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Abstract: This review explores the essential role of Environmental Control and Life Support Systems
(ECLSS) in supporting human space missions, particularly those targeting the Moon, Mars, and beyond Earth’s
orbit. It presents a detailed analysis of ECLSS subsystems including atmosphere regulation, water reclamation,
thermal control, waste handling, and fire safety. Emphasis is placed on the adaptation of these systems to diverse
extraterrestrial environments, challenges encountered in extended missions, and recent advancements such as
autonomous management and bioregenerative life support. The review concludes with prospects that integrate
synthetic biology and artificial intelligence for sustainable space habitation.
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1. Introduction

Human space missions have evolved significantly, transitioning from short orbital flights to ambitious
interplanetary journeys. These advances demand reliable Environmental Control and Life Support Systems
(ECLSS) to maintain a habitable environment for astronauts. As missions extend in duration and distance from
Earth, ECLSS must adapt to function with minimal resupply and maximum efficiency. The development of
ECLSS has become essential not only for mission success but also for the safety and psychological well-being of
crew members. This paper aims to explore the components, challenges, and prospects of ECLSS in the context of
lunar, Martian, and deep-space missions.

2. Fundamental ECLSS Components

Environmental Control and Life Support Systems (ECLSS) are composed of several integrated subsystems
that work collaboratively to maintain a habitable environment for astronauts in space. These include:

e Atmosphere Management: Responsible for maintaining appropriate levels of oxygen, nitrogen, and
carbon dioxide. Oxygen is typically generated via water electrolysis, while CO: is removed using lithium
hydroxide canisters, molecular sieves, or Sabatier reactors.
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e Water Recovery and Management: Since transporting water from Earth is impractical for long
duration missions, water is reclaimed from humidity condensate and urine using advanced filtration and
distillation techniques.

e  Thermal Control System (TCS): Maintains optimal temperature conditions through heat exchangers,
radiators, and insulation materials. The TCS prevents overheating from onboard equipment and solar
radiation.

e  Waste Management: Solid and liquid waste must be safely processed and either stored, recycled, or
incinerated. Compact toilets, dryers, and microbial systems help in treating and reducing waste volume.

¢ Fire Detection and Suppression: Uses smoke detectors and safe fire-suppressant chemicals like CO: or
water mist systems suitable for confined environments.

e Monitoring and Automation: Real-time sensors track air composition, humidity, temperature, and
water quality. Automation minimizes the crew's workload and enhances safety.

Each subsystem must function reliably under extreme conditions, often without the possibility of repair or
resupply, emphasizing the importance of robustness and redundancy.

3. Lunar Mission Requirements

The Moon presents unique challenges for ECLSS due to its harsh environment and lack of atmosphere. Lunar
ECLSS must be capable of withstanding extreme temperature variations, abrasive lunar dust, and long periods of
darkness during lunar nights.

e Dust Mitigation: Lunar regolith is highly abrasive and can damage mechanical systems and clog filters.
Advanced filtration and surface-sealing technologies are essential to prevent contamination.

e Thermal Control: The Moon experiences temperature extremes ranging from -173°C to 127°C. ECLSS
must include passive and active thermal regulation through radiators and heat storage units.

e Limited Resupply Options: Since lunar missions may not be frequently resupplied, systems must be
highly reliable with minimal consumable usage.

e Radiation Protection: Without a protective atmosphere, lunar habitats must be shielded using regolith
based structures or deployable radiation blankets to reduce crew exposure.

Future missions, such as NASA’s Artemis program, aim to demonstrate advanced ECLSS performance
through semi-permanent lunar outposts and the Lunar Gateway, paving the way for sustainable exploration.

4. Lunar Mission Requirements

Mars missions involve significantly longer durations and harsher conditions than lunar or orbital missions. As
such, ECLSS for Martian expeditions must incorporate high levels of automation, resilience, and integration with
in-situ resources.

o Atmospheric Considerations: Mars has an atmosphere composed of 95% carbon dioxide. Systems like
MOXIE (Mars Oxygen ISRU Experiment) demonstrate oxygen extraction from the Martian atmosphere
via solid oxide electrolysis.

e  Water Sourcing: Subsurface ice deposits are a potential source for water. ISRU technologies will harvest
and purify this water for drinking, hygiene, and oxygen generation.

e Radiation Hazards: Mars lacks a global magnetic field, requiring habitats to be buried or shielded using
local materials such as regolith bricks or inflatable water walls.

e Psychological Support: Extended isolation necessitates integrated psychological care, including private
spaces, Earth communication delay management, and recreational systems.

e Food Production: Greenhouses and hydroponic systems offer long-term food sustainability and support
atmospheric regeneration.

Overall, Mars missions require nearly complete autonomy in ECLSS, with robust closed-loop systems for
water, air, and waste. Designing ECLSS systems for long-term missions also requires addressing broader
environmental and ethical concerns:

e Planetary Protection Protocols: Preventing biological contamination of other celestial bodies is
essential for preserving the integrity of astrobiological research.
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Space Debris and Waste Disposal: Improper handling of waste in orbit or on other planets can
contribute to long-term environmental hazards.

Human Rights in Space: Ensuring equitable access to space resources, health care, and ethical treatment
of astronauts during extended missions.

Sustainability: Emphasizing renewable systems over disposable technologies to ensure long-term
sustainability for interplanetary travel and potential colonization. These considerations are becoming
increasingly vital as humanity transitions from exploration to potential habitation.
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Figure 1: MOXIE schematic illustrating oxygen production from Martian CO: via solid oxide electrolysis.

[Source: NASA/JPL, 2021]

5. Design Aspects for Interplanetary Journeys

Designing ECLSS for interplanetary missions requires a comprehensive, systems-engineering approach that
emphasizes autonomy, compactness, durability, and efficiency. These missions can last years, demanding that the
systems function with minimal maintenance and no resupply from Earth.

Closed-loop Architecture: Systems must recycle air, water, and waste to minimize resupply needs.
Integrated control of oxygen generation, carbon dioxide removal, and water recovery is essential.

Mass and Volume Constraints: Interplanctary spacecraft have tight payload limits. Life support
systems must be miniaturized, multifunctional, and easily integrated into the spacecraft's structure.
Power Efficiency: Energy is limited; systems must consume minimal power while providing constant
support to the crew.

Radiation Hardening: Electronics and sensors must withstand cosmic radiation and solar flares during
transit.

Automation and Redundancy: Al-controlled operations reduce crew workload. Redundant subsystems
ensure functionality in case of component failure.

6. Engineering Challenges and Solutions

ECLSS must work under harsh conditions with limited opportunities for repair. This brings numerous technical

hurdles:

Microgravity Issues: Traditional fluid systems do not work well in microgravity. Capillary-based
designs are used in place of gravity-driven systems.

Biofouling: Microbial contamination in water systems can clog filters and degrade system performance.
UV disinfection and antimicrobial coatings are employed.

Component Longevity: Systems must last for years. Modular, easily replaceable components improve
reliability.

Monitoring: Integrated sensors provide real-time diagnostics. Fault-tolerant algorithms help detect
anomalies before they escalate.
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o Heat Rejection: Without convection, radiators are the only way to release waste heat. These must
function in vacuum and extreme temperature gradients.

7. Emerging Technologies and Al Integration

Modern ECLSS is undergoing transformation thanks to smart technologies:

e Al and Machine Learning: Used to predict failures, optimize oxygen generation, and manage system
load adaptively.

e Bioreactors: Engineered microbes are being tested for oxygen production and waste treatment in
bioregenerative systems.

e Smart Materials: Self-healing and radiation-resistant materials are reducing maintenance requirements.

e  Miniaturization: Compact ECLSS units are being developed with low power requirements for Mars
and deep space missions.

e Data Fusion: Al integrates data from multiple sensors to improve system performance and safety.

8. Human-Centric Design and Habitability Factors

Long-term space missions demand more than technical reliability they require systems that support human
well-being. Habitability factors include ergonomics, privacy, environmental aesthetics, and psychological
stability.

e Ergonomic Layout: Adjustable furniture, soundproofing, and space-efficient layouts help astronauts
work and rest more comfortably.

e Lighting Systems: Circadian rhythm lighting (blue-rich light during waking hours, warmer tones at
night) helps regulate sleep and mood.

e  Mental Health Zones: Dedicated areas for relaxation, VR entertainment, and plant interaction help
manage stress and combat isolation.

e Personalization: Control over temperature, lighting, and communication within personal quarters
supports autonomy and satisfaction.

Designs prioritizing these factors reduce fatigue, improve mental focus, and help crews thrive in confined,
remote conditions.

9. Simulation Facilities and Analog Testing

Before deployment, ECLSS is tested in Earth-based analog environments that mimic space conditions:

o NEEMO (NASA): Underwater missions simulate weightlessness, isolation, and confined environments.

e HI-SEAS (Hawaii): A dome simulating Martian terrain for testing crew dynamics, ECLSS, and
autonomy over long periods.

e MDRS (Utah): Provides conditions like Mars for validating equipment, protocols, and psychological
responses.

e Concordia Station (Antarctica): Operates in harsh isolation, making it ideal for long-duration space
mission studies.

e MELISSA Pilot Plant (ESA): Tests closed-loop biological life support systems, using algae, plants, and
microbes.

Such tests reduce mission risk, validate systems under realistic stress, and offer invaluable data for system
design.

10.Prospects for Self-Sustaining Systems

The next leap in ECLSS is toward complete autonomy and sustainability—free from Earth resupply.

e Closed-Loop Systems: Aim to recycle 100% of air, water, and waste using chemical and biological
methods.

e Bioregenerative Life Support Systems (BLSS): Integrate living organisms (plants, algae, bacteria) to
purify air, produce oxygen, and process waste naturally.
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e ISRU (In-Situ Resource Utilization): Technologies like MOXIE or lunar regolith mining turn local
resources into water, oxygen, and fuel.

e Autonomous Maintenance: Al-driven diagnostic and predictive repair systems ensure safety without
human intervention.

e 3D Printing and Fabrication: Enables on-demand creation of ECLSS parts during long missions using
stored materials or local resources.

These advancements are key to long-term survival on Mars, the Moon, and deep space stations.
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Figure 2: Conceptual design of a closed-loop ECLSS integrating atmospheric control, water recovery,
and waste processing for long-duration Mars missions. [Source: Zabel & Tajmar, 2019]

11.Environmental and Ethical Considerations

As humanity expands into space, ethical responsibility and environmental sustainability must follow.

e Planetary Protection: Preventing Earth microbes from contaminating other planets ensures astro-
biological integrity.

e Sustainable Design: Waste must be minimized and recycled to prevent orbital debris or lunar surface
contamination.

e Bioethics: Questions surrounding crew autonomy, consent in medical interventions, and mental health
management must be addressed.

e Equity in Space Access: Fair distribution of ECLSS tech ensures all nations and private missions can
participate safely and ethically.

These concerns are no longer hypothetical they must be integrated into policy, design, and operation.

12.Case Studies of Past and Planned Missions

Key missions provide insight into ECLSS evolution:

e Apollo Missions: Used open-loop systems relying on prepackaged consumables—suitable for short
stays.

e Skylab: Introduced water recycling and atmospheric regulation, laying groundwork for ISS.

e ISS (International Space Station): A model for closed-loop systems including urine recycling, oxygen
generation via electrolysis, and air revitalization.

e  Mars 2020 —- MOXIE: Demonstrated that oxygen can be generated from Martian CO.—proof of ISRU
viability.
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Each mission demonstrates progress toward autonomous, sustainable life support.
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Figure 3: Biological closed-loop system involving microalgae and bacteria for ECLSS regeneration.

[Source: Mapstone et al., 2022]

13.Advanced Materials in ECLSS

Materials are the foundation of safe, lightweight, and efficient systems:

Radiation-Blocking Polymers: Lightweight, hydrogen-rich materials shield habitats from cosmic
radiation.
Self-Healing Composites: Repair micro-damage in pressurized systems and structure walls, reducing
risk.
Thermal Phase-Change Materials (PCM): Absorb or release heat to stabilize habitat temperature
passively.
Antimicrobial Coatings: Prevent bacterial growth in humid zones like condensers, water tanks, and
filters.
3D-Printable Alloys & Plastics: Used in space for creating replacement parts or redesigning failed
components.

Material advancements enhance safety, reduce launch mass, and support long-term mission reliability.
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Figure 4: Melissa ecosystem architecture displaying interconnected bioreactors for recycling CO:, water,
and waste. [Source: European Space Agency, 2018]

14.Comparative Analysis of Lunar, Martian, and Deep-Space ECLSS
Mental health is equally critical for mission success:
e  Fresh Air Quality: Helps reduce fatigue and anxiety.
e Lighting & Sound Systems: Simulating Earth-like environments reduces disorientation.
e Plant-Based Systems: Psychologically soothing and useful for oxygen and food.
e Social Interfaces: Al companions and entertainment systems for emotional support. Integrating these
aspects within ECLSS helps maintain crew morale during long missions.
15.Conclusion

Table 1: Comparison of Human Space Mission Challenges Across Lunar, Martian, and Interplanetary

Environments

Feature Lunar Missions Martian Missions Interplanetary Missions
Duration Days—Weeks 1-3 Years Multi-Year

Gravity 1/6 Earth 38% Earth Microgravity
Resources Stored + Partial ISRU High ISRU Use Fully Closed-Loop
Radiation Moderate High Very High

Dust Abrasive Fine/Reactive None
Psychological Risk Medium High Highest

16.Conclusion

Environmental Control and Life Support Systems are central to ensuring the safety and success of human space
missions. Their design must accommodate various mission profiles from lunar short-term stays to multiyear
interplanetary journeys. With advancements in artificial intelligence, material science, and regenerative
technologies, ECLSS are becoming more autonomous, efficient, and capable of supporting long-term human
habitation beyond Earth.
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