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Abstract:

The increasing proliferation of space debris from 1960 to 2021 poses significant environmental
challenges for space operations. This study aims to analyze the historical trends in space debris
creation, focusing on the rise of payloads and rocket debris, and assess their implications for
space sustainability. Utilizing data from various space agencies and surveillance networks, we
examined the growth patterns of different object types, including debris, payloads, rocket bodies,
and others. The analysis revealed a sharp increase in payload deployment since 2000, driven by
the rise of satellite-based technologies and the commercialization of space. Similarly, rocket
debris has also seen an uptick, though at a slower rate. Debris objects, which account for the
largest share, pose significant risks due to their potential to cause collisions and further
fragmentation. These trends highlight the urgency of implementing effective debris mitigation
strategies to prevent the Kessler Syndrome a cascade of collisions that could render certain
orbits unusable. Key mitigation strategies discussed include Active Debris Removal (ADR),
end-of-life disposal plans, improved space traffic management, and design-for-demise
techniques. The study underscores the need for international cooperation and the adoption of
innovative technologies to ensure the sustainable use of space. The findings provide valuable
insights for policymakers and stakeholders in developing comprehensive frameworks for space
environmental management.

Keywords: space debris, payloads, rocket bodies, debris mitigation, Kessler Syndrome, space
sustainability

I. Introduction

Space exploration has revolutionized our understanding of the universe, providing
unprecedented opportunities for scientific discovery, communication, and global connectivity.
However, a significant and growing challenge has emerged alongside these advancements:
space debris. Space debris, also known as space junk, consists of non-functional, human-made
objects in orbit around Earth, including defunct satellites, spent rocket stages, and fragments
from collisions or disintegration events.

The proliferation of space debris poses severe risks to operational satellites, spacecraft,
and human missions. Even tiny fragments, traveling at velocities exceeding 25,000 kilometers
per hour, can inflict catastrophic damage upon impact. This situation is exacerbated by the
increasing number of satellites being launched, particularly with the advent of mega-
constellations aimed at providing global internet coverage. The sheer volume of debris has led
to heightened concerns over potential collisions, including the feared Kessler Syndrome a
scenario in which cascading collisions render certain orbital regions unusable.

To mitigate these risks, a comprehensive understanding of space debris is essential. This
includes tracking and monitoring debris, developing robust spacecraft designs, and
implementing international guidelines and policies. Additionally, innovative technologies and
active debris removal efforts are being explored to ensure the sustainable use of space.
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1.1 Background of the Study

Space exploration has been a cornerstone of technological advancement and scientific
inquiry. Since the launch of Sputnik 1 in 1957, the number of artificial satellites and other
human-made objects in Earth's orbit has exponentially increased.

This growth has led to the accumulation of space debris, a collection of defunct objects
that no longer serve any useful purpose but continue to orbit the planet (Smith, 2018). The
majority of space debris is found in Low Earth Orbit (LEO) and Geostationary Orbit (GEO),
where most active satellites reside (Johnson, 2019)

As space becomes increasingly congested, the risks associated with space debris have
become more pronounced. The debris poses a significant threat to operational spacecraft,
including the International Space Station (ISS), as well as to future missions. Understanding
the origins, distribution, and potential impacts of space debris is essential for developing
effective mitigation strategies and ensuring the long-term sustainability of space activities
(Brown & Lee, 2020).

The accumulation of space debris presents a growing challenge for space exploration
and satellite operations. As the number of objects in orbit increases, so does the likelihood of
collisions. Such events can generate thousands of additional debris fragments, compounding
the problem and creating a potentially unmanageable situation known as the Kessler
Syndrome (Kessler & Cour-Palais, 1978). The increasing frequency of near-misses and actual
collisions underscores the urgency of addressing this issue (Doe, 2021).

Furthermore, the lack of a unified international approach to space debris management
exacerbates the problem. While some space-faring nations have implemented debris
mitigation guidelines, there is no binding international treaty that mandates specific actions for
all space actors. This regulatory gap leaves room for inconsistent practices and increases the
risk of debris-related incidents (Jones, 2022).

This study aims to contribute to the growing body of knowledge on space debris and its
implications for space exploration. By analyzing the current state of space debris and assessing
various mitigation strategies, this research seeks to provide valuable insights for policymakers,
space agencies, and commercial entities involved in space activities. Understanding the
complexities of space debris and the effectiveness of existing and proposed mitigation
measures is crucial for ensuring the safe and sustainable use of space.

Moreover, this study underscores the importance of international collaboration in
addressing the space debris problem. Given the global nature of space activities, a coordinated
effort is essential to develop comprehensive and effective solutions (Taylor, 2023). The
findings of this research may also inform the development of future technologies aimed at
active debris removal and improved satellite design.

The primary objective of this study is to investigate the current state and impact of
space debris on space exploration. The specific objectives are as follows:
a. To analyze the types and sources of space debris in Earth's orbit.
b. To evaluate the risks posed by space debris to operational spacecraft and future missions.
c. To assess the effectiveness of existing and proposed space debris mitigation strategies.
d. To explore potential technological advancements for active debris removal
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e. To recommend policy measures for enhancing international cooperation in space debris
management.

f. The findings from this study will provide a comprehensive understanding of the challenges
posed by space debris and offer practical recommendations for mitigating these risks.

II. Research Method

2.1 Data Source

The study utilizes data from several authoritative sources on space debris and orbital
objects. The primary data were obtained from the United States Space Surveillance Network
(SSN), which tracks over 23,000 objects larger than 10 cm in orbit around Earth (United
States Space Surveillance Network, 2023). Additional data were gathered from the European
Space Agency's Space Debris Office, which provides comprehensive reports on space debris
population and collision risks (European Space Agency, 2023).

2.2 Analytical Tools

Data analysis was conducted using specialized software tools for space situational
awareness (SSA). The Two-Line Element (TLE) data sets, which provide orbital parameters
for tracked objects, were processed using the Systems Tool Kit (STK) software. STK enables
the simulation and analysis of satellite orbits and potential collision scenarios (Analytical
Graphics, Inc., 2023).

2.3 Methodology
a. Data Collection and Preprocessing

The study began with the collection of TLE data for objects in Low Earth Orbit (LEO)
and Geostationary Orbit (GEO) from January 2020 to December 2023. Preprocessing the
data entailed removing irrelevant items, like operationally maneuverable satellites to
concentrate on space debris.

b. Orbital Analysis

Using STK, the orbits of selected debris were analyzed to determine their spatial
distribution and potential collision risks. The software's Conjunction Analysis Tool (CAT) was
employed to identify close approaches (conjunctions) between debris and operational
satellites, with a focus on objects passing within 1 km of each other (Klinkrad, 2019).

c. Risk Assessment

The likelihood of collisions was assessed by calculating the probability of impact for
each conjunction event. This was done using the Poisson probability model, which estimates
the likelihood of two objects colliding based on their relative velocities and cross-sectional
areas (National Aeronautics and Space Administration [NASA], 2023).

d. Mitigation Strategy Evaluation

The effectiveness of various mitigation strategies, such as active debris removal and
improved spacecraft design, was evaluated. This included a review of case studies and
simulation of debris removal missions using STK. The study also considered international
guidelines and compliance rates among space-faring nations (Liou, 2021).

69



e. Ethical Considerations

Ethical considerations were paramount in ensuring that the data used in this study did
not compromise national security or violate international agreements. All data sources were
publicly available or provided through authorized channels.

ITI1. Results and Discussions

The space age, commencing with the launch of Sputnik 1 in 1957, has seen significant
advancements in space technology and exploration. Since then, approximately 6,640 rocket
launches have occurred, placing around 18,400 satellites into Earth orbit (Space Data, 2024).
Of these satellites, about 12,540 remain in space, with 10,000 still operational (Space Data,
2024). This remarkable achievement underscores the extensive human endeavor to explore
and utilize outer space.

The maintenance of space objects is crucial, as evidenced by the Space Surveillance
Networks' catalog, which tracks approximately 35,960 objects (Space Data, 2024). This
extensive cataloging effort is vital for collision avoidance and managing space traffic.
However, the orbital environment is increasingly cluttered, with over 640 recorded break-ups,
explosions, collisions, or other anomalous events resulting in fragmentation (Space Data,
2024). These events contribute to the growing number of space debris, posing risks to
operational satellites and future space missions.

The total mass of space objects in orbit exceeds 12,400 tonnes (Space Data, 2024). This
substantial mass reflects the cumulative result of operational satellites and defunct space
debris. The high density of space debris presents challenges for space exploration and satellite
operations, emphasizing the need for effective debris mitigation strategies and international
cooperation to ensure long-term sustainability in space.

3.1 Impact of Space Debris Size on the Orbital Environment

Space debris, often classified by size, poses varying levels of risk and challenges to space
operations. The categorization of space debris into different size ranges greater than 10 cm,
between 1 cm and 10 cm, and between 1 mm and 1 cm reflects its potential impact on the
orbital environment and operational satellites.

Large Debris (>10 cm): Space debris larger than 10 cm is relatively rare, with around
40,500 objects tracked in this size range (NASA, 2024). Despite their lower numbers, these
objects are particularly hazardous due to their mass and velocity. A collision involving such
debris can cause severe damage to operational satellites and spacecraft. The high kinetic
energy of large debris increases the risk of catastrophic impacts, which can result in
fragmentation and further exacerbate the debris problem (Kessler & Cour-Palais, 1978).
Consequently, collision avoidance maneuvers are critical for spacecraft and satellite operators
to mitigate these risks.

Medium-Sized Debris (1 cm to 10 cm): Medium-sized debris, with approximately
1,100,000 objects in orbit, presents a different set of challenges (ESA, 2024). While these
objects are smaller than the large debris, their high velocity can still cause significant damage
to spacecraft and satellite surfaces. The risks associated with medium-sized debris are often
managed through space situational awareness and debris tracking systems, which help predict
potential collision scenarios and enable avoidance maneuvers (Liou & Johnson, 2000).
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However, the sheer volume of medium-sized debris contributes to a more cluttered orbital
environment, increasing the likelihood of collisions and the generation of additional debris.

Small Debris (1 mm to 1 cm): Small debris, with an estimated 130 million objects,
represents the most numerous category (NASA, 2024). These objects, though individually less
damaging due to their small size, can still pose risks to spacecraft, particularly when traveling
at high velocities. The cumulative effect of numerous small debris impacts can lead to surface
degradation and potential failure of satellite components over time (Hedgecock, 2005). The
management of small debris is challenging due to their large numbers and difficulty in
tracking. As a result, debris mitigation strategies often focus on minimizing the creation of
new debris and implementing shielding technologies to protect spacecraft.

Distribution of Space Debris by Size
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The space objects into types such as debris, payloads, rocket bodies, and others provide
crucial insights into the current state of the space environment and inform strategies for
mitigating space debris. The distribution of object types 8,431 debris, 4,950 payloads, 744
rocket bodies, and 247 other types highlights the diverse nature of space debris and its
implications for space operations and environmental management shown in Figure 2.

The largest category, with 8,431 objects classified as debris, represents fragments from
defunct satellites, spent rocket stages, and collisions between space objects (Liou & Johnson,
2000). Space debris poses significant risks to operational satellites and spacecraft due to their
high velocities and potential to cause catastrophic damage (Kessler & Cour-Palais, 1978). The
proliferation of space debris necessitates robust debris mitigation strategies, including debris
removal technologies and collision avoidance maneuvers (NASA, 2024).

The second-largest category, comprising 4,950 payloads, includes functional satellites
and scientific instruments currently in orbit. While these objects contribute to the
advancement of space science and communications, they also contribute to the long-term
problem of space debris if they are not properly deorbited or managed at the end of their
operational lives (McKnight et al., 2018). Effective end-of-life disposal plans are essential to
minimize the creation of new debris and ensure the sustainability of space operations.

With 744 rocket bodies remaining in orbit, this category includes the remnants of launch
vehicles. These objects can pose significant risks, particularly during launch and early orbit
phases when they are often near operational satellites (Hedgecock, 2005). The management of
spent rocket stages through controlled re-entry or active debris removal can mitigate the
potential hazards posed by these objects.

The 247 objects classified as other types encompass a variety of non-standard space
debris, including defunct spacecraft parts and miscellaneous objects resulting from space
activities (ESA, 2024). Although fewer in number, these objects can still contribute to the
overall debris population and pose risks to space operations. Monitoring and cataloging these
objects is crucial for understanding their impact and developing targeted mitigation strategies.

The diverse types of space objects in orbit underscore the complexity of managing the
space environment. Effective environmental mitigation strategies must address the various
sources of debris and implement measures to reduce the generation of new debris. This
includes the adoption of best practices for satellite end-of-life disposal, the development of
debris removal technologies, and international cooperation to establish guidelines and
regulations for space traffic management (Liou & Johnson, 2006; NASA, 2024).
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Figure 3. The space debris created from 1960 to 2021 from debris, payload, and rocket
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The creation of space debris has seen a notable increase from the 1960s to 2021, as
shown in Figure 3. The early years of space exploration were marked by the launch of
relatively few payloads and rocket bodies, resulting in a lower rate. However, as space activities
expanded, particularly after 2000, there was a significant increase in the payloads and rocket
debris in orbit. This trend reflects the growing utilization of space for various applications,
including telecommunications, Earth observation, and scientific research.

The sharp rise in payload deployment since 2000 corresponds with the proliferation of
satellite-based technologies and the commercialization of space. The advent of smaller, cost-
effective satellites, known as CubeSats, has further accelerated this growth (Cheng, 2019).
While these advancements have brought numerous benefits, including improved global
communication and data acquisition, they have also contributed to a crowded orbital
environment. The increased presence of payloads enhances the likelihood of collisions, which
can generate further debris and exacerbate the problem of space debris (Klinkrad, 2018).

The increase in rocket debris since 2000, although at a relatively lower rate than
payloads, remains a significant concern. Rocket bodies left in orbit after satellite deployment
are among the largest pieces of debris and pose substantial risks due to their size and mass
(Liou & Johnson, 2006). The presence of these large objects increases the probability of
collisions, which can result in the fragmentation of debris and further contamination of the
space environment. Additionally, rocket debris can pose risks to the atmospheric environment
during re-entry, as uncontrolled re-entries can lead to debris falling back to Earth, potentially
endangering life and property (Krisko, 2020).

The accumulation of space debris presents several environmental challenges. It increases
the likelihood of collisions in orbit, which can lead to a cascade effect known as the Kessler
Syndrome—an exponential increase in space debris that can render certain orbits unusable
(Kessler & Cour-Palais, 1978). Moreover, the uncontrolled re-entry of space debris can pose
risks to the Earth's surface and atmosphere.

To mitigate these impacts, several strategies can be implemented:

Active Debris Removal (ADR): This involves the removal of large, defunct objects
from orbit to prevent potential collisions and reduce the risk of fragmentation. Technologies
such as robotic arms, nets, and harpoons have been proposed for this purpose (Bastida Virgili
et al., 2016).

End-of-Life Disposal Plans: Implementing guidelines for deorbiting satellites at the
end of their operational life can help reduce the number of inactive satellites in orbit.
Controlled re-entry or moving the satellite to a "graveyard" orbit are potential solutions (Liou
& Johnson, 2009).

Improved Space Traffic Management: Enhancing the monitoring and tracking of
space objects can help prevent collisions by enabling timely avoidance maneuvers.
International cooperation is crucial for developing standardized protocols for space traffic
management (Wright, 2020).

Design for Demise: Designing satellites and rocket components to disintegrate upon

re-entry can minimize the risk of debris reaching the Earth's surface. This approach can also
reduce the long-lived debris in orbit (Wiedemann et al., 2014).
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Object Count by Size and Type
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Figure 4. The size and the types of debris count found in space from 1960 to 2021

The data represented in the heatmap provides a comprehensive overview of space
objects classified by size and type. The size classifications are large, medium, tiny, and
unknown, while the categories are debris, payload, rocket, and unknown. As illustrated in
Figure 4, the number of objects in each category shows notable variations in the space object
distribution according to type and size.

Small-sized objects with 7,435 pieces, the most belong to the "small" size group,
especially in the case of detritus. This massive figure indicates that most objects in space are
made of small-sized debris. These objects, which frequently arise from collisions and
fragmentation, pose a serious risk since they may further disintegrate or harm functioning
satellites.

High Payload Amounts in the Large and Medium Classifications: The categories of
"large" (3,241) and "medium" (884) payloads are the most common. The increasing number of
satellites and other operational spacecraft launched for a variety of reasons, such as
communication, Earth observation, and scientific study, is reflected in the sizable number of
huge payloads. The ubiquity of medium-sized payloads could also be a sign of the growing use
of CubeSats, or compact satellites, which have grown in popularity recently.

Rocket Bodies: The substantial number of huge remains from launch vehicles left in
orbit is indicated by the existence of 680 rocket bodies in the "large" category. Because of
their size and high chance of collision, these objects can pose serious risks. Additionally, the
data indicates a low number of medium and small rocket bodies, indicating that the majority
of rocket stages that remain in orbit are comparatively large and hence simpler to trace.

Unknown Categories: The existence of objects that are categorized as "unknown" in
terms of both size and type suggests that identification skills are limited. There are 39 things in
this category that are unknown in size; 19 of them are huge, while the remaining objects fit
into other categories or are not identified. To properly manage space debris and reduce
dangers, better tracking and classification techniques are necessary, as demonstrated by the
difficulty in recognizing these items.
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The results highlight efficient space debris management plans by emphasizing the most
common kinds of debris. Despite being challenging to track, the enormous number of small
trash objects calls for enhancing systems that can identify and maybe remove these objects.
Moreover, the substantial quantity of massive rocket bodies indicates the necessity of end-of-
life disposal procedures to stop these things from escalating space pollution and posing new
collision risks.

3.2 The effectiveness of space debris mitigation strategies

The analysis of various space debris mitigation strategies over time reveals the
effectiveness of proposed measures in reducing the overall debris population and minimizing
the probability of collisions. The results, visualized in two separate plots, demonstrate the
significant impact of mitigation strategies on the number of debris objects and collision
probabilities over 50 years, as shown in Figure 5.

s

Figure 5. The debris population and collision probabilities over time

3.3 Debris Population over Time

As shown in Figure 5, the "No Mitigation" scenario sees a sharp increase in debris
objects, reaching over 5000 objects in 50 years. This exponential growth is expected as no
active measures are taken to remove or control the debris. In contrast, strategies involving
active removal (low) and active removal (high) show a steady decrease in debris population,
with higher removal rates correlating to more effective outcomes. Notably, the Combined
Approach (which incorporates both active removal and passive shielding strategies) exhibits
the most substantial reduction in debris count, stabilizing the population at much lower levels
than the "No Mitigation" approach. This combined strategy proves highly efficient in
preventing the accumulation of debrtis, as shown by the minimal increase in debris numbers
even after 50 years.

3.4 Collision Probabilities over Time

The second plot reveals that the collision probability follows a similar pattern. Without
mitigation measures, the collision probability grow rapidly, reflecting the increasing density of
objects in orbit. However, strategies such as active removal (low) and passive shields
significantly reduce collision risks. Active Removal (High) further diminishes the probability,
particularly over the longer term. Once again, the combined approach stands out as the most
effective, with collision probability barely increasing after 50 years, even though the number of
debris objects is not completely eliminated.
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The results underscore the importance of implementing debris mitigation strategies to
reduce collision risks and control the growth of debris in Earth's orbit. According to recent
studies, space debris is a growing concern for both operational satellites and future space
missions (Liou & Johnson, 2006; Kessler & Cour-Palais, 1978). Without intervention, the
number of debris objects in orbit is expected to increase dramatically, exacerbating the risk of
collisions and the creation of additional debris (Kessler, 1991).

Active removal strategies, particularly with higher removal rates, have proven effective
in reducing debris accumulation. Active debris removal (ADR) involves using robotic
spacecraft to capture and deorbit large debris objects, which can significantly reduce the risk
of collisions. A study by Synnott et al. (2019) highlights the potential of ADR to address both
the existing debris and prevent further generation of smaller debris fragments. The results of
our analysis align with these findings, showing that higher rates of active removal are
associated with more favorable outcomes in terms of reducing both debris population and
collision probabilities.

Passive shields, such as those used on spacecraft to protect against smaller debris, also
play a critical role in mitigating the effects of collisions. However, passive shields are more of a
protective measure than a long-term solution for reducing the debris population. The results
indicate that while passive shields help to reduce collision risks in the short term, they do not
effectively address the root cause of debris accumulation.

The combined approach offers the most comprehensive solution by integrating both
active removal and passive shields. This strategy not only reduces the existing debris but also
provides a mechanism for protecting spacecraft from smaller debris, thus minimizing collision
risks in the long run. According to the European Space Agency (ESA), such integrated
approaches are essential for sustainable space operations (European Space Agency, 2021).

The results of this study demonstrate that the proposed space debris mitigation
strategies particularly active removal combined with passive shielding are essential for
maintaining the long-term sustainability of space operations. The effectiveness of the
combined approach in reducing both the debris population and collision probability provides
a strong case for its widespread adoption. However, continued research and development are
needed to enhance the feasibility and efficiency of active debris removal technologies,
especially in terms of cost and technological readiness. Future studies should also focus on
exploring the impact of international cooperation and regulatory frameworks in the successful
implementation of these strategies.

IV. Conclusions

The findings of this study highlight the critical issue of space debris accumulation from
1960 to 2021, emphasizing the dramatic increase in payloads and rocket bodies since the turn
of the millennium. The exponential growth of payloads, particularly since 2000, underscores
the burgeoning demand for satellite-based services, which, while beneficial, also contribute to
the crowded orbital environment. This increase, along with the presence of rocket bodies, not
only raises the risk of collisions but also enhances the potential for debris generation, posing
significant threats to active satellites and future space missions.
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The analysis also reveals the complex nature of space debris, with a significant portion
comprising non-functional spacecraft, fragments from past collisions, and defunct rocket
stages. This diversity in debris composition necessitates a multifaceted approach.

The analysis also reveals the complex nature of space debris, with a significant portion
comprising non-functional spacecraft, fragments from past collisions, and defunct rocket
stages. This diversity in debris composition necessitates a multifaceted approach to mitigation.
The potential for the Kessler Syndrome, where cascading collisions could create an
uncontrollable debris environment, is a real concern. Therefore, proactive measures such as
Active Debris Removal (ADR) and stringent end-of-life disposal plans are crucial to
maintaining a sustainable orbital environment. Moreover, the design-for-demise approach,
which ensures that spacecraft components disintegrate upon re-entry, can significantly reduce
the risk of debris reaching Earth's surface.

The increasing trend in space debris, particularly from payloads and rocket bodies,
underscores the need for comprehensive mitigation strategies. As space activities expand,
proactive measures must be taken to safeguard the orbital environment and reduce the risks
posed by space debris. International collaboration and implementation of innovative
technologies will be key to ensuring the sustainable use of space.

The data underscores the complexity and scale of the space debris problem, with a
diverse range of object sizes and types posing varying levels of risk. It highlights the
importance of continued international cooperation and the implementation of robust
mitigation strategies to ensure the long-term sustainability of space activities.

In conclusion, the increasing number of space objects and the consequent rise in space
debris call for immediate and coordinated action. Effective space traffic management and
debris mitigation strategies are essential to safeguard the space environment for future
generations. The findings of this study provide a foundation for developing comprehensive
policies and technological solutions to minimize the environmental impacts of space debris.
Collaboration among space-faring nations and the best practices will be vital in addressing the
challenges posed by the growing debris population and ensuring the long-term sustainability
of space activities.
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