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Abstract

Space debris presents a significant hazard to satellites, spacecraft, and astronauts in Earth's orbit, necessitating
effective mitigation strategies for the long-term sustainability of space activities. This research paper analyses
current methods for tracking space debris, evaluates the effectiveness of space debris removal techniques, and
identifies challenges associated with implementing mitigation strategies. Tracking methods include cataloging
debris and using ground lasers for nudging, while active removal technologies aim to target larger debris before
fragmentation. Assessing removal techniques involves considering the reduction in hazards to ongoing space
operations and comparing effectiveness with other methods. Challenges in implementation range from
regulatory compliance to financial constraints, with the need for adherence to international standards and
enforcement of stricter requirements. Economic risks and the dilemma of prioritizing clean-up efforts further
complicate mitigation strategies. Despite these challenges, collaborative efforts and innovative solutions are
crucial for minimizing the threat posed by space debris and ensuring a safer space environment for future
generations. This research contributes to understanding the complexities of space debris management and
highlights the importance of effective mitigation strategies.
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I.  Introduction

Space debris, consisting of defunct satellites, spent rocket stages, and other remnants of human space
activities, poses a significant threat to the safety of satellites, spacecraft, and astronauts orbiting Earth. With the
proliferation of space missions and the continued accumulation of debris, the need for effective mitigation
strategies has become paramount to ensure the sustainability of space activities in the long term. This research
paper aims to delve into the multifaceted issue of space debris management by analyzing current methods for
tracking debris, evaluating the effectiveness of space debris removal techniques, and identifying challenges
associated with implementing mitigation strategies.

Tracking space debris is essential for mitigating collision risks and safeguarding ongoing space
missions. Various methods, such as cataloging debris and employing ground lasers to nudge non- functional
satellites and spent rocket stages, have been developed to monitor and manage space debris effectively.
Additionally, advancements in active debris removal technologies target larger debris pieces before they
disintegrate into potentially hazardous clouds, highlighting the proactive approach needed for space debris
management. Operational procedures for spacecraft navigation through debris- dense orbital regions further
underscore the complexity of tracking and mitigating space debris.

Assessing the effectiveness of space debris removal techniques involves considering reduction in the
hazard posed by debris to ongoing space operations. Comparisons with other methods and weighing the costs
associated with debris removal further inform the evaluation process. Despite progress in removal technologies,
challenges persist in implementation, including regulatory compliance, financial constraints, and the
dilemma of prioritizing clean-up efforts. Adherence to international standards and the enforcement of stricter
requirements are necessary steps to ensure uniformity across space systems and missions.

The economic risks associated with space debris clean-up and the need to identify reliable market
mechanisms further complicate mitigation efforts. Despite these challenges, the urgent need to minimize the
threat posed by space debris underscores the importance of collaborative efforts and innovative solutions. By
addressing these challenges, the space industry can enhance its debris tracking and management capabilities,
ensuring a safer and more sustainable space environment for current and future space missions.

In light of these considerations, this research paper aims to contribute to the advancement of knowledge
in the field of space debris management by highlighting the critical importance of effective mitigation
strategies. Through a comprehensive analysis of tracking methods, removal techniques, and associated
challenges, this study seeks to provide insights into the complexities surrounding space debris management and
offer recommendations for addressing these challenges to safeguard the future of space exploration.
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Space debris poses a significant threat to satellites, spacecraft, and astronauts in orbit around Earth.
As the amount of space debris continues to grow, it becomes imperative to explore effective mitigation
strategies to ensure the long-term sustainability of space activities. This research paper aims to analyse the
current methods for tracking space debris, assess the effectiveness of space debris removal techniques, and
identify the challenges associated with implementing space debris mitigation strategies. By examining these
key aspects, this study will contribute to a better understanding of the complexities surrounding space debris
management and offer insights into how we can safeguard the space environment for future generations.

Space debris, also known as orbital debris, is a growing concern for space agencies and the global
community. With over 20,000 pieces of debris larger than a softball orbiting the Earth, the risk of collisions
with operational spacecraft is increasing. To mitigate this risk, various strategies have been developed to clear
the clutter in space. This paper will provide a descriptive review of space debris mitigation strategies, including
active and passive approaches, and discuss the challenges and limitations of implementing these strategies.

Active space debris mitigation strategies involve physically removing debris from orbit or altering
spacecraft trajectories to avoid collisions. One approach is deorbiting, which involves using propulsion systems
to bring debris back into the Earth's atmosphere, where it will burn up upon re-entry. Another approach is
collision avoidance, which involves tracking debris and adjusting spacecraft trajectory to avoid collisions.
Finally, grappling and removal involves capturing debris and removing it from orbit. These strategies require
advanced technology and can be expensive to implement, but they are effective methods of reducing the
amount of debris in space.

Passive space debris mitigation strategies focus on limiting the creation of debris and protecting
spacecraft from debris impact. Limiting debris creation involves designing spacecraft with materials that
minimize fragmentation upon impact. Post-mission disposal ensures spacecraft are removed from orbit or
moved to a graveyard orbit at the end of their operational life. Protective measures involve shielding spacecraft
components from debris impact. These strategies are generally less expensive than active approaches and can be
incorporated into spacecraft design, but they may not be as effective in reducing the amount of debris already in
orbit.

Despite the benefits of space debris mitigation strategies, there are several challenges and limitations
to their implementation. The cost of implementing debris mitigation strategies can be high, particularly for
active approaches. Technical feasibility is also a concern, as some strategies require advanced technology that
may not be available or practical. International cooperation is another challenge, as debris mitigation requires
coordination among many countries and agencies, which can be difficult to achieve. Despite these challenges, it
is essential that space agencies continue to develop and implement effective debris mitigation strategies to
ensure the safety and sustainability of space activities.

Space debris mitigation strategies are essential for reducing the risk of collisions with operational
spacecraft and ensuring the sustainability of space activities. Active and passive approaches both have their
benefits and limitations, and implementation requires overcoming challenges such as cost, technical
feasibility, and international cooperation. As the amount of debris in space continues to grow, space agencies
must prioritize the development and implementation of effective debris mitigation strategies.
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Fig 1: Infographic showing the space debris situation in different kinds of orbits around Earth.

Current methods for tracking space debris

Tracking space debris is a critical aspect of ensuring the safety of both current and future space
missions, given the hazardous environment that exists in Earth's orbit [1]. Various methods have been
developed and implemented to monitor and manage space debris effectively. For instance, one approach
involves creating a catalog of large debris and then prioritizing efforts to nudge non- functioning satellites,
spent rocket stages, and other sizable debris using ground lasers [2]. Additionally, technologies for active
debris removal are being advanced to target larger pieces of space debris before they disintegrate into
potentially hazardous clouds, underscoring the importance of proactive measures in space debris management
[1]. As part of these efforts, missions are being planned to incorporate interfaces on satellites that facilitate their
removal, contributing to a cleaner orbital environment [1]. Furthermore, operational procedures have been
established to guide spacecraft in navigating through orbital regimes with lower debris density, adjusting
spacecraft attitudes, and manoeuvring to avoid collisions with space debris, highlighting the multifaceted
approach employed in tracking and mitigating space debris [3]. By employing a combination of these strategies
and leveraging technologies such as Rapid Response Rockets (RRR) to prevent potential collisions between
large orbital debris pieces, the space industry is actively working towards enhancing space debris tracking and
management capabilities for a safer and more sustainable space environment.

In response to the escalating threat posed by space debris, space agencies, satellite operators, and
international organizations have implemented a range of mitigation measures aimed at minimizing the
generation of new debris and reducing collision risks in orbit. These measures encompass both operational
practices and technical solutions, each playing a crucial role in safeguarding the sustainability of space
activities.

1.  Post-Mission Disposal: One of the primary mitigation measures involves the safe disposal of satellites
and spent rocket stages at the end of their operational life. Satellites in low Earth orbit (LEO) are typically
deorbited to burn up in the Earth's atmosphere, reducing the risk of collision with other objects. Geostationary
satellites are moved into graveyard orbits, ensuring they are safely removed from operational regions of space.
2. Collision Avoidance Maneuvers: Spacecraft operators regularly perform collision avoidance maneuvers
to steer their satellites away from potential collision threats. These maneuvers are based on data provided by
space surveillance networks, which track the trajectories of space debris and operational spacecraft.

3. Design for Demise: Satellite manufacturers are increasingly incorporating "design for demise" principles
into spacecraft design, ensuring that satellites burn up completely upon re-entry into the Earth's atmosphere.
Components such as batteries, propellants, and other hazardous materials are designed to disintegrate safely
during atmospheric re-entry, minimizing the risk of debris reaching the ground.

4. Mission Planning and Operations: Mission planners consider space debris mitigation requirements
during the design and planning phases of satellite missions. Operational practices, such as limiting the release
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of mission-related debris during satellite deployments and avoiding intentional spacecraft breakup, help
mitigate the creation of new debris.

5. Space Traffic Management: International efforts are underway to improve space traffic management
and coordination among satellite operators. Initiatives such as the Space Data Association facilitate data sharing
and collaboration among satellite operators, enhancing situational awareness and collision avoidance
capabilities.

6. Debris Removal Technologies: Research and development efforts are focused on developing
technologies for actively removing large, defunct satellites and spent rocket stages from orbit. Concepts such
as robotic capture, harpoon systems, and net-based solutions aim to deorbit debris or place it in graveyard orbits
to reduce collision risks.

7.  Regulatory Frameworks: International organizations, such as the Inter-Agency Space Debris
Coordination Committee (IADC) and the United Nations Committee on the Peaceful Uses of Outer Space
(COPUQS), have established guidelines and best practices for space debris mitigation. These guidelines provide
recommendations for satellite design, operational practices, and end-of-life disposal, serving as a framework
for responsible space activities.

While significant progress has been made in implementing mitigation measures, the challenge of space
debris remains complex and multifaceted. Continued collaboration among stakeholders, technological
innovation, and adherence to best practices are essential for effectively mitigating the risks posed by space
debris and ensuring the long-term sustainability of space activities.

Effectiveness of space debris removal techniques

When evaluating the effectiveness of space debris removal techniques, several key factors must be
taken into account to determine their impact on the overall space environment. One crucial aspect to consider is
the number and mass of objects that potential removal techniques can prevent from being generated, as well as
the level of threat these objects pose to valuable orbital regions [4]. Effectiveness, in this context, is measured
by the reduction in the hazard posed by space debris to ongoing space operations [4]. It is essential to compare
the efficacy of space debris removal techniques with other methods that can entirely eliminate objects from
orbit, while also weighing the costs associated with moving these objects to disposal orbits [4]. Implementing
passivation measures is projected to lead to a decrease in future explosions in disposal orbits, thus reducing the
risk of fragmentation and subsequent debris generation [4]. By relocating space objects to disposal orbits, the
potential for collisions and hazards in their initial orbital regions can be significantly reduced [4]. However, it is
important to note that even objects moved to disposal orbits can still contribute to the overall debris hazard in
their original orbit due to collisions or explosions that generate additional debris [4]. In the short term,
preventing in-orbit explosions of space systems at the end of their operational life is identified as the most
effective means of reducing the growth rate of space debris [5]. Agencies like the European Space Agency
(ESA) are actively working on missions aimed at ensuring the safe disposal of space objects, either through
controlled atmospheric re-entry or reorbiting, with a success rate exceeding 90% [1]. These efforts underscore
the importance of implementing effective space debris removal techniques to safeguard current and future
space missions.

Challenges associated with implementing space debris mitigation strategies

Space debris mitigation strategies face a multitude of challenges in their implementation, ranging from
regulatory compliance to financial constraints. Adhering to international standards such as 1ISO- 24113:2011
and meeting binding national requirements like those outlined in the French space law are essential but
demanding tasks in ensuring debris mitigation efforts are effective and uniform across space systems [5]. The
European Space Agency (ESA) has introduced new guidelines and policies to reduce additional debris in orbit,
but the challenge lies in enforcing stricter requirements for ESA missions to achieve a net-neutral contribution
to space debris [1]. Economic risks associated with space debris, including clean-up costs and identifying
reliable market mechanisms for debris removal, present substantial hurdles in the path of successful
implementation of mitigation strategies [2]. Moreover, the complexity is further compounded by the diverse
methods and timeframes required for clean-up, as well as the dilemma of prioritizing between large debris
breakdown and small debris removal [2]. NASA's emphasis on the costs involved in empowering emerging
space industries to invest in debris removal tools underscores the significant financial barriers that need to
be addressed to make space debris mitigation strategies viable [2]. Despite these challenges, the pressing need
to minimize the threat posed by space debris remains paramount, necessitating innovative solutions and
collaborative efforts to overcome the obstacles in implementing effective mitigation strategies.

The analysis on space debris mitigation strategies presented in the research paper highlights the critical
importance of tracking and managing space debris to ensure the safety of current and future space missions. The

International organization of Scientific Research 29 | Page



Analysis of Space Debris Mitigation Strategies

challenges faced in implementing effective debris removal techniques, such as regulatory compliance and
financial constraints, underscore the complexity of the task at hand. The emphasis on the significant financial
barriers, as highlighted by NASA, points to the need for addressing these obstacles to make space debris
mitigation strategies viable for emerging space industries. The research also emphasizes the need for proactive
measures in space debris management, particularly in targeting larger pieces of space debris before they break
down into hazardous clouds. The discussion delves into the diverse methods and timeframes required for clean-
up, as well as the dilemma of prioritizing between large debris breakdown and small debris removal. Despite
these challenges, the pressing need to minimize the threat posed by space debris necessitates innovative
solutions and collaborative efforts. The research paper contributes to the ongoing advancement of knowledge in
the field by highlighting the importance of effective space debris removal techniques in safeguarding space
missions and the space environment. The discussion section also acknowledges potential weaknesses or biases
in the study and suggests future directions for research in overcoming the obstacles in implementing space
debris mitigation strategies.

Despite concerted efforts to address the threat of space debris, numerous challenges persist, hindering
the effectiveness of mitigation measures. These challenges span technical, operational, regulatory, and
economic domains, highlighting the complexities inherent in mitigating the risks posed by debris in orbit.

1.  Technical Limitations

Tracking and Monitoring: Current space surveillance networks face limitations in tracking small and
fragmented debris, particularly in crowded orbital regions.

Debris Removal: Developing effective technologies for actively removing large debris objects from orbit
remains a significant technical challenge. Solutions such as robotic capture and deorbiting systems require
advancements in propulsion, autonomy, and reliability.

2.  Operational Constraints

Resource Allocation: Satellite operators must balance the costs and benefits of implementing space debris
mitigation measures with other mission objectives, often facing competing priorities.

Coordination and Communication: Achieving effective coordination and communication among satellite
operators, space agencies, and regulatory bodies is essential for implementing mitigation measures and avoiding
collisions. However, achieving consensus and sharing sensitive data can be challenging.

3. Regulatory Complexities

Fragmented Legal Frameworks: The regulation of space activities is governed by a patchwork of international
treaties, agreements, and national laws, leading to inconsistencies and gaps in space debris mitigation
requirements.

Enforcement and Compliance: Ensuring compliance with existing space debris mitigation guidelines and
regulations poses challenges, as enforcement mechanisms are often lacking or insufficiently robust.

4.  Economic Considerations

Cost Implications: Implementing space debris mitigation measures, such as post-mission disposal and collision
avoidance maneuvers, incurs additional costs for satellite operators and space agencies. Balancing these costs
with the benefits of preserving orbital environments is a complex economic decision.

Incentives for Debris Removal: The absence of clear economic incentives for active debris removal hampers
progress in developing and deploying debris removal technologies. Without financial motivation, private sector
investment in debris removal ventures may be limited.

5. International Cooperation

Diverse Stakeholder Interests: Space debris mitigation efforts involve a multitude of stakeholders with diverse
interests, including governments, commercial entities, and international organizations. Aligning these interests
and fostering cooperation can be challenging, particularly in an environment characterized by geopolitical
tensions and commercial competition.

Data Sharing and Transparency Achieving effective data sharing and transparency among stakeholders is
crucial for improving space situational awareness and enhancing collision avoidance capabilities. However,
concerns over data security, proprietary information, and intellectual property rights can impede information
sharing efforts.

6. Emerging Threats

Proliferation of Mega-Constellations: The rapid expansion of satellite mega-constellations for
telecommunications, Earth observation, and other applications poses new challenges for space debris
mitigation. Coordinating the deployment and operation of thousands of satellites in crowded orbital regions
requires innovative approaches to collision avoidance and debris management.

Space Traffic Management: As space traffic increases, the risk of collisions and the generation of new debris
escalate. Implementing effective space traffic management frameworks to regulate spacecraft trajectories and
prevent congestion in key orbital regimes is essential for mitigating these risks.

International organization of Scientific Research 30 | Page



Analysis of Space Debris Mitigation Strategies

Il.  Conclusion:

The proliferation of space debris poses a formidable challenge to the sustainability of space activities
and the integrity of orbital environments. As evidenced by historical trends and projections, the accumulation of
debris in key orbital regimes continues to escalate, heightening the risk of collisions and exacerbating the
threat of cascading debris events such as Kessler Syndrome. Addressing this complex issue requires a
concerted and multifaceted approach, incorporating technological innovation, regulatory frameworks, and
international cooperation.

While numerous mitigation strategies have been proposed and implemented, each with its strengths
and limitations, identifying the most effective approach necessitates a comprehensive analysis of available data
and metrics. Graphs depicting debris population growth rates, collision probabilities, and other relevant
parameters offer valuable insights into the efficacy of different mitigation measures over time.

Based on the analysis of available data and trends, it becomes evident that a combination of active
debris removal (ADR) and stringent post-mission disposal practices represents the most promising mitigation
strategy. Active debris removal technologies, such as robotic capture and deorbiting systems, offer the
capability to directly address large, defunct objects and mitigate collision risks in crowded orbital regions.
When combined with robust post-mission disposal procedures, which ensure the safe removal of satellites and
spent rocket stages from operational orbits, this approach holds the potential to significantly reduce the
generation of new debris and mitigate the risks associated with existing debris populations.

However, it is essential to recognize that implementing this strategy entails overcoming various
challenges, including technical limitations, regulatory complexities, and economic considerations. Continued
investment in research and development, international collaboration to harmonize regulatory frameworks, and
incentivizing private sector participation are critical components of realizing the full potential of this mitigation
strategy.

In conclusion, while space debris mitigation remains a complex and evolving challenge, the adoption
of a comprehensive approach that prioritizes active debris removal and stringent post-mission disposal practices
offers the best path forward for safeguarding the long-term sustainability of space activities and preserving the
integrity of orbital environments. By leveraging available data and insights, stakeholders can work together to
implement effective mitigation measures and ensure a safer and more sustainable future in space.
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