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ARTICLE INFO ABSTRACT

Keywords: The orbital debris population is rapidly growing, increasing the chance of a Kessler-style collision event. We
Waste management report a novel method for the production of estimates for the total monetary value of all debris objects and total
Spac? mass of all objects currently in orbit. The method was devised using debris object data from the European Space
EZE?: Agency’s DISCOS dataset, classified via a decision tree. ‘Reuse’ and ‘scrap material’ scenarios were developed. A
Recycling high-end estimate for reuse shows a net value of $1.2 trillion. Median and low-end net value estimates of $600

billion and $570 billion, respectively, are probably judicious. A scrap material scenario produced a high mass
estimate of 19,124 tonnes, a median of 6,978 tonnes and a low estimate of 5,312 tonnes. Development of in-orbit
services will be crucial to solve the orbital debris problem. A future circular economy for space may be financially
viable, with potentially beneficial consequences for risk reduction; resource efficiency; additional high-value

Circular economy

employment; and climate-change knowledge, science, monitoring and early warning data.

1. Introduction

Humans have been introducing items into outer space since 1957
when Sputnik 1, the first artificial satellite, was launched by the Soviet
Union. Some fall back to Earth, and burn up in the atmosphere or land,
mainly in the oceans (e.g. into the so-called “Spacecraft Cemetery” in the
Pacific Ocean). Some are deliberately moved further away from Earth
into a so-called “graveyard orbit” (also known as a “junk” or “disposal”
orbit), ~200 miles farther away from Earth than the common opera-
tional orbits. However, many of these fast-moving objects, known
colloquially as “space junk”, remain in orbit around Earth. Orbital debris
produced by human spacecraft activity was acknowledged as a problem
in 1978. Since then, governments, and more recently high-profile pri-
vate companies such as SpaceX, have continued to fund space explora-
tion missions without any meaningful strategies to cease the growth of
the orbital debris population. Space agencies have developed successful
monitoring and modelling strategies for even the smallest of debris in
the Low Earth Orbit (LEO) (the area of space below an altitude of 2,000
km above sea level), Middle Earth Orbit (MEO) (the area of space be-
tween 2,000 and 35,786 km above sea level) and Geostationary Earth
Orbit (GEO) (a circular geosynchronous orbit at a constant altitude of
35,786 km above Earth’s Equator). Ground-based radars have been able
to catalogue the larger and therefore more dangerous debris objects
(>10 cm). Whilst modelling and monitoring of orbital debris is
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important for situational awareness of active satellites and new rocket
launches, it does not aid in tackling the physical presence of a growing
debris population and the inherent waste of valuable resources, partic-
ularly high value metals, plastics and ceramics. In this context of
decoupling human (economic) activity from the consumption of finite
resources, the Ellen MacArthur Foundation (2020) introduces the prin-
ciples and benefits of the circular economy, whilst Paladini et al (2021)
discuss its relationship to the space sector.

This orbital debris population consists of active and inactive satellite
payloads, intact rocket bodies and mission related objects (MRO) (e.g.
rocket exhaust products, objects released in spacecraft deployment/
operations, refuse from crewed missions), fragmentation debris and
other objects. In-orbit servicing, such as life extension of inactive sat-
ellites as well as active debris removal (ADR), is in its relative infancy
but is currently the main hope for delivering a practical solution. At
present, ~60 % of the in-orbit service market is being developed by
private start-ups with the hope of profiting from the services that they
will be able to provide to players in the space economy (Catapult, 2021),
whilst also working to clean it up for the benefit of everybody.

1.1. Context

Space debris is defined by the National Aeronautics and Space
Administration (NASA) as the natural meteoroids and artificial orbital
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debris that can be found in Earth’s orbit. Orbital debris is a subsect of
space debris concerning only the man-made objects that have been sent
into space (Wild, 2010). Orbital debris is increasing at an unsustainable
rate and presents an immediate threat to the thousands of active satel-
lites upon which many of our 21st century systems rely (UNOOSA,
2019). Whilst tracking and cataloguing of orbital debris has been
effective in protecting new spacecraft launches, the threat of a cata-
strophic event becomes ever greater without a reduction in the popu-
lation of orbital debris (Murtaza et al., 2020). Recent studies have
focused on orbital debris as an economic problem with international
cooperation of space policies and the introduction of a cap-and-trade
system as methods of introducing some accountability into the largely
unregulated space commons (Adilov, Alexander and Cunningham,
2020). However, Maclay and McKnight (2021) argue that the success of
any economic or policy mitigation strategies will be symbiotic with
debris remediation efforts, such as active debris removal (ADR).
Therefore, it is encouraging that technology such as Surrey Space Cen-
tre’s RemoveDEBRIS or Astroscale’s ELSA-d have had successful dem-
onstrations as they will need to become operational as soon as possible
to counteract the rate of new spacecraft launches (ESA, n.d.). Demand
for these services will prompt a competitive in-orbit servicing market
with the goal of achieving space sustainability and profitable business
operations (La Rocca et al., 2020). There has been little attempt to es-
timate values for orbital debris objects. Estimations of this nature could
affect attitudes towards investment in developing in-orbit service
capabilities.

The first piece of orbital debris was the Vanguard 1 satellite, sent up
in 1958 in response to the Soviet Sputnik 1. Whilst Sputnik 1 and its
associated launch vehicle burned up upon re-entry a few months after it
launched (Hall, 2014), Vanguard 1 is still in the MEO today, despite
losing contact just six years after it was launched (Hall, 2014). It could
be argued that allowing a satellite to remain in orbit beyond its usage
lifespan, effectively dumping it there, set a precedent for all future space
programs.

An issued raised by Donald Kessler in 1978 was the unintentional
creation of a debris belt around the Earth, caused by human spacecraft
activities. Now dubbed the ‘Kessler Syndrome’, he proposed that, much
like the behaviour of asteroids in the solar system, debris from the break-
up of spacecraft will begin to collide exponentially in Earth’s orbit until
it becomes an uncontrollable runaway system (Kessler and Cour-Palais,
1978). This situation would present colossal problems, reaching far
beyond just a minor inconvenience to space exploration. The debris in
the LEO in 1994 already presented a greater hazard to human spacecraft
than natural meteoroids (Kessler, 1994), so this threat must be greater
now. Studies estimate that orbital debris collisions would continue to
occur for 200 years even if all launches were stopped from 2007 (Liou
et al.,, 2007, Liou and Johnson, 2006). Spacecraft launches have
increased since these articles meaning that their estimations would
certainly have to be extended.

Orbital debris in 1975 was categorised as objects > 10 cm in diam-
eter; however with the use of more advanced technologies, NASA has
been able to analyse the orbital debris down to microns in diameter
(Kessler, 1994). With the huge variations in debris size, different sensors
are required for detecting and tracking debris. The US Space Surveil-
lance Network (SSN) was set up for this reason, including the US
Department of Defence that uses a global network of sensors to detect
debris objects>10 cm in the LEO as well as larger debris objects in the
GEO. NASA is tasked with detecting objects < 10 cm and uses the
Haystack Ultrawideband Satellite Imaging Radar (HUSIR), HAX and
Goldstone radars to achieve this in the LEO (Matney, 2016). Tracking
these tiny objects in the GEO requires the use of optical equipment such
as the Michigan Orbital Debris Survey Telescope (MODEST). Debris of
this size (<10 cm) is currently near-impossible to catalogue so data on
these debris population size and distribution are recorded for use in
modelling only (Matney, 2016).

Modelling of orbital debris is an important way of understanding the
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current state of debris < 10 cm in the LEO and GEO, critical knowledge
for future spacecraft launches. Currently, NASA’s most high-tech model
of orbital debris for both the LEO and GEO is the Orbital Debris Engi-
neering Model (ORDEM). The model provides a tool for space sector
designers, engineers and scientists to comprehend the long-term risk of
collisions with orbital debris. The latest version (ORDEM 3.1) is able to
model between the years 2016-2050 (Matney et al., 2019). This model
was built using data from historical launches from 1957 to 2015, frag-
ments from historical fragmentation events and known satellite material
break-ups (Matney et al., 2019). ORDEM 3.1 provides information on
debris flux, size, spatial density, impact speed and impact direction,
useful information for spacecraft design and route planning (Liou,
2017). While modelling of debris this size is important due to there
being an estimated > 300 million objects (ESA, 2021b), it will not be the
focus of this study because none of the objects have been catalogued. For
larger catalogued orbital debris objects, Fig. 1 shows a growing popu-
lation and an increased growth rate in the most recent years (~2017 to
present). Fig. 2 shows that there has been a dramatic rise in objects
launched into space from 2017 to present.

This recent rise in objects in space is ascribed to the development of
commercial small satellite constellations in the LEO, created with the
goals of faster global communication services and higher bandwidth
(Daehnick et al., 2020). Such constellations have been attempted before
(e.g. Globalstar and OneWeb) but failed due to the high associated costs
relative to the small market, however this has changed over the last
decade with the increases in technological capabilities (Curzi et al.,
2020). There is little argument about the benefit of the new technolo-
gies, however with the current state of debris in the LEO, there is
concern for the increasing risk of collision and therefore further debris
creation (Maclay and McKnight, 2021). SpaceX have had 42,000 satel-
lites approved by the FCC to be launched as part of their Starlink satellite
constellation (Henry, 2019), indicating that the market might be strong
enough to support constellation proposals this time around. Muelhaupt
et al. (2019) state that traffic management will become a significant
issue, although their assessment does not consider the potential suc-
cesses of any orbital debris solutions in this timeframe.

1.2. Solutions to orbital debris

There have been many proposed methods for the solving the issue of
orbital debris. The Committee on the Peaceful Uses of Outer Space
(COPUOS) presented a list of orbital debris mitigation guidelines that
were accepted by the United Nations (UN) General Assembly in 2007;
these guidelines should be considered during the mission planning,
design, manufacture, and operational phases of spacecraft and launch
vehicles (UN, 2017). The final two guidelines are particularly significant
due to their focus on the reduction of debris by limiting the lifetime of
defunct spacecraft (Lewis et al., 2012). Increased compliance with the
mitigation guidelines is a key contributor to the success of ADR prac-
tices, with the goal of reducing the debris population (Adilov et al.,
2020). For example, it has been concluded that a combination of
following the Inter-Agency Space Debris Coordination Committee’s
(IADC) mitigation guidelines, specifically the existing maximum 25-year
lifespan of defunct satellites, along with ADR of 4 objects (>10 cm) per
year, would reduce the orbital debris population by 10 % (Lewis et al.,
2012). However, at low levels of ADR (10 removals per year in the LEO),
launches, solar effects, the mitigation guidelines, and explosion activity
have a larger influence on how the debris population is predicted to
evolve, than ADR (White and Lewis, 2014). This implies that an ADR
must be undertaken swiftly if it is to have the desired effect. Unfortu-
nately, it has been calculated that the cost-benefit ratio of ADR practices
will increase as the orbital debris population heads towards an expo-
nential growth rate. Therefore, ADR practices must be incorporated as
soon as possible for them to be viable as well as have a meaningful effect
(Liou and Johnson, 2009).

Boubellouta and Kusch-Brandt (2021) have reviewed and explored
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Fig. 1. Number of objects tracked in Earth’s orbits from 1957 — 2021. (Source: Obtained via the Space Track website using data from the United States Space
Command (USSPACECOM), United States Space Force (USSF) and satellite owners (2021)).
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Fig. 2. Number of objects launched into space from 1957 to 2021 (Source: United Nations Office for Outer Space Affairs (UNOOSA)).

the relationship between economic growth and environmental degra-
dation, concluding that the quantities of mismanaged e-waste decrease
after crossing the Environmental Kuznets Curve turning point but
crucially highlighting that this is not enough to resolve the challenge of
sound e-waste management. In this context, there is currently no
incentive for any single country to reduce their contribution to the
orbital debris environment under international treaties, mainly because
there is no precedent for directly attributing costs to a single actor
(Taylor, 2011). For example, other than negative political responses,
China received no punishment for their 2007 anti-satellite test that
created over 3000 debris objects in the LEO (Zissis, 2007). This is a
classic ‘Tragedy of the Commons’ scenario in which an effective solution
has yet to be developed. Rose (1991) states that the most difficult to
implement but most effective solution to this kind of problem is to treat
the use of the commons resource as a tradeable commodity (PROP
strategy in the article), in the form of taxation and tradeable allowances.
This allows for the implementation of a cap on the total level of pollution

21

in the environment and therefore control on the pollutant population
size. This becomes a greater issue with the rise in private companies
looking to capitalise on the ‘New Space’ era as there is no incentive for
them to consider sustainability as they chase profit. A code of conduct
for the private space industry has been suggested in order to bridge the
gap between the current international treaties and guidelines, and the
protection of the common resource of space (Chrysaki, 2020). Using
such market-based solutions can incentivise the development and
implementation of ADR through schemes such as tax credits for removal
of debris objects as well as offsetting future debris creation against
debris that space agencies/governments are responsible for removing
(Taylor, 2011). To support this, calculations show that the imple-
mentation of an orbital use fee has the potential to quadruple the net
present value of the satellite industry through a reduction in launch
activity, therefore reducing collision risk (Rao et al., 2020). Despite
strong arguments for economic-based solutions, they would require
complex geopolitical cooperation such as negotiating terms for an
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international orbital debris convention (Migaud, 2020), something not
yet been established.

Solutions often come from the development of specific technologies
to tackle specific problems within the context of the broader common
problem. Simulations of various ADR scenarios have indicated that
development of one global entity to oversee orbital debris removal
would be the most effective strategy for performing ADR (Klima et al.,
2018). However, it is expected that a competitive market in ADR ser-
vices will develop based on the growing demand for these services
(Catapult, 2021), despite the potential externalities of an open market.
Demand is driven by the benefits to the main three types of customer;
Satellite operators require risk reduction to their active equipment, in-
surers also benefit from this reduced risk, and government responsibility
to protect the orbital environment (Brettle et al., 2019). An open market
would create beneficial solutions for the long-term goal of reducing the
orbital debris population due to the technological innovation,
improvement of policy and best practice, and a greater focus on the
economic and safety factors that are all driven by competition and
specialisation in an open market (Weeden, 2019). One example of the
kind of market-incentivised need for ADR solutions is the anticipated
demand for recycled aluminium alloys, potentially from reclaimed
orbital debris, to satisfy the growing demand across the aerospace in-
dustry (El Hameed and Abdel-Aziz, 2021). To contribute to this market
development, estimating a potential value for the orbital debris envi-
ronment would provide a solid justification for these technologies to be
developed.

ADR technologies are largely at the experimental phase, and many
have yet to produce data that backs their proof of concept. Methods
include the laser-based method, IBS-based method, tether-based
method, sail-based method, collective method, satellite-based method,
unconventional method, and dynamical systems-based method (Mark
and Kamath, 2019). A lot of work will be required for these concepts to
become functional solutions to the orbital debris problem. In-orbit/on-
orbit servicing is another proposed solution that could help to tackle
the thousands of inactive payloads that present the greatest potential for
damage in a collision situation. Repairing, refuelling, upgrading, re-
orbiting, and recycling are all examples of in-orbit servicing missions.
Recycling of parts and materials from these older payloads onto newer
payloads could be particularly useful as it would eliminate the cost of
launching new materials into space as well as help to tackle the orbital
debris problem in an economically viable way (Mejia-Kaiser, 2017). The
European Space Agency (ESA) is currently accepting design proposals
for on-orbit servicing craft that will aid the development of a market for
these services to combat many of the externalities produced by the
current spacecraft industry (ESA, 2021a). Under the right circum-
stances, on-orbit servicing of a satellite is the most financially viable
option for the parent company, whilst also creating value for the
servicing company (Liu, 2021).

Reuse of parts of spacecraft is starting to become another option to
address the orbital debris problem. For example, Clark (2020) reported
on and visually documented SpaceX’s mission to recover its Falcon
rocket booster after SpaceX’s first crew launch and Ralph (2022) has
highlighted how it has now been reused several times.

1.3. Attempts to quantify orbital debris

Previous studies have attempted to give values to orbital debris
based on removal from orbit via ADR, therefore reducing the probability
of collisions with active satellites. Vance and Mense (2013) derived a
present value per object removed for small and large objects in the LEO.
They estimated a removal value per small object to be $14,500 and
$260,000 for a large object (e.g., a 2000 kg inactive satellite). While the
methodology is relative to the practice of ADR, the valuation is based on
the active satellite environment and not the value held within the
inactive satellite and debris environment. In a similar study, Wang
(2016) calculated the value of losses caused by orbital debris < 1 cm in
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each of the LEO, MEO and GEO environments. Using debris flux fitted
with the Kessler model and combined with NASA’s break-up model,
Wang estimates that an orbital debris object (<1 cm) causes damage of
$164.349 in the LEO, $231.923 in the MEO and $315.779 in the GEO.
Again, this information would be useful to cost justifications in the ADR
market, but it is relative to the active environment and not the inactive
environment.

No attempt to accurately estimate the physical mass of orbital debris
and provide estimates for the potential value of these objects based on
their material composition has been undertaken previously. Estimates
for these values could serve as financial incentives for in-orbit service
providers in their attempts to develop the required technology. More
importantly, the development of these technologies could signal a
change from the historic linear to a new circular economy for space
operations. This chimes with the UK government’s new Plan for Space
Sustainability that aims to improve the UK’s sustainable use of space.
With lower costs associated with return and reuse of million-dollar
launch equipment, it is predicted that commercialisation of space will
further usher in the ‘New Space’ era, full of profitable opportunities for
start-ups as well as established companies (Denis et al., 2020). It has
been speculated that significant value lies within ‘Space Junk’ (Ander-
son, 2019).

Thus, the aims of this study were to: i) develop and present a
methodology that allows for the derivation of estimates for the monetary
value and total mass of all catalogued objects in the ESA’s Database and
Information System Characterising Objects in Space (DISCOS) dataset ii)
discuss the viability of a future circular economy for space.

2. Methods
2.1. Data sources

Robust and authoritative data were sourced from the ESA’s DISCOS
dataset that contains all the known objects in space that have been
catalogued. It is suitable for this study since it contains all relevant data
points, specifically: Name of Object; COSPAR ID — Committee on Space
Research (COSPAR) International Designator; Object Class — classifica-
tion of debris object; Mass (kg); re-entry Epoch (or lack of) — whether the
object is known to have re-entered the atmosphere.

The DISCOS dataset was accessed using the DISCOSweb Application
Programming Interface (API) via Python programming code provided by
the ESA space debris helpline. The code contained a navigation through
the API as well as a Comma Separated Value (CSV) reader that prompted
a CSV file to be created containing all the information in the ‘Objects’
dataset. Once the CSV download had been completed, the data was
imported into Microsoft Excel. The object data was sorted by their
launch dates, which was extracted from their ‘COSPAR ID’. Data that did
not contain a ‘COSPAR ID’ would not have been assigned a launch date.
These data were omitted to improve the accuracy of the final valuation.
A second sorting activity took place using the ‘re-entry Epoch’ date
where an object was assigned a date if it was known to have re-entered
Earth’s atmosphere. It was assumed that the objects without a date
remained in Earth’s orbit as either active or inactive. The objects with
assigned re-entry dates were omitted. A cleaned and completed dataset
of orbital debris remained that was ready to be put through a decision
tree classification that was developed for the study (see Graphical
Abstract).

2.2. Defunct satellites

DISCOS contains a complete record of 7,787 ‘Payload’ objects that
are still orbiting the Earth. It is estimated that the number of defunct
satellites outweighs that of active satellites (Muelhaupt et al., 2019).
Some defunct satellites were sent up in the late 1950 s and some have
only recently become defunct and joined the debris population. To be
able to differentiate between active and defunct satellites, we assumed
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Table 1
Rates of change in value between brand new terrestrial products and their resale
values used to calculate an average % change per year in product value.
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Table 2
Materials information used for the calculation of objects launched before 1981
in the reuse scenario, and for all objects in the scrap material scenario.

Product Value New Av. Resale Years % Change
Value Since New Rate

iPhone 8 64 GB £700 £180.4 4 —18.6 %/yr
(2017)

Tesla 75D £82,050 £59,233.70 4 —6.9 %/yr
(2017)

Boeing 737-500  $31,000,000  $3,500,000 29 -3.1 %/yr
(1992)

Average % Change Rate: —9.5 %/yr

that any payloads launched after 2001 are active and therefore any
launched before this date can be considered defunct. This assumption is
based on the average design life for a satellite being set at 15-20 years
(NSR, 2018), so 20 years is a conservative estimate. Valuation of defunct
payloads was undertaken with the goal of using as much available in-
formation as possible. A higher-end and lower-end estimate of the
payload object class allowed for the assumptions and consequent un-
certainties to be factored into the results. For the higher-end estimate,
defunct payloads (launched before 2001) were separated by launch date
based on their reuse potential. The date by which the defunct payloads
were deemed as having reuse potential or not came from NASA’s Space
Launch System (SLS) launch vehicle project, built as part of the Artemis
lunar missions. The SLS uses some of the actual hardware from NASA’s
Space Shuttle Program that ran from 1981 to 2011, as well as updated
technology and manufacturing practices (Mohon, 2020). Defunct pay-
loads launched from 1981 were assumed to have adequate technology
and hardware for potential reuse in a manner similar to that of the SLS.

To determine an actual value from the DISCOS data, the mass of each
payload was multiplied by an estimated per kilogram cost of production
and materials (excluding workforce) derived from Newell (1980), who
produced a table showing the cost per kilogram of various NASA pro-
jects. A mean cost per kilogram of $87,833.33 was calculated for 1970
and corrected for inflation to give a 2021 value of $618,009.25 per
kilogram.

It is very challenging to estimate the economic value of reusing items
(Ongondo et al, 2013), individually and collectively. The few published
studies that have attempted this type of economic valuation have tended
to firstly estimate the total quantity of items under study using available
datasets (e.g. Ongondo et al 2013; Shittu et al, 2022) or established
approaches such as material flow analysis (e.g. Mazzarano, 2020), fol-
lowed by estimating the reuse value. Reuse value can be expressed as
functional value + residual value; residual value being the value of
materials obtainable from the product via recycling at end of life (Shittu
et al, 2022). Reuse of technology occurs frequently with many mass-
produced terrestrial products being resold at a depreciated value, so at
a fixed time, functional value must take this into account. With no
precedent of a reuse market for space-going payloads, an average value
for terrestrial product value change rate was calculated and applied to
each of the ‘reusable’ payloads. Table 1 shows the terrestrial products
used to calculate an average annual value change rate of 9.523 %.

Using the theoretical approach outlined above, Equation 1 evolved
that allows for a reuse value estimation of each object:

Material Class Material (% Material

Composition within ~ Value

% Composition
Within Payload

Material Class) ($/object kg)
Metallic Aluminium (30 %) 0.791 70
materials Steel (5 %) 0.023
Copper (10 %) 0.932
Aluminium Alloy (25 3
%)
Gold (5 %) 0.896
Silver (5 %) 0.001
Nickel (5 %) 0.946
Titanium Alloy (15 6.75
%)
Mean 12.53
Polymerics, Proxy Value 15 30
Composites,
Ceramics

In the high-end reuse scenario, the defunct payloads launched before
1981 were valued under the assumption that they had no functional
reuse value and would therefore be valued based on their material
composition for scrap. To account for the 25 payloads that fit the reuse
criteria but did not have any mass data, the highest, median, and lowest
mass values were used as inputs for these missing values. This lead to
three sets of results within the high-end reuse scenario in an attempt to
understand the possible spread of the data. The ‘International Space
Station’, ‘ISS Columbus Module’ and the ‘Hubble Telescope’ objects
were omitted to avoid massively obscuring the results as well as their
internationally known presence in space, i.e. not being orbital debris.

The lower-end estimate scenario for the defunct payloads valued all
payloads (launched 1959-2000) under the assumption that they had no
reuse value and would be scrapped for their materials. Bhat et al. (2018)
derived the four main categories of materials used in the aerospace in-
dustry, as found in NASA’s Materials and Process Technical Information
System (MAPTIS). These categories are metallics, polymerics, compos-
ites and ceramics. Using the 2004 European Cooperation for Space
Standardization (ECSS) review of space product assurance, the most
common metallic materials were identified and their value per kilogram
(ECSS, 2004), as found on the London Metal Exchange (LME) and
Infosys, was recorded. The metals used for this analysis are shown in
Table 2 along with an assigned percentage of that metal, relative to the
other metals that make up a generic satellite composition. The values
used were assigned using data gained from studying satellite diagrams
and blueprints as this information does not currently exist in any
capacity.

The Materials and Processing Technical Information System (MAP-
TIS) holds a record of over 32,000 metals and non-metals that have been
tested and used throughout NASA’s history of space exploration (Rey-
nolds, n.d.). It is near impossible to include every single material that
makes up the orbital debris environment. The metallic materials chosen
served as a proxy to the many other materials that are up there, mainly
because their scrap metal value could all be found on the LME and
InfoSys. As for the polymerics, composites and ceramics, the sheer
number of compositional variations, along with the lack of information

ReuseValue($) = (2021AdjustedObjectValue($/kg)* ObjectMass(kg))* (AverageChangeRate(%/year)(2022 — LaunchYear))

Equation 1: Used for calculating a 2021 adjusted reuse value for
each payload.

on their percentage inclusion within a satellite, made it impossible to
generate a proxy list. These limiting factors combined with the absence
of a ‘LME’-type marketplace for standardised valuation of the scrap
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Table 3
Estimated valuations of the payload reuse and scrap metal scenarios.

Reusable

Metallics, Polymerics,
Composites and
Ceramics (1959-1980)

(1981-2000) Potential Net Value

(1959-2000)

Reuse scenario;

Value ($)
Highest 76.48 billion 7.789 million 47.74
billion
Median 65.99 billion 6.487 million 37.25
billion
Lowest 65.46 billion 6.463 million 36.72
billion

Scrap material
scenario;

Value ($)
Metallics (1959-2000) Polymerics,

Composites,
Ceramics
(1959-2000)

Highest 26.41 million 13.55 million

Median 24.71 million 12.68 million

Lowest 21.18 million 10.86 million

materials, meant a reasonable value of $15 /kg was assigned to these
materials.
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processes. Although payloads are often the focus of a spacecraft launch
event, the rocket body and any related instruments often require the
same level of development costs and, particularly with rocket bodies,
will require more materials in the construction phase. Therefore, the
same methodology used for payloads was applied to the ‘Rocket Body’,
‘Payload Mission Related Object’ and ‘Rocket Mission Related Objects’.
This produced reuse and scrap material scenarios with higher-end,
median and lower-end estimates due to the incompleteness of the
mass data.

2.4. Debris objects

The remaining object classes consist of debris objects created by the
break-ups and explosions of payloads and rocket bodies. ‘Payload
Fragmentation Debris’ and ‘Rocket Fragmentation Debris’ are defined as
objects that were unintentionally released during a traceable fragmen-
tation event. Similarly, the ‘Payload Debris’ and ‘Rocket Debris’ are
defined as unintentionally released objects where genesis is unclear, but
their properties can be traced to a payload or rocket body. A total of
11,465 of these objects within the dataset were used for analysis after
the data cleaning process. DISCOS only has a record of name and launch
year for all but 52 of these objects. This was deemed as not enough in-
formation to be able to include the fragmentation and debris objects in
this study.

$
ScrapValue($) = <PayloadMass(kg)*MetallicValue( ke > *CompositionPercentage

Equation 2: Used for calculating the Metallic scrap value of each
payload.

Scrap material value ($/kg) was an average derived from the per
kilogram values seen in Table 3 as 12.532 $/kg for Metallics. These
proxy materials were assigned compositional percentages that were
representative of their usage within payload construction. Similarly, the
composition percentage in Equation 2 takes into account the greater
percentage of metallic materials with which payloads are often con-
structed; this was assigned to be 0.7 (70 %) for the metallic material
class. The remaining material classes of polymerics, composites and
ceramics used an identical equation to Equation 2 with the only changes
being a 15 $/kg material value, and a composition percentage of 0.3 (30
%).

2.3. Intact parts

The next objects for classification within the DISCOSweb dataset
were the ‘Payload Mission Related Objects’, ‘Rocket Mission Related
Objects” and ‘Rocket Body’. The mission related debris are defined by
ESA to have been released intentionally after serving their purpose for a
specific mission. Similarly, the rocket body class includes the various
stages of launch vehicles used to deliver payloads into space. These
definitions imply that the objects within this class are intact and have
not undergone a break-up/fragmentation event. DISCOS has 3780 ob-
jects that fall within these object classes, after the data cleaning
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2.5. Unknowns

DISCOSweb has a significant number of unidentified objects that are
being tracked but currently lack information that allows them to be
classified. Therefore, these objects were omitted from the dataset as they
would, similar to the fragmentation and debris objects, be impossible to
derive a value for given such little information. They remain a signifi-
cant threat to spacecraft as they are orbital debris; however, if they were
of a significant size and/or mass, they would be classified and therefore
be able to be incorporated into the calculations of this study. NASA has
modelling software that simulates smaller objects of this nature; its goal
is debris risk mitigation, which is necessary but not the aim of this study.

2.6. Cost calculations

The overall cost calculations were performed using the theoretical
approach outlined in Section 2.2. For both the reuse and scrap material
scenarios, related costs were calculated using Equation 3 in order to
contextualise the object valuations. To do this, it was assumed that
Astroscale’s ELSA-d, a payload currently in orbit and demonstrating on-
orbit servicing operations, was able to service 10 objects per launch. At
~ 175 kg, the cost of the ELSA-d payload was calculated using Equation
1. It was assumed that after its 10-object mission, ELSA-d would need to
be serviced on the ground and would incur costs equivalent to a new
ELSA-d payload. The cost of launch was calculated to be $1 million as
part of the Space X Rideshare Program, again requiring one launch per
10 objects serviced.
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ValueperObject($) =
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(ELSA — dMass(kg)*2021AdjustedObjectValue (%) ) + RideshareCost($)

ObjectsServicedperMission/Launch

Equation 3: Used to calculate a cost per object and net value of the
objects.

For the reuse scenario, on-orbit servicing assumes that the payload/
rocket body/MRO would regain its function and therefore assumes its
2021 calculated value. The same principle was applied to the material
values in the scrap material scenario.

The main classifier within the DISCOS dataset is the ‘Object Class’
column, therefore the dataset was split by these columns. ‘Payload
Mission Related Objects’ and ‘Rocket Mission Related Objects’ were
merged into a ‘Mission Related Objects’ class as their descriptors were
similar and implied similar properties. Similarly, the ‘Payload Frag-
mentation Debris’, ‘Payload Debris’, ‘Rocket Fragmentation Debris’ and
‘Rocket Debris’ were merged into the ‘Fragmentations and Debris’ class.

3. Results

Note the results show estimated values for the higher, median, and
lower-end valuations. The decision to substitute object mass values
(instead of omitting these data points) was made so that the results
would be more representative of the actual orbital debris environment,
covering a range of all possibilities (by covering the highest and lowest
potential mass values of the missing object mass data).

3.1. Payloads

Of the 2,634 payloads deemed inactive, 1,716 were classified as
having reuse potential and the remaining 918 were considered to have
outdated technology that would mean their value was held in their
material scrap value. Results for the scenarios can be seen in Table 3.
The highest estimated valuation of the ‘Payload’ object class, as ob-
tained within ESA’s DISCOS dataset and using a reuse scenario

Table 4
Estimated valuations of the rocket body reuse and scrap metal scenarios.

Reusable

Metallics, Polymerics,
Composites and
Ceramics
(1959-1980)

(1981-2000) Potential Net Value

(1958-2021)

methodology is $84.27 billion. For payload object class under a reuse
scenario, the median estimate is $72.48 billion and the lowest estimate
is $71.92 billion. The highest estimated valuation of the payload object
class using a scrap material scenario methodology is $39.96 million, the
median estimate is $37.39 million and the lowest estimate is $32.04
million.

3.2. Rocket bodies

There were 2,579 rocket bodies in the DISCOS dataset, 1,840 of them
were deemed reusable and the remaining 739 were deemed for scrap
material. Results for the scenarios are shown in Table 4. The highest
estimated valuation for the ‘Rocket Body’ object class using the reuse
scenario is $735.5 billion, with a median estimate of $594.9 billion and
a lowest estimate of $577 billion. Using the scrap material scenario, the
highest estimate for rocket bodies is $145.52 million, the median is
$58.9 million and the lowest estimate is $51.17 million.

3.3. Mission related objects

Of the 1,456 mission related objects, 1,016 were classified as reus-
able and 440 were classified to be valued by their scrap material. Results
for the scenarios are shown in Table 5. The ‘Mission Related Objects’ had
a high valuation under a reuse scenario calculated at $446.7 billion, a
median estimate at $11.51 billion and a low valuation of $6.078 billion.
The highest estimated valuation of the mission related objects under a
scrap material scenario is $158.9 million, with the median and low es-
timates of $1.375 million and $870,000, respectively.

Table 5
Estimated valuations of the mission related objects (MRO) valuation under the
reuse and scrap metal scenarios.

Reusable

(1981-2000) Metallics, Potential Net Value
Polymerics, (1959-2021)
Composites and
Ceramics

(1959-1980)

Rocket body reuse
scenario: Value

($)
Highest 735.4 billion 65.13 million 699.2
billion
Median 594.9 billion 12.59 million 563.9
billion
Lowest 576.9 billion 7.94 million 546.5
billion
Rocket body scrap
material
scenario: Value
$)
Metallics Polymerics,
(1959-2000) Composites,
Ceramics
(1959-2000)
Highest 96.18 million 49.34 million
Median 38.93 million 19.97 million
Lowest 33.82 million 17.35 million

MRO reuse
scenario; Value
(%)
Highest 466.6 billion 47.69 million 430.8
billion
Median 11.52 billion 492,000 (4.373
billion)
Lowest 6.078 billion 369,900 (15.031
billion)
MRO scrap
material
scenario; Value
%)
Metallics Polymerics,
(1959-2000) Composites,
Ceramics
(1959-2000)
Highest 105 million 53.89 million
Median 908,500 466,000
Lowest 575,200 295,000
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Table 6

Mass calculations and total final valuations for each scenario. NB: Mass calcu-
lations are for the high, median, and low scrap material scenarios. Total final
valuations for the payload, rocket body and mission related objects in the orbital
debris environment. Also shown is the total net value of the reuse scenario for
each high, median, and low estimates.

Payload Rocket Body Mission Mass
Mass Mass (tonnes) Related Total
(tonnes) Object Mass (tonnes)
(tonnes)
Scrap
Material
Scenarios
Highest 2,910 10,427 5,787 19,124
Median 2,412 4,465 101.4 6978
Lowest 2,390 2,856 65.6 5312
Reuse Reuse Total Potential Scrap
Scenarios Scenario Reuse Scenario  Material
Value Total Net Value ($) Scenario
%) Value Total
$)
Highest 1.258 trillion 1.177 trillion 344.4 million
Median 672.5 billion 596.8 billion 97.67 million
Lowest 648.4 billion 568.2 billion 84.01 million

3.4. Total calculations

The higher-end valuation is drastically greater than the median es-
timate, whereas the median is relative close to the lower-end estimate.
There is an even greater difference in the results of the reuse scenario
versus the scrap material scenario. A simple addition determines a final
valuation for the payloads, rocket bodies and mission related objects in
the orbital debris environment, as seen in Table 6. Results of the mass
calculations, also displayed in Table 6, show a high-end estimate of >
19,000 tonnes, a median of ~ 7,000 tonnes and a low estimate of ~ 5300
tonnes.

4. Discussion
4.1. Scenario estimates

When scenario estimates are made, a low-end estimate typically
takes the lowest value, a conservative estimate the middle (median)
value and a liberal estimate the highest value. Because of the inherent
uncertainties in the calculations we have performed, the median reuse
scenario results may considered as the best statistical indicators of
central tendency for both the total value and total mass calculations of
objects that make up the orbital debris population. A total object value
of between ~$673 billion is consistent with space agency spending
during this period. Specifically, over their 20-year reusable period,
payloads averaged costs of ~$3.3 billion, rocket bodies and mission
related objects averaged costs of ~$14.9 billion and ~$288 million
respectively, over their 40-year reusable period. This comes to a total
annual spend of ~$18.488 billion for the global space economy on these
objects. Considering NASA’s annual budget during this time averaged ~
$20 billion (The Planetary Society, 2021), the myriad of other sunk costs
associated with funding a space agency and the launch costs for these
objects, ~$18.488 billion per year across all global space agencies seems
a judicious estimate.

Similarly, the median estimate for the total mass value of the objects
in DISCOS is consistent with estimates from the ESA. Under a scrap
material scenario, the median mass estimate was calculated as just under
7000 tonnes. In their frequently updated page, ‘Space Debris by the
Numbers’, the ESA estimate that the total mass of all space objects in
Earth orbit is > 9500 tonnes. This is encouraging for the result of the
median estimate in this study for a number of reasons. Their definition of
‘all space objects’ implies that active satellites are included in their es-
timate which would explain the ~ 2500 tonnes difference (ESA, 2021b).
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However, even if active payloads were not included in their mass esti-
mate, the discrepancy is explained by the omission of fragmentation
debris and unknown objects by this study’s method. These mass values,
along with the hundreds of millions of uncatalogued debris < 10 cm,
also explain the lower median estimate calculated in this study.

4.2. Limitations

Despite the comments in Section 4.1, the reuse scenario produces
values that represent a somewhat idealistic situation. It assumes that all
‘reusable’ objects have retained their pre-launch value, arguably an
unlikely outcome considering their years of exposure to extreme climate
cycling. Furthermore, there is a strong possibility that the 1981-2000
technology of the payloads is outdated for the needs of modern society,
rendering them surplus to requirements. Even rocket bodies, with the
recent introductions of reusable boosters such as Space X Falcon 9,
might be outdated technology at this point. The 1981 cut-off date for
reuse versus scrap in the reuse scenario was based on NASA’s SLS rocket
reuse program. This program has been heavily criticised for delays and
being over budget, as well as its capabilities are less of that than of Space
X’s more recently developed Starship. It must be noted that their design
philosophies are completely different in that NASA chose to reuse parts
and legacy manufacturing processes versus Space X’s iterative
manufacturing approach, lending itself to rapid development (Kordina,
2020). Therefore, Space X has shown just how outdated SLS is and this
may somewhat discredit the 1981 reuse cut-off date chosen in this study.

Another limitation to consider comes from the assumption that all of
the objects in the reuse scenario will be able to be serviced by a mission
such as ELSA-d. SpaceLogistics had a successful in-orbit servicing
mission of the GEO satellite Intelsat IS-901 in 2020 using their Mission
Extension Vehicle (MEV) (Cox, 2020). However, this kind of technology
is still in the demonstration phase for use in the LEO (Astroscale, 2021a),
arguably the most susceptible orbit for a Kessler-style collision event.
There is a pessimistic future where in-orbit servicing is not as capable as
first hoped. Therefore, potential for reuse of certain objects is lost and
they must be valued under the scrap material scenario, where their value
would drop considerably. Furthermore, the current demonstration
capability of ELSA-d is on a ~ 17 kg ‘client’ payload (Astroscale, 2021b).
Whilst it can be assumed that this will be scaled up to accommodate for
the much larger objects in the debris population, at present ELSA-
d would only be able to service 243 of the 6,669 objects analysed in
this study. Despite this being a very literal interpretation of the in-orbit
service market, whilst the technology isn’t yet fully operational, the
assumption of in-orbit service success is supported by the prediction of
expert market projections.

Possible explanations for the scrap material scenario’s relatively low
valuation estimates are based on the findings presented above. The ~
$-10 billion in net value loss of the scrap material scenario was largely
due to the costing method for ELSA-d servicing missions. However, the
difference in scenario outcomes is so great that it does indicate that a
scrap material scenario should not be the target of profitable business
endeavours. Instead, a value for removing scrap debris objects should be
valued using a methodology similar to Vance and Mense (2013), where
the value of object removal from orbit is attributed to the risk reduction
towards the active satellite population. The findings for the scrap ma-
terial scenario are very possibly due to the flaws of this methodology and
could actually be more desirable than these simple calculations suggest.

4.3. Implications

Speakers at the 2013 Royal Aeronautical Society ‘Space Traffic
Control’ conference agreed that in-orbit services such as satellite end-of-
life, life extension and de-orbiting offer the most promising short-term
solutions to the orbital debris problem (Slann, 2014), meaning they
are in high demand. Other than the original satellite owners, in-orbit
service providers are next best placed to recoup a large amount of the
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estimated net value through fees for their services. It is therefore
encouraging to assess the total potential net values of the reuse scenario
alongside Catapult’s 2021 projections for the in-orbit service market.
Their conservative estimate that the in-orbit servicing market will see
revenues of ~$4.4 billion by 2030 is consistent with the median ~$600
billion potential net value for orbital debris calculated in this study.
Hence, the median estimate net value could play an important role as an
incentive for a private company to choose a higher risk-reward invest-
ment strategy, in the hope of capitalising on the potential gains of the
developing in-orbit service market. By successfully developing a meth-
odology that has estimated the monetary value and total mass of all
catalogued objects in the ESA’s DISCOS dataset, we have demonstrated
for the first time that a future circular economy for space is potentially
financially viable. The findings of our study can thus contribute to the
acceleration of a practical solution in halting the growth of the orbital
debris population that would be beneficial to society (in terms of risk
reduction from Kessler-style collision events), resource efficiency (in
terms of recovering materials from space), and to the space economy as a
whole. Our data provides some support for the view of the UK space
sector that a genuinely sustainable approach to space-related innovation
will provide up to 15,100 additional, high value, “green” jobs to the UK
economy, from just one sector, whilst simultaneously enabling “space-
based technologies and space-derived information play a key role in
climate knowledge, science, monitoring and early warning “ (UK Space
and WPI Strategy, 2020).

One potential knock-on effect of the rapid implementation of in-orbit
servicing solutions would be the shifting of the space economy from
linear to circular. A circular space economy would aim to maintain
maximum utility of its products and materials (Brennan and Vecchi,
2020). Although Space X and other companies already have reusable
rocket boosters in mission operation (Berger, 2021), even these designs
only recover ~ 70 % of the rocket and upper stages (Sheetz, 2020). It
makes sense to claim that the missing piece to the circular space econ-
omy puzzle is therefore in-orbit servicing, particularly ADR. If new
disposable launches could be returned to Earth for reuse or recycling by
an in-orbit service provider, then the loop of the circular economy has
been closed. ‘New Space’, specifically the decentralisation of space op-
erations around 2010, has enabled much of the innovation through
public—private partnerships that we see today (Weinzierl, 2018), and the
circular economy model just makes more sense in this situation where
companies are competing for a slice of market share.

5. Conclusions and recommendations

The first method for robustly estimating the value and mass of orbital
debris has been successfully delivered and the implications discussed.
We conclude that a future circular economy for space may be financially
viable, with potentially beneficial consequences for risk reduction;
resource efficiency; additional high-value employment; and climate-
change knowledge, science, monitoring and early warning data. The
median to low-end net valuation estimates appear judicious at ~$600
billion and should be encouraging to actors in the growing field of in-
orbit services. A total mass estimate of ~ 7000 tonnes is consistent
with the ESA’s estimate. Development of in-orbit services will be crucial
to solve the orbital debris problem and to the viability of circular
economy for space.

Future work should focus on reducing data uncertainties. This could
be done by using exact compositional and per/kg values for metals,
polymers, composites and ceramics, recognising that these data may be
very challenging to obtain. Another improvement would be to develop a
more up-to-date Equation 1 for calculation of a reuse value. A further
improvement would be the inclusion of the ‘Fragmentation’, ‘Debris’
and ‘Unknown’ object classes; although, the DISCOS dataset does not
hold much information about these objects, a methodology could be
developed that would produce estimates.

27

Waste Management 155 (2023) 19-28
Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
Data will be made available on request.
Acknowledgements

We are grateful to Quirin Funke of the European Space Agency’s
Space Debris Office for assistance in navigating the DISCOSweb APIL

References

Abd El-Hameed, A.M. and Abdel-Aziz, Y.A. (2021). Aluminium Alloys in Space
Applications: a Short Report. Journal of Advanced Research in Applied Sciences and
Engineering Technology, [online] 22(1), 1-7.

Adilov, N., Alexander, P.J. and Cunningham, B.M. (2020). The Economics of Orbital
Debris Generation, Accumulation, Mitigation, and Remediation. Journal of Space
Safety Engineering, [online] 7(3).

Anderson, J. (2019). How Much Money in Old Satellites Is Floating up in Space? Available
at: https://finance.yahoo.com/news/much-money-old-satellites-floating-
100000772.html [Accessed 4 Sep. 2021].

Astroscale (2021a). Astroscale’s ELSA-d Successfully Demonstrates Repeated Magnetic
Capture. Available at: https://astroscale.com/astroscales-elsa-d-successfully-
demonstrates-repeated-magnetic-capture/ [Accessed 6 Sep. 2021].

Astroscale (2021b). ELSA-d Launch Press Kit, p.10. Available at: https://astroscale.com/
wp-content/uploads/2021/03/ELSA-d-Launch-Press-Kit-2021-ENG.pdf [Accessed 6
Sep. 2021].

Berger, E. (2021). Last Year Reusable Rockets Entered the Mainstream, and There’s No Going
Back. Available at: https://arstechnica.com/science/2021/01/last-year-reusable-
rockets-entered-the-mainstream-and-theres-no-going-back/ [Accessed 4 Sep. 2021].

Bhat, B.N., Arnold, S.M., Cebon, D., Ashby, M., Finckenor, M.M. and Henson, G. (2018).
Aerospace Materials and Applications, pp.209-273, 403-431, 435-497. Available at:
https://app.knovel.com/web/toc.v/cid:kpAMA00001 /viewerType:toc//root_slug:
aerospace-materials-applications/url _slug:aerospace-materials-characteristics?issue_
id=kpAMAO00001 [Accessed 1 May 2021].

Boubellouta, B., Kusch-Brandt, S., 2021. Relationship between economic growth and
mismanaged e-waste: Panel data evidence from 27 EU countries analyzed under the
Kuznets curve hypothesis. Waste Management 120, 85-97.

Brennan, L. and Vecchi, A. (2020). The Orbital Circular Economy Framework:
Emblematic Evidence from the Space Industry. Available at: https://www.kindai.ac.
jp/rd/research-center/management-innovation/kindai-management-review/
[Accessed 3 Sep. 2021].

Brettle, H., Forshaw, J., Auburn, J., Blackerby, C., and Okada, N. (2019). Towards a
Future Debris Removal Service: Evolution of an ADR Business Model. 70th International
Astronautical Congress (IAC). Available at: https://astroscale.com/wp-content/
uploads/2020/02/BP-I-Conference-IAC-2019-v2.0.pdf [Accessed 20 Jun. 2021].

Catapult (2021). UK In-Orbit Servicing Capability: a Platform for Growth. Available at:
https://sa.catapult.org.uk/wp-content/uploads/2021/05/Catapult-Astroscale-
Fairspace-Platform-for-Growth-report-final-27-05-21.pdf [Accessed 3 Sep. 2021].

Chrysaki, M. (2020). The Sustainable Commercialisation of Space: the Case for a
Voluntary Code of Conduct for the Space Industry. Space Policy, 52, 101375.
Available at: https://www.sciencedirect.com/science/article/pii/
S0265964620300175 [Accessed 23 Aug. 2021].

Clark, S. (2020). SpaceX’s reusable Falcon booster returns to port after crew launch.
Available at: https://spaceflightnow.com/2020/06,/02/photos-spacexs-reusable-
falcon-booster-returns-to-port-after-crew-launch/ [Accessed 14 September 2022].

European Cooperation for Space Standardization (ECSS) (2004). Space Product Assurance:
Data for Selection of Space Materials and Processes. European Cooperation for Space
Standardization. The Netherlands: ESA Publications Division. Available at: http://
www.esmat.esa.int/ecss-q-70-71a.pdf [Accessed 28 Aug. 2021].

Cox, V. (2020). Northrop Grumman Successfully Completes Historic First Docking of
Mission Extension Vehicle with Intelsat 901 Satellite. Available at: https://news.
northropgrumman.com/news/releases/northrop-grumman-successfully-completes-
historic-first-docking-of-mission-extension-vehicle-with-intelsat-901-satellite
[Accessed 6 Sep. 2021].

Curzi, G., Modenini, D., Tortora, P., 2020. Large Constellations of Small Satellites: a
Survey of near Future Challenges and Missions. Aerospace 7 (9), 133.

Daehnick, C., Klinghoffer, 1., Maritz, B. and Wiseman, B. (2020). Large LEO Satellite
constellations: Will It Be Different This time? Available at: https://www.mckinsey.
com/industries/aerospace-and-defense/our-insights/large-leo-satellite-
constellations-will-it-be-different-this-time [Accessed 8 Jun. 2021].

Denis, G., Alary, D., Pasco, X., Pisot, N., Texier, D., Toulza, S., 2020. From New Space to
Big Space: How Commercial Space Dream Is Becoming a Reality. Acta Astronautica
166, 431-443.



http://refhub.elsevier.com/S0956-053X(22)00510-4/h0040
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0040
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0040
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0080
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0080
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0090
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0090
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0090

R. Leonard and I.D. Williams

Ellen MacArthur Foundation (2020). Circular economy schools of thought. Available at:
https://www.ellenmacarthurfoundation.org/circular-economy/concept/schools-of-
thought (2020) [Accessed 20 Aug. 2022].

ESA. (2021b). ESA - Space Debris by the Numbers. Available at: https://www.esa.int/
Safety_Security/Space Debris/Space_debris by the numbers [Accessed 3 Sep. 2021].

ESA. (n.d.). Active Debris Removal. Available at: https://www.esa.int/Safety_Security/
Space Debris/Active debris removal [Accessed 6 Aug. 2021].

European Space Agency (ESA) (2021a). ESA Invites Ideas to Open up in-orbit Servicing
Market. Available at: https://www.esa.int/Safety Security/Clean Space/ESA_invites_
ideas_to_open_up_in-orbit_servicing market [Accessed 13 Jul. 2021].

Henry, C. (2019). SpaceX Submits Paperwork for 30,000 More Starlink Satellites. Available
at: https://spacenews.com/spacex-submits-paperwork-for-30000-more-starlink-
satellites/ [Accessed 21 Aug. 2021].

Kessler, D.J., Cour-Palais, B.G., 1978. Collision Frequency of Artificial satellites: the
Creation of a Debris Belt. Journal of Geophysical Research 83 (A6), 2637-2646.

Kessler, D.J. (1994). The Current and Future Environment: an Overall Assessment. In:
Preservation of Near-Earth Space for Future Generations. Cambridge: Cambridge
University Press, 19-36. Available at: https://www.cambridge.org/core/books/
preservation-of-nearearth-space-for-future-generations/current-and-future-
environment-an-overall-assessment/53DF53CE3A8104F4A467667C4D572C2D
[Accessed 3 Jun. 2021].

Klima, R., Bloembergen, D., Savani, R., Tuyls, K., Wittig, A., Sapera, A. and Izzo, D.
(2018). Space Debris Removal: Learning to Cooperate and the Price of Anarchy.
Frontiers in Robotics and Al, 5. Available at: https://www.frontiersin.org/articles/
10.3389/frobt.2018.00054/full [Accessed 20 Jun. 2021].

Kordina, F. (2020). SLS vs Starship: Why Do Both Programs Exist? Everyday Astronaut.
Available at: https://everydayastronaut.com/sls-vs-starship/#toc_6 [Accessed 2 Sep.
2021].

La Rocca, G., Wright, E., Poirier, C. and Bordacchini, G. (2020). In-Orbit Services - Full
Report. ESPI. Vienna, Austria: European Space Policy Institute. Available at: https://
espi.or.at/publications/espi-public-reports/category/2-public-espi-reports
[Accessed 25 Jul. 2021].

Lewis, H.G., White, A.E., Crowther, R., Stokes, H., 2012. Synergy of Debris Mitigation
and Removal. Acta Astronautica 81 (1), 62-68.

Liou, J.-C., Johnson, N.L., 2006. Risks in Space from Orbiting Debris. Science 311 (5759),
340-341.

Liou, J.-C., Johnson, N.L., 2009. A Sensitivity Study of the Effectiveness of Active Debris
Removal in LEO. Acta Astronautica 64 (2-3), 236-243.

Liou, J.-C., Johnson, N.L., Hill, N.M., 2007. Controlling the Growth of Future LEO Debris
Populations with Active Debris Removal. Acta Astronautica 66 (5-6), 648-653.

Liou, J-C. (2017). Highlights of Recent Research Activities at the NASA Orbital Debris
Program Office. In: NASA Technical Report Server. European Conference on Space
Debris. Johnson Space Center Houston, TX, United States: NASA. Available at:
https://ntrs.nasa.gov/citations/20170003872 [Accessed 7 Jun. 2021].

Liu, Y., 2021. Economic Value Analysis of on-orbit Servicing for Geosynchronous
Communication Satellites. Acta Astronautica 180, 176-188.

Maclay, T., McKnight, D., 2021. Space environment management: Framing the objective
and setting priorities for controlling orbital debris risk. Journal of Space Safety
Engineering 8 (1), 93-97.

Mark, C.P., Kamath, S., 2019. Review of Active Space Debris Removal Methods. Space
Policy 47, 194-206.

Matney, M., Manis, A., Anz-Meador, P., Gates, D., Seago, J., Vavrin, A. and Xu, Y.-L.
(2019). The NASA Orbital Debris Engineering Model 3.1: Development, Verification,
and Validation. In: International Orbital Debris Conference (I0C), Houston, TX, United
States: NASA. Available at: https://ntrs.nasa.gov/citations/20190033490 [Accessed
4 Jun. 2021].

Matney, M. (2016). Measuring Small Debris - What You Can’t See Can Hurt You. In:
NASA Technical Reports Server, Johnson Space Center Houston, TX, United States:
NASA. Available at: https://ntrs.nasa.gov/citations/20160011226 [Accessed 7 Jun.
2021].

Mazzarano, M., 2020. Estimating total potential material recovery from EEE in EU28.
Resources Policy 68 (2020), 101785.

Mejia-Kaiser, M., 2017. Scavenging of Space Objects for Recycling. In: Recent
Developments in Space Law: Opportunities and Challenges. Springer, Singapore,
pp. 107-115.

Migaud, M.R., 2020. Protecting Earth’s Orbital Environment: Policy Tools for Combating
Space Debris. Space Policy 52, 101361.

Mobhon, L. (2020). Space Launch System (SLS) Overview. Available at: https://www.nasa.
gov/exploration/systems/sls/overview.html [Accessed 29 Aug. 2021].

28

Waste Management 155 (2023) 19-28

Muelhaupt, T.J., Sorge, M.E., Morin, J., Wilson, R.S., 2019. Space Traffic Management in
the New Space Era. Journal of Space Safety Engineering 6 (2), 80-87.

Murtaza, A., Pirzada, S.J.H., Xu, T., Jianwei, L., 2020. Orbital Debris Threat for Space
Sustainability and Way Forward (Review Article). IEEE Access 8, 61000-61019.

Newell, H. (1980). Rockets and Spacecraft: Costs. In: Beyond the Atmosphere: Early Years
of Space Science, Washington, D.C., United States: NASA, 161-163. Available at:
https://history.nasa.gov/SP-4211/ch10-5.htm [Accessed 26 Jul. 2021].

Northern Sky Research (NSR) (2018). Satellite EOL: Not One Size Fits All. Available at:
https://www.nsr.com/satellite-eol-not-one-size-fits-all/ [Accessed 24 Aug. 2021].

Ongondo, F.O., Williams, 1.D., Dietrich, J., Carroll, C., 2013. ICT Reuse in socio-economic
enterprises. Waste Management 33, 2600-2606.

Paladini, S., Saha, K., Pierron, X., 2021. Sustainable space for a sustainable Earth?
Circular economy insights from the space sector. Journal of Environmental
Management 289 (2021), 112511.

Ralph, E. (2022). SpaceX rapidly reuses converted Falcon Heavy booster. Available at:
https://www.teslarati.com/spacex-starlink-launch-falcon-heavy-booster-reuse/#:~:
text=SpaceX%20has%20reflown%20a%20converted%20Falcon%20Heavy%20side
part%200f%20Falcon%20Heavy%20Block%205%E2%80%99s5%20launch%20debut
[Accessed 14 September 2022].

Rao, A., Burgess, M.G., Kaffine, D., 2020. Orbital-use Fees Could More than Quadruple
the Value of the Space Industry. Proceedings of the National Academy of Sciences
117 (23), 12756-12762.

Reynolds, J. (n.d.). Materials and Processes Technical Information System (MAPTIS).
Available at: https://maptis.nasa.gov/Features [Accessed 15 Aug. 2021].

Rose, C.M., 1991. Rethinking Environmental Controls: Management Strategies for
Common Resources. Duke Law Journal 1991 (1), 37-38.

Sheetz, M. (2020). SpaceX Pushes Reusing Rockets Further with Record Sixth Landing of a
Single Booster. Available at: https://www.cnbc.com/2020/08/18/spacex-reuses-and-
lands-falcon-9-rocket-booster-for-record-6th-time.html [Accessed 6 Sep. 2021].

Shittu, O.S., Williams, 1.D., Shaw, P.J., 2022. Prospecting reusable small electrical and
electronic equipment (EEE) in distinct anthropogenic spaces. Resources
Conservation & Recycling 176 (2022), 105908.

Slann, P.A., 2014. Space Debris and the Need for Space Traffic Control. Space Policy 30
(1), 40-42.

UK Space and WPI Strategy, (2020). Stratospheric Green Growth Report. Available at:
[Accessed 13 September 2022).

Taylor, J., 2011. Tragedy of the Space Commons: A Market Mechanism Solution to the
Space Debris Problem. Columbia Journal of Transnational Law 50 (1), 253-280.

The Planetary Society (2021). Your Guide to NASA’s Budget. Available at: https://www.
planetary.org/space-policy/nasa-budget [Accessed 7 Sep. 2021].

United Nations (UN) (2017). International Space Law: United Nations Instruments. United
Nations Office for Outer Space Affairs. Vienna: United Nations Office. Available at:
https://www.unoosa.org/oosa/oosadoc/data/documents/2017/stspace/
stspace61rev.2 0.html [Accessed 10 Jun. 2021].

United Nations Office for Outer Space Affairs (UNOOSA) (2019). Benefits of Space for
Humankind. Available at: http://www.unoosa.org/oosa/en/benefits-of-space/
benefits.html [Accessed 6 Sep. 2021].

Vance, L., Mense, A., 2013. Value Analysis for Orbital Debris Removal. Advances in
Space Research 52 (4), 685-695.

Wang, A. (2016). The Valuation of the Loss Caused by Space Debris. In: Proceedings of the
2016 3rd International Conference on Materials Engineering, Manufacturing Technology
and Control, Dordrecht, Netherlands: Atlantis Press, 938-941. Available at: https://
www.atlantis-press.com/proceedings/icmemtc-16/25852287 [Accessed 10 Jun.
2021].

Weeden, C., Blackerby, C., Forshaw, J., Martin, C., Lopez, R., Yamamoto, E. and Okada,
N. (2019). Development of Global Policy for Active Debris Removal Services. In: First
International Orbital Debris Conference. Available at: https://astroscale.com/wp-
content/uploads/2020/02/Reg-V-Development-of-Global-Policy-for-Active-Debris-
Removal-Services-v2.0.pdf [Accessed 20 Jun. 2021].

Weinzierl, M. (2018). Space, the Final Economic Frontier. Journal of Economic
Perspectives, 32(2), 173-192. Available at: https://www.aeaweb.org/articles?
id=10.1257/jep.32.2.173 [Accessed 3 Sep. 2021].

White, A.E., Lewis, H.G., 2014. The Many Futures of Active Debris Removal. Acta
Astronautica 95, 189-197.

Wild, F. (2010). What Is Orbital Debris? Available at: https://www.nasa.gov/audience/
forstudents/5-8/features/nasa-knows/what-is-orbital-debris-58.html [Accessed 22
Jul. 2021].

Zissis, C. (2007). China’s Anti-Satellite Test. Council on Foreign Relations. Available at:
https://www.cfr.org/backgrounder/chinas-anti-satellite-test [Accessed 10 Jul.
2021].



http://refhub.elsevier.com/S0956-053X(22)00510-4/h0120
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0120
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0145
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0145
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0150
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0150
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0155
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0155
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0160
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0160
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0170
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0170
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0175
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0175
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0175
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0180
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0180
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0195
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0195
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0200
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0200
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0200
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0205
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0205
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0215
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0215
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0220
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0220
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0235
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0235
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0240
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0240
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0240
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0250
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0250
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0250
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0260
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0260
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0270
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0270
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0270
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0275
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0275
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0285
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0285
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0305
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0305
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0325
http://refhub.elsevier.com/S0956-053X(22)00510-4/h0325

	Viability of a circular economy for space debris
	1 Introduction
	1.1 Context
	1.2 Solutions to orbital debris
	1.3 Attempts to quantify orbital debris

	2 Methods
	2.1 Data sources
	2.2 Defunct satellites
	2.3 Intact parts
	2.4 Debris objects
	2.5 Unknowns
	2.6 Cost calculations

	3 Results
	3.1 Payloads
	3.2 Rocket bodies
	3.3 Mission related objects
	3.4 Total calculations

	4 Discussion
	4.1 Scenario estimates
	4.2 Limitations
	4.3 Implications

	5 Conclusions and recommendations
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	References


