7w97 + ')’29(Wt + F2,t)Zt + 729% (A7)

where J; denotes the natural decay rate of fragments, w represents the number of frag-
ments generated per launch, ¢, is the number of fragment produced per derelict satellite
breakup, ¢, is the number of fragments per rocket body breakup, 7s is the number of
fragments resulting from a collision between an operational satellite and debris, 7, is the
number of fragments from a collision between derelict satellites with debris, and -y; is the

number of fragments resulting from a collision of rocket bodies with debris.
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FIGURE A.8. Estimated number of fragments larger than 10 cm
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A.6 Self-destruction and anti-satellite tests

A significant amount of orbital debris has been intentionally generated beyond the normal
operational release of objects. This type of debris originates from the deliberate destruc-
tion of satellites. An example is a series of Soviet Union Cosmos satellites, which incor-
porated self-destruction explosive charges. Some Cosmos satellites, particularly military
ones, were equipped with self-destruct mechanisms for security reasons. These mecha-
nisms could be activated in cases of system failure, risk of capture by adversaries, or upon
mission completion. The self-destruction typically involved an explosive charge designed
to fragment the satellite into smaller pieces. According to the NASA breakups database
(Anz-Meador et al., 2022), there have been 51 self-destruction events of Cosmos satellites,
resulting in a total of 2,109 cataloged debris pieces.

The other intentional source of orbital debris has been the testing of direct-ascent anti-
satellite (DA-ASAT) weapon systems. These systems involve modified or specialized mis-
siles capable of reaching altitudes well above 100 km. Such missiles can either directly col-
lide with a spacecraft (kinetic weapons) or damage it through the explosion of a warhead
a broad area. Four nations: the US, Russia, China, and India, have conducted DA-ASAT
tests(see Table A.3). The first true DA-ASAT tests was conducted by the US in 1959, when
a missile launched from a B-47 bomber came within four miles of the Explorer VI satellite,

demonstrating the feasibility of anti-satellite weapons.

TABLE A.3. Direct-ascent ASAT tests

Date Country Target  Altitude Cataloged debris
13 September 1985 US  Solwind P-78 555 1,150
11 January 2007 China  Feng-Yun 1C 865 3,449
21 February 2008 us USA-193 247 174
27 March 2019 India Microsat-R 300 129
15 November 2021 Russia  Cosmos-1408 485 1,500

Source: Bongers and Torres (2023)

On 13 September 1985, the United States conducted a direct-ascent anti-satellite (DA-
ASAT) test targeting the Solwind P78-1, a U.S. gamma-ray spectroscopy satellite. The satel-
lite, weighing 850 kg and orbiting at an altitude of 555 km, was destroyed by an ASM-135
ASAT missile launched from an F-15A aircraft. The test resulted in 1,150 (initially 285) cata-
loged pieces of orbital debris. On 21 February 2008, the U.S. conducted another DA-ASAT

test, known as Operation Burnt Frost, targeting the malfunctioning U.S. reconnaissance
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satellite LISA-193, which had a mass of approximately 2,300 kg. The satellite was inter-
cepted at an altitude of 247 km using a modified RIM-161 Standard Missile 3 launched
from a naval vessel. This test produced 174 pieces of orbital debris that were cataloged by
the U.S. military.

China was the second country to test DA-ASAT weapon systems (Weeden, 2020a) as
the Soviet Union focused on the development of battle-stations (Salyut-3), Killer satellites
(Cosmos-185, 242, 375, 2521, 2536). The most important test took place on 11 January 2007,
when China destroyed its own Feng-Yun 1C weather satellite, which had a masst of 750kg
and was at an altitude of 865 km. This test resulted in the creation of 3,438 cataloged pieces
of debris (NASA, 2007). On 13 November 2015, Russia conducted its first DA-ASAT test,
followed by additional tests in December 2018, April 2020 and December 2020 (Kommel
and Weeden, 2020). The most recent DA-ASAT test by Russia occurred on 15 November
2021, resulting in the destruction of a defunct Soviet satellite (Cosmos-1408) at an altitude
of 485 km, producing 1,500 pieces of tracked debris according to the USSC (NASA, 2022).

Finally, the last country to join this club was India. India joined in 2019, with an DA-
ASAT test in March 2019 that destroyed Microsat-R at an altitude of 300 km (Pfrang and
Weeden, 2020b). This test created a reported 129 tracked pieces of debris, but given the low
altitude of the test, the decay rate is high (Jiang, 2020).

Debris fragments have also been produced by orbital weapon systems. For instance, on
20 October 1968 a Soviet Union killer satellite (Cosmos 252) attacked Cosmos-248, producing
a total of 252 tracked debris fragments (Bongers and Torres, 2023).
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A.7 Debris larger than 10 cm

Debris larger than 10 cm, D 4, represents the population of debris estimates by the model.
This includes fragments larger than 10 cm, derelict satellites, and rocket bodies. The ra-
tionale is that for calibrating the parameters of the debris evolutionary model we use in-
formation about cataloged debris. Given the existing space surveillance technology, only
debris larger than 10 cm can be tracked, although some smaller pieces can also be tracked
in LEO. Therefore, we assume that cataloged debris are those larger than 10 cm, and hence
this is the debris type estimates by the model.

Figure A.9 plots the estimated number of debris larger than 10 cm for the period 1957-
2023, including cataloged debris from ASAT tests. The jumps observed in the time series
correspond to debris fragments created by DA-ASAT tests, which are totally exogenous.
It can be observed that the estimated number of debris by the model is significantly larger

than those reported by Space-Track or NASA.
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FIGURE A.9. Estimated number of objects in orbit estimated by the model, tracked by NASA, and
tracked by the US Space Forces
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A.8 Debris larger than 1 cm

From the estimated number of debris larger than 10 cm and using the scale factor indicated
above, we obtain the estimated number of debris larger than 1 cm, which is the relevant
size of debris to estimate the risk of collision. Figure A.10 plots the estimated historical tra-
jectory debris larger than 1 cm, including fragments, rocket bodies, and derelict satellites,
resulting from the calibrated model. The estimated figure for the year 2023 is 1,005,750, a
number close to the 1 million orbital debris pieces larger than 1 cm estimated by the ESA
by December 2023.
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FIGURE A.10. Estimated number of orbital debris larger than 1 cm
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APPENDIX B: INITIAL VALUES

The model is simulated taking 2023 as the base year. For the simulation of the trajectories
of the model variables, we need initial values for the state variables and other relevant
variables for the initial year. For population (i.e., labor), the figure for the year 2023 is taken
from the United National Population Division (World Population Prospects, 2024), with a
value of 8,056 million, and an asymptotic population value of 10,200 million. The initial
value for World GDP is taken from the World Bank Economic Indicators, and is 184.65
trillions in 2023 international US$. Other sources of World GDP estimation are the IMF
and Penn World Tables. From the IMF Investment and Capital Stock Dataset, 1960-2019,
World GDP was 124.2 trillions in 2017 international US$ for the year 2019 (175.53 trillions
international US$ at current 2023 prices). This figure as estimated in the Penn World Tables
(PWT 10.01, Feenstra et al. 2015), for World GDP in the year 2019 is of 125.5 trillions 2017
international US$ (177.37 trillions in 2023 international US$). All three estimates are fairly
similar, taking into account that the estimate from the World Bank is for the year 2023,
whereas the estimates from the IMF and PWT are for the year 2019.

World capital stock is taken from the IMF Investment and Capital Stock Dataset, 1960-
2019, as the sum of private and public capital for the year 2019, with a value of 316.25
trillion 2017 international US$ (446.95 trillion in 2023 international US$). The correspond-
ing figure from the PWT is higher 535.12 trillions 2017 international US$, (756.27 trillion
in 2023 international US$). Comparing both databases, we find a large difference in the
estimates for the capital stock. Using data from the IMF, the World capital/GDP ratio is
2.55, whereas using the PWT, the ratio is 4.26.

We calculate Earth capital and space capital using the steady state proportion as fol-
lows. First, as indicated in appendix C, labor share is fixed to be 0.65. Given the assump-
tion of constant returns to scale, the capital share, for Earth and space capital, is 0.35. Next,
from the Euler equations for capital investment in steady state, with no risk of collision,

we obtain that,

(1+g)"=8 (oq% +1—5k) (A.8)
and
(1+8)7(1+g9) =8 <a2y(1sm) +1 —(55) (A.9)

for the Earth capital and space capital, respectively. We assume that consumption growth

rate is 2%. Using the calibrated values for the parameters (Appendix C), and taking into
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account that the launch cost is 30% of total investment in space capital, we obtain that,

184.
(1.02)'® = 0.9852 <0.34:798k65 +1-— 0.07> (A.10)
and
(1.02)° x 1.03 = 0.9852 (0.0()21184'65SXO‘7 +1- 0.15) (A.11)

From that we obtain that initial Earth capital stock is estimated to be k = 552.747, and that
space (satellites) capital stock is s = 1.203, trillion international US dollar. The fraction of
Earth capital is 99.78% of total capital, with space capital accounting for the rest 0.22%. The
stock of space capital is small given the small ouput-satellite elasticity and the fraction of
launch costs. Table B.1 summarizes the initial values for the base year (2023) used for the

solution of the model.

TABLE B.1. Initial values for the year 2023

Variable Value Units Source
World GDP 184.65  Trillions international US$ World Bank
Earth Capital stock 555.6987  Trillions international US$ Model
Space capital stock 1.1959  Trillions international US$ Model
Launch cost 0.30 Percentage of total cost  Adilov et al. (2022)
World Population 8,056 Millions inhabitants United Nations
Operational satellites 8,500 Units ESA
Number of launches 217 Units NASA
Derelict satellites 3,500 Units ESA
Rocket bodies 2,050 Units NASA
Orbital debris > 10 cm 36,500 Units NASA/ESA
Orbital debris > 1 cm 1,036,500 Units NASA/ESA
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APPENDIX C: CALIBRATION OF ECONOMIC PARAMETERS

For the calibration of economic parameters, it is necessary to take into account that we
are modeling the global economy, including both the Earth and space. Outer space is a
global commons and any country or firm with enough financial resources and the neces-
sary technology can access space. However, only a few countries have spacecraft launch
capabilities, and not all countries operate satellites. However, services produced by satel-
lites are consumed worldwide. The US is the absolute leading spacefaring country. Private
spacefaring companies are also dominated by US companies, such as SpaceX. However,
an increasing number of countries are also developing space industries and gaining space-
craft launch capabilities.

The economy module of DISE-2024 includes some standard parameters in the macroe-
conomic literature, although it also includes some new parameters related to the space sec-
tor. This set of parameters includes the social pure discount factor, the elasticity of marginal
consumption, the technological parameters of the production function, and the physical
capital and satellite depreciation rates. For that set of parameters, we use standard values
from the literature. Additionally, the model includes two technological growth processes:
Total Factor Productivity (TFP) and Investment-Specific Technological Change (ISTC) in
satellites, and the labor growth rate (see Appendix E).

TABLE C.1. Baseline calibration of the economic parameters of DISE-2024

Parameter  Definition Value  Source
0 Pure time preference parameter 0.015  Nordhaus (2008)
Intertemporal marginal consumption rate 1.50 Nordhaus (2008)
a1 Capital share 0.3479 BEA
oy Satellite share 0.0021 BEA
Ok Capital depreciation rate 0.07  Standard
Js Satellite depreciation rate 0.15 NASA

U Conversion parameter 4941 Internal
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C.1 The pure rate of time preference (p)

The pure rate of time preference reflects how individuals value present consumption com-
pared to future consumption. The rate of time preference indicates the degree to which
people prefer to receive goods or utility sooner rather than later, that is, it is a measure of
the impatience of households. This reflects individual preferences for present consump-
tion over future consumption, indicating how much current utility is valued compared to
future utility. A higher rate implies a stronger preference for the present compared to the
future. The relationship between the pure rate of time preference and the social discount
rate is a fundamental aspect of economic theory, particularly in the context of public pol-
icy and welfare economics. The social discount is the rate used to convert future costs and
benefits into present values when evaluating public projects and policies. It represents so-
ciety’s preference for current benefits over future ones. Therefore, this is a key parameter
for the design and implementation of mitigation policies for emissions which effects are
long-lasting.

The social discount rate often incorporates the rate of time preference along with con-
siderations for economic growth and risk. A higher rate of time preference implies a higher
social discount rate, suggesting that society prioritizes present benefits over future ones.
This can lead to less investment in long-term projects, such as infrastructure or environ-
mental sustainability. Conversely, a lower rate of time preference (or higher growth expec-
tations) may result in a lower social discount rate, allowing for greater consideration of
long-term benefits. The choice of the social discount rate also has significant implications
for intergenerational equity. A high discount rate may prioritize current generations at the
expense of future ones, while a lower rate can promote policies that consider the welfare
of future generations more equitably.

The appropriate level of the social discount rate is an important debate in macroeco-
nomics and, especially, in environmental economics, at it is an indicator of how society
values future benefits relative to present ones. Some authors argue for a lower rate to
account for the welfare of future generations, while others emphasize the uncertainties as-
sociated with long-term forecasts. In the literature, we find two alternative approaches for
determining the social discount rate: the prescriptive and the descriptive approaches. The
prescriptive approach derives a normative social discount rate based on ethical consider-
ations (Ramsey, 1928; Stern, 2006). The descriptive approach calculates the social discount
rate based on observed interest rates. The social discount rate based on ethical considera-

tions is obtained through surveys of academic experts and is much lower than that based
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on market interest rates. In contrast, the descriptive approach relies on observed interest
rates, resulting in a much higher social discount.

The social discount rate has proven to be a key parameter for assessing the implica-
tions of climate-change policies. Estimated values range between the 2% per year used
by Weitzman (2007) and the 0.1% used by Stern (2006). The US Interagency Group uses a
central value of 3%, with a low bound of 2.5% and an upper bound of 5%. Barro (2015)
argues that the use of low discount rates is inconsistent with empirical evidence and no
supported by the theoretical side.

With a CRRA instantaneous utility function, we have that in steady state 7t = p 4+ 0gc ¢,
where ¢ is the discount rate (interest rate) representing the net present value of a dollar in
t year, o is the intertemporal marginal consumption rate, and g is the growth rate. This is
the so-called Ramsey equation. With a steady-state growth of 2% and a relative risk aver-
sion parameter of 2, the discount rate ranges between 6% and 4.1%, aligning with values
commonly used in standard Dynamic Stochastic General Equilibrium (DSGE) macroeco-
nomic models. For the baseline calibration, we fix the value of p to be 1.5% per year.

The Ramsey equation is obtained as follows. The problem solved by an infinitely-lived

representative household can be formulated as,

max; <1+p)t (ct) (C.1)

subject to the following budget constraint,
cttbr=yr+ (1+r1)b (C2)

where 0; is the stock of savings, y; is labor income, and r; is the interest rate of savings. It
is assume a utility function of the Constant Relative Risk Aversion (CRRA) type, defined
as:

Cl—a
l1—0

where ¢ is the coefficient of relative risk aversion. The first-order condition for maximiz-

U(e) = (c#1) (C3)

ing utility requires that the marginal utility of consumption is equated across time. The

marginal utility of consumption at time ¢ is given by:
U'(cr)=¢;7 (C.4)

First order conditions are derived by solving the following Lagrange problem

1 t Cl—(r
L= (1-1-.0> 1% —Ae(er+ b —yr — (14 14-1)bs—1) (€5)
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First order conditions are:

;7 —AM=0 (C.6)
1 \! t+1
—— A — 1 Aty1=0 C7
<1+p> t+<1+p> (L+7) A (C7)
Combining both first-order conditions, we get,
_ 1+7r _
o7 = 1+pct+{71 (C.8)
taking logarithms of both sides yields:
—oln(ct) =In(1+r¢) —In(1+p) — oln(cs41) (C.9)

Let got = C'C—tl — 1 denote the growth rate of consumption. For small g. ¢, we have that:
In(cry1) =In(cr) +In(1 4 ger) = In(cr) + Qe t (C.10)
Substituting into the logarithmic expression:

—oln(c;) =In(1 + 1) —In(1 4 p) — o(In(ct) + g¢) (C.11)

Finally, assuming that r; and p are small, In(1 + r¢) ~ r¢, and In(1 + p) =~ p, we arrive

to

rE=p0+0gc (C12)
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C.2 Intertemporal marginal consumption substitution parameter (o)

This parameter reflects the curvature of the utility function, which is the inverse of the elas-
ticity of marginal utility of consumption. See, for instance, Szpiro (1986), Dasgupta (2008),
and Weitzman (2007, 2009). A higher o (a lower elasticity of intertemporal substitution)
means the household is less willing to substitute consumption intertemporally. The use of
a CRRA instantaneous utility function makes the value of the intertemporal substitution is
equal to the inverse of the coefficient of relative risk aversion, both reflecting the curvature
of the utility function. Formally, the elasticity of marginal utility of consumption is defined

as the curvature of the utility function,

"
o=—co () (C.13)
u'(c)
where U'(c;) = ¢; 7 and U"(c;) = —oc; 7. Typically, o is assumed to be independent of

the reference consumption path, c;, although there is no clear reason why it should be
so (Dasgupta, 2008). In standard models, for the class of utility functions in which o is
constant, the larger this parameter, the greater the curvature of the utility function. For the
typical specification of the utility, U(C) is bounded above but unbounded below if o > 1,
while the reverse holds if o < 1.

In the literature, the relative risk aversion parameter ¢ takes values between 1 (a log-
arithmic instantaneous utility function) and 3. For example, Stern (2006) use a value of 1,
Nordhaus (2008) uses a value of 1.5, whereas Nordhaus (2017) uses a value of 2. In our
baseline calibration, we set the value of ¢ to 1.5 in the baseline calibration. Most stud-
ies that have quantified global climate change impacts assume ¢ = 1; however, there is a
growing number of studies that rely on the elasticity of marginal utility of consumption
above the unity (e.g., Cline (1992) assumed ¢ = 1.5). Evans (2005) estimates the elasticity of
marginal utility of consumption for 20 OECD countries based on the structure of personal
income tax rates, finding an average value of around 1.4, with a range from a value of 1.00
for Ireland to 1.82 for Australia. However, other authors use large values. For instance,
Mehra and Prescott (1985) estimate values greater than 10.

The literature has developed a variety of alternative methods to estimate these pa-
rameters: Direct estimation of the consumption Euler equation (Hansen and Singleton,
1982), methods based on income tax data (Stern, 1977), approaches using asset returns data
(Mehra and Prescott, 1985), direct survey-based methods (Barsky et al., 1997), or based on
the labor supply distortions by tax (Chetty, 2006). Stern (1977) used income tax data for
the UK and suggested a value of ¢ around 2, with a range between 1 and 10. Barsky et al.
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(1997) surveyed 11,707 middle-aged respondents in the US to elicit measures of risk tol-
erance, the elasticity of intertemporal substitution, and time preference. They found that
there is substantial heterogeneity in these preference parameters. In their study, they re-
port the mean of the coefficient of relative risk aversion ranging form 0.7 to 15.8, with the
average at about 4.0.

Finally, some authors relax the assumption of a time-separable utility function and in-
stead use an Epstein-Zin utility function with dynamic preferences (Epstein and Zin, 1989).
This utility function allows for the separation of the risk aversion and the intertemporal
elasticity of substitution and hence makes it possible to investigate how alternative values
for these two parameters affect households’ the intertemporal decisions. See, for example,
Ackerman et al. (2013).
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C.3 Output-capital elasticity parameters (a1, o)

For the calibration of technological parameters, we proceed as follows. First, we assume
that capital and labor income shares are fixed over time. Dynamic macroeconomic models
typically assume that output-input elasticities remain constant over time. With a Cobb-
Douglas technology, technological parameters representing the elasticity of output with
respect to capital and labor are equal to the capital and labor income share, respectively.
We fix the labor share to be 0.65. Given the assumption of constant returns to scale,
this means that the sum of the technological parameters for Earth capital and space cap-
ital is 0.35 (i.e., @1 + ap = 0.35). Corrado et al. (2023) calibrate the space sector’s share of
the overall economy at 0.0056. The Bureau of Economic Analysis (BEA, 2023) estimates
that space industry contributed 129,9 billion dollars to the US economy in 2021 (0.6% of
GDP), supporting a total of 360,00 full- and part-time jobs in the private space industry.
Space Foundation (2023) estimates that the global space economy had a total impact of
$546 billion for the year 2022. The satellite Industry Association (SIA, 2023) estimates that
the global space economy accounted for $384 billion for the year 2022. Using this informa-
tion, we allocate the capital share between Earth capital and space capital. The elasticity
of output with respect to satellites equipment is calculated as a; = 0.35 x 0.006 = 0.0021.
Hence, the elasticity of output with respect to Earth capital is a1 = 0.35 — 0.0021 = 0.3479.
Nozawa et al. (2023) calibrated a Cobb-Douglas production function including laboz, cap-
ital and satellites, and used a value of 0.002 for the elasticity of output to the stock of

satellites.



32

C.4 Capital depreciation rates (6, ds)

Typically, dynamic macroeconomic models assume that capital stock depreciates at a con-
stant rate over time, although some models consider a non-constant depreciation rate due
to a time-varying use of capital over the business cycle or to structural changes driven by
technological progress, which alter the proportion of the different types of capital assets
used in the economy. Capital depreciation rates greatly vary depending on the type of
capital asset (Fraumeni, 1997). Structures typically show a relatively low depreciation rate
compared to equipment, while capital assets related to information and communication
technologies (ICTs) usually have a much higher depreciation rates. For instance, the Euro-
pean Central Bank (2006) estimates an average capital depreciation rate of 4.6% per year
in the Euro Area, corresponding to an average lifetime of capital stock around 20 years.
By asset type, depreciation rates are approximately 2% for housing, 3% for non-residential
structures, 14% for equipment, and 24% for other assets including software.

Capital depreciation rates also vary across countries, as they have different combina-
tions of capital assets. However, depreciation rates by asset type are fairly similar, and only
in extreme climate conditions can depreciation rates vary substantially. In general, it is as-
sumed that depreciation rates increase with income levels. Gupta et al. (2014) estimate that
depreciation rate of private capital ranges from 4.25% in low-income countries, 8.10% in
middle-income counties, to 10.41% in high income countries. For public capital, deprecia-
tion rates range from 2.5% in low-income, 3.5% in middle-income, to 4.59% in high-income
countries. In the estimation of capital stocks in the Penn World Tables (PWT), depreciation
rates differ across assets, across countries and over time (Feenstra et al., 2015), with aver-
age estimated values of 2% for structures, 12.6% for machinery and 31.5% for computers
and software.

In the literature, standard macroeconomic models use values in the range of 7-10%
per year for aggregate capital depreciation rate (or approximately 0.025 per quarter) in the
case of developed economies. For the world economy, which not only include developed
economies but also developing economies, the depreciation rate would be at the lower
range. Therefore, the depreciation rate of capital other than satellites (what we call Earth’s
capital), &, is set at 0.07.

In calibrating the depreciation rate of satellites, we also take into account that they are
not homogeneous and exhibit specific characteristics that influence their average opera-
tional life. The extreme conditions in outer space and technical characteristics of satellites

determine their life-span, in additions to differences in design depending the mission. A
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satellite’s life-span depends on its type, as well as electrical, mechanical, physical and grav-
itational factors (Gallois, 1987). One important limitation to a satellite’s operational life is
fuel capacity. Indeed, some derelict satellites may remain functionally impact and capable
of delivering services, but are rendered inoperable due to fuel depletion, which prevents
repositioning to the targe orbit. Lifespans vary significantly, from as little as 6 months for
CubSats (miniaturized satellites), to up to 15 years of GEO satellites. For LEO satellites, the
lifespan typically ranges from 3 to 8 years. For example, the expected lifespan of starlink
satellites is of 5-7 years. Bongers and Torres (2023) assume an average lifetime of 8 years
for all satellites, leading to an annual depreciation rate of 0.1733. Nozawa et al. (2023) use a
depreciation rate for satellites of 0.216, based on an assumed average lifespan of 4.64 years

for LEO satellites. In this study, we assume a depreciation rate of 15% per year (Js = 0.15).
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C.5 Conversion parameter (1)

The model includes both economic and physical measurement of the same variable. While
economic variables are measured in monetary values (trillions of international dollar),
physical variables are measured in units. One characteristic of the theoretical model is that
for obtain a numerical solution it is necessary to work simultaneously with both output-
value and physical variables. This forces the introduction of a mapping function between
both types of variables. As a reference, we use the value of satellites and the number of
satellites. This mapping is extended to satellites destroyed by collisions, new satellites
inserted in orbit, and launches.

The conversion parameter from economics variables to physical variables is calculated
internally, dividing the initial number of satellites in units, Sp, by the initial value of the
stock of satellites measured in trillions international US$, s,. Hence, u = 8,500/1.72 =
4,941.9. This value is fixed throughout the simulation horizon. The inverse of this number
can be interpreted as a proxy of the unit value of satellites, including the associated capital

assets used in the space sector.
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APPENDIX D: CALIBRATION OF PHYSICAL PARAMETERS

For the calibration of physical parameters, we primarily rely on data from NASA Breakups
Database (Anz-Meador et al., 2022) and ESA’s DISCOS database (DISCOSweb), supple-
mented by additional sources such as the Union of Concerned Scientists (UCS) Satellite
Database and Jonathan C. McDowell’s satellite datasets. To calibrate the number of frag-
ments generated by breakup or collision events, we use information on cataloged debris.
We assume that debris larger than 10 cm is adequately represented by cataloged fragments.
Accordingly, the calibrated number of fragments corresponds to debris exceeding 10 cm
in size. Using the proportional parameter I', we estimate the population of debris larger
than 1 cm based on the population of debris larger than 10 cm. The calibrated physical

parameters are presented in Table D.1.

TABLE D.1. Baseline calibration of the physical parameters of DISE-2024

Parameter Definition Value Source
i Satellites per launch 13.6  NASA
Ow Derelict satellites natural depreciation rate 0.00015 Lafleur (2011)
0 Rocket bodies nautral decay rate 0.00015 Lafleur (2011)
5f Fragments debris natura decay rate 0.01 Lafleur (2011)
Collision risk parameter 1.25x 10710 ESA
X Fraction of abandoned satellites 040 ESA
@ Body rockets per launch 0.60 ESA
Ew Fraction of dead satellites breakups 0.0010 ESA
€ Fraction of body rocket breakups 0.0012 ESA
w Number of fragments per launch 4.00 ESA
bw Number of fragments per derelict satellite breakup 40.6 ESA/NASA
¢, Number of fragments per rocket body breakup 100.2 ESA/NASA
Vs Number of fragments per operational satellite collision 70 ESA/NASA
Yw Number of fragments per derelict satellite collision 70 ESA/NASA
Yz Number of fragments per rocket body collision 70 ESA/NASA
vy Collision avoidance proportion 0 Baseline

r lcm to 10 cm debris proportional parameter 323 ESA
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D.1 Satellites per launch (1)

Current technology for inserting satellites into orbit is entirely based on rocket launch sys-
tems. Rockets launch vehicles consist in several stages (from two to four). The first stage(s)
provide the initial thrust and separate after fuel is exhausted. The upper stage(s) continue
to propel the satellite toward its target orbit. Typically, a single rocket carries more than one
payload, depending on the rocket’s capacity and the payloads’ size. The number of pay-
loads per rocket launch has significantly increased in recent years due to advancements
in rocket design, more powerful launch systems, and standardization and miniaturization
of satellites. Recent launch systems like SpaceX’s Falcon 9 and Falcon Heavy can carry
dozens or even hundreds of payloads in a single launch, driven by the rise of small satel-
lites and cubesats as well as the enhanced power of rocket engines. This trend reflects the
growing demand for cost-effective access to space and innovations in payload integration

systems.
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FIGURE D.1. Number of satellites per rocket launched

Figure D.1 plots the number of payload per launch for the period from 1957 to 2023. It
can be observed that for most of the period, the number of satellites per launch remained

almost constant around an average of 2 payloads per launch. However, this stable trend
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began to change dramatically starting in 2015, increasing to more than 10 satellites per
rocket in recent years, a sharp change mainly associated with the launch of the satellites of
the Starlink constellation.

For the calibration of the model, instead of using the average number over the histori-
cal sample period, we use the ratio corresponding to the last year of the period, implicitly
assuming that the observed change occurring in recent years will be permanent. The num-
ber of satellites inserted into orbit during the year 2023 is Hy = 2,950, and the number of
launches is Ly = 217. Therefore, y = Hy/ Lo = 13.6. This value is kept fixed throughout the

simulation horizon, as we have no information on how this ratio will change in the future.
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D.2 Fragments natural decay rate (65)

The accumulation process of orbital debris critically depends on their survival time in or-
bit, which is a function of their natural decay rate. The computation of the decay rate of
objects in orbit is a controversial issue in space engineering. The value of this parameter
varies dramatically depending on the altitude of the object, making it difficult to obtain
an average decay rate for the totality of objects in Earth’s orbit. The decay rate of an ob-
ject in orbit depends on a large number of factors, most of which are difficult to estimate
accurately or are highly variable over time, even on an hourly basis. As pointed out by
Niccolai and Mengali (2024), the estimation of the decay rate of an object in orbit is a
very challenging task due to the difficulty to accurately modeling atmospheric proper-
ties and complex orbital dynamics. On the other hand, as pointed out by Lafleur (2011),
the lifetime differs significantly between intact satellites and fragments because fragments
typically have larger surface-area-to-volume ratios. Therefore, we distinguish the natural
decay rate of small fragments from that of large intact objects, such as rocket bodies and
derelict satellites.

The natural decay rate of orbital objects depends on several factors, including the alti-
tude (or atmospheric density), orbit circularity, mass, area, solar radio flux, and geomag-
netic index. The most important factor is the altitude due to the atmospheric drag, which
results from the interaction of the object with the few air molecules present at high alti-
tudes. This drag is very high at low altitudes but extremely low at high altitudes. Atmo-
spheric drag tends to reduce the altitude of an object in orbit (and also circularize the orbit).
The drag reduces the velocity of the object and pulls it towards the Earth. For relative low
altitudes (below 1,000 km), gravitational effects of the Earth is the main factor affecting the
behavior of objects. However, for high orbit, such as GEO, the gravitational effects of the
sun and the moon, as well as solar radiation, are the dominant forces affecting dynamics
of object at that altitude.

The force of gravity acting on an object in orbit serves as a centripetal force. Hence, in
the case of a circular orbit, by applying Newton’s second law along with the relationship
between centripetal acceleration and the object’s linear velocity, the orbital velocity of the

object can be expressed as,

U= % (D.1)

r
where G is the gravitational constant (6.674 x 10711 N x m? x kg™2), M is the mass of the
Earth (5.98 x 10?* kg), and r is the radius of the trajectory (the distance of the object to

the center of the Earth), with the Earth’s radius equal to 6,378 km. As a result of previous
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expression, the conserved mechanical energy of the system (without considering any form

of mechanical energy dissipation), is given by,

GMm 1 , GMm
-t omvT = —

E:
2 2r

(D.2)

where m is the mass of the object measured in kg. Atmospheric models based on previ-
ous calculations are used to predict the decay rate of objects. The decay rate of an object
in orbit is a function of atmospheric density at each point along the orbit, the effective
cross-sectional area perpendicular to the direction of motion, A, the mass m, and the drag
coefficient Cp, which usually estimated from a free molecular flow model. Cp is generally
assumed to be equal to 2.2 (Cook, 1965; Jacchia, 1972), although this can vary depend-
ing on altitude. The combination of these three parameters results in the so-called ballistic

coefficient (King-Hele, 1987). The drag force Fp, is calculated as,
1 2
FD = ECDAPZ) (D3)

where p is the atmospheric density (a function of altitude, latitude, longitude, the season
and time of the day, temperature, thermosphere composition, and the solar and geomag-
netic activity), measured in kg/m?, and v is the velocity measured in m/s. On average, for
a given altitude, atmospheric density can be approximated as a function of two param-
eters: the solar 10 cm radio flux (Fjp), and the geomagnetic index A,. Most drag models
use solar radio flux at 10.7 cm wavelength as a proxy for solar ultraviolet flux. The solar
10 cm radio flux varies between 70 (solar minimum conditions) and 250 (solar maximum

conditions). The rate of energy loss due to drag can be calculate as,
— =—Fpo (D.4)
Substituting for F;, we have,

— = —-CppAd® (D.5)

For the case of near-circular orbits, the semi-major axis a is approximately equal to the
radius of the central body plus the altitude (a ~ r 4 h). The semi-major axis is defined
as the distance from the center of an ellipse to the farthest point along its major axis. As
energy is lost due to atmospheric drag, the semi-major axis gradually decreases, leading

the object to spiral closer to Earth,

de 1 dE_ 1

- - - 77— 3
df ~ GMmdf ~ 2GMm PPA? (D-6)
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For a near-circular orbit we have that dh/dt ~ da/dt, and therefore, the rate of altitude loss
can be calculated as,
dh 1

ot 3
ar ~ 2GMm PP D7)

The object acceleration or the decay orbit, is then calculated as,

_ 1CppA

T2 m

Drag v? (D.8)

Doornbos et al. (2013) indicate that for the case of orbital debris, where both the mass
and the area are unknown, it is more appropriate to estimate the inverse of the ballistic
coefficient rather than the drag coefficient. The inverse of the ballistic coefficient, B, is
defined as,

_ CpA
o m

B (D.9)

Calibrating of the debris natural decay rate is a key issue in this analysis, as this pa-
rameter determines the natural reduction in the stock of debris and, hence, also affects the
distribution of debris as a function of altitude is not homogeneous. The spatial density of
debris shows that it is concentrated in the range 700-900 km (NASA, 2020). Bongers and
Torres (2023) use the average of this figure as a reference, and therefore estimate the av-
erage lifetime of debris at around 150 years. Assuming straight-line decay, this implies an
annual decay rate of 0.0067. This is consistent with the value for the general atmospheric
decay parameter of 0.0062 used by Lewis et al. (2009) in the Fast Debris Evolution (FADE)
model.

The Australian Space Weather Agency (1999) estimated that the lifetimes of space ob-
jects vary significantly with altitude: approximately 1 day at 200 km, 1 month at 300 km,
1 year at 400 km, 10 years at 500 km, 100 years at 700 km, and 1000 years at 900 km. Rao
and Rondina (2023) use data from ESA regarding the residence time of objects in orbit and
calculate a share-weighted decay rate of 7.4% per year for the 600-650 km shell, 5% for
the 650-700 km shell, and 3% for the 700-750 shell. Lafleur (2011) calculates an average de-
bris decay rate for objects in LEO (up to 2,000 km) using the ballistic coefficient, assuming
a representative value of 1.8 kg/m? for fragments. Based on this, he derives drag coef-
ficient under both solar-maximum and the solar-minimum conditions, weighted by the
distribution of objects at different orbit altitudes. Under the solar-maximum conditions,
the average lifetime of debris fragment is of 46.9 years (a decay rate of 0.021), whereas
under solar-minimum conditions, the average lifetime extends to 332.8 years (a decay rate

of 0.003), resulting in a mean decay rate of 0.012 for LEO debris.
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As an example, using the NASA’s breakups database (Anz-Meador et al., 2022), we
calculate the debris decay rate following the collision between Iridium-33 and Kosmos-2251
collision on February 10, 2009, was 1,347. This collision occurred at an altitude of 780 km.
By January 1, 2011, 1,273 pieces of debris remained in orbit, representing 94% of the orig-
inal debris, implying a decay rate of approximately 6% over two years, or about around
0.03 per year, assuming linear decay. Similarly, Iridium-33 produced 528 cataloged frag-
ments, with 492 pieces remaining in orbit by January 1, 2011 (or 93%), which corresponds
to a decay of 7% in two years, or an annual decay rate of approximately 0.035. In contrast,
the intentional destruction of Fengyun-1C during a military test on January 11, 2007, gener-
ated 3,037 pieces of cataloged debris. As of January 1, 2011, 2,932 pieces were still in orbit,
97% of the initial total. This implies a decay rate of just 3% over four years, or approxi-
mately 0.0075 per year. These differences in decay rates are mainly due to the altitude at
which the debris was generated. While Iridium-Kosmos collision occurred at approximately
776 km, the Fengyun-1C even took place at a higher altitude of 860 km, where atmospheric
drag is significantly lower, leading to slower orbital decay.

Table D.2 presents examples of the decay rate derived from NASA’s breakups
database, focusing on five fragmentation events. The first two cases correspond to de-
bris generated by collision, while the remaining three involve breakups, two from rocket
bodies (R/B) and one from a satellite. Even when the collision occurs at the same altitude,
different decay rates are observed. For example, fragments from Iridium-33 show a decay
rate of 0.0557, whereas those from Cosmos-2251 decay at a slower rate of 0.0389. These
discrepancies highlight the role of orbital characteristic, particularly circularity, that is, de
difference between the apogee and perigee, in influencing decay rate. In the case of the
Arabsat-4 rocket body breakup, a relatively low decay rate of 0.0065 is estimated, despite a
perigee of just 495 km. For comparison, fragments from the Telecom-3 rocket body breakup
exhibit a much higher decay rate of 0.1863, even though the orbit ranges from a perigee
of 265 km to an for an apogee of 5,010 km. This sharp contrast is likely driven by the low
perigee, which exposes the debris to significant atmospheric drag. Finally, the breakup of
a satellite in higher, more stable orbit, ranging between 960-1,015 km, results in a decay
rate of 0.033, consistent with expectations for such altitudes.

Locke et al. (2024) assume that all fragments are spherical and model atmospheric drag
using a simplified atmospheric density profile based on the ballistic coefficient, without
accounting for solar radiation pressure. For small debris, they assume that a constant drag
coefficient is 2.2. Prieto et al. (2014) provide a comprehensive review of existing methods

for estimating drag coefficient.
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TABLE D.2. Decay rates for selected case of the NASA’s breakups database

Satellite Apogee (Km) Perigee (Km) of
Iridium 33 780 775  0.0557
Cosmos 2251 800 775 0.0389
Arabsat 4 Briz-M R/B 14,705 495  0.0065
Telecom 3 express MD2 Briz-M R/B 5,010 265 0.1863
Cosmos 1275 1,015 960  0.0033

An online calculator for satellite orbital decay, develop by the Australian Space

Weather Agency, is avaliable at https:/ /www.lizard-tail.com/isana/lab/orbital _decay/.

Below, we present a MATLAB code adapted from the original QBASIC implementation

provide by Australian Space Weather Agency for estimating dec

circular orbits below 500 km.

ay rates of satellites in

0/0>(->E>(->(-****>(->E>(->(->(->(->(->(->{->(->(-************3{-*****************>(->F>(->(->(->(->(->(->E>(->(-************

% ORBITAL DECAY

% Adapted from the QuickBasic code of the Australian Space Weather Agency

% Optimal path for orbital debris

0/0>(-*>(->(->(->F>(->(-***********>(->F>(->(-*>(->(->(-*********************************************

% Get required input parameters

M = input(’'Mass (kg): 7);

A = input(’Area (m"2): 7);

H = input(’Altitude (km): 7);

F10 = input(’Solar Radio Flux (SFU) (40-400): 7);

Ap = input(’Geomagnetic A index (0-280): 7);

% Print information

"ORBITAL DECAY — Model date/time: \%s\n’,
"Mass = %.1f kg\n’, M);

"Area = %.1f m"2\n’, A);

fprintf (' Initial height = %.1f km\n’, H);

fprintf ("F10.7 %.1f, Ap = %.1f\n", F10, Ap);

% Column headings

fprintf ('TIME

fprintf
fprintf
fprintf

~ o~ o~ o~

HEIGHT PERIOD

datestr (now));

MEAN MOTION  DECAY\n");



fprintf (’(days)
% Constants
Re=6378000;
Me=5.98¢e24;
G=6.67e-11;
pi=3.1416;
T=0;

dT=0.1;
D9=dT*3600+%24;
H1=10;

H2=H;
R=Re+Hx1000;

(km) (mins)
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(rev/day)

% Earth radius in km
% Earth mass in kg

% Gravitational constant

% Initial time in days

% Time increment in days

% Time increment in seconds

% Height decrement for printing
% Initial height for tracking
% Orbital radius in meters
P=2xpixsqrt (R"3/(G+Me)); % Orbital period in seconds

% Iteration for orbital decay

while H > 180

% Loop until satellite re—entry

% Atmospheric scale height and density

SH=(900+2.5+(F10-70)+1.5*Ap) /(27 -0.012+(H -200));
DN=6e-10+exp (-(H-175)/SH);

% Change in orbital period
dP=3+pi+A/M=+R+DN=D9;
% Print results when height decreases by Hl

if H<= H2

Pm=P/60;

MVEE1440/Pm;
nMM=1440/((P-dP)/60);
Decay=dP/dT/PsMV;

% Period in minutes

% Atmospheric density

(rev/day”~2)\n’);

% Mean motion in rev/day

fprintf ("%6.1f %8.1f %8.1f
T, H, Pm, MM Decay);

H2=H2-H1;

end

% Update values for next iteration

P-dP;
T+dT;

I = 43
oo

(GxMesPA"2/(4+pin2))~(1/3);
(R-Re)/1000;

% Update print height

% Update period
% Update time

% New mean motion
% Decay in rev/day$\hat{}$2

%10.4f %10.5f\n", ...

% Update height in km

% Update orbital radius
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end
\% Print estimated lifetime of the satellite

fprintf ('Re—entry after \%.1f days (%.2f years)\n’, T, T/365);
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D.3 Derelict satellites natural decay rate (5,,)

The natural decay rate of intact objects in orbit differs significantly from that of orbital frag-
ments. Fragments typically have a much larger surface-area-to-volume ratio compared
to intact objects such as derelict satellites or rocket bodies. This characteristic leads to a
smaller ballistic coefficient for fragments, which in turn results in much shorter orbital life-
time at a given altitude compared to intact objects. Conversely, intact objects have higher
ballistic coefficients and thus remain in orbit for longer periods under similar conditions.
Moreover, the drag coefficient also varies between fragments and intact objects. For, ex-
ample, Locke et al. (2024) report that the space drag coefficient for intact spacecraft ranges
form Cp = 10 for a 6U cubesat to Cp = 35 for a larger NOAA-20 type satellite. These values
reflect the variation in size, shape, and surface properties that affect how objects interact
with the residual atmosphere in low Earth orbit.

Lafleur (2011) estimates an average debris decay rate for intact objects in LEO (up to
2,000 km) using the ballistic coefficient value of 110 kg/m? as an approximate represen-
tation for satellites. From this, he derives the drag coefficient under both solar-maximum
and the solar-minimum conditions. The values are weighted according to the distribution
of satellites across different orbit altitudes. Under solar-maximum conditions, the average
lifetime of derelict satellites is approximately 3,990 years (a decay rate of 0.00025), whereas
under solar-minimum conditions, the average lifetime extends to about 24,850 years (a de-
cay rate of 0.00004), resulting in a mean value for the natural decay rate of satellites in LEO
of 0.000145. In calibrating J,, we take Lafleur’s (2011) estimated mean value for the natural
decay rate as a reference. However, since the model incorporates all orbital regimes, the
actual average natural decay rate is likely to be even lower. In the baseline calibration, this

parameter has been fixed to 0.00015.
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D.4 Rocket bodies natural decay rate (5,)

Natural decay rate of rocket bodies is calculated in a similar way to that for derelict satel-
lites. Rocket bodies are intact objects and, therefore, their natural decay rate is lower
than that of fragments. For rocket bodies, Locke et al. (2024) assume a drag coefficient
of Cp = 60. This implies that the natural decay rate of rocket bodies is even lower than
that of derelict satellites. However, Lafleur (2011) does not distinguish between derelict
satellites and rocket bodies and instead uses an average mass-to-surface ratio for all intact
objects. As no additional information is available, we adopt the average value estimated
by Lafleur (2011), and hence, J, = 0.00015.
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D.5 Risk of collision (6)

In the history of activity in outer space, a number of collisions have been reported. Col-
lisions can occur between pieces of debris themselves or between debris and operational
satellites. A risk of collision between operating satellites also exists, but in some cases they
can be avoided by maneuvering, although many satellites have limited or no maneuver-
ing capabilities. Several collisions with human-made debris have been reported in recent
years, but some incidents likely remain undocumented. On February 10, 2009, an active US
communications satellite (Iridium 33) collided with a non-operating Russian military com-
munications satellite (Kosmos 2251). On January 22, 2013, a Russian small satellite (BLITS)
was destroyed by a piece of debris from Fengyun-1C. On May 22, 2013, two CubeSats col-
lided with debris (Ecuador’s NEE-01 Pegaso and Argentina’s CubeBug-1). A large number
of potential collisions are avoided through frequent satellite and spacecraft maneuvering.
Krisko (2007) estimated an average number of catastrophic collisions (involving a target
and impactor larger than 10 cm) of 0.9, whereas the estimation from the DAMAGE model
(Lewis et al., 2009) is 1.5, both covering the period 1957-2006. As a result of these collisions,
numerous pieces of debris have been generated. Farinella and Cordelli (1991) estimated a
value of § =3 x 10719, based on an estimated quantity of debris of 50,000." This implies
a number of satellite destruction per year of 0.2, given a collision probability (6 x 50,000)
of 1.5 x 107°. Kawamoto et al. (2019) estimated that the current probability of collision is
substantially higher. The total probability of collision of objects larger than 10 cm is ap-
proximately 0.1 for 800-900 km orbits, 0.05 for 900-1,000 km orbits, and 0.025 for 600-700
km orbits. Following Farinella and Cordelli (1991) we adopt a total probability of 0.2 (i.e.,
one fatal collision every 5 years) as the reference, which aligns with observed number of
incidents (four collisions occurred in the period 1991 to 2009), resulting in a collision prob-
ability 8 x D = 6.6 X 10~2. Pardini and Anselmo (2014) estimate that the risk of collision
in LEO increased by a factor of 4.5 between 1980 and 2010.

Lafleur (2011) estimates a value of 8 = 6.895 x 10~ 10. Percy (2015) estimates a value
of 8 = 6.37 x 1071%, Guyot and Rouillon (2024) use a value of 8 = 4 x 10~°. Bongers and
Torres (2023) estimate a value of 8 = 6.37 x 10~ !1. In this paper, following Bongers et al.
(2025), we adopt a value of 8 = 1.25 x 1071, based on the observed number of registered

collisions.

IFarinella and Cordelli (1991) estimate the number of collisions per unit cross section per year as the average

collision velocity (10 km/s) divided by the volume of the circumterrestrial shell (1,800 kmx6 x 108 km?).
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D.6 Fraction of abandoned satellites (x)

Defunct satellites abandoned in orbit is observed to be an important source of orbital de-
bris. The operational life of satellites is typically short (just a few years). Once they are no
longer operational, they effectively become debris if they remain in orbit. In most cases,
satellites reach the end of their life after running out of fuel. Derelict satellites may still be
functionally intact, but without fuel, they cannot be maneuvered to remain in their des-
ignated orbit. This means they lack maneuvering capacity. In such cases, they are aban-
doned in orbit, posing a risk of breakup due to residual fuel or battery explosions. In the
early years of space exploration, the fraction of abandoned satellites was high. Over time,
growing concerns about this practice have reduced the proportion of satellites left in orbit.
Today, most spacefaring entities implement post-mission disposal (PMD) plans to either
deorbit satellites or more them to a graveyard orbit at the end of their mission life.

This occurs when satellites exhaust their fuel reserves and can no longer be moved to
graveyard orbits. Such cases were relatively common during the early stages of space ex-
ploration. Abandoned satellites pose a significant risk due to their size and mass. Indeed,
one of the most damaging incidents was the collision between Kosmos 2251 with Irid-
ium 33 in February 2009. However, the number of abandoned satellites is small compared
to other types of orbital debris. Furthermore, new international standards for spacefaring
nations and companies emphasize the importance of including reserve fuel for end-of-
life deorbiting maneuvers. As a result, it is expected that the number of derelict satellites
abandoned in orbit will decline over time, particularly as concerns about orbital debris
continue to grow.

For the calibration of this parameter, we proceed as follows, using data from the ESA.
As of December 2023, the total number of satellites launched is of 16,990, of which 11,500
remain in orbit. Hence, the difference (16,990 — 11,500) corresponds to end-life satellites
that have been deorbited, either naturally or intentionally, or have fragmented, totaling
5,490. In addition, the number of derelict satellites abandoned in orbit as of December
2023 is estimated at 3,500. Therefore, the total number of end-life satellites over the sample
period, including the current stock of derelict satellites, amounts to 5,490 + 3,500 = 8,990.
Assuming that the accumulated number of derelict satellites corresponds to the num-
ber of abandoned end-life satellites, the lower bound for the fraction of satellites, the
lower bound for the fraction of satellites abandoned in orbit can be approximated as:
X =3,500/8,990 = 0.389. Hence, we fix this parameter to be 0.4.



Appendix DISE-2024 49

D.7 Fraction of rocket bodies abandoned in orbit (¢)

Rocket bodies represent another source of intact debris objects. Rocket bodies are large,
with a substantial surface area and mass. Standard launch systems are composed of multi-
stage rocket vehicles, typically two to four stages, to generate the necessary thrust to reach
the target altitude. It is the upper stages of these rockets that are commonly left in orbit.
Although some upper stages are brought back to Earth in a controlled manner, most are
abandoned in orbit, as spacefaring agencies maximize the lifting capacity of rockets and
typically do not reserve fuel for deorbiting maneuvers. Historically, not all launches have
resulted in upper states remaining in orbit. This is primarily due to the NASA Space Shut-
tle program. NASA's shuttle fleet flew 135 missions, while the Soviet Union’s Buran shuttle
completed only one. Although the Space Shuttle developing reusable launch systems. For
example, the SpaceX’s Starship is not yet fully operational but has already completed four
orbital test flights. On the other hand, some spacefaring operators systematically conduct
upper stages disposal. For example, this is the case with SpaceX’s Falcon-9 vehicles (a two-
state rocket), where the second stage is deorbited after releasing its payloads. Jonathan
McDowell’s annual reports on Space Activities (the last one for the year 2024) provide de-
tailed information about the disposal of launch vehicle upper stages. See also Byers and
Boley (2023) and Wright et al. (2024) on this issue, who indicate that over 60% of launches
to LEO resulted in at least one rocket body being abandoned in orbit. For the year 2018
(McDowell, 2019), the number of launches with upper stages disposal was of 33 out of
112, whereas the number of stages left in orbit was 89 out of 112 launches. Therefore, the
ratio of abandoned rocket bodies in orbit to launches was of 0.795. The number of upper
stages disposed of corresponds to the Falcom-9, SAST CZ-2D, and Vega-C vehicles. For the
year 2019 (McDowell, 2020), the number of launches with upper stages disposal was 21,
and the number of stages left in orbit was 86 out of 97, with a rocket body abandonment
rate of 0.887. For 2020, there were 39 launches with upper stage disposal and 71 upper
stages left in orbit out of 104 launches, resulting in an abandon rate of 0.683. According
to Wright et al. (2024), in 2021, 97 out of 136 successful launches (71.3%) left rocket bodies
in orbit. In 2022, the figure was 129 abandoned rocket bodies out of 180 launches, which
represents a ratio of 71.7% (McDowell, 2023). For 2023, there were 122 rocket bodies aban-
doned from 212 successful launches, resulting in an abandonment rate of 57.5%, largely
due to the high number of Falcon-9 launches, whose second stage are routinely deorbited
(McDowell, 2024). Given this data, we adopt a baseline calibration of the model we used a

value of ¢ = 0.60, reflecting the recent trend in upper stages rocket body management.
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D.8 Fraction of dead satellites breakups (gy,)

A dead satellite abandoned in orbit is not only a big intact piece of debris, but also poses
a significant risk of breaking up into thousands of fragments. The probability of such a
breakup depends on several factors: the satellite’s design, the presence of residual energy
sources (such as unspent fuel or unpassivated batteries), and the duration of exposure to
the harsh conditions of space, which deteriorate spacecraft components over time.
Accordingly to NASA’s breakups database (Anz-Meador et al., 2022) a total of 47 satel-
lite breakups had occurred by 2022, excluding deliberate destruction events. Of these, one
involved an operational satellite, while the remaining 46 were derelict satellites. We esti-
mate the value of this parameter by dividing the number of breakups by the estimated
cumulative number of derelict satellites, W;, calculated in Figure A.5. The cumulative
number of derelict satellites for the period 1957-2023 is of 130,066. This gives a value of
46/130,066 = 0.00035. In the baseline calibration of the model we use a value of §;, = 0.001.
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D.9 Fraction of rocket bodies breakups (e;)

Rocket bodies (last stages of launch systems) contain engines and residual propellant
tanks. As the rocket bodies spend extended periods in orbit, harsh environmental con-
ditions can degrade their components, potentially causing explosions and fragmentation.
These events are typically triggered by residual fuel, pressure changes in chemical tanks,
or other physical and chemical processes. Kessler et al. (2010) indicate that in the initial
years of space exploration, upper stages rocket bodies often tended to explode in orbit
after a mission completion. However, since the early 1980’s, design improvements and
revised operational procedures have significantly reduced this risk.

According to NASA’s monthly database on the number of objects in orbit, the num-
ber of rocket bodies as of December 2023 was 2,129. In NASA’s breakups database (Anz-
Meador et al., 2022), a total of 83 rocket body breakups have been recorded. The cumulative
number of rockets launched is 6,508, and the cumulative number of rocket bodies aban-
doned in orbit over the full period is 70,282. Dividing the number of breakups by the total
number of rocket bodies abandoned in orbit, we estimate that 6, = 83/70,282 = 0.00118.
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D.10 Number of fragments of debris per launch (w)

Launch activity is the primary source of debris generation, and the parameter w represents
the number of fragments generated per launch, excluding rocket bodies. This parameter
includes only parts of launch vehicles discarded during the process of inserting a satel-
lite into the target orbit, explicitly excluding expended rocket bodies. This is the case of
payload fairings, connecting parts among rocket stages, adapter rings covers for optical
instruments.

Jonathan McDowell’s Space Activity reports offer detailed information on the number
of debris pieces, excluding upper stages, released by launches for the years 2018 to 2023.
According to this data, in 2018, there were 112 launches, producing 68 pieces of debris,
approximately one piece for every two launches. In 2019, there were 97 launches and 38
pieces of debris. In 2020, 106 launches produced 61 debris pieces. In 2021, 136 launches
resulted in 105 debris fragments. In 2022, 180 launches producing 143 pieces of debris.
Finally, in 2023, 212 launches generated 61 debris items. Thus, over the 2019-2023 period,
the number of debris pieces per launch remained below one, indicating a trend toward
reduced debris generation during launch activities.

Lewis et al. (2009) estimated that an average of 2.75 intact objects are introduced into
the space environment per launch. At a minimum, 2 fragments are released per launch, as
payload fairings typically split into two halves, but additional objects are often expected to

remain in orbit. Based on this, We assume that each launch produces a total of 4 fragments.
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D.11 Number of fragments per derelict satellites breakup (¢)

Derelict satellites abandoned in orbit constitute intact objects that may breakup. These
events occur when inactive satellites suddenly fragment due to explosions caused by resid-
ual fuel or ruptures in onboard batteries.

For the calibration of this parameter, we use information on recorded satellite breakups
from Anz-Meador et al. (2022) and the DISCOS database. Some of these satellite breakups
were intentional, such as several Soviet Union satellites that were deliberately destroyed.

In the NASA’s brakups database (Anz-Meador et al., 2022), a total of 47 satellite
breakups are recorded up to 2022, excluding deliberate destruction events (Table D.3).
These breakups are mainly due to unknown causes (36 out of 47), although some of
them could be associated with satellite inspectors (Killer satellites, such as the Cosmos-252,
Cosmos-375, and Cosmos-2535) that, for unknown reasons, release debris when attacking
the target satellite. In other cases, the confirmed cause is battery explosion (9 cases), and

propulsion-related failures (2 cases).

TABLE D.3. Satellite breakups and cataloged debris. Source: Anz-Meador et al. (2022)

Cause Number Cataloged debris Cataloged debris per breakup
Unknown 36 1,248 34.7
Battery 9 1,030 1144
Propulsion 2 41 20.5
Total 47 2,319 493

The DISCOS database includes 12 fragmentation events involving satellites due to bat-
tery explosions, resulting in a total of 979 cataloged debris items (an average of 81.6 frag-
ments per event). Additionally, there are three fragmentation events caused by accidental
factors, which produced a total of 35 cataloged debris items, or approximately 11.7 frag-
ments per event.

Another type of satellite fragmentation results from self-destruction using explosive
charges, such as in the case of the Cosmos-862 series. According to DISCOS, a total of 22
fragmentation events due to explosives are recorded, producing 173 cataloged fragments,

which corresponds to an average of about 8 fragments per explosion.
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D.12 Number of fragments per rocket body breakup (¢-)

As with the previous parameter, we use the information from Anz-Meador et al. (2022)
and the DISCOS database on rocket body breakup events and the corresponding number
of debris generated. This database records a total of 83 rocket body breakups, resulting
in 8,315 cataloged debris, which corresponds to an average of 100.2 fragments per event.
The NASA database also includes ullage motor breakups, with 53 events producing 664
cataloged fragments, or 12.5 pieces per event. However, ullage motors are significantly
smaller than standard rocket bodies and are no longer in use, making their contribution
less relevant for current modeling purposes. Hence, we fixed ¢, = 100.2.

Fragments resulting from the breakup of rocket bodies is highly dependent on the
type of rocket. For example, according to DISCOS, the Titan Transtage experienced four
breakup events, generating 194 cataloged fragments, for an average of 48,5 per breakup.
In contrast, the Delta upper stage accounts for 15 breakups, producing a total of 1,959
cataloged debris, which represents an average of 130.6 fragments per event. The number
of fragmentation events by CZ-6A recorded is of four, with an average number of 390.5
piece of debris fragments. For the Ariane rocket, a total of 30 breakups events, producing a

total of 845 pieces of debris (an average of 28.3 debris fragments per event).
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D.13 Number of pieces of debris per operational satellite collision (7ys)

The number of new debris fragments generated by collisions between an operational satel-
lite and a piece of orbital debris could vary significantly, primarily depending on the
masses and relative velocities of the colliding objects. The most significant recorded in-
cident occurred on 10 February 2009, involving the collision of an active US communica-
tions satellite (Iridium-33) with a defunct Russian satellite (Kosmos-2251). This event pro-
duced an estimated 2,371 cataloged debris fragments (Anz-Meador et al., 2022) while the
ESA’s DISCOS database lists 2,375 fragments for the same incident. In contrast, the colli-
sion involving Sentinel-1A resulted in only 9 cataloged fragments. However, this incident
is not classified as a collision in the DISCOS database. The most recent recorded collision
occurred 18 March 2021, when the Chinese satellite Yunhai-1-02 collided with a piece of
debris producing a total of 38 cataloged debris (37 according to DISCOS).

According to the NASA's breakups database (Anz-Meador et al., 2022), 7 confirmed
collision events have been recorded to date, generating a total of 2,430 cataloged debris,
averaging 347 fragments per collision. In addition, the database includes 67 events of un-
known cause, which have produced 3,436 cataloged debris, averaging 51 pieces per event.
According to the DISCOS database, a total of 6 fragmentation events due to collisions have
been recorded. Five correspond to collision between operational satellites and pieces of
orbital debris (Cosmos-1934, Iridium-33, Cerise, Ayame-1, and Yunhai-1-02). The sixth event
corresponds to the collision of an upper stage motor (Star-26B) with a debris fragment on
17 January 2005, resulting in six cataloged debris fragments. When considering only the
5 events involving operational satellites, the average number of cataloged fragments per
event is approximately 483.6.

On the other hand, a total of 51 deliberate self-destruction events, all attributed to
Soviet Union satellites, are registered in the database. These events produced a combined
2,109 pieces of cataloged debris, yielding an average of 41 fragments per event. To estimate
the total number of debris fragments larger than 1 cm, we extrapolate from the cataloged
fragments (which represent objects larger than 10 cm) using the ratio of estimated debris:
larger than 10 cm (36,500) and between 1 cm and 10 cm (1,000,000). The resulting figures
are an average of 9,855 (347 + 347 x 27.4) pieces of debris larger than 1 cm from collisions
between operational satellites and debris, an average of 1,448 for the unknown events, and
an average of 1,164 for self-destruction.

Farinella and Cordelli (1991) estimated this debris generation from hypervelocity im-

pacts based on the typical mass distribution of fragments. Their findings suggest that a
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catastrophic collision, where the largest surviving fragment is around 10 kilograms, pro-
duces approximately 10,000 fragments with masses exceeding a few grams. Similarly,
Lewis et al. (2009) found that the number of pieces of debris per catastrophic collision
is 625 (collision with debris larger than 10 cm) and 25 for a damaging collision (collision
with debris between 1 and 10 cm). Applying the scaling factor used to estimate debris
larger than 1 cm, the results is 17,750 for catastrophic collision and 710 in the case of a non-
catastrophic collision. The NASA Standard Breakup model further refines these estimates
by modeling fragments production based on mass and energy transfer in collisions, cali-
brated through laboratory hypervelocity impact experiments. Jonhson et al. (2001) found
similar outcomes between two objects with a combined mass of of 1,260 kg, which is com-
parable to the average mass of a medium-class satellite (Bryce, 2020). Assuming a uniform
collision probability across debris size classes, the final calibrated estimate for the number
of fragments larger than 1 cm per collision event is 1,309, a figure closely aligned with
those derived from observed accidental explosions. Based on all previous information, we

fixed s = 70 as the baseline.
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D.14 Number of fragments from derelict satellites collision ()

Derelict satellites are non-operational satellites that have reached the end of their service
life (i.e., have run out of fuel) and remain in orbit without any form of control. These un-
controlled objects pose a collision risk to both operational satellites and other pieces of or-
bital debris. The only registered collision involving a derelict satellite was a collision with
an operational satellite (the collision of the derelict satellite Cosmos-2251 with the opera-
tional satellite Iridium-33). Anz-Meador et al. (2002) indicate that this collision produced a
total of 2,371 cataloged fragments. However, this collision involved two large objects, and
we can expect a lower number of fragments in the case of collision with a small piece of
debris.

Although data is limited, derelict satellites have the same characteristics as operational
satellites. Therefore, in case of collision, we can argue that they will be fragmented in a
similar way to the rest of the operational satellites. This means that the calibration of the
parameter 7, takes the same value as the parameter -y, although the model allows for
using a different fragmentation coefficient than that of operational satellites. Therefore,

we fix 4 = 70.
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D.15 Number of fragments from rocket bodies collision (y;)

Given the differences in mass and size between rocket bodies and satellites, we might
expect a different fragmentation behavior in the event of a collision between these two
types of objects. Kessler et al. (2010) indicate that, whereas a number of tests have been
conducted to understand the size distribution from the collision of a payload, none have
been conducted on rocket bodies, and the standard assumption in breakups models is that
payloads and rocket bodies fragment under identical conditions and produce identical
fragment distribution. However, as Kessler et al. (2010) point out, the large tank of rocket
bodies may not absorb all the energy of a collision, or, by contrast, could dissipate the
energy of a collision over the opposite tank wall, acting like a Whipple shield. Therefore, it
remains unclear whether a rocket body collision would generate more fragments or fewer
fragments than a satellite collision.

The source for the calibration of this parameter is Anz-Meador et al. (2022). However,
there is only one collision in January 2005 between a rocket body (DMSP-5B-F5 Thor-Burner
2A rocket) and other debris from a Chinese ASAT test, producing 5 cataloged debris frag-
ments. Another collision was deliberate (the collision of USA-19 with the upper stage of
USA-19), resulting in the fragmentation of USA-19 in 13 cataloged debris fragments and
the fragmentation of the rocket body into 5 cataloged debris fragments. Given the lack of
available data, we adopt the same assumption as the LEGEND model: that both payloads
and rocket bodies produce identical fragment distributions in case of collision. Therefore,
we assume that 7y, = 70.

There is more extensive data available from upper stage explosions in orbit (parame-
ter e;). As noted by Kessler et al. (2010), collisions release significantly more energy than
explosions, and thus we would expect the number of fragments produced by a collision
to be larger than that the produced by an explosion. Previously, the parameter represent-
ing cataloged fragments from rocket bodies breakups was estimated to be 100, based on
the information from the NASA breakups database, which is larger than the number of
fragments produced by satellite breakups. However, based on the Kessler et al. (2010) ar-
guments, we take a conservative perspective, and assume a number of fragments from

rocket bodies collisions as for derelict satellites collisions.
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D.16 Collision avoidance fraction (v;)

The damage function incorporates an additional variable to account for collision avoid-
ance operations. Operational satellites, except for small cubsats in LEO, are capable of
performing maneuvers to prevent collisions. When such maneuvers are successfully ex-
ecuted, collisions, and the resulting destruction of the satellite, are avoided, thereby pre-
venting the generation of debris fragments that would otherwise occur. This variable is
assumed to be determined exogenously. In the baseline scenario, the fraction of avoided
collisions is set to zero. In the no-collision scenario, the value of v; is set to one. However,
the model can be simulated for any value of the collision avoidance fraction up to one. Al-
ternatively, v; can be modeled as a time-varying, increasing function, which could be jus-
tified by technological advancements in tracking orbiting objects, improved conjunction
assessments, and enhanced spacecraft maneuverability. This is left for a future extension

of the model.
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D.17 Size debris proportional parameter

The model considers different types of debris depending on their size, following standard
classification by the ESA: debris between 1 mm and 1 cm, debris between 1 cm and 10 cm,
and debris larger than 10 cm. Whereas DISE-2024 consider that debris larger than 1 cm
can be catastrophic in case of collision, for the calibration of the different parameters of
the model, available information refers to tracked or cataloged debris, which usually have
larger than 10 cm in size. Therefore, whereas the debris module calculates debris larger
than 10 c¢m, the collision probability and the damage functions require the population of
debris larger than 1 cm.

Mains et al. (2024) use the IMPACT satellite fragmentation model (Mains and Sorge,
2022) to study four fragmentation events, including two collision (Cosmos- 1408 ASAT test
and SL-14 rocket body), a rocket body breakup (Long March 6A), and a satellite breakup
(Resur-01). The IMPACT model is used to predict the number of fragments larger than 10
cm and larger than 1 cm. A summary of the results is shown in Table D.4, including the
number of cataloged objects and the estimated number of fragments larger than 10 cm
and 1 cm. The average proportion across the three events is 63.21. Nevertheless, this is a

limited sample, and difficult to extrapolate to the whole debris environment.

TABLE D.4. IMPACT model estimations

Object Cataloged Fragments>10cm  Fragments>1cm  Ratio
Cosmos-1408 1,600 1,320 200,000  151.50
CZ-6AR/B 500 734 20,000  27.24
Resur-01 100 147 1,600  10.88
Average 733.33 733.66 73,866.66  63.21

Source: Mains et al. (2024).

Based on the population of debris of different sizes estimated by the ESA, to compute

the number of debris larger than 1 cm, we use the scaling factor as follows,

1,000,000
I= L =323 D.10
(36,500 — 2,050 — 3,500) ( )

where 1 million is the population of debris between 1 cm and 10 cm at December 2023
estimated by the ESA, 36,500 is the population of debris larger than 10 cm by ESA, 2,050 is

the number of rocket bodies and 3,500 the number of derelict satellites.
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APPENDIX E: EXOGENOUS SOURCES OF GROWTH

The economy module of DISE-2024 incorporates three exogenous sources of growth: Two
types of technological progress, one aggregate and other specific to the space sector, and
world population (i.e., labor) growth. The assumptions about these processes remain key,
as economic growth is the main determinant of the space environment. Table E.1 shows the
selected values for the parameters of the processes for TFD, satellite-ISTC, and population

growth.

TABLE E.1. Baseline calibration of exogenous sources of growth of DISE-2024

Parameter Definition Value Source
Sa TFP growth rate 0.015  Assumption
& Satellite ISTC growth rate 0.030  Assumption
a TFP growth decay rate 0.001  Assumption
g ISTC growth decay rate 0.005 Assumption

G Population growth parameter 0.05 Assumption
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E.1 Total Factor Productivity (a;)

At is standard in growth models, aggregate technical progress is represented by a Hicks-
neutral technological change. This is an important sources of output growth. We assume

that Total Factor Productivity (TFP) follows an exogenous process defined as follows,
app1 = exp(gat)ar (E.1)
where g, is the growth rate of TFP defined as,
Qat = §a0exp(—0at) (E.2)

where g, o is the TFP growth rate in the base period (t = 0, which corresponds to the year
2023) and J, is the decay rate of the TFP growth rate.
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Initial value for TEP is calculated as:

Y2023 184.65

kg(1)23502¢(2)23N;0—21;1 —Ny - 552'4740.34791.2030.0021 8, 0560.65

axo23 = = 0.0593. (E3)

We assume an initial TFP growth rate of 1.5% per year, with a decay rate in the growth
rate of 0.1% per year. For comparison, DICE-2023 assumes an initial TFP growth of 0.066
(per 5 years), with a decline rate of 0.0015 (per 5 years). Roughly, this is equivalent to
an injtial annual TFP growth rate of 0.0132, and a decline rate of 0.003, values which are
similar to the ones used in DISE-2024.

Figure E.1 plots the time path of TFP over the simulation horizon. Although TFP
growth rate is decreasing (Figure E.2), the accumulation process results in an exponential

path.
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FIGURE E.2. Growth rate of Total Factor Productivity
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E.2 Satellite investment-specific technological change (q;)

In the model economy represented by DISE-2024, technological change is not only cap-
tured by a Hicks neutral technological change through TFP, but also by embodied-
technological progress. We consider an additional form of technological progress spe-
cific to satellites, following Greenwood, Hercowitz and Krusell (1997). Greenwood et al.
(1997) introduce ISTC in a growth model with two capital assets: structures and equip-
ment, where ISTC applies to equipment. DISE-2024 incorporates ISCT for space capital,
reflecting the assumption that space assets will experience a higher rate of technological
progress compared to Earth capital assets. This is equivalent to assuming that the price of

space assets will decline in the future at a faster rate than the prices of Earth capital assets.

50 Satellite Investment-Specific Technological Change
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FIGURE E.3. Satellite Investment-Specific Technological Change

Similarly to TFP, we assume that ISTC follows an exogenous process given by,

qr+1 = exp(gqt)qt (E-4)
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where g, is the growth rate of ISTC defined as,

gt = gq,OexP(_éqt) (E.5)

where g0 is the ISTC growth rate in the base period and 4, is the decay rate of the TFP
growth rate.

Initial value for ISTC is normalized to one (g2023 = 1). It is assumed that the initial
growth rate of ISTC is 3% (g;,0 = 0.03), where the growth rate decays at 0.5% (d; = 0.05).
Results are plotted in figures E.3 and E.4.
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E.3 Population (N)

Another source of economic growth is population growth. This is because production in-
put labor is assumed to be equal or proportional to population. Hence, population is an ad-
ditional production factor to Earth capital and space capital, and output growth is a func-
tion of population growth. In DISE-2024, we use data from World Population Prospects
2024 (UN, 2024) which includes projections to the year 2100. Using those projections, we
extend population to the year 2222 assuming that from 2100 onward population growth
is almost zero. The base year (2023) for the world population is 8,056,505 thousand. The
asymptotic population is 10,200 million (see Figure E.5). Population contributes to output
growth until approximately the year 2100, being zero for the last years of the simulation

period.
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FIGURE E.5. Population projections. Based on World Population Prospects 2024, Medium fertility
variant, 2024-2100, extended to 2222.

Formally, world population is calculated as,

N*\*¢
Niy1 =Nt <Nt> (E.6)
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where N* is an asymptotic population and the parameter ¢ is a parameter driving the
growth rate of population to the asymptotic population. Initial growth rate is around 1.2%,

decreasing to zero by the year 2150 (Figure E.6).
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E.4 GDP growth

As shown previously, the model has three exogenous sources of growth: neutral techno-
logical change, satellite ISTC, and population (employment) growth, and two endogenous
sources of growth: accumulation of Earth and space capital. To show how calibration of
these exogenous process affects output growth, we simulate the model in a sci-fi scenario
with no orbital debris. Figure E.7 plots the result of the output growth in the simulation
horizon for the clean space environment scenario. It can be seen that the initial output

growth is around 3%, which decreases to less than 2% at the end of the simulation period.
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APPENDIX F: LAUNCH COST

When computing investment in space capital, the model takes into account the existence
of an installation cost, i.e., and investment adjustment cost to effectively accumulate in-
vestment into space capital. This installation cost is represented by launch costs. Making
operational a satellite, even if the satellite is completed manufactured, is not a direct pro-
cess, as the satellite have to be moved from the Earth to outer space. For inserting a satellite
in orbit, it is necessary a launch vehicle, which is costly. This means that a fraction of in-
vestment in space capital is loss in the process of installation of the satellite into orbit. The
model assumes that the launch cost is a constant fraction of the total investment cost and
that the initial launch cost is 30% (19 = 0.3) of total investment in space capital, and hence,
only the 70% of gross investment accumulates into satellite assets. This cost, together with
a high depreciation rate, result in a high rate of return of satellites. In the baseline, we
assume that launch cost is constant (g, = 0).

The model also assumes that the launch cost is decreasing over time. Adilov et al.
(2022) estimate that from 2000 to 2020 the per-kilogram launch costs decreased at an av-
erage annual rate of 5.5% (a 4.4% if altitude-adjusted). Adilov et al. (2022) report that be-
tween 2000 and 2020, launch costs per kilogram to low Earth orbit declined significantly,
driven by decreasing satellite masses, with projections indicating they will drop below
$1000/ kg between 20452076 and $100/kg by the next century.

For simulating the trajectory of the fraction of the launch cost, we use the following

specification,

My = exp(gm,t)ms (1)

where gy, + is the (negative) growth rate of launch cost,

Smt = gmoexp(—omt) (F2)

where g, 0 is the change in launch cost in the base year and J,, is the decay rate of the
change in launch cost.

Figure E.1 plots the fraction of launch cost over total investment in space capital, re-
flecting a decline in the launch cost, as a fraction of total cost, over time. Following esti-
mates by Adilov et al. (2022), we assume that the initial decline in launch cost is of 5%
(gm0 = —0.05), and that the decline in the growth rate is of 1% (J;;, = 0.01). Based on that
figures, the fraction of launch cost reduces to 15% of total cost by 2050, and to only 5%
by about 2100. The decreasing launch cost can be justified by a number of factors, includ-

ing learning-by-doing process in the launching industry, technological progress in launch
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vehicles, reduction in the size and mass of satellites, and commercial use of low altitude

orbits.
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APPENDIX G: THE MODEL

This appendix collects the equations of the DISE-2024 model. The economic sub-model is

formed by the following equations:

Maxqe,ye g (1_1HJ> t U (&, Ny) (G.1)
4 i+ =y (G.2)

vi = arf(kt,st, Ni) (G.3)

kevr = (1= ks +f (G4)

iy =h +1 (G.5)

Iy = myis (G.6)

St41 = (1—0s)st + qthy — x; (G.7)

The damage function linking the economic sub-model with the debris sub-model is

the following,
Xt = (1 - Ut)GDz,tSt (G.8)

The debris sub-model is given by,

Dii=Wi+Bi+F; i=123 (G.9)
Wiy = (1 — 0w — Sw)Wt — G(DZ,t + (1 - vt)St)Wt + X655t (G.10)
Ziy = (1 -0, — SZ)Zt — G(Dz,t + (1 — Ut)St)Zt ~+ L (G.11)

Fp1=(1—0)Ft + wLli + pwewWr + p2e:Z; +

Y5 Xt + YwODo Wi + v,0D5 1 Z; (G.12)

The mapping between economic and physical variables is given by,

5, =1t (G.13)
qt
X, = (G.14)

qt
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Hy = phy (G.15)
Str1=(1-65)St + Hy — X; (G.16)
Xt = (1 —v;)0DyS; (G.17)

The launch sub-module is composed by the following equations:

Hy =nLt (G.18)
hy=(1—by)i§ = L L G.19
r=(1—by)i; g (G.19)
Exogenous sources of growth are:

App1 = exp(gat)ar (G.20)
Sat = 8a0exp(—dat) (G.21)
qi11 = exp(gqt)qt (G.22)
8.t = 8q,00xp(—d4t) (G.23)

N*\*
N1 = N (M) (G.24)

Finally, the cost of launches is given by,

M1 = exp(gm,t)mi (G.25)
it = §m,0eXp(—Omt) (G.26)

G.1 Decentralized economy (Laissez-faire)

Although we do not simulate the model for a decentralized economy, it is nevertheless
interesting to calculate the optimal investment decisions on Earth and space capital by
households. In a decentralized economy, the negative externality of orbital debris is not
internalized. Agents simply adapt to the space environment, treating the amount of or-
bital debris is considered exogenous. The household maximization problem, taking into

account the accumulation process for both capital and satellites, is given by,

[e9)

L=EyY pU)N;
t=0
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o0 1 _
— Y Atler + ki1 — (1 =0k + ———5p41 — (1 — 65)st + (1 — v4)0D5 s
t;) tler + k1 — (1 — 0 )ke Qt(l—mt)[tH (1—ds)st + ( t)0D s5¢]

—T’;kt — T’?St — 7Tt] (G27)

where D, is the exogenous amount of orbital debris.

First order conditions from t =0, 1, ..., 00, are:

gﬁ =BU (¢/) — A =0 (G.28)
Ct
oL
e = At A (1= o+ ) (G.29)
t+1
oL A Ais1

= - 1—6s— (1—10:)6D: + A1, =0  (G.30
9spp1 qe(1—my) Qt+1(1—mt+l)[ s ( £)0D2 141] t+1741 ( )

From the maximization problem, solving for the Lagrangian’s multiplier, equilibrium

conditions are given by,

U’ (cr) = BEU (cry1)[1 — & + 15 4] (G.31)

1-— (Ss — (1 — Ut)eﬁer,l

U'(ct) = qe(1 — my) BE:U (¢4 1) Gro1(1 —myiq)

7 (G.32)

Expression (G.31) is the standard Euler equation for optimal investment decisions in
capital excluding satellites. Expression (G.32) is also an Euler equation, but it pertains to
the investment decision in satellites, where the cost of destruction by collision is incorpo-
rated. The term 6D, 1 accounts for the sudden, full depreciation of satellites stock due to
collisions. As the quantity of orbital debris increases, the rental price of satellite to capital
also increases.

The representative firm maximizes profits by choosing the appropriate levels of capital

and satellites. Profits are defined as,
7 = yi — rike — iy (G.33)
From the profit maximization problem we have:

1”; = atf]é (kt,St) (G34)

i = afl(kt,st) (G.35)
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Equilibrium conditions are obtained by substituting (G.34) and (G.35) into (G.31) and
(G.32),

U'(ct) = BE:U' (cr41)[1 — O + apy fir(ker1,5041)] (G.36)

1-— (SS - (1 - Ut)BEZ,tJrl
1 (1 — mppq)

U'(ct) = qe(1 — my) BELU (cr41)

+at+1fs’<kt+1,5t+1)] (G.37)

Equating both expressions we find that the arbitrage condition for investing in both

Earth and space capital is,

1—6s—(1—v4)0Dgy4q

+a "(kiiq,s
Gr41(1 —myiq) t+1fs (ke 8641)

(G.38)

(1 — 6 +arp1 fi(key1,se41)] = q: (1 — my) [

G.2 Centralized economy

This section sets out the planning problem in which a central planner seeks to maximize
social welfare. The planner determines the optimal allocation of consumption, investment
in terrestrial capital, investment in satellite capital, and orbital debris. This corresponds to
the first-best outcome, wherein the negative externality is fully internalized. The central

planner’s optimization problem can be expressed as:

max E i BU(¢;) N (G.39)

Ct,l";,l‘?,Dt t=0

subject to

e K415 =y (G.40)

ye=arf (ki s, Ny) (G41)

k= (1-00k+if  (G42)

B=h+1l  (G43)

L=mi  (GA44)

Str1 = (1= d)st + ¢ (1 — my)if — x; (G45)
xt = (1 —0v:)0Dy 54 (G.46)

Dijy=W:+Z+F; i=123 (G.47)
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ZZ
Zig1=1—6,—e)Z —O(Wi + Foy + (1 —04)S4) Z — 97f + @L; (G.49)
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2 2
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Xy = n— (G.52)

FZ,[ == (1 —|— F)Fl,t (G53)

Additionally, the mapping from the "economic" model to the "physical” model is given

by the following expressions:

Xt = (1 — vt)gDZ,tSt (G54)
Sy =pt (G.55)
qt

The maximization problem can be defined as:
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The Lagrangian multipliers for each constraint in period t are A1, Aot, Azt Agyr, Asp, e,
and A7 ;. Ay s is the standard shadow price of consumption. Ay is the cost of the probability
of collision. A3; is the price of satellite assets. A4; is the cost of the stock of orbital debris,
and As;, Agt, and Ay, represents the shadow cost of derelict satellites, rocket bodies, and
fragments, respectively.

First order conditions from the maximization problem, for t =0, 1, ..., 00 are,
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o = BU(er) = A =0 (G.58)
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APPENDIX H: COMPUTER CODE

To perform the numerical simulations, the model is reformulated as a non-linear program-
ming (NLP) problem. Specifically, the simulations cover the period from 2023 to 2272, pro-
viding a 250 year planning horizon, with results generated at an annual frequency. The
last 50 years are discarded, and only the horizon 2023 to 2222 is considered, in order to
eliminate distortions arising from the finite-horizon terminal condition. The model is im-
plemented and solved using GAMS with the CONOPT4 algorithm. As highlighted by Cai
(2019), GAMS offers greater flexibility compared to MATLAB, and CONOPT4 is recog-
nized as a more robust and efficient solver for non-linear programming problems than
MATLAB'’s fmincon algorithm.

To ensure robustness, the model is also solved in MATLAB using the CasADi frame-
work (Andersson et al.,, 2019). For context, the DICE (Dynamic Integrated Climate-
Economy) model, originally developed by Nordhaus (1992, 1993), remains the most in-
fluential integrated assessment model (IAM) in the literature. Nordhaus’s DICE model
was initially designed and implemented in GAMS, but alternative implementations have
emerged over time. For instance, Kellett et al. (2016) developed MATLAB code to solve
DICE2013R and DICE2016R using CasADi, while Lemoine (2020) introduced a solution
method for DICE2016R using the KNITRO solver.

The baseline GAMS file is named DISE_2024_01.gms. Results are saved in Ex-
cel files. Figures in the manuscript are produced in MATLAB, using the script Fig-
ures01.m, which is executed after DISE_2024_01.gms have been run in GAMS and the
results stored in Excel files. Codes for replication can be found at Harvard Dataverse
(https:/ /doi.org/10.7910/DVN/I1AHM?2).

There is also a version of DISE-2024 in MATLAB. The files are dise_ocp.m as the main
script, Space1999.m containing the initial values and the calibration, and the function file
ocp.m for the computational algorithm. To run this MATLAB version, it is necessary to
have CasADi (Andersson et al., 2019) installed.

Finally, there is a companion app for a full sensitivity analysis of DISE-2024. This is
a GAMS MIRO app, which allows users to solve the model using the GAMS engine and
perform a comprehensive sensitivity analysis on the model’s key parameters. This app can

be found at https:/ /miro.gams.com/gallery /app_direct/dise_2024/.
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