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Kessler’s Syndrome is a global phenomenon characterized by the presence of tens of millions of debris pieces of various sizes that disrupt satellite operations. This article delves into the potential outcomes of a Kessler’s Syndrome occurrence and its implications on satellite operations. The potential threats posed by this scenario are discussed, including the implications of minimal to no satellite function on human impacts, including crashes and minimized or disrupted functions in essential utility services, as these sectors heavily rely on satellites. In addition, we discuss how the loss of satellite communications could gradually or rapidly affect global affairs. As humans are a dominant force on Earth, their endangerment would reverberate throughout the ecological system, potentially leading to the demise of other species. It is crucial for policymakers and relevant stakeholders to recognize these implications and work towards safeguarding satellite communication to mitigate potential negative outcomes for humanity’s wellbeing and progress. The recycling of space debris emerges as a promising and long-term sustainable solution to the mitigation of space debris. By repurposing decommissioned satellites and debris into useful materials to support other space missions, this recycling strategy presents a win-win scenario, promoting environmental sustainability and resource efficiency in space exploration.
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1 INTRODUCTION
Space has emerged as a key domain since the historic launch of Sputnik 1, the first man-made satellite, in 1957 Dickson (2011). Since then, there has been an exponential proliferation of artificial objects in space Anz-Meador (2020) and Bastida Virgili et al. (2016). These satellites serve diverse purposes, from military and commercial applications to navigation and communication systems. Satellite communication has revolutionized global connectivity, becoming indispensable in the modern world. With more than 8,000 active and defunct satellites orbiting Earth Cowardin (2022), satellite systems have become integral to the daily lives of individuals, businesses, and organizations around the world. The significance of satellite communication is evident from the fact that, as of April 2022, there were 5.03 billion internet users, representing 63.1% of the world’s population, highlighting the massive dependence on satellite communication for various activities Petrosyan, (2023).
However, this escalating presence of satellites in space has led to a growing concern: space debris. In particular, the collision of the Iridium 33 and Kosmos-2251 satellites in 2009 generated a cloud of debris that continues to pose a threat to other satellites Oleksyn (2009) and Garcia (2021). Additionally, India’s antisatellite missile test in 2019 resulted in approximately 400 pieces of orbital debris, increasing the risk to the International Space Station (ISS) Molayath and Sanal Kumar (2010) and Mariappan et al. (Mariappan et al., 2019; Mariappan et al., 2020). Low Earth and geostationary (GEO) orbits, where many operational satellites are located, have become cluttered with space debris, some traveling at hypervelocity speeds of 7 km/s to 15 km/s Sample (2016). Even minuscule debris particles possess significant kinetic energy, posing threats to satellites and spacecraft. The risk of collision-induced chain reactions, as theorized by Donald J. Kessler in 1978, has gained traction and is now known as “Kessler’s Syndrome” Kessler and Cour-Palais (1978). This syndrome predicts an escalating space debris population that leads to an increased likelihood of collisions and further debris creation, resulting in a cascade of detrimental impacts. Such collisions, even minor ones, can set off a catastrophic chain reaction, jeopardizing all existing satellites and filling orbits with high-velocity debris. Accessing space orbits would become immensely challenging, and the prospect of exploring outer space might be compromised. Computer-generated future scenarios indicate that the space debris population may reach saturation and collisions will persist even without new spacecraft launches Liou and Johnson (2006) and National Research Council (2011).
This article delves into the potential outcomes of the occurrence of Kessler’s Syndrome. While space exploration has propelled humanity’s understanding of the cosmos, it is essential to recognize and address the potential threats posed by space debris. Collaborative efforts, innovative mitigation techniques, and proactive measures are essential to safeguard the future of satellite communication and space exploration. The responsibility falls on all nations to work together, akin to global agreements addressing environmental issues, to protect our collective interests and ensure the long-term sustainability of space activities. As we navigate the complexities of space, it is vital to preserve the integrity of our endeavors and protect against the adverse impacts of space debris on humanity’s future.
2 IMPACT ON MAJOR SECTORS WITHOUT SATELLITES
In the contemporary era, the accessibility of an array of conveniences within arm’s reach has become a hallmark of modern civilization, primarily enabled by the vast network of thousands of Earth-orbiting satellites facilitating real-time data collection and transmission. However, it is imperative to consider the potential consequences should we encounter a sudden loss of control or communication with all satellite systems within a compressed time frame Hollingham (2013). In this article, “satellite communication” pertains to the retrieval of satellite data from ground stations in the event of satellite damage, whether partial or complete. This section delves into the prospective ramifications of Kessler’s Syndrome, envisioning a scenario where satellite communication is entirely compromised over the span of two to three decades, and explores its profound implications on humans. The authors highlight the increasing risk of collisions between active space vehicles and space debris, an effect attributed to the increase in the affordability of satellite launches and the commercialization of the space industry Tao et al. (2022). Understanding the gravity of such a prospect is vital for informed decision-making and robust contingency planning.
2.1 Space industry
The present investigation examines the potential threats posed by Kessler’s Syndrome to the space industry and its implications on satellite operations and access to space. Current data suggest that, at this point, the probability of an abrupt occurrence of this syndrome over a short period remains relatively low Kessler (2009). It is estimated that destructive collisions below 1,000 km altitude occur approximately every 3.9 years over the span of 1,000 years, considering certain assumptions such as debris size being greater than or equal to 10 cm, controlled launch rates, and absence of explosions Lewis (2020). The amount of space debris in orbit by size is shown in Table 1. However, it is essential to recognize that unforeseen factors, such as the launch of additional satellites in the coming years, anti-satellite missile tests, and satellite collisions, could escalate these risks. Even tiny debris measuring 1 mm, carrying an energy equivalent to 71 J or 0.0003 TNT/kg, could trigger catastrophic collisions and generate more fragments The Aerospace Corporation (2023). A collision with a 10 cm single of debris, possessing high kinetic energy, can further exacerbate the situation. Additionally, the presence of tens of millions of tiny debris pieces, below or equal to 1 cm in size, presents tracking challenges, hindering the efficacy of current mitigation techniques that involve maneuvering spacecraft to avoid potential impacts.
TABLE 1 | Size distribution of man-made space debris. Based on data from The Aerospace Corporation (2023).
[image: Table 1]The lack of an active removal system in space could lead to an exponential increase in objects in low-Earth orbit (LEO), impeding spacecraft launches and maneuvering. Consequently, loss of control within LEO or significant communication disruptions with satellites could severely limit access to space for future missions. Furthermore, with the appearance of Kessler’s Syndrome, the launch of satellites would be a higher risk, as the orbits could be densely populated with debris clouds exhibiting varying kinetic energies The Aerospace Corporation (2023). Such an eventuality may necessitate a shutdown of global space programs until viable solutions are devised, potentially leading to economic imbalances and job losses within the space industry. The ensuing section delves into the cascading effects on other industries resulting from space program limitations due to the inaccessibility of space.
2.2 Impact of GNSS disruption on various industries
The Global Navigation Satellite Systems (GNSS) is a critical satellite-based navigation system that provides essential guidance to humans and vehicles navigating various terrains. Its uses are widespread, with essential industries such as defense, aviation, space exploration, maritime, rail transportation, and road networks benefiting from it Pistoia (2009) and The Aerospace Corporation (2021). GNSS satellites operate primarily in Medium Earth Orbit (MEO), at altitudes ranging from 2,000 km to 31,570 km above the Earth’s surface. MEO, which is located between GEO and LEO, has the advantage of having a lower population of space junk than its counterparts, LEO and GEO European Space Agency (ESA) (2023). Because of the increasing worldwide competitiveness in space activities, the LEO, an ever-increasing concentration of space objects, is attained the saturation. The increase in debris in LEO poses a serious threat to current and future space operations, compromising our ability to launch and maintain spacecraft in this important region Colvin et al. (2023). If LEO becomes overcrowded with orbital debris and effective mitigation techniques remain undeveloped, the chances of putting a spacecraft into orbit will diminish dramatically. It is important to think on long-term scales, which would take LEO problems to other orbits, such as MEO and GEO. Thus, looking at the effect of GPS operations in MEO orbits is crucial for future debris mitigation. Figure 1 shows the number of trackable objects in each orbital domain.
[image: Figure 1]FIGURE 1 | Count of objects in various orbital regimes. Based on data from European Space Agency (ESA) (2023).
This section explores the potential consequences of a GNSS disruption on many sectors, particularly if our ability to launch new satellites into orbit is jeopardized. It is critical to fully appreciate the implications in order to identify vulnerabilities and build contingency plans to reduce the impact of GNSS unavailability across these varied businesses. At the moment, Earth’s orbit is home to a constellation of 31 active Global Positioning Satellites (GPS) United States Space Force (2022a), 35 active BeiDou satellites, 24+ Galileo satellites, 24+ GLONASS (Globalnaya Navigazionnaya Sputnikovaya Sistema, or Global Navigation Satellite System), 7 Indian Regional Navigation Satellite System (IRNSS)/Navigation Indian Constellation (NavIC), and 7 Quasi-Zenith Satellite System (QZSS) United States Space Force (2021d).
2.2.1 Impact on the defense sector
The defense sector is heavily dependent on satellite communication (SATCOM) for critical military operations, including communication, missile guidance, search and rescue missions, and the piloting of unmanned aerial vehicles (UAVs), among other essential functions United States Space Force (United States Space Force, 2021b; United States Space Force, 2022a). Loss of satellite communication systems would significantly impede the sector’s ability to operate at full capacity. Without reliable communication systems, transmitting messages would become difficult for military personnel. Although an analog system serves as a backup mode of communication United States Space Force (2019), its limited operational range poses challenges for effective communication. Relying solely on analog systems for extensive military operations would prove impractical. Currently, the defense sector worldwide exhibits an average reliance of 70%–80% on satellite communication, and this figure is expected to increase in the future, although the exact percentage remains classified for security reasons Weeden and Samson (2018).
2.2.2 Airline industry
The airline industry relies extensively on the Flight Management System (FMS) to automate various in-flight operations that were previously performed manually, thus facilitating smoother flight operations Spitzer (2018). FMS uses multiple sensors, including GPS, to calculate the position of the aircraft and fuel levels, among other critical parameters Stössel (2015). A breakdown in the satellite communication system would disrupt the transmission of GPS data, potentially compromising the FMS functionality. Although modern aircrafts are equipped with backup sensors to facilitate landing in case of technical failures Stössel (2015), relying solely on analog communication for flight operations midst the multitude of flights poses significant risks. In such an event, communication between Air Traffic Control (ATC) and flights could be severely hampered, affecting effective flight management and response to emergencies European Space Agency (2022) and Federal Aviation Administration (FAA) (2022).
Without access to satellite communication systems, pilots and ATC would not be able to receive real-time weather updates, leading to potential risks of navigate under hazardous weather conditions Norton and Omberg (1947). Given the projected future increase in global air passenger traffic Statista Research Department (2022a), the implications of disrupted satellite communication in the airline industry could be far-reaching. The industry plays a vital role in various sectors, including medical tourism, vaccine distribution, and air cargo delivery International Air Transport Association (2022) and Dalen and Alpert (2019). A loss of effective satellite communication could hinder the seamless functioning of these critical services, potentially jeopardizing lives and putting off urgent medical care.
In addition, the airline industry maintains a considerable workforce, with nearly 87.7 million people employed directly and indirectly Salas (2022a). In the event of reduced or unavailable satellite communication, the industry may face temporary or permanent downsizing, leading to job losses and economic instability for numerous individuals and families.
2.2.3 Marine industry
Modern ships rely heavily on sophisticated systems, such as Automatic Identification Systems (AIS) and GNSS, among others, to ensure safe navigation and collision avoidance during their voyages Tetreault (2005) and Coast Guard—Office of Navigation Systems and Code of Federal Regulations (2019). Satellite communication systems play a crucial role in facilitating seamless communication and weather monitoring, helping ships reach their destinations safely. In the event of satellite communication failure, ships would be forced to resort to radar and analog communication systems. However, the maximum range of a ship radar for object detection is limited to 200 nautical miles Jenn (2019). Without proper communication with the Vessel Traffic Services, ships can be forced to suspend shipping operations until a viable communication solution is established or resort to navigating through analog means.
As ocean shipping serves as the primary mode of transport for global trade Placek (2022), disruptions in satellite communication would have far-reaching effects on various industries relying on shipping services. The shipping industry provides essential logistical support for numerous sectors, and any disruption could lead to supply chain disruptions and economic repercussions. According to estimates for 2011, the global marine fishery industry employs more than 260 million people Teh and Sumaila (2011). The potential reduction in shipping operations due to communication system failures would put these jobs at risk, leading to economic challenges for the workforce and affecting local communities dependent on the maritime sector.
2.2.4 Railway industry
The global railway network, which comprises an extensive route length of more than 1.3 million kilometers, is heavily dependent on GNSS technology for numerous indispensable functions Salas (2022b). Modern railway systems around the world are equipped with GNSS-based Positive Train Control systems, which play a critical role in preventing train collisions and ensuring safe operations United States Space Force (2021a). GNSS serves as a crucial tool for tracking locomotives, rail cars and wayside equipment, facilitating the synchronization of communication systems and enabling seamless communication among locomotive engineers, dispatchers, trains, airports, rail stations, and ports. Passengers also benefit from accurate train location information, allowing them to predict arrival times with precision.
Given the paramount importance of GNSS for navigation and signaling, the uninterrupted operation of current rails depends on this indispensable technology. A potential reduction in GNSS availability could lead to the curtailment of railway operations, affecting millions of passengers who rely heavily on train commutes for transportation Hughes (2020). By 2022, the rail freight industry in the United States provided employment to approximately 135,000 individuals Statista Research Department (2022c). Similarly, Indian railways employ an estimated 1.54 million individuals, while the Chinese railway industry boasts nearly 2 million employees The Economic Times (ET) (2017) and Statista Research Department (2021b). These statistics underscore the significant contribution of the railway sector to the economy on a global scale, and any potential minimization of the railways due to GNSS disruptions would jeopardize these jobs.
In addition, the railway industry plays a crucial role in transporting cargo to various locations. In the United States, rail freight volumes reached 2.53 trillion tonnes kilometer in 2018, but the impact of the COVID-19 pandemic saw this figure decrease to 2.1 trillion tonnes kilometer by 2020 Statista Research Department (2022b). In India, Indian Railways transported more than 1.42 billion metric tons of freight in fiscal year 2022 Sun (2023). In China, the rail industry transported an impressive 4.77 billion tons of rail cargo in 2021 Statista Research Department (2023c).
2.2.5 Roadways
In 2015, global road freight activity reached approximately 19,000 billion tonne-kilometers, and projections indicate that this figure will more than double by 2050. It is expected that the volume of road freight will increase by 91% in 2050 compared to 2020 Statista Research Department (2021c). However, the efficient functioning of road transport is highly dependent on GNSS technology. GNSS plays an essential role in improving vehicle efficiency and safety on roads, streets and mass transit networks by mitigating routing and dispatch challenges for commercial vehicles, as well as for mass transit, road maintenance, and emergency vehicles United States Space Force (2021e). The global installed base of Global Navigation Satellite System devices was 6.5 billion units in 2021, with forecasts predicting an increase to 10.6 billion devices by 2031 Alsop (2022).
In addition, numerous nations use GNSS to inspect highway and road networks, enabling the detection of various features such as service stations, emergency services, entry and exit ramps, and road damage. The data collected feed into Geographic Information Systems, contributing to reduced maintenance and repair expenses and improved driver safety. GNSS technology also facilitates the automation of traffic lights Munoz-Organero et al. (2018).
Taking into account the immense scale of road travel, statistics indicate that Americans engage in 1.1 billion travel activities daily, each person taking approximately four trips within the country Bureau of Transportation Statistics (2017). Additionally, an average of 236 billion vehicles travel on the road in the United States every month Bureau of Transportation Statistics (2022). With such high vehicle traffic, GNSS monitoring is crucial for accident prevention, especially as we move towards automated driving. The absence of GNSS would present significant challenges to vehicle monitoring and navigation in a world increasingly dependent on transportation systems. This disruption would profoundly affect various industries, as nearly every sector depends on efficient transportation systems to take care of the commute of workers and deliver products to customers.
2.2.6 GNSS timing
GNSS plays a critical role in providing accurate determination of time, longitude, latitude and altitude, making it a crucial fourth dimension for various industries and economic activities United States Space Force (2022b). GNSS satellites are equipped with highly precise atomic clocks, enabling the dissemination of real-time GNSS signals with exceptional accuracy. Access to time within 100 billionths of a second eliminates the need for costly investments in maintaining atomic clocks, benefiting industries that heavily rely on precise timing.
Numerous sectors, such as electrical power grids, financial networks, and communication systems, depend on precise timing to achieve synchronization and operational efficiency. GNSS time enables companies to optimize operations, reduce costs, and improve capabilities. In wireless telephone and data networks, perfectly synchronized base stations improve spectrum usage and improve mobile phone performance. Digital radio broadcasting services also take advantage of GNSS time to ensure simultaneous bit transmission from all radio stations, minimizing listener delays during station switching.
The financial sector benefits from GNSS time for accurate time-stamping of transactions, ensuring precise record-keeping and traceability. Furthermore, integration of GNSS time into seismic monitoring networks enables rapid pinpointing of epicenters of earthquakes and other seismic phenomena.
The utility and power industries have specific time and frequency requirements to ensure reliable power transmission and distribution. GNSS time plays a crucial role in meeting these demands United States Space Force (2022b). However, the potential risks to satellite communication systems pose threats to the global economy, potentially leading to crashes and minimized or disrupted functions in essential utility services, as these sectors heavily rely on GNSS timing. Such economic downturns could result in widespread job losses that affect billions of people worldwide. Further discussions on the implications of losing GNSS time in the energy and utility sectors are presented later in this article.
As technology continues to advance rapidly, the reliance on GNSS timing is expected to grow significantly in the future. Therefore, protecting and fortifying the GNSS infrastructure becomes imperative to support global economic stability and ensure the continued operation of essential utility services.
2.2.7 Agriculture
From 1990 to 2012, agricultural activities occupied a significant proportion of the global land area, accounting for 35.79% in 2011 Statista Research Department (2015). The implementation of precision agriculture has revolutionized agricultural practices through the utilization of GNSS-based applications United States Space Force (2021c). Precision agriculture encompasses a diverse range of tasks, including farm planning, tractor guidance, variable rate applications, and yield mapping, among others. The integration of GNSS technology has proven invaluable to farmers, allowing seamless operations even in challenging conditions such as poor visibility caused by rain, dust, fog or darkness.
Precision agriculture, powered by GNSS, facilitates the application and distribution of precise pesticides, herbicides, and fertilizers, leading to cost reduction, increased production, and enhanced ecological sustainability. Manufacturers of GNSS equipment have developed various tools to improve productivity and efficiency in precision agricultural practices. Farmers worldwide use GNSS services to optimize their operations Katz and Murphy (1997), and weather forecasts, accessible through satellite communication systems Ritchie (2021), play an essential role in guiding their farming decisions.
The minimization or loss of satellite communication systems would profoundly impact agriculture, directly affecting food production. The indispensable role of GNSS in modern farming practices makes it challenging for farmers to revert to traditional methods without its support. Ensuring the continued operation of satellite communication systems is crucial for maintaining efficient and sustainable agricultural practices and securing global food production. Further discussions on the implications of losing satellite communication on the agricultural sector are presented in subsequent sections of this article.
2.3 Energy and utility sector
The energy and utility sector plays a vital role in society and is highly dependent on GNSS time to efficiently distribute and transmit power United States Space Force (2022b). However, the sector faces significant risks when satellite communication systems are reduced or completely lost. Additionally, the energy and utility sector’s operations depend on various interlinked services, including banking for financial transactions, the transportation sector for the delivery of essential goods and the distribution of utilities such as gas.
The global usage of electricity is substantial, with nearly 7 billion out of 7.67 billion people worldwide using electricity daily Ritchie (2021). In 2019, global electricity consumption reached approximately 23,900 TWh Statista Research Department (2022d). The availability of electricity is crucial for individuals, communities, and organizations alike, and any disruption would significantly impact their functioning. In a testimonial report released by a congressional committee in 2015 House and Senate (2015), it was stated that the absence of electricity could potentially lead to a 90% mortality rate among Americans. This assertion may hold true not only for Americans but for a significant portion of the global population, given the indispensable role that electricity plays in everyday survival for people worldwide.
The energy sector relies on various sources, such as renewable energy, nuclear reactors, coal, natural gas, and liquid fuels, for electricity generation Statista Research Department (2021a). Figure 2 displays the distribution of energy sources used to generate electricity. However, this sector is highly dependent on the transportation sector to ensure the supply of resources and the distribution of electricity. In the absence of proper transportation functioning, sectors depending on energy and utility, including banking and hospitality, would stop working or face significant limitations.
[image: Figure 2]FIGURE 2 | Worldwide Power Generation in 2022 by energy source. Based on data from Statista Research Department (2021a).
As satellite communication systems contribute substantially to the efficiency and reliability of the energy and utility sector, any potential loss of this technology could have far-reaching consequences. Further discussions on the implications of the loss of satellite communication systems on the energy and utility sector and associated industries will be discussed in later sections of this article. The protection of satellite communication stability is imperative to ensure uninterrupted energy and utility services and the smooth functioning of numerous interconnected sectors in the modern world.
2.3.1 Renewable energy
Renewable energy plays a significant role in global electricity generation, contributing approximately 6.99 TW-hours Statista Research Department (2021a). Among various renewable energy sources, biomass, hydroelectric, geothermal, wind, and solar energy are the main contributors United States Energy Information Administration (U.S. Energy Information Administration, 2023b and U.S. Energy Information Administration, 2022).
Hydropower is based on the water cycle, and electricity is generated through dams utilizing elevation differences. During major power outages, many countries depend heavily on this energy source. Large dams employ numerous sensors, which rely on satellite communication, for crucial tasks such as opening and closing gates, dam assessment, power generation and monitoring Coombs and Braithwaite (2021). Although manual gate operation is possible, efficiently controlling the water allowance without an effective satellite communication system may prove challenging.
Geothermal energy Heasler et al. (2009) requires precise location mapping, a task facilitated by GNSS technology. Satellite communication enables complete monitoring of entire geothermal plants with fewer human resources, ensuring timely reporting of any failures Morgan (2020). The development and management of solar and wind farms also benefit from satellite technology. Consequently, the dependence on satellite communication becomes crucial for the efficient operation of these renewable energy facilities.
Countries that rely on other nations for resources to generate electricity, such as biomass and fuel, may face significant challenges, as importation of goods would be hindered without a properly functioning transportation sector. The interconnected nature of the generation and distribution of renewable energy underscores the importance of preserving satellite communication systems to ensure a stable and sustainable global energy landscape.
2.3.2 Coal
Coal is the dominant resource for electricity generation, with approximately 35.8% of global coal usage dedicated to energy production Statista Research Department (2023d). In 2022, worldwide coal power generation reached approximately 10,191 TWh Statista Research Department (2023a). The coal industry is highly dependent on satellite technology, covering various stages from mining Xie et al. (2018) to coal processing for fuel and gas production. The modern equipment utilized in these processes benefits from the support of satellite technology. In particular, China and India are the largest exporters of coal. Any disruption in transportation means for exporting coal would significantly impact countries that rely on coal for electricity generation. The interconnectedness of the coal industry with satellite communication highlights the critical role that this technology plays in the smooth functioning of coal-related operations and its importance in supporting electricity generation worldwide.
Further exploration of the potential implications of minimal to no satellite communication on the coal industry and the subsequent impact on electricity generation will be elaborated upon in subsequent sections of this article. Safeguarding satellite communication systems becomes imperative to ensure the continued stability and reliability of coal-related processes and power generation in an increasingly energy-dependent global landscape.
2.3.3 Nuclear reactors, natural gas and liquid fuels
The combined production of energy from nuclear reactors, natural gas and liquid fuels represents a significant portion of total energy, approximately 33.8% Statista Research Department (2023d). Nuclear reactors heavily rely on computer systems to monitor crucial parameters, such as pressure levels, especially in the event of a failure. These monitoring systems depend on satellite communication systems to process and store critical data. Given the potential risks associated with nuclear reactors, including scenarios such as coolant loss and water supply failure Nuclear Energy Agency (2020), effective communication systems are essential for timely response and mitigation efforts in nuclear emergencies. The absence of reliable satellite communication could pose challenges in responding to such emergencies, and in severe cases, it could necessitate permanent reactor shutdowns to prevent meltdowns.
Currently, the world has over 400 nuclear reactors Statista Research Department (2023b), making their safety and efficient operation paramount to global energy stability. In addition to nuclear power, natural gas and liquid fuels are crucial energy resources, with numerous countries relying on their import for electricity generation and various other applications. These resources also depend on satellite communication systems for tasks such as mining, efficient operations, and transportation. Any disruption in satellite communication would hinder the prompt and smooth transportation of these gases and fuels, potentially leading to electrical generation constraints in various regions. The interdependence of nuclear reactors, natural gas, and liquid fuels with satellite communication systems underscores the critical role that this technology plays in ensuring reliable energy production and supply.
2.3.3.1 Ensuring nuclear reactor Safety and preparedness
The possibility of a nuclear meltdown due to the minimization or loss of satellite function is an exceptionally rare occurrence. It is vital to emphasize that the nuclear power industry is committed to ensuring the utmost safety and adheres to strict disaster prevention measures. Although we are considering potential risks in this article, it is equally essential to acknowledge the continuous efforts made by the nuclear industry to improve safety and prevent catastrophic events.
In the case of a nuclear meltdown, where water supply and essential systems might be affected by a scenario such as Kessler’s Syndrome, nuclear power plants are equipped with 30-day emergency water supplies known as Ultimate Heat Sinks (UHS). These UHS play a critical role in cooling the reactor, even after it has been turned off Union of Concerned Scientists (2010). Although the absence of electricity and communication could make implementing these emergency measures challenging, it is essential to remember that the occurrence of Kessler’s Syndrome is an unlikely event with a low probability of impacting multiple nuclear reactors simultaneously.
If, hypothetically, multiple reactors collapse in a short time frame, the release of radiation into the environment could potentially affect a significant portion of the Earth’s surface Lelieveld et al. (2012). However, it is crucial to reiterate that such a scenario is extremely improbable and is based on multiple simultaneous nuclear accidents.
In the event of an emergency, nuclear reactors have two systems in place: active and passive Xing et al. (2016). While the active system requires electricity to operate, the passive system operates independently, providing a safety measure even in situations of power loss. The passive system would eventually shut down within a specified time frame, typically between 72 h and 10 days, depending on the facility Giges (2014). As a last resort, submerging nuclear rods in seawater might be considered to cool the reactor. However, such a measure is expensive and would render the nuclear facility temporarily unusable, requiring significant financial investment to rebuild World Nuclear Association (2022).
To reiterate, the risk of a global nuclear meltdown simultaneously affecting multiple reactors is remarkably low due to the stringent safety protocols and disaster prevention measures upheld by the nuclear power industry. This section has been included to raise awareness of potential risks and to underscore the industry’s ongoing commitment to safety and the pursuit of alternative forms of energy that could be less hazardous in the event of rare occurrences.
2.3.4 Other utilities
The essential services of water, gas and waste disposal are vital for the maintenance of human life and the maintenance of a healthy living environment American Geosciences Institute (2016), U.S. Energy Information Administration (2023a) and The World Counts (2022). Water is a fundamental necessity for every living being on Earth, while gas serves crucial functions in cooking, heating, and various other activities. Water and gas are generally delivered through pipelines to homes, businesses, and industries, while in remote areas, gas can be supplied using containers transported by vehicles American Geosciences Institute (2016) and U.S. Energy Information Administration (2023a). Delivery systems often rely on electric pumps, which, in turn, require electricity to operate efficiently United States Space Force (2022b).
Some regions also utilize GNSS time to optimize water and gas distribution to ensure equitable access United States Space Force (2022b). However, in the absence of electricity and a reliable satellite communication system, the supply of water and gas to many households would be severely disrupted. Global statistics indicate that approximately 71% of the population has access to clean water, while approximately 60% has access to clean fuel for cooking Ritchie and Roser (2019) and Ritchie et al. (2022). The loss of supply would significantly affect people’s daily lives and wellbeing.
The waste disposal industry is highly dependent on the transportation sector to collect waste from homes and industries and transfer it to waste processing sites. Electricity is essential for waste processing, and in 2022 alone more than 1 billion tons of waste were collected worldwide The World Counts (2022). Without adequate transportation facilities, many households would face difficulties disposing of waste, leading to potential health hazards and environmental concerns Ann (2023). The interruption of these critical services due to the loss of satellite communication systems and electricity highlights the need to protect these technological infrastructures to ensure the smooth functioning of essential utilities.
2.4 Importance of other types of satellites
Aside from navigation satellites, there are several other prominent types of satellites, such as communication satellites, Earth observation satellites, and astronomical satellites Sergieieva (2023). Communication satellites aid in long-distance communication by filling the void left by traditional ground-based networks, which primarily support short-distance communication. These communication satellites act as conduits for a variety of media transmissions, including radio, television, phone, and internet services.
Earth observation satellites, on the other hand, are divided into two categories: weather satellites and remote sensing satellites. Weather satellites play an important role in a variety of industries, including agriculture, fisheries, and transportation, by predicting and mitigating the effects of adverse weather conditions. Remote sensing satellites Emery and Camps (2017), in turn, make significant contributions to resource exploration and monitoring of phenomena such as floods, droughts, soil moisture, wildfires, vegetation health, forest degradation, road infrastructure surveillance, etc.,. Remote sensing satellites are used in the military to capture high-resolution images of strategic locations, monitor enemy activities, and assess potential threats.
Astronomical satellites serve a unique purpose in that they aid in the identification of potential threats to Earth, such as asteroid impacts and solar storms.
3 IMPACT ON HEALTHCARE
Modern medicine is heavily dependent on satellite communication for efficient storage and retrieval of patient data, electricity to power medical devices, and transportation for patient and drug mobility. The global burden of disease is significant, with more than 95% of the population affected by various diseases and many individuals experiencing multiple chronic or acute conditions. In Australia, low back pain and depression are prevalent health problems with a substantial impact on individuals Vos (2015).
In particular, several major health challenges continue to pose significant threats to global wellbeing. The worldwide prevalence of diabetes is over 500 million people International Diabetes Federation (2021), with approximately 19.3 million people facing cancer Sung (2021) and about 38.4 million living with HIV HIV.gov (2022). Managing these conditions requires meticulous care, and in 2017, more than 50% of patients use health apps to help with their medical management Stewart (2017). Furthermore, an estimated 310 million people undergo surgery annually International Surgical Outcomes Study group (2016). Many other health issues, not mentioned here, can be fatal if not properly treated in a timely manner.
The efficient functioning of medical facilities worldwide requires reliable access to electricity and transportation facilities. Without these essential resources, it would be impossible to provide adequate medical treatment to patients, leading to potentially millions or billions of deaths.
4 IMPACT ON HUMANS AND OTHER LIVING BEINGS
The rapid advancement of technology has significantly enriched human life, fostering learning and growth while driving progress and prosperity. In recent decades, technological innovations have brought about transformative changes in how our minds and bodies adapt to the modern world Clark (2007). In particular during the COVID-19 lockdown, people turned to technology for entertainment and information, leading to increased dependence on technological means Verbanas (2021).
In the United States alone, approximately 30% of adults are active online, highlighting the widespread influence of technology on modern society Verbanas (2021). While technology has facilitated various aspects of life, concerns arise regarding the potential addiction to technology, warranting a critical examination of its impact.
It is critical to recognize that the Kessler’s Syndrome has primarily indirect consequences due to modern society’s intricate interdependence. As a result, it is critical to emphasize the potential environmental consequences, including impacts on mankind, if Kessler’s Syndrome event occurs, resulting in partial or complete loss of satellite access. This analysis must also consider how human interventions, or their absence, may alter the environmental landscape and circumstances.
As this article progresses, we will explore the implications of minimal to no satellite function on human lifestyle, delving into how the loss of satellite communication systems could gradually or rapidly affect global affairs.
4.1 Impact on individuals
The impact of minimizing satellite functions on the digital communication system is a critical concern that demands attention. While the exact timeline of the consequences is uncertain, gradual restrictions on communication services can escalate to the point where effective communication becomes impossible. Such restrictions could trigger panic among people as they experience the effects of reduced satellite communication.
Reduction in banking services due to the diminishing capabilities of satellites may exacerbate panic, leading people to rush to stores to buy essential items and stock up with cash, displaying anxiety and panic buying behaviors Leung et al. (2021). The situation could escalate further if complete loss of satellite communication occurs on a global scale. Governments would also face challenges in carrying out special operations effectively without adequate satellite support and might struggle to collaborate with allies to find solutions. Shortfalls in government services and aid could create uncertainty and panic among the population.
With limited resources, essential needs such as food, water, and shelter could become scarce, leading to increased crime and unsafe living conditions. The heavy reliance of the modern world on technology could exacerbate mental health concerns, as a significant number of people experience nomophobia and Internet addiction Humood et al. (2021) and Longstreet and Brooks (2017). The occurrence of mental disorders could increase, given the substantial prevalence of such conditions worldwide World Health Organization (WHO) (2022).
Basic needs, such as water, food, and shelter, could face significant challenges due to the impacts of minimizing satellite functions. The lack or minimized availability of electricity could also be catastrophic, as demonstrated by studies suggesting that a large proportion of people are not prepared with emergency supplies Bedard (2019) and Centers for Disease Control and Prevention (2012). Inadequate healthcare services due to the loss of satellite-dependent technology could lead to a significant increase in fatalities related to poor healthcare quality Kruk (2018).
The exact extent and duration of these effects depend on the speed of loss of satellite communication systems and the potential adoption of alternative systems. It is crucial for policymakers and relevant stakeholders to recognize these implications and work towards safeguarding satellite communication to mitigate potential negative outcomes for humanity’s wellbeing and progress.
4.2 Biodiversity and ecological imbalance
Kessler’s Syndrome, at its extremes, poses a potential threat to humanity and can lead to ecological imbalances in the global ecosystem Weisman (2007). The continuous existence of numerous plant and animal species on Earth is intricately connected to human activities. Human interventions, such as the domestication and genetic modification of various plant species to serve our needs, have shaped the current biodiversity Daru et al. (2021).
However, in the event of severe disruptions caused by Kessler’s Syndrome, certain plant species that rely heavily on artificial herbicides and fertilizers for their survival could face rapid extinction without the assistance of humans in delivering those to plants. The sudden removal of insecticides, which are commonly used in agricultural practices, could also trigger a surge in population among insect species. Consequently, this population increase may lead to a corresponding increase in the numbers of insects that eat in the ecosystem, including birds, rodents, reptiles, and others, causing a cascade effect throughout the food chain.
The potential consequences of these disruptions on biodiversity and ecological balance are concerning. The loss of certain plant species could have far-reaching impacts on the organisms dependent on them for food and habitat. Furthermore, changes in insect populations could alter the dynamics of predator-prey relationships, leading to unforeseen changes in the composition of ecosystems UF Thompson Earth Systems Institute (2020).
5 PREVENTIVE MEASURES FOR A SUSTAINABLE FUTURE
As explored earlier in this article, the possibility that Kessler’s Syndrome will occur within the next few decades is a matter of concern. While it may seem improbable, the potential consequences demand our attention, prompting us to consider the scenarios that could unfold if preventive measures are not taken. This section aims to shed light on the likely outcomes if we lack viable solutions to mitigate space debris and prevent Kessler’s Syndrome.
Drawing insights from “The Beginner’s Guide to Nation-Building,” a 2007 book Dobbins et al. (2007), a hypothetical concept was introduced to estimate the cost of rebuilding a nation from scratch. Conceptual estimation suggested that rebuilding a nation with a population of 5 million and a per capita GDP of $500 would require $15,000 million. However, it is crucial to acknowledge that this estimate was made in 2007, and such figures are subject to change over the subsequent decades. Furthermore, the idea of rebuilding the entire world from scratch appears daunting and nearly insurmountable given the rapid progress in technology and societal advancements.
5.1 Policymakers
As the population of space debris grows, it becomes clear that properly addressing this global concern requires a united effort from all nations. Similarly to the global agreement reached on addressing climate change, governments must put aside their differences and work together to find effective solutions to protect our celestial environment Maizland (2022). It is critical for states to choose experts capable of functioning as unbiased facilitators in international negotiations in order to ensure impartial decision-making and prioritize the protection of lives in our planet and its space assets.
The allocation of specialized funds for space conservation projects is a critical step in this collaborative effort. These financial commitments should be used to develop space debris mitigation techniques and proactive efforts to avoid the uncontrolled spread of space debris. The formation of a specialized council dedicated to space protection, comprised of representatives from various states, can act as a driving force in the development of international regulations that control space activity. Once these regulations are in place, rigorous enforcement procedures should be put in place that are globally applicable to all space agencies, regardless of national origin or affiliation. Strict sanctions for violators will establish responsibility and serve as a deterrent.
The Inter-Agency Space Debris Coordination Committee (IADC) now serves as a policy-making organization aiming to prevent Kessler’s Syndrome. The role and actions of the IADC must be strengthened in order to create worldwide cooperation and collaboration in the reduction of space debris. Nations can actively collaborate with the IADC and other relevant international bodies to adopt more stringent legislation and best practices for space protection. Furthermore, the United Nations (UN) United Nation (UA) (2010) and the 2018 White House Presidential Memorandum The White House (2018) set critical guidelines for space organizations to follow to promote peaceful operation in space and mitigate the problem of rising space debris. These principles include measures such as responsible spacecraft reentry following missions and avoiding space weapons testing, such as Anti-Satellite tests, to mitigate the growing population of space debris.
International cooperation is critical to guaranteeing the long-term viability of space activities and the preservation of our future in space. Countries may establish a harmonious and secure environment for space exploration by transcending geopolitical boundaries and taking the role of responsible global citizens. Only through joint dedication and teamwork will we be able to protect the enormous benefits and opportunities that space provides humanity while also limiting the considerable threats posed by space debris and the approaching threat of Kessler’s Syndrome.
5.2 Mitigation techniques
In addition to policy measures, the implementation of mitigation techniques is crucial to address the current space debris orbiting Earth. These techniques can be categorized into the following.
5.2.1 Short-term solution
In an effort to address the immediate threat posed by space debris, short-term solutions should prioritize the removal of hazardous debris. Various research efforts have proposed the deorbiting of debris into the Earth’s atmosphere, allowing them to burn upon reentry. Although this approach shows promise as a viable mitigation technique in the short term, it cannot be considered a long-term sustainable solution. The widespread use of lightweight aluminum in spacecraft construction poses a significant concern in this context Mariappan et al. (2020). During reentry, aluminum is converted to aluminum oxide, known as alumina, which could accidently trigger an accidental geoengineering experiment, potentially altering regional climate patterns. Additionally, the presence of aluminum oxide in the atmosphere may have detrimental effects on the ozone layer, possibly causing further depletion Delbert (2021). Given the complexities and limitations of de-orbiting techniques, it is evident that a comprehensive long-term solution is imperative to effectively address the challenge of space debris.
5.2.2 Long-term solution
The recycling of space debris emerges as a promising long-term sustainable solution to the mitigation of space debris. A conceptual approach proposed by Mariappan et al. (Mariappan et al,. 2019; Mariappan et al., 2020) suggests the recycling of space debris into functional powder by atomizing water. These powders can serve as valuable resources to produce fuel and artificial soil, facilitating the cultivation of plants in space McDowell (2020). By repurposing decommissioned satellites and debris into useful materials to support other space missions, this recycling strategy presents a win-win scenario, promoting environmental sustainability and resource efficiency in space exploration.
6 CONCLUDING REMARKS
The scenario of Kessler’s Syndrome, while mostly fictional at this time, represents a potential real threat to humanity if space debris accumulates and disrupts satellite systems in a short time frame. Despite the challenges in accurately predicting the occurrence of such an event, it is essential to consider the potential consequences and the lack of viable solutions at the time. The loss of satellite communication would have far-reaching impacts on various industries, including transportation, banking, energy, and military operations. Furthermore, disruption of the ecological balance, with humans at the top of the food chain, poses serious concerns for our survival. Although humans can attempt to adapt mentally, sudden environmental changes would prove challenging for our physical wellbeing. Therefore, a global effort, similar to the global warming agreement, is necessary to mitigate space debris.
Two categories of solutions emerge: short-term and long-term. In the short term, emphasis is placed on deorbiting and burning debris posing immediate threats. Although this technique may address immediate risks, it is not a long-term sustainable solution. The burning of debris could have unintended consequences, such as depletion of the ozone layer, potentially triggering new threats to humanity and the environment. As such, a long-term approach, focusing on recycling, is crucial. Researchers have proposed innovative methods to recycle space debris into useful powders that serve as fuel, artificial soil, and other resources for space missions. By reusing materials from decommissioned satellites, we can achieve cost-effective and sustainable solutions, avoiding further harm to our environment.
To safeguard humanity’s future and prevent the potentially catastrophic space-debris apocalypse, the launch of the first space-debris mitigation mission should be a priority. Collaboration between countries and the implementation of effective recycling techniques are vital steps toward ensuring the long-term sustainability and safety of our activities in space. Proactive measures today will determine the course of our future in space exploration and will protect the delicate balance of life on Earth.
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