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Abstract

The Space Liability Convention provides for a basis for arrangements between the launching states participating in a
joint launch regarding the apportioning between them the financial obligations for which they are jointly and severally
liable. It also provides for theoretical solutions in cases of space objects falling from the sky onto third countries’
territories.

How applicable and practical would these frameworks be in the current era of commercial launches, and an increasing
number of space objects, which, in spite of optimistic calculations, tend to fall from the sky in unpredictable places
(“success is not certain but excitement is guaranteed’)? The research goal is to examine whether the Liability
Convention and other international arrangements on the level of UN provide sufficient tools of risk management in
the contemporary landscape of inter-state cooperation when it comes to preventing risk and mitigating losses related
to failed launches and uncontrolled re-entries and possible crisis management resulting from the above. Debris from
Falcon 9 Stage 2 falling in Poland in February 2025 as well as the failed Virgin Orbit air-launch of 2023 will be taken
as illustrative examples. The authors aim to interview space agencies and other government authorities, as well as
analyse the inter-governmental arrangements in search of practical solutions applied at the moment, and propose a
strategy of response in international bilateral relations as well as internal crisis response that would contribute to
resiliency and safety on Earth.
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1. Introduction

Only in 2024 , approximately 2,802 objects with a
total mass of 1.9 million kilograms were launched
into Earth orbit[1]. Over 650 fragmentation events,
such as break-ups, explosions, and collisions, have
significantly contributed to the contamination of
Earth's orbital environment. Currently, there is a
massive amount of debris, including an estimated 1.2
million objects between 1 cm and 10 cm and 140
million objects between 1 mm and 1 cm [2]. The
contemporary space environment is characterized by
an unprecedented proliferation of space activities,
with the number of space objects launched annually
increasing exponentially from fewer than 200
objects per year in the early 2000s to over 2,500
objects launched globally in 2023)[3]. This dramatic
expansion of space activities has created new
challenges and risks that require coordinated
international responses. The complex nature of space
risks—ranging from orbital debris and collision
hazards to liability for space-related damages—
necessitates robust international legal frameworks
and cooperative mechanisms to ensure the
sustainable and safe use of outer space for all
nations.

2. Falcon 9 Falling From the Polish Sky.

On February 1, 2025, SpaceX's Falcon 9 launched a
group of 22 Starlink satellites from Vandenberg
Space Force Base. Around three weeks later during
re-entry on the night of February 18-19, a rocket
stage entered the atmosphere uncontrollably, causing
its debris to fall on Polish territory as a result of the
incorrect deorbitation of second stage of the
launcher. The debris, more specifically the
Composite Overwrapped Pressure Vessel tanks
(which are used to store helium under very high
pressure) were found in at least four Polish villages
and towns. In Komorniki, the object fell on the
premises of an electrical equipment warehouse, in
Wiry and Szamotuly it was found in a forest territory,
and in Sliwno it fell on a field [4]. Confirmation of
the origin of the remains was based on a statement
issued by the company where Spacex announced:
,Our Falcon 9 rocket has entered the atmosphere
over Europe. We are working with the Polish
government to recover debris; the crash in Poland
was due to a malfunction”.
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Source: based on https://polsa.gov.pl/wydarzenia/informacja-polsa-
dotyczacaznalezionych-w-polsce-potencjalnych-elementow-rakiety-falcon-9/

One of the activities carried out by the Polish Space
Agency (POLSA) is tracking the trajectories of
satellites and space debris. These actions are taken
within the framework of the EU Space Surveillance
and Tracking initiative, where POLSA is
participating in the observation of, among other
things, the uncontrolled re-entry of space debris into
the Earth's atmosphere, providing data from POLSA
telescope systems located on five continents. Some
of these telescopes are placed in Australia such as
the POLON Zadko telescope located in Western
Australia, north of Perth and POLON Coona
telescope which is situated north of Sydney, near the
town of Coonabarabran , being part of the POLSA
Optical Network (POLON)[5].

As part of its remit, the Agency regularly sends
reports on launches, anticipated and completed
deorbits to the relevant services and ministries.
These reports are issued weekly, and in the case of
objects weighing more than 1 ton, daily. In
connection with the fall of the SpaceX launcher
debris, the Polish Space Agency was involved in the
information  process, undertaking  standard
procedures for such circumstances, which
nevertheless failed at the communication level, as
stated in POLSA's explanations [6].

In addition to the actions taken at the level of the

National Space Agency, the Ministry of
Development and Technology (MRiT) and the
Ministry of National Defense (MON) were involved
in the proceedings. The District Prosecutor's Office
in Poznan supervised the investigation of the case.
The proceedings were conducted inter alia under
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Article 160(1) of the Polish Penal Code, i.e.,
exposing a person to direct danger of loss of life or
serious damage to health. As part of the proceedings,
a thorough inspection of the elements was carried out
and witnesses were interviewed, including a
representative of SpaceX. Ultimately, the Poznan
Prosecutor's Office discontinued the investigation,
stating that “the prosecutor did not find any evidence
of a crime. He did not find that anyone had been
exposed to the danger of loss of life or serious injury.
In his opinion, there was also no crime of destruction
of property”’[7].

The discontinuation of the investigation was met
with disapproval from Polish space stakeholders,
who are aware of the significance of preventive
measures and responses to the growing problem of
space debris caused by increased activity in space.
Nevertheless, a certain reaction to the events of
February 2025 was reflected in the draft Polish space
activity act published two months later, which
devoted inter alia Chapter 9 to circumstances related
to such events. This chapter contains the procedure
to be followed when an object is suspected to be a
space debris. Furthermore, in Chapter 8 of the draft
bill the activities of a special commission are
described where in the event of an unforeseen
incident related to the performance of space
activities, the President of the Agency may appoint a
Commission for the Investigation of Unforeseen
Incidents Related to the Performance of Space
Activities to investigate the circumstances of the
incident. Nevertheless, this applies only to activities
subject to the provisions of the Act.

The February incident exposed deficiencies in
national space governance and response mechanisms
within the space sector. These space governance
gaps are a global phenomenon, and the fall of space
debris on Polish territory further highlighted the
critical need for robust governance structures. It also
demonstrates that these developments are no longer
limited to global pioneers in the space sector, but are
relevant to everyone as its also influenced public
perception of space debris as an increasingly real
threat to public safety.

3. Virgin Orbit air-launch of 2023

Virgin Orbit established as a spin-off from Virgin
Galactic in 2017, was the Company aimed to
revolutionize small satellite deployment through its
unique air-launch system. As far as Virgin Orbit's
operational history is concerned, it was short but
very intense, consisting of a total of six launches,
four of which were successful and two unsuccessful.
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In 2018 the first captive carrying flight tests with
Cosmic Girl and LauncherOne test were conducted.
In May 2020, the first orbital launch attempt, called
‘Launch Demo 1°, ended in failure when the rocket's
engine shut down shortly after ignition due to a
propellant line break. Nevertheless, less than six
months later, in January 2021, Virgin Orbit
conducted Launch Demo 2, the first orbital mission
that proved successful. Another successful mission,
which deployed seven satellites, took place in July
of the same year, as did the ‘Above the Clouds’
mission in 2022 and the ‘Straight Up’ mission, which
launched seven satellites for the U.S. Space Force.
Despite initial promise and several successful
missions, Virgin Orbit’s journey ultimately ended in
bankruptcy in 2023, offering important lessons for
the evolving commercial space industry. The 2023
mission called ‘Start Me Up’, which was the first
attempt to launch the system from UK soil, failed to
reach orbit due to a rocket anomaly. Virgin Orbit
conducted an Environmental Effects Assessment
prior to the launch. Following the requirements
imposed by the FAA regarding the probability of
failure of new single-use rockets (FAA 2005), the
company estimated the probability of failure at 27%,
taking into account four successful launches in a
row[8].

On 9 January 2023, UK conducted its first orbital
launch using a modified Boeing 747 aircraft and a
two-stage orbital launch vehicle designed to be
dropped from under the wing of the aircraft from
Spaceport Cornwall in Newquay. The operator held
the required licences granted by the Civil Aviation
Authority (CAA), i.e. a Spaceport Operator Licence
and a Range Control Licence, as well as the
appropriate licence requirement under the US
regulatory framework for the launch from the
Federal Aviation Authority (FAA). Although the
activities related to this launch were conducted
outside the territory of the United States, and
therefore under the jurisdiction of British laws,
regulations and appropriate licences (such as those
from the CAA), in accordance with 14 Code of
Federal Regulations [CFR] § 413.3(c)(1) of the
United States, Virgin Orbit, as a US entity registered
in Delaware and based in California, had to obtain a
launch licence from the FAA[8] . The rocket used in
the mission was successfully launched from a
transport aircraft, but before reaching orbit, a failure
in the second stage engine caused it to shut down.
According to a statement released by the operator
[9]. From the beginning of the first burn of the
second stage engine, it is likely that a fuel filter
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within the fuel feedline dislodged from its normal
position”

Based on the Investigation of Spaceflight Accidents
regulation introduced in 2021, the body responsible
for investigating spaceflight accidents in UK is the
Air Accidents Investigation Branch (AAIB).
However, it was the FAA that undertook the
investigation, as the SAIA can only investigate
accidents that occur in the United Kingdom or over
its territory; in other cases, the SAIA can only
investigate at the request of that country. According
to the AAIB statement The FAA invited SAIA to
participate in the ‘joint oversight of the operator's
technical investigation into the cause of the take-off
failure”[10].

4. International instruments of cooperation in
preventing and managing the risk.

International cooperation in space risk management
has evolved through various legal instruments, from
foundational multilateral treaties to specialized
bilateral agreements and innovative institutional
arrangements. This chapter examines four key
categories of international instruments that have
shaped the contemporary framework for space risk
prevention and management: the Liability
Convention, bilateral agreements, the
Intergovernmental Agreement on the International
Space Station (ISS IGA), and the emerging
European Union Space Act.

4.1. Liability Convention

The Convention on International Liability for
Damage Caused by Space Objects (Liability
Convention), which entered into force in 1972,
represents one of the fundamental pillars of
international space law for risk management [11].
Building upon Article VII of the Outer Space Treaty,
the  Liability
comprehensive framework for determining liability
and compensation for space-related damages.

The Convention establishes a dual liability regime
based on the location where damage occurs. Under
Article II, the launching state bears absolute liability
for damage caused by its space objects on Earth's
surface or to aircraft in flight [12]This strict liability
standard reflects the recognition that space activities
inherently pose risks to terrestrial populations and
aviation, requiring the highest level of protection for
affected parties.

For damages occurring in outer space—such as
collisions between space objects or damage to
persons or property aboard spacecraft—Article 111

Convention establishes a
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establishes a fault-based liability regime[12]. Under
this provision, a launching state is only liable for
damages if they result from its own fault or the fault
of those for whom it is responsible. This distinction
recognizes the inherently risky nature of space
operations while maintaining accountability for
negligent conduct.

4.1.1.  Limitations  and
Contemporary

Challenges

Despite its foundational importance, several scholars
have argued that the Liability Convention has
become obsolete and cannot work effectively in the
modern space environment[13]. One significant
limitation concerns the ambiguity surrounding the
definition of "damage," particularly whether it
encompasses environmental harm—a critical
consideration given current concerns about space
sustainability and debris mitigation[11].

The Convention's drafters recognized these
limitations and included provisions allowing states
to conclude supplementary international agreements
that "reaffirm, supplement or extend its provisions"
[14]. This flexibility has enabled the development of
innovative mechanisms through bilateral and
multilateral agreements that address specific gaps in
the original framework.

4.1.2.  Procedural Framework

Articles VIII through XX of the Liability Convention
establish detailed procedures for claims processing,
including a hierarchy of claims, designated channels
for communication, time limitations for filing
claims, methods for determining compensation, and
provisions for establishing a Claims Commission
when diplomatic negotiations fail[11]. These
procedural safeguards ensure that affected parties
have access to appropriate remedies while providing
launching states with clear parameters for their
potential obligations.

4.2. Bilateral agreements - Evolution and
Innovation

Bilateral space cooperation agreements have
emerged as crucial instruments for addressing the
limitations of multilateral treaties while fostering
specific ~ collaborative  relationships  between
spacefaring nations. These agreements have
introduced several innovative mechanisms that
enhance the liability regime established by the
Liability Convention.
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Third-Party Liability Mechanisms

One significant innovation in bilateral agreements
concerns "third-party liability," which addresses the
liability of private entities involved in joint space
projects [13] . As commercial space activities have
expanded, states have become increasingly reluctant
to bear full responsibility for damages caused by
private companies operating under their jurisdiction.
Bilateral treaties typically require private legal
entities to bear financial liability for damages they
cause, while also incorporating consultation clauses
concerning the allocation of compensation burdens
between states[11].

This approach aligns with principles of justice and
equity by ensuring that private actors bear
appropriate responsibility for their activities while
maintaining the overall state oversight framework
established by the Outer Space Treaty. For complex
international projects involving multiple private
entities, the establishment of clear third-party
liability mechanisms has become essential for
encouraging participation while managing risk
exposure.

Cross-Waiver Liability Clauses

Another innovative mechanism introduced through
bilateral agreements is the cross-waiver liability
clause, which has proven particularly valuable for
encouraging cooperation in space exploration and
utilization activities [11]. Under these arrangements,
participating parties and their related entities agree
to waive claims against each other for damages
arising from joint space activities, subject to specific
exceptions.

The cross-waiver approach offers several advantages
for international space cooperation. First, it reduces
the cost and complexity of obtaining liability
insurance for joint projects, thereby lowering
barriers to participation. Second, it encourages
broader international cooperation by limiting
partners' exposure to potentially catastrophic
liability claims arising from the inherent risks of
space activities. Third, it provides predictability for
project planning and resource allocation.

Typical exceptions to cross-waiver provisions
include claims arising between a partner and its own
entities, claims for damages caused by willful
misconduct, and intellectual property claims [11].
These exceptions preserve accountability for
intentional wrongdoing while maintaining the
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cooperative benefits of the waiver system. Case-by-
Case Cooperation Models

Modern bilateral agreements often adopt flexible,
case-by-case approaches to cooperation that allow
parties to tailor their arrangements to specific project
requirements. This model enables responsible
parties to review and develop standards in specific
technological areas—such as launch vehicles and
spacecraft technologies—by specifying
requirements and implementation measures on a
project-specific basis [11].

4.3. Intergovernmental Agreement on the
International Space Station (ISS IGA)

The 1998 Intergovernmental Agreement concerning
the International Space Station represents one of the
most sophisticated examples of multilateral space
cooperation, involving the United States, Russia,
Japan, Canada, and the European Space Agency
[11]. The ISS IGA demonstrates how complex
technical and legal challenges can be addressed
through comprehensive international agreements
that establish clear governance structures, liability
allocations, and operational procedures. A key
innovation of the ISS IGA concerns jurisdictional
arrangements in the space environment. Under the
agreement, each ISS element is considered an
extension of the territory of the partner state that
registered that element[11]. This quasi-territorial
approach provides legal clarity for issues ranging
from criminal jurisdiction to intellectual property
rights while respecting the fundamental principle
that outer space cannot be subject to national
appropriation. This jurisdictional framework enables
partner states to apply their national laws to activities
occurring within their respective ISS elements,
thereby providing legal certainty for astronauts,
researchers, and commercial users. The approach has
proven particularly valuable for intellectual property
protection, enabling partners to maintain their
domestic IP  frameworks while facilitating
international scientific collaboration.

The ISS IGA implements a comprehensive
crosswaiver of liability system through Article 16,
under which each partner and its related entities
agree to waive claims against other partners and their
related entities for damages arising from ISS
activities[11]. This arrangement has been
instrumental in enabling the sustained international
cooperation necessary for ISS operations while
managing the substantial risks inherent in human
spaceflight activities.
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The cross-waiver system includes carefully crafted
exceptions that preserve accountability while
maintaining cooperative benefits. These exceptions
typically cover claims arising between a partner and
its own entities, damages caused by willful
misconduct, and certain categories of intellectual
property disputes.

The ISS IGA establishes detailed governance
mechanisms  that  address the day-to-day
management of international space cooperation.
These include procedures for resource allocation,
crew assignment, research prioritization, and dispute
resolution. The agreement's success in facilitating
over two decades of continuous international
cooperation  demonstrates  the  value  of
comprehensive legal frameworks for complex space
projects.

4.4. EU Space Act

The European Union's approach to space traffic
management and space safety represents an
emerging model for regional cooperation in space
risk management. The European Space Agency's
(ESA) growing support for EU space traffic
management initiatives reflects a recognition that
regional coordination can complement global
frameworks while addressing specific European
interests and capabilities[12]. The EU's approach
emphasizes integration with existing international
frameworks while developing enhanced regional
capabilities. This model recognizes that effective
space risk management requires coordination at
multiple levels—global, regional, and bilateral—
with each level addressing different aspects of the
overall challenge. Regional approaches like those
being developed in Europe may serve as testing
grounds for innovative mechanisms that could
eventually be incorporated into global frameworks.
The EU's emphasis on space sustainability and
debris mitigation also aligns with broader
international efforts to address long-term space
environment challenges.

Regional frameworks offer opportunities for
regulatory harmonization that may be difficult to
achieve at the global level. The EU Space Act and
related initiatives may establish common standards
and procedures for European space activities,
potentially serving as a model for other regional
groups while maintaining compatibility with global
frameworks.
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5. Practice of international cooperation in crisis
situations

The rapidly expanding commercial space sector has
transformed space operations from rare, carefully
coordinated events into routine activities that occur
with increasing frequency worldwide. This
evolution has fundamentally changed the nature of
crisis management in space operations, requiring
new approaches to international cooperation when
nonnominal events occur. Unlike terrestrial
emergencies that typically remain within national
boundaries, space-related crises often have global
implications, necessitating coordinated international
responses that transcend traditional jurisdictional
limits. The practice of international cooperation in
space crisis situations encompasses multiple layers
of coordination, from real-time operational response
to post-incident analysis and policy development.

These cooperative frameworks have evolved from
lessons learned through historical incidents and
continue to adapt to the changing landscape of
commercial space operations[15].

5.1.  Historical Context and Driving Events The
Columbia Disaster as a Catalyst

The loss of the Space Shuttle Columbia during
reentry in 2003 served as a critical catalyst for
improving international cooperation in space crisis
management. The evaluation of this accident
revealed that aircraft had flown several times
through the danger area of the debris cloud, and there
was neither sufficient information available to air
traffic control to recognize the dangers nor
established procedures to react to them [15].This
incident highlighted fundamental gaps in crisis
response capabilities and led to the development of
improved procedures that became a prelude to
enhanced dynamic integration of space events into
air traffic management systems. The lessons learned
from Columbia directly influenced the creation of
models and procedures for calculating Aircraft
Hazard Areas (AHAs), with emphasis on
computational speed to enable rapid information
dissemination to air traffic control during crisis
situations.

Evolution from Special Events to Daily Operations

The transformation of space launches from special
events to daily business has fundamentally altered
the requirements for crisis management. With the
massive increase in commercial space launch and
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reentry operations, the frequency of space flights
traversing shared airspace has grown exponentially.
This evolution has necessitated the development of
more sophisticated and automated crisis response
systems capable of handling the increased
operational tempo while maintaining safety
standards [16]

5.2. Case Study: The February 2025 Falcon 9
Debris Incident in Poland - Governance
Gaps Exposed

As already mentioned at the beginning, on February
18-19, 2025, debris from a SpaceX Falcon 9 rocket
fell across four Polish locations following an
uncontrolled re-entry. The incident occurred three
weeks after the rocket's launch from Vandenberg
Space Force Base on February 1, 2025, carrying 22
Starlink  satellites. ~ SpaceX  acknowledged
responsibility, stating: "Our Falcon 9 rocket has
entered the atmosphere over Europe. We are working
with the Polish government to recover debris; the
crash in Poland was due to a malfunction."

The debris consisted of Composite Overwrapped
Pressure Vessel (COPV) tanks designed for storing
helium under high pressure. These components
impacted diverse locations: an electrical equipment
warehouse in Komorniki, forest areas in Wiry and
Szamotuly, and agricultural land in Sliwno. No
injuries were reported, but the incident highlighted
significant gaps in space governance frameworks.
POLSA has been asked about the rules and
procedures followed during the Falcon 9 debris
incident, the directorate of a Polish Space Agency
department provided a revealing response that
exposed, that the treaties was a main legal basis, on
which the Agency was able to act.

This statement was true and applicable to may
national jurisdictions. However it reveals two main
critical governance gaps:

1. Absence of National Legal Framework

The director's reliance on "only treaties" as the legal
basis indicates that Poland lacked comprehensive
national space legislation specifically designed for
debris response scenarios. International treaties such
as the Outer Space Treaty and Liability Convention
provide broad principles but offer limited
operational guidance for actual debris incidents. 2.
Inadequate Operational Protocols

Despite ~ POLSA's sophisticated  technical
capabilities—including participation in the EU
Space Surveillance and Tracking initiative and
operation of telescopes across five continents—the
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agency  lacked  comprehensive  procedural
frameworks for translating monitoring data into
effective crisis response.

The incident triggered involvement from multiple
Polish government institutions:

*  Polish Space Agency (POLSA): Technical
monitoring and space domain expertise

*  Ministry of Development and Technology
(MRIiT): Policy and industrial oversight

*  Ministry of National Defense (MON):
National security concerns

e District Prosecutor's Office in Poznan:
Criminal investigation oversight

POLSA acknowledged that while standard
procedures were followed, these "failed at the
communication level," indicating that existing
protocols were inadequate for managing complex
information flows during active debris incidents.

Key Lessons and Implications

*  The Technical-Governance Gap

The incident revealed a fundamental disconnect
between Poland's sophisticated space monitoring
capabilities and its governance framework for
incident response. POLSA possessed advanced
technical means to track debris but lacked the
regulatory and procedural infrastructure to manage
the incident effectively.

» International Coordination Challenges

The cross-border nature of the incident—Ilaunched
from the US, operated by a US company, but
impacting Polish territory—highlighted the complex
coordination challenges in contemporary space
operations. The director's reliance on improvised
"case by case contact" underscores the inadequacy of
existing mechanisms for international incident
coordination.

Stakeholder Expectations vs. Legal Reality

The discontinuation of criminal proceedings was met
with disapproval from Polish space stakeholders
who recognized the broader implications for space
safety. This reaction reflects the tension between
legal standards of evidence and policy objectives of
promoting space safety and accountability.

The incident demonstrates that effective space
governance requires more than technical monitoring
capabilities—it demands comprehensive national
legislation, standardized operational procedures, and
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robust international coordination mechanisms. The
rapid development of Poland's draft Space Activity
Act shows that governance systems can adapt and
learn from experience, but the incident underscores
the urgent need for proactive rather than reactive
approaches to space governance.

As commercial space activities continue to expand
globally, the Polish experience provides valuable
lessons about the importance of developing
comprehensive governance frameworks before
incidents occur, rather than improvising responses
after the fact. The director's statement serves as a
wake-up call for space agencies worldwide to
examine their own governance preparedness and
address similar gaps before they are exposed by
realworld events.

5.3. Framework  for  Crisis  Response

Coordination

Multi-Stakeholder Communication Networks
Effective crisis management in space operations
relies on established communication networks that
connect multiple stakeholders across national
boundaries. The primary coordination mechanism is
the operational hotline, which serves to uphold
unified situational awareness throughout mission
operations. These hotlines typically include Launch
and Reentry Operators (LROs), commercial and
federal range personnel, NORAD, Department of
Defense entities, and Air Traffic Control facilities.
In scenarios involving international operations,
foreign Air Navigation Service Providers (ANSPs)
are integrated into the hotline network [16].

The hotline system enables real-time monitoring and
communication of critical mission events through
diverse communication methods, including voice
communications, emails, phone calls, and other
media. This multi-channel approach ensures
effective
dissemination during crisis situations, enabling rapid
response to emerging threats.

coordination and information

Real-Time Data Exchange Systems

Modern crisis response relies heavily on digital data
exchange systems that provide real-time information
sharing capabilities. The DLR-FAA Data Exchange
Project demonstrated the feasibility of international
real-time data exchange for crisis situations, utilizing
System Wide Information Management (SWIM)
protocols to connect U.S. and European stakeholders
during space emergencies.
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The technical implementation includes specialized
message formats such as Launch Reentry Vehicle
Tracking and Status Service (LRVTSS) and Aircraft
Hazard Area Message Service (AHAMS), which
enable the rapid transmission of critical information
including vehicle status, position data, and hazard
area coordinates. During crisis scenarios, this system
achieved response times of 37-62 seconds from Loss
of Signal detection to Refined Hazard Area (RHA)
reception by international stakeholders [15].

54. Crisis  Response  Procedures  and

Protocols

Non-Nominal Event Classification and Response

Crisis situations in space operations are typically
classified based on the severity and potential impact
of the event. Non-nominal events encompass
unexpected occurrences during spaceflight activities
or their preparation, including those with the
potential to lead to incidents or major accidents if left
unaddressed. The response framework addresses
several categories of crisis scenarios:

Loss of Signal (LOS) Events: When communication
with a spacecraft is lost, crisis response protocols are
immediately activated. The situation is evaluated
through communication on hotlines between launch
operators, Joint Space Operations Group (JSpOG),
and launch operation supervisors. LOS time and last
state vector information are confirmed by the launch
operator, initiating parallel calculations of Refined
Hazard Areas based on the last received state vector
data.

On-Trajectory Explosions: These events require
immediate  hazard area calculations and
dissemination to potentially affected air traffic
control facilities. The debris trajectory analysis must
account for atmospheric conditions and provide
accurate impact predictions to enable effective
airspace clearing procedures.

Abort Procedures: Planned abort scenarios require
coordination between multiple stakeholders to
ensure safe crew capsule recovery while managing
potential risks to air traffic and ground populations.

Trajectory  Diversions: Unplanned trajectory
changes, particularly for reusable vehicles or
suborbital flights, require rapid recalculation of
hazard areas and coordination with alternate landing
sites [16].

Emergency Response Procedures (ERP)
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Operators are required to establish comprehensive
Emergency Response Procedures that include
provisions for real-time information sharing through
established hotlines. These procedures must include
emergency contact checklists readily available at
mission control centers, ensuring that all relevant
stakeholders can be contacted immediately when
crisis situations develop.

The ERP framework requires mandatory reporting of
non-nominal events, as exemplified by the Space
Industry Regulations of 2021 in the United
Kingdom, which mandate reporting of unexpected
occurrences that have the potential to lead to
incidents or major accidents if left unaddressed [16].

5.5.  International Coordination Mechanisms
Cross-Border Information Exchange

The global nature of space operations means that
crisis situations often cannot be limited to national
boundaries and jurisdictions. This reality has driven
the development of cross-border information
exchange mechanisms designed to enable rapid
response capabilities while maintaining necessary
airspace capacity for air traffic. The DLR-FAA
collaboration demonstrated that affected and
involved stakeholders must be included in crisis
response concepts in a cross-border and
interoperable manner.

The objective of international coordination during
crisis situations is to develop and demonstrate
mechanisms for cross-border exchange of real-time
information that enable potentially affected air
traffic control facilities to clear endangered airspaces
quickly and reliably. Digital data exchange systems
increase situational awareness among involved
stakeholders and enable reliable decision-making
during time-critical situations [15].

Regional Coordination Examples

European Coordination: The European approach to
crisis management involves coordination through
organizations such as EUROCONTROL, which
facilitates information sharing among European
ANSPs. The Virgin Orbit air launch operation in
2023 demonstrated coordinated crisis management
procedures involving the UK Civil Aviation
Authority, NATS, UK Coastguard, UK
Hydrographic Office, and relevant authorities from
third-party countries.

Asia-Pacific Coordination: Regional coordination in
the Asia-Pacific region involves close collaboration
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among affected ANSPs to assess potential impacts of
space operations on air traffic systems. This
coordination includes establishing central report
repositories for sharing best practices and lessons
learned from crisis situations.

Americas Coordination: The CANSO ATFM Data
Exchange Network for the Americas (CADENA)
represents a strategic initiative designed to enhance
coordination during crisis situations, facilitating safe
and efficient air traffic management across the Latin
America and Caribbean region [16].

5.6.  Technology-Enabled Crisis Management
Advanced Hazard Area Calculations

Modern crisis management relies on sophisticated
computational ~systems capable of rapidly
calculating hazard areas based on real-time
spacecraft telemetry. The Space Data Integrator
(SDI) employed by the FAA receives near real-time
data from operators and visually represents various
parameters including altitude, velocity, and vehicle
state. This system compares real-time data to
preplanned parameters and displays pre-calculated
AHA notices as well as predefined Debris Response
Areas (DRAs) in case of malfunctions.

When crisis situations develop, JSpOG identifies
relevant DRAs and Contingency Hazard Areas
(CHAs) by considering the time of failure. The
current FAA timeline for non-nominal space
operations involves operator communication of
failure occurrence to JSpOG through hotlines,
provision of latest spacecraft state vector data, and
subsequent calculation and transmission of RHA
information to affected Air Traffic Control facilities
[16].

Controller Workstation Integration

The integration of crisis information directly into air
traffic  controller ~workstations represents a
significant advancement in crisis management
capabilities. The DLR Air Traffic Validation Center
developed and tested Human-Machine Interface
(HMI) concepts that enable controllers to visualize
hazard areas, understand temporal constraints, and
identify aircraft at risk during crisis situations.

The controller interface provides four critical
elements: buttons to display CHAs, visual
representation of RHAs, time indications relating to
hazard areas, and algorithms that automatically
identify and highlight aircraft at risk. This
integration enables controllers to initiate appropriate
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protective measures for aircraft potentially affected
by falling debris or other space-related hazards [15].

5.7.  Lessons Learned and Best Practices
Performance Metrics and Response Times

Analysis of international crisis response exercises
has demonstrated that effective coordination can be
achieved within operationally acceptable
timeframes. The DLR-FAA project demonstrated
that complete sequences from Loss of Signal
detection to RHA reception by international
stakeholders can be accomplished in 37-62 seconds,
with the actual generation and transmission of RHA
data consuming only 1-2 seconds of this timeframe.

These performance metrics validate the technical
feasibility of international crisis coordination while
highlighting areas for improvement. The exercises
revealed that while SWIM-based communication
proved effective for demonstration purposes,
operational deployment may require dedicated
communication protocols and infrastructures to meet
stringent reliability requirements for mission-critical
data exchange [15].

Coordination Process Refinements

International exercises have identified several
critical factors for successful crisis coordination:
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Pre-established Communication Channels: The
establishment of reliable communication channels
before crisis situations occur is essential for effective
response. This includes not only technical
connectivity but also clearly defined roles and
responsibilities for all participating organizations.

Standardized Procedures: The development of
standardized procedures that can be implemented
across different national systems enables more
effective coordination during time-critical situations.

Regular Training and Exercises: Periodic joint
exercises between international partners maintain
readiness and identify areas for procedural
improvement before actual crisis situations occur.

Post-Incident Analysis: Comprehensive postincident
analysis and information sharing enable continuous
improvement of crisis response capabilities across
the international community.

5.8.  Challenges and Future Development
Technical and Procedural Challenges

Despite significant advances in international crisis
coordination, several challenges remain. The
reliability of digital communication systems during
crisis situations requires ongoing attention, as
demonstrated by initial message reception issues
encountered during the DLR-FAA exercises. While
these issues were subsequently resolved, they
highlight the importance of robust communication
infrastructure for mission-critical operations.

The integration of crisis response procedures into
existing air traffic management systems also
presents ongoing challenges, particularly regarding
coordination processes between controllers and the
potential for new operational requirements arising
from enhanced information sharing capabilities.
Regulatory and Policy Development

The expansion of commercial space operations
continues to outpace the development of
international regulatory frameworks for crisis
management. Future development must address
international harmonization of risk assessment
methods and hazard area calculations, which
becomes increasingly important for cross-border
operations and interoperability between different
national systems.

International agreements on operational
implementation will require involvement of all
related stakeholders and must address licensing of
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launch and re-entry operations, coordination
procedures between multiple ANSPs, and
integration with existing air traffic flow management
processes [15].

6. Solutions for the future: international risk
management in the service of resilience and
safety

The contemporary space environment stands at a
critical juncture where society's reliance on space
infrastructure has reached unprecedented levels. As
satellite technology has become fundamental to
global connectivity, navigation, climate monitoring,
and countless other crucial functions, the safety and
sustainability of space activities have emerged as
paramount concerns for the global community [12].
The orbital environment is undergoing rapid
transformation, driven not merely by the launch of
thousands of new satellites, including ambitious
large constellation projects such as Starlink,
OneWeb, and Kuiper, but also by the exponential
growth of man-made inactive objects in space.

Current data suggests that over 7,000 active satellites
share orbital space with at least 36,500 mediumsized
debris pieces, significantly elevating the risk of
potential collisions [12]. This escalating collision
risk represents just one facet of a broader challenge
facing the international space community: the need
to develop comprehensive, forward-looking
solutions that enhance both resilience and safety in
space operations while ensuring sustainable access
to space for current and future generations.

The long-term sustainability of space-based
infrastructure has become a key space policy issue
of this century, as demonstrated by the OECD
project on the economics of space sustainability,
which analyzed the considerable socio-economic
reliance of modern societies on space assets and the
potential threats posed by space debris [12]. This
chapter examines emerging solutions and
frameworks designed to address these challenges
through international cooperation, technological
innovation, and integrated risk management
approaches.

6.1. Technological Innovation for Enhanced
Safety and Sustainability

Advanced Space Traffic Management Systems

The future of space safety lies in the development of
sophisticated Space Traffic Management (STM)
systems that leverage cutting-edge technologies to
address the growing complexity of orbital
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operations. The proposed international STM
framework represents a paradigm shift toward
inclusive, adaptable, and scalable solutions that cater
to the needs of a growing number of space operators,
from those with single satellites to operators of large
constellations [12].

These advanced systems incorporate several key
technological innovations. Data integration and
realtime analytics form the foundation, utilizing
robust cloud-based infrastructure to integrate
datasets from various sources, including operators,
satellite service stations, and Space Situational
Awareness (SSA) suppliers. This integration is
achieved through advanced data processing
pipelines that ensure accurate and timely situational
awareness across all stakeholders.

The technical framework supporting these systems
employs unified communication protocols to
address communication challenges among satellite
service stations. These protocols facilitate secure
and efficient data exchange,

leveraging modern encryption and distributed
ledger technologies for enhanced security and
reduced data latency. Additionally, efficient cross-
border data exchange mechanisms are employed to
ensure minimal overhead and a harmonized
approach to space management [12].

Artificial Intelligence and Automation

The integration of artificial intelligence and
automation technologies represents a transformative
approach to space traffic management. While Al
systems have found initial application limited to
characterization and classification of space objects
in SSA, their potential for direct application to STM
continues to expand. Advanced
conjunction assessment capabilities are enabled by
integrating advanced deterministic algorithms with
robust statistical models and data assimilation
techniques, significantly enhancing accuracy and
reducing the likelihood of false alarms [12].

The development of autonomous collision
avoidance systems represents a critical advancement
for large satellite constellations  and
autonomously maneuvering satellites. These
systems must be capable of real-time
decision-making while maintaining coordination
with international traffic management frameworks.
The automation of space traffic management
processes also extends to dynamic policy updates
informed by real-time technical data, ensuring that
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regulatory frameworks remain at the cutting edge of
technological capabilities.

Future developments in automation and digitization
will play pivotal roles in facilitating smoother
airspace integration of spacecraft, diminishing
latency and error susceptibility, and enhancing
efficiency and effectiveness, particularly in instances
of non-nominal events. Drawing inspiration from
advancements in other countries, such as the Space
Data Integrator in the United States, provides
valuable reference points for these technological
developments [16].

Microservices Architecture and System Resilience

The implementation of agile system architecture
based on microservices design ensures that space
traffic management systems remain adaptable and
responsive to changing requirements. This
architectural approach enables unified monitoring
and control systems that offer real-time insights
while integrating various data feeds for
comprehensive oversight. The systems are supported
by distributed databases, ensuring prompt
identification and resolution of technical issues
while maintaining high availability and fault
tolerance.

The microservices approach also facilitates the
integration of existing suppliers rather than replacing
them, allowing for seamless inclusion of their data
within  enhanced frameworks. This design
philosophy enables private companies already
providing conjunction assessment services to
continue functioning using existing business models
while taking advantage of enhanced databases and
collaborative frameworks [12].

6.2. Economic Mechanisms and Incentive

Structures

Orbital Toll Systems and Market-Based Solutions

Economic mechanisms represent powerful tools for
aligning private incentives with public safety and
sustainability goals. The OECD's 2022 report
"Earth's Orbits at Risk" highlighted the economic
implications of unsustainable orbital practices, with
contributions examining the costs associated with
irreversible deterioration of orbital regimes. The
proposed "orbital toll" system represents an
innovative approach that would require operators to
pay fees proportional to the risks their activities
introduce, effectively aligning financial incentives
with sustainability goals [12].
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Such market-based mechanisms recognize that
traditional regulatory approaches alone may be
insufficient to address the scale and complexity of
modern space operations. By incorporating
economic incentives, these systems can influence
operator behavior at the decision-making level,
encouraging adoption of safer practices and
technologies that reduce overall risk to the space
environment.

The implementation of orbital toll systems would
require sophisticated risk assessment methodologies
capable of quantifying the collision risk and
environmental impact associated with different types
of space operations. These assessments would need
to account for factors such as orbital altitude,
inclination, spacecraft design, end-of-life disposal
plans, and historical operator performance in
implementing safety measures.

Space Sustainability Rating and Transparency
Mechanisms

The Space Sustainability Rating (SSR) represents
another innovative approach to incentivizing
responsible space behaviors through market
mechanisms. Developed to assess and certify
satellite operators' adherence to sustainability
practices, the SSR promotes transparency and
accountability ~while complementing broader
international cooperation efforts. By providing
standardized metrics for evaluating sustainability
performance, the SSR enables stakeholders to make
informed decisions about partnerships and
collaborations [12].

The SSR system aligns with goals of fostering
international cooperation and enhancing data-driven
decision-making by creating a framework for
comparing operator performance across different
national and regulatory contexts. This transparency
mechanism helps identify best practices and areas
for improvement while providing positive
recognition for operators who exceed minimum
safety and sustainability requirements.

Future developments in sustainability rating systems
may incorporate additional metrics related to space
debris  mitigation, active debris  removal
contributions, data sharing participation, and
emergency response capabilities. These expanded
metrics would provide a more comprehensive
assessment of operator contributions to overall space
safety and sustainability.

IAC-25,E9,5,7,x98744

6.3. International Cooperation Frameworks
Standardization and Regulatory Harmonization

The development of international standards
represents a fundamental requirement for ensuring
safe and sustainable space operations across diverse
national and organizational contexts. The
International Association for the Advancement of
Space Safety (IAASS) has proposed the
International Cooperation on Space Safety Standards
(ICSSS) initiative as a voluntary forum for national
space regulators to cooperate in harmonizing
existing national regulations

The ICSSS approach recognizes that effective
international cooperation requires building upon
existing national frameworks rather than attempting
to replace them entirely. The forum would be open
to space safety regulatory bodies of all space-faring
countries, with active participation limited to those
countries that have published regulations for specific
fields. This approach ensures that standardization
efforts are grounded in practical regulatory
experience while maintaining respect for national
sovereignty.

The harmonization process would focus on
achieving common formulations of requirements
where possible, determining equivalency when
formulations differ, and documenting any confirmed
differences. This approach recognizes that complete
uniformity may not always be achievable or
desirable, but that mutual understanding and
recognition of equivalent approaches can facilitate
international cooperation [17].

Multi-Stakeholder Governance Models

Future international cooperation frameworks must
accommodate the diverse range of stakeholders
involved in modern space operations, including

government agencies, commercial
operators, international  organizations, and
academic institutions. The proposed

STM  frameworks emphasize the importance of
bottom-up approaches that capture general
practices and enhance effectiveness
through direct stakeholder involvement.

The European Union's STM Stakeholder
Mechanism exemplifies this approach by directly
involving space operators and other entities in
assisting with the preparation of legislative
proposals and policy initiatives. This participatory
approach ensures that regulatory = frameworks
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remain responsive to operational realities
while incorporating diverse perspectives on safety
and sustainability challenges [12].

Future governance models will need to address the
global nature of space operations while respecting
national oversight responsibilities. The proposed
international frameworks allow for flexibility in
relationships between operators, service providers,
and national authorities, provided they adhere to
internationally  accepted data-sharing
and operational standards. This design reflects the
global nature of space operations while promoting
inclusivity and respecting national sovereignty.
Capacity Building and Technology Transfer

International cooperation frameworks must include
provisions for capacity building and technology
transfer to ensure that all nations can participate
effectively in global space safety and sustainability
efforts. The approach should build on successful
models such as the International Civil Aviation
Organization (ICAO), which has facilitated the safe
expansion of aviation capacity worldwide through
guidance materials and technical assistance
programs.

For space activities, similar approaches could
facilitate the safe expansion of launch capacity and
space operations capabilities around the world. New
space-faring states would benefit from lessons
learned by countries with decades of experience in
launch activities and space operations. This
knowledge transfer could include best practices for
regulatory  development, safety assessment
methodologies, and crisis response procedures [17].

The capacity building framework should also
address the digital divide in space capabilities,
ensuring that developing nations have access to the
technologies and expertise necessary to participate
safely in space activities. This could include shared
access to space situational awareness data, joint
training programs for space operations personnel,
and collaborative research and development
initiatives.
6.4. Environmental Sustainability and LongTerm
Viability

Comprehensive Environmental Impact Assessment
The environmental dimensions of space activities
extend beyond orbital debris to encompass
atmospheric impacts, ground-based environmental

effects, and resource utilization considerations.
Future solutions must adopt comprehensive
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approaches to environmental impact assessment that
account for the full lifecycle of space missions, from
manufacturing and launch through operations and
end-of-life disposal.

The development of alternative fuel sources for
rockets, improvements in propulsion efficiency, and
implementation of carbon offset programs represent
important ~ steps  toward minimizing  the
environmental footprint of space activities.
Technologies such as Proton Exchange Membrane
fuel cells, which utilize hydrogen and oxygen to
generate electrical energy while producing only
water as waste, offer promising alternatives to
traditional propulsion systems.

International guidelines for space debris mitigation
provide important frameworks for addressing
environmental impacts, including the Guidelines and
Assessment Procedures for Limiting Orbital Debris,
the U.S. Government Orbital Debris Mitigation
Standard Practices, the Inter-Agency Space Debris
Coordination Committee (IADC) Space Debris
Mitigation Guidelines, and the United Nations
Committee on the Peaceful Uses of Outer Space
(UNCOPUOS) guidelines. These comprehensive
frameworks collectively aim to mitigate space debris
and safeguard space assets [18].

Circular Economy Principles in Space Operations

The application of circular economy principles to
space operations represents an emerging approach to
enhancing sustainability and resource efficiency.
This includes emphasis on reusable launch vehicles,
recycling technologies, and sustainable practices in
mission planning, spacecraft design, and launch
operations. The development of in-space
manufacturing  capabilities, orbital servicing
missions, and active debris removal technologies
contributes to creating a more sustainable space
economy.

Future frameworks should incentivize the
development and deployment of technologies that
extend satellite lifespans, enable in-orbit refueling
and servicing, and facilitate the recycling of space
hardware. These technologies not only reduce
environmental impacts but also enhance the
economic viability of space operations by
maximizing the return on investment in space
infrastructure.

The implementation of circular economy principles
also requires new business models and financing
mechanisms that account for the long-term value of
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sustainable practices. This could include extended
producer responsibility frameworks that make
satellite manufacturers responsible for end-of-life
disposal, leasing models that maintain manufacturer
ownership and responsibility throughout operational
lifecycles, and insurance mechanisms that provide
preferential rates for operators implementing
sustainable practices.

6.5. Crisis Management and
Resilience Enhancement

Adaptive Response Capabilities

Future crisis management frameworks must be
designed to handle the increasing complexity and
frequency of space operations while maintaining
rapid response capabilities. The development of
adaptive response systems requires integration of
multiple data sources, automated decision-making
capabilities, and flexible coordination mechanisms
that can scale to address various types of
emergencies.

The lessons learned from initiatives such as the
DLR-FAA Data Exchange Project demonstrate the
feasibility of international real-time data exchange
for crisis situations. These systems achieved
response times of 37-62 seconds from Loss of Signal
detection to Refined Hazard Area reception by
international stakeholders, validating the technical
feasibility of rapid international coordination [15].

Future adaptive response systems must incorporate
artificial intelligence and machine learning
capabilities to improve prediction accuracy,
automate routine decision-making processes, and
provide decision support for complex scenarios.
These systems should also include provisions for
human oversight and intervention when automated
systems encounter novel or complex situations
beyond their programmed capabilities.

Multi-Hazard Risk Assessment

The future of space risk management requires
comprehensive approaches that address multiple
types of hazards simultaneously, including space
debris, solar weather events, cyberattacks, and
ground-based threats to space infrastructure.
Multihazard risk assessment frameworks enable
more effective resource allocation and coordinated
response planning across different types of risks.

The development of integrated risk models that
account for interdependencies between different
types of space hazards represents a critical
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advancement for enhancing overall system
resilience. These models must account for cascading
effects, where failure in one domain can trigger
failures in other domains, and cumulative effects,
where multiple smaller risks combine to create larger
systemic vulnerabilities.

Future risk assessment frameworks should also
incorporate consideration of social and economic
vulnerabilities that may be exacerbated by
spacerelated disruptions. This includes assessment
of critical infrastructure dependencies on space
services, identification of vulnerable populations
that may be disproportionately affected by space
service disruptions, and development of mitigation
strategies that address both technical and social
dimensions of resilience.

0.6. Digital Transformation and
Data Governance

Secure Data Sharing Architectures

The future of international space cooperation
depends critically on the development of secure,
trusted mechanisms for sharing sensitive operational
data across national and organizational boundaries.
International reluctance to share accurate SSA data
arises from national security concerns, competitive
interests, and legal constraints, requiring innovative
technological solutions that address these underlying
concerns [12].

Trustworthy technological solutions must ensure
data  integrity and immutability through
decentralized approaches that make it challenging to
alter or tamper with recorded data. These systems
should incorporate inherent redundancy to guarantee
data availability even if some nodes are
compromised, while providing transparent and
traceable processes for verifying data origin and
history.

The implementation of consensus mechanisms for
data verification ensures the authenticity of shared
data while protecting sensitive information.
Significant progress in this area has been made by
initiatives such as Space DAO (Decentralized
Autonomous  Organization), which sets the
foundation infrastructure for consensus mechanisms
that reduce confusion and augment trust in key
decision-making information [12].

Privacy-Preserving Technologies

Future data sharing frameworks must balance the
need for comprehensive situational awareness with
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legitimate privacy and security concerns.
Privacypreserving technologies enable
organizations to contribute to collective safety
efforts without compromising sensitive operational
information or proprietary technologies.

Techniques such as  differential  privacy,
homomorphic encryption, and secure multi-party
computation can enable collaborative risk
assessment and collision avoidance while protecting
individual operator data. These technologies allow
for statistical analysis and pattern recognition across
multiple data sources without revealing specific
operational details about individual spacecraft or
missions.

The development of privacy-preserving technologies
also requires new legal and regulatory frameworks
that define appropriate uses of shared data, establish
liability for data breaches or misuse, and provide
enforcement mechanisms for violations of data
sharing agreements. These frameworks must be
developed through international cooperation to
ensure compatibility across different national legal
systems.

6.7. Regional  Integration and  Global

Coordination

Federated System Architectures

The future of global space traffic management lies in
federated system architectures that enable regional
systems to operate autonomously while maintaining
interoperability and coordination at the global level.
Recent advancements in regional STM systems,
such as the U.S. Department of Commerce's TraCSS
initiative and the EUSPA SST program, represent
important intermediate steps toward a global,
federated approach.

These regional systems serve as vital contributors to
the evolution of a global framework while respecting
national sovereignty and regional priorities. The
federated approach enables different regions to
adopt approaches that reflect their specific needs and
capabilities while maintaining compatibility with
global standards and protocols [12].

Future federated architectures must include
mechanisms for coordinating between regional
systems, sharing information across regional
boundaries, and escalating issues that require global
coordination. These mechanisms should be designed
to operate automatically under normal conditions
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while providing human oversight capabilities for
complex or sensitive situations.

Cross-Border Coordination Mechanisms

The global nature of space operations requires
sophisticated mechanisms for coordinating activities
that cross national boundaries or have international
implications. Future coordination mechanisms must
address both routine operational coordination and
emergency response scenarios while respecting
national sovereignty and security concerns.

The development of standardized protocols for
cross-border coordination enables more effective
communication during both routine operations and
crisis situations. These protocols should specify
information sharing requirements, decision-making
authorities, and escalation procedures while
providing flexibility to accommodate different
national legal and regulatory frameworks.

International coordination mechanisms should also
include provisions for capacity building and
technical assistance to ensure that all nations can
participate effectively in global coordination efforts.
This includes training programs for operational
personnel, joint exercises to test coordination
procedures, and technical assistance for developing
necessary infrastructure and capabilities.

6.8. Implementation Strategies and Pathways
Phased Implementation Approaches

The complexity and scale of international space risk
management reforms require carefully planned
phased implementation approaches that build
confidence and capabilities incrementally. The
ICSSS proposal suggests proceeding by phases in
expanding the scope of standardization activities,
beginning with launch and re-entry safety and
spaceports safety before expanding to other areas
[17].

This phased approach enables early success in areas
where consensus is most readily achievable while
building the institutional relationships and technical
capabilities necessary for addressing more complex
challenges. Early phases can focus on areas where
existing international cooperation is already strong,
such as space debris mitigation and basic safety
standards, before expanding to more sensitive areas
such as space situational awareness data sharing and
coordinated collision avoidance.
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Each phase should include clearly defined
objectives, success metrics, and evaluation criteria to
enable assessment of progress and identification of
areas requiring additional attention. The phased
approach should also include mechanisms for
incorporating lessons learned from early phases into
planning for subsequent phases, ensuring continuous
improvement in implementation strategies.

Stakeholder Engagement and Consensus Building

Successful implementation of international space
risk management frameworks requires sustained
engagement with diverse stakeholders and careful
attention to consensus building processes. The
bottom-up approach advocated by various
international initiatives recognizes that sustainable
solutions must be grounded in operational realities
and have broad stakeholder support.

Effective stakeholder engagement requires inclusive
processes that provide meaningful opportunities for
participation by all affected parties, including
government agencies, commercial operators,
international organizations, academic institutions,
and civil society groups. These processes should be
designed to accommodate different levels of
technical expertise and resource availability while
ensuring that all voices are heard and considered.

Consensus building processes should focus on
identifying shared interests and common goals while
respecting legitimate differences in priorities and
approaches.  This may  require  creative
problemsolving approaches that identify win-win
solutions and innovative mechanisms for addressing
apparently conflicting interests.

Financing and Resource Mobilization

The implementation of comprehensive international
space risk management frameworks requires
substantial financial and technical resources that
must be mobilized through diverse funding
mechanisms. Traditional government funding alone
is unlikely to be sufficient to address the scale and
complexity of required investments, necessitating
innovative financing approaches that leverage
private  sector resources and international
cooperation.

Potential financing mechanisms include
international pooled funding arrangements similar to
those used for other global public goods, user fees
and charges that capture the value provided by
international coordination services, and
publicprivate partnerships that leverage commercial
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capabilities and resources for public benefit
purposes.

The development of sustainable financing
mechanisms requires careful attention to burden
sharing arrangements that reflect different national
capabilities and benefits while providing adequate
incentives for participation. These arrangements
should also include provisions for supporting
developing nations and ensuring that financial
constraints do not create barriers to participation in
global safety and sustainability efforts.

6.9. Future Research and Development

Priorities
Emerging Technology Integration

Future space risk management frameworks must be
designed to accommodate emerging technologies
and their implications for safety and sustainability.
This includes assessment of new propulsion
technologies, advanced materials, artificial
intelligence systems, quantum technologies, and
other innovations that may fundamentally alter the
nature of space operations.

Research and development priorities should include
investigation of how emerging technologies can
enhance safety and sustainability while identifying
potential new risks that may require additional
safeguards. This requires close cooperation between
technology developers, safety researchers, and
regulatory authorities to ensure that safety
considerations are integrated into technology
development processes from the earliest stages.

The integration of emerging technologies also
requires flexible regulatory frameworks that can
adapt to  technological change  without
compromising safety standards. This may include
development of regulatory sandboxes that enable
controlled testing of new technologies, adaptive
licensing approaches that can evolve with
technological capabilities, and performance-based
standards that focus on outcomes rather than specific
technological approaches.

Interdisciplinary Research Approaches

The complexity of space risk management
challenges requires interdisciplinary research
approaches that integrate technical, economic, legal,
social, and environmental perspectives. Future
research should address not only technical aspects of
space safety and sustainability but also the human
factors, organizational dynamics, and systemic
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interactions  that influence overall system
performance.

Research priorities should include investigation of
human-machine interfaces for space traffic
management systems, organizational learning and
adaptation processes in space operations, cultural
factors that influence international cooperation, and
social and economic impacts of space activity
disruptions.

The development of interdisciplinary research
approaches requires new institutional mechanisms
that bring together researchers from different fields
and facilitate collaboration across traditional
disciplinary  boundaries. This may include
establishment of interdisciplinary research centers,
joint  funding  programs  that  encourage
crossdisciplinary collaboration, and new publication
and dissemination mechanisms that reach audiences
across multiple fields.

7. Conclusion

The future of international space risk management
lies in the development of comprehensive, integrated
approaches that address the full spectrum of
challenges facing the global space community. The
solutions examined in this chapter demonstrate that
significant progress is possible through international
cooperation, technological innovation, and creative
problem-solving approaches that balance diverse
interests and priorities.

The technological innovations in space traffic
management, including advanced Al systems,
federated architectures, and secure data sharing
mechanisms, provide the foundation for more
effective coordination and risk management.
Economic mechanisms such as orbital toll systems
and sustainability rating frameworks offer promising
approaches for aligning private incentives with
public safety goals while promoting innovation and
efficiency.

International cooperation frameworks, including
standardization initiatives, multi-stakeholder
governance models, and capacity building programs,
are essential for ensuring that all nations can
participate effectively in global space safety and
sustainability efforts. The emphasis on bottom-up
approaches and stakeholder engagement reflects
recognition that sustainable solutions must be
grounded in operational realities and have broad
support from affected communities.
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Environmental sustainability considerations,
including comprehensive environmental impact
assessment and circular economy principles, are
becoming increasingly important as the scale of
space activities continues to grow. The integration of
these considerations into space risk management
frameworks will be essential for ensuring the
longterm viability of space activities and protecting
both the space environment and terrestrial
ecosystems.

The implementation strategies and pathways
examined in this chapter emphasize the importance
of phased approaches, sustained stakeholder
engagement, and innovative financing mechanisms.
These approaches recognize that transformation of
international space risk management will require
sustained effort over many years and must be
designed to accommodate different national
capabilities and priorities.

The future research and development priorities
identified in this chapter highlight the need for
continued innovation and adaptation as space
activities evolve and new challenges emerge. The
emphasis on interdisciplinary approaches reflects
recognition that space risk management challenges
cannot be addressed through technical solutions
alone but require integration of diverse perspectives
and expertise.

The path forward requires sustained commitment
from the international community to developing and
implementing solutions that enhance both resilience
and safety in space operations. The frameworks and
approaches examined in this chapter provide a
foundation for this effort, but their success will
depend on continued cooperation, innovation, and
adaptation as the space environment continues to
evolve.

The ultimate goal is to preserve the space
environment around Earth as a shared resource for
the benefit of all humankind while enabling
continued growth and innovation in space activities.
Achieving this goal will require the best efforts of
the international community working together
toward common objectives while respecting the
diverse interests and capabilities of different nations
and organizations.

As we look toward the future, the importance of
international cooperation in space risk management
will only continue to grow. The solutions examined
in this chapter provide a roadmap for addressing
current challenges while building the foundation for
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addressing future challenges that we may not yet
fully anticipate. The success of these efforts will
determine whether future generations inherit a space
environment that remains accessible, safe, and
sustainable for continued exploration and utilization.
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