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The expansion of space exploration to commercial space stations represents a shift from government-led endeavors to a new competitive era driven by private companies and innovative forces. The journey to actualize these celestial outposts is fraught with difficulties, including the intricate establishment of Environmental Control and Life Support systems (ECLSS) within these commercial space stations. By applying the insights gleaned from the ISS, particularly during the initial conceptual design phase of the commercial developments, there is an opportunity to circumvent some of the teething issues and optimize the development process. Furthermore, applying insights from the ISS ECLSS design, development, test, and maintenance phases has the potential to enhance system compatibility and mitigate the challenges associated with upgrading a fixed design. This approach can lead to lower costs due to fewer iterations and streamlined processes. This paper will conduct an in-depth evaluation of the ECLS system from both system and operational perspectives with the aim to provide a knowledge capture for early-stage design considerations to bolster the development of sustainable, efficient, and habitable commercial space stations.
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ACS          =   Atmosphere Control and Supply 
ARFTA	=	Advanced Recycle Filter Tank 
		Assembly
BPA 	=	Brine Processor Assembly
CDFF	=	Commercial Destination Freeflyer
CDRA	=	Carbon Dioxide Removal Assembly
CFD	=	Computational Fluid Dynamics
ECLS	= 	Environmental Control and Life 
		Support
ECLSS	=	Environmental Control and Life 
		Support System
FCA	=	Firmware Controller Assembly
FDS	=	Fire Detection and Suppression
FOD	=	Foreign Object Debris
ISPR	=	International Standard Payload Racks
ISS	=	International Space Station
LEO	=	Low Earth Orbit
MCA	=	Major Constituent Analyzer
OGA	 = 	Oxygen Generation Assembly
OGS	=	Oxygen Generation System
ORU	=	Orbital Replacement Units
PCPA	=	Pressure Control and Pump Assembly
REFH	=	Regenerative ECLSS Fluid Hoses
THC	=	Temperature and Humidity Control
UPA	=	Urine Processor Assembly
VS	=	Vacuum System
WHC	=	Waste & Hygiene Compartment
WPA	=	Water Processor Assembly
WRM	=	Water Recovery and Management
WRS	= 	Water Recovery System


I. Introduction
	The International Space Station (ISS) serves as an unparalleled testbed for scientific research and technology development, including advancing development of Environmental Control and Life Support Systems (ECLSS) which are essential for deep space human exploration missions. These systems undergo rigorous testing, validation, and refinement aboard the ISS to ensure their readiness for future missions.1
	With the impending decommissioning of the ISS by 2030, NASA has initiated various Space Act Agreements to facilitate the establishment of new commercial space stations that will support the ongoing human presence in Low Earth Orbit (LEO). 2 Establishment of reliable ECLSS while allowing for development of improved technologies will be key to the success of these commercial enterprises.
	This paper aims to harness over two decades of ISS operational knowledge to inform the design of future commercial space stations. It focuses on the synthesis of system management and operational perspectives to create robust and efficient life support systems for sustained human occupation in space.
II. Background and Subsystem Level Considerations
	The development of the ISS ECLSS was a dynamic and interactive process, characterized by continual advancements and adaptations in response to evolving technological capabilities and mission requirements. The early ECLSS relied on Russian  hardware and NASA consumables, then phased in US ECLSS capability. Lithium Hydroxide  cans were utilized as back up for Russian Vozdukh hardware in the Service Module to remove CO2. Oxygen and nitrogen were supplied in airlock tanks, which were then replenished through transfers from the Space Shuttle after the delivery of the US Airlock Module, and by delivery of oxygen and/or air in the Progress tanks and oxygen generated by the Elektron water electrolysis hardware.. Water was transported in bags and later replenished via the Space Shuttle's fuel cell generators and by the water tanks on the Progress vehicle.  Also, limited recycling of waste water by recycling the condensate in the Russian SRV-K hardware.. In 2001, one Atmosphere Revitalization Racks were deployed, introducing the capability of regenerable carbon dioxide removal via the Carbon Dioxide Removal Assembly (CDRA). Additionally, the introduction of the Major Constituent Analyzer (MCA) has enabled improved precision for monitoring of atmospheric major constituents, further enhancing safety. The Trace Contaminant Control System working with the Russian ВМРhardware improved the capability to eliminate hazardous trace gasses, thus safeguarding both crew and hardware.  Integration of the Oxygen Generation System (OGS) rack in 2007 marks a significant leap in regenerative systems by producing oxygen from water utilizing an electrolyzing cell stack. Following this, in 2008, the Water Recovery System was implemented, instrumental in recycling water aboard the station3. Currently, the ISS ECLSS consists of the following major subsystems: Atmosphere Control and Supply (ACS), Temperature and Humidity Control (THC), Water Recovery and Management (WRM), Atmosphere Revitalization (AR) & Vacuum System (VS), and OGS.4 All of these subsystems interact to create a habitable environment for the crew. 

Atmosphere Control and Supply (ACS) 
	The ACS subsystem plays a crucial role in managing the cabin atmosphere aboard the ISS, ensuring optimal living conditions for the crew. This multifaceted system is responsible for maintaining cabin pressure within a safe and comfortable range, specifically between 14.2 and 14.9 psi, which is vital for human survival in space. It achieves this through a series of critical functions: controlling cabin atmosphere pressure, relieving any overpressure, equalizing pressure across different sections of the ISS, detecting and responding to instances of rapid depressurization, and efficiently distributing nitrogen and oxygen. Furthermore, the system is tasked with recharging the high-pressure tanks of nitrogen and oxygen first by the Space Shuttle high pressure gas lines and later from Nitrogen Oxygen Recharge System (NORS) tanks, which are delivered by unmanned logistics vehicles 4.
	While the ACS has demonstrated reliability and effectiveness in its operation, maintaining a conducive environment without major issues, there is room for improvement, particularly in the conceptual design phase. Enhancing the system's operation efficiency, noise mitigation, and resource management which could further safeguard the crew's well-being and system management. A few improvements were identified below which not only aim to bolster the system's current performance but also anticipate future challenges in space habitation, paving the way for more ambitious missions and prolonged space exploration.
1. Operational Considerations 
The implementation of nitrogen and oxygen quick disconnects featuring unique keying offers a significant advantage in preventing incorrect mating connections, thereby enhancing safety and operational integrity within spacecraft systems. This design ensures that only compatible connections are made, reducing the risk of errors in connecting critical life support gases. However, this specificity in keying presents a potential drawback during emergency situations where flexibility and rapid configuration changes are necessary. In such scenarios, the inability to quickly interchange connections due to unique keying could impede emergency responses, highlighting a need for a balance between safety measures and operational flexibility.
	An additional challenge is to reduce air loss and the need for continuous use of gas consumables for replenishment.  A portable device capable of pressurizing and depressurizing small volumes or vestibules presents a viable solution. This device would enable the efficient management of air pressure in specific areas without the need to vent precious air overboard, thus conserving gas consumables. Such a system not only contributes to the sustainability of life support resources but also enhances the overall efficiency of atmospheric management aboard spacecraft. The development and integration of this portable device would represent a significant step forward in optimizing the use of life-support gases, ensuring that air loss can be effectively mitigated without compromising the mission's resource reserves.
2. Noise Mitigation
	The presence of noise has long been a concern in human spaceflight, with multiple sources contributing to the issue. Among these, the ACS gas supply line has been identified as a significant source of noise. The ISS has corrugated nitrogen lines that have necessitated calls for the crew to either vacate the module or wear earplugs due to the noise levels. This problem arises primarily from the gas flow within the lines, which can produce noise for various reasons, such as turbulence created by high-speed gas flow, especially around bends or restrictions; cavitation from pressure drops; valve and regulator operations causing pressure fluctuations; aerodynamic noises from gas passing obstructions; and resonance within the pipeline system.
Improving or mitigating this issue involves addressing these underlying causes directly. Designing the gas supply line to minimize sharp bends, sudden changes in diameter, and ensuring that valves and regulators operate smoothly can reduce turbulence and aerodynamic noise. Additionally, maintaining the gas flow within optimal speed and pressure ranges can prevent cavitation and pressure fluctuations that lead to noise. Implementing these measures can significantly reduce the noise generated by the ACS gas supply line, enhancing the comfort and safety of the crew aboard spacecraft like the ISS. These design considerations should be balanced to minimize or potentially eliminate the need for providing acoustic attenuation around that hardware.
3. Design with Gas Type in mind
	The role of gas consumables within the ACS subsystem is critical, encompassing a variety of gases of differing purities. Planning for the replenishment of these stored gas consumables is essential, alongside understanding their specific applications and needs. For instance, the ISS necessitates a high-pressure oxygen source that demands refilling through a complex procedure involving significant crew and ground coordination, which for ISS is mainly driven by supporting Extra-Vehicular Activity usage. Conversely, for compensating ambient air loss due to prolonged cabin leakage, the ISS  has started to employ a simpler air resupply system. This differentiation underscores the importance of tailored resupply strategies based on the specific gas usage and operational complexities.

Temperature and Humidity Control (THC) 
The purpose of the ISS THC Subsystem is to provide cabin air heat removal, air mixing, and ventilation within and between modules. Additional capabilities are to provide airflow to smoke detectors and rack cooling for payloads and some subsystem hardware. The THC subsystem is comprised of Common Cabin air assemblies  in each United States On-orbit Segment (USOS) module as shown in Figure 1. The figure also shows the intermodule ventilation between modules to provide air circulation throughout ISS.5
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Figure 1: THC Overview

THC subsystem has faced many challenges during operations:
1. Operational Considerations
Managing microbial and fungal growth within the condensing heat exchangers on the ISS presents significant challenges. Implementing High Efficiency Particulate Air (HEPA) filters ahead of these exchangers has proven effective in mitigating such growth, highlighting the need for additional preventative strategies. 
ISS employs a method known as heat exchanger dryouts, which involves increasing the inlet coolant temperature to dry the heat exchangers. This procedure was performed every 33 days across four modules equipped with condensing heat exchangers and was found to be operationally cumbersome. After 25 years of ISS operations with no microbial growth within the ISS THC subsystem, the experts agreed to extend the interval between dryouts to every 90 days increasing operational flexibility. The ISS THC subsystem will continue to be monitored to ensure the extension does not cause system impacts. The introduction of redundant systems, allowing for one heat exchanger to undergo dryout while others remain operational, further exemplifies the importance of maintaining system functionality without interruption.
The THC subsystem with fans, heat exchangers, filters, and valves lends itself to using common hardware to optimize quantities of spares. On ISS, particularly with modules constructed by various countries and companies, changes were made to enhance hardware interchangeabiliy; such as, standardizing heat exchangers with universal hoses.
ISS Fans have far exceeded their expected lifespans while other hardware experienced shorter lifetimes. Having predictive models to determine optimum spare quantity and revising the models with test data is needed for prolonged missions. Planning for how spares are packaged for launch can be a good consideration in the design and selection of hardware. Some hardware may have packaging constraints that may make them less useful in the long term. Consider the types of packaging used and if that packaging could be used for other purposes.
The deployment of small, portable fans have shown to be very beneficial for crew comfort inside crew quarters, cooling for exercise, and airflow for unventilated areas for equipment maintenance.  
For multiple module stations, the use of remotely operated valves with position indication to isolate ventilation between modules enhances safety and operational efficacy. Having the ability to cap valves provides another seal to space vacuum. Having flexibility to reconfigure ventilation with temporary ducting is useful for unexpected situations. This feature is particularly useful in scenarios requiring maintenance or in response to contamination events, where isolating airflow can prevent the spread of harmful particles or gases. The potential for temporary ducting to augment ventilation in critical areas highlights the system's adaptability in responding to unforeseen scenarios.
Lastly, the challenge of acoustic noise from THC fans necessitates careful consideration during the design phase to protect crew. Regular acoustic noise surveys can also serve as maintenance indicators for fan replacements.

2. Foreign Object Debris (FOD)
A significant operational challenge within the THC on ISS has been managing the impact of FOD. FOD accumulation, particularly on fans, has led to diminished airflow within and between modules, affecting the overall efficiency of the ventilation system. Sources of FOD include lint from towels and clothing, food particles, debris from equipment, and particles introduced by visiting vehicles. A crucial insight from addressing these challenges is the incorporation of screens and filters to protect fans and ease cleaning. Such preventative measures are vital for maintaining optimal airflow and ensuring the longevity and reliability of the ventilation system. Reuland et. al offered comprehensive analysis and findings related to FOD's presence in ISS ventilation systems5. Notably, the existing filters in the ISS's ventilation system lack integrated airflow sensors, a feature that could significantly enhance maintenance efficiency. The ongoing testing of commercial airflow sensors aboard ISS aims to assess their capability to precisely monitor airflow. If successful, these sensors could serve as a crucial tool in identifying when fans require cleaning, thereby streamlining maintenance processes. Incorporating built-in airflow sensors would not only minimize the need for crewmembers to conduct manual measurements, but also reduce the frequency of unnecessary fan cleaning. Moreover, the implementation of delta pressure sensors, equipped with capabilities to determine changes and trends in data, stands to offer additional benefits. By continuously monitoring pressure differential within the ventilation system, these sensors can provide early warnings of airflow disruptions caused by FOD accumulation, facilitating timely interventions.
3. Stowage Blocking Ventilation
The circulation and mixing of air within a module, facilitated by the THC subsystem, play a crucial role in maintaining a habitable environment aboard the ISS. Effective air circulation accommodates variations in stowage, equipment placement, and crew movement, ensuring a uniform distribution of temperature and mitigating the accumulation of contaminants. However, the ISS has encountered challenges when temporary stowage obstructs air diffusers or return vents, potentially compromising air quality and thermal comfort. To address these challenges, the development of a robust ventilation system capable of maintaining functionality, even when partially obstructed, is indispensable. This resilience is key to minimizing adverse health impacts of the crew. To monitor and manage the spatial arrangement of stowage and equipment, the ISS conducts biannual video surveys. These surveys identify any encroachments into ventilation keep-out zones, with subsequent directives issued to the crew to adjust the placement of items. This practice has proven instrumental in preserving optimal air circulation and mixing within the habitat modules. Nonetheless, these video surveys, while effective, are labor-intensive and time-consuming. A more sustainable approach involves designing the module layout to provide ample, strategically located stowage spaces that inherently discourage the blockage of air diffusers and returns. Implementing design solutions such as integrated stowage compartments, clear markings of keep-out zones, and perhaps even physical barriers or alerts for potential blockage points could significantly reduce the reliance on manual surveys. By proactively preventing obstructions to air circulation paths, the ISS can ensure a healthier and more comfortable environment for its crew, ultimately enhancing mission success and crew productivity.
4. Modeling Capability
The employment of Computational Fluid Dynamics (CFD) models and the ability to accurately model heat loads have proven to be invaluable assets in managing the ISS's evolving environment. With the expansion of the crew size and the integration of unanticipated modules, these tools have facilitated a detailed understanding and anticipation of changes in the ISS's atmospheric conditions. The predictive capability of these models to simulate temperature and humidity levels has demonstrated remarkable alignment with real-time operational data. This modeling proficiency not only ensures the ISS's environmental systems can adapt to changes effectively, but also plays a crucial role in decision-making processes. It offers a reliable method to assess whether proposed alterations to the station's configuration or operational parameters can be accommodated without compromising the safety and comfort of the crew. Furthermore, the precision of these models extends to the evaluation of specific environmental requirements posed by payloads. Requests for particular temperature and humidity ranges to ensure the integrity and success of scientific experiments can be meticulously examined. By simulating the station's environment under these requested conditions, decision-makers can accurately predict the feasibility of accommodating such payloads, thereby optimizing research outcomes while maintaining the overall well-being of the ISS habitat. In essence, the strategic use of heat load and CFD modeling serves as a cornerstone for enhancing the ISS's adaptability and operational efficiency. It underscores the importance of advanced simulation tools in the continuous improvement and management of space habitats, ensuring they remain conducive to both human habitation and scientific exploration.

Water Recovery and Management (WRM)
The Water Recovery and Management System aboard the ISS ensures that the crew has a consistent supply of potable water for drinking, hygiene, oxygen generation, urinal flushing, and various payload requirements. This system harnesses wastewater from sources such as crew urine, collected humidity condensate, and Sabatier reaction output, treats it through the Water Recovery System (WRS), and produces clean, drinkable water. The purified water is then channeled to the potable water bus to meet immediate needs or stored in water bags for later use when the system requires a supplementary supply. 7 The ISS water recovery and management architecture is shown below in Figure 2. 
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Figure 2: ISS US Segment Water Recovery and Management Architecture7
The WRS is mainly comprised of the Urine Processor Assembly (UPA) and Water Processor Assembly (WPA), which are located in two International Standard Payload Racks named WRS#1 and WRS#2.
The UPA exemplifies a state-of-the-art approach to waste recycling, vital for long-duration space missions. The UPA system begins with the introduction of pretreated urine, sourced either directly from the US Segment's Waste and Hygiene Compartment or manually from the Russian ЕДВ containers.  Pretreated urine is composed of crew urine, flush water, and a pretreat solution consisting of chromium trioxide and a specific inorganic acid - sulfuric acid in the Russian segment and phosphoric acid in the US segment. In the UPA Distillation Assembly , a centrifugal process induces low-pressure evaporation of the urine, while vapor compression and condensation occur to optimize energy conservation. The resultant concentrated brine is temporarily held in the Advanced Recycle Filter Tank Assembly (ARFTA), up to a predetermined concentration level, before its disposal via the Progress resupply vehicle. Supplementing this system are the Pressure Control and Pump Assembly which facilitates the removal of non-condensable gases and water vapor from the DA, and the Separator Plumbing Assembly, responsible for reclaiming water from the purge gases. Furthermore, the operational integrity, control, and data acquisition of the UPA sensors and effectors are meticulously managed by the Firmware Controller Assembly. This comprehensive treatment system is a critical component in maintaining a sustainable living environment aboard the ISS, underscoring the ingenuity and necessity of advanced life support systems in space exploration.7
The WPA processes various water sources including UPA distillate, humidity condensate, and Sabatier product water. The treatment starts with an External Filter Assembly to remove biofilm, followed by degassing and filtration through a 0.5-micron filter and a Multifiltration Bed. This system, which was streamlined in 2019 from two beds to one, removes volatile organics and microbial contaminants through a Catalytic Reactor. Additional purification is done by a Gas Liquid Separator and an Ion Exchange Bed, which also adds iodine for disinfection. The purified water is then stored in a tank, ready for use on the ISS. 7
Throughout its development, the water system has undergone significant upgrades with the addition of a Urine Transfer System (UTS), an additional toilet known as the Universal Waste Management System (UWMS), and a Brine Processor Assembly (BPA). The BPA notably enhances water recovery from urine brine produced by the UPA, achieving over 95% efficiency. Initial estimates indicate the potential to recover up to 97-98% of water from urine. 7 
The development of the Water and Urine Processors assumed that the Waste and Hygiene Compartment (WHC) design based on Russian ACY technology would be the unit providing urine to the UPA; therefore, the design of the ACY and WHC units were key to the water recovery systems. The water processing integrated system has been operating in space for over 15 years and has several lessons which could aid the overall commercial space station ECLSS design.  
1. The water balance considerations
Water balance is an essential concept in environments where water availability is limited, such as on space stations or in arid regions on Earth.  Efficient use and recycling of water are paramount in these settings, not only for sustaining life but also for reducing the dependency on costly and logistically complex resupply missions from Earth. In designing systems for such environments, several key factors must be considered to ensure a stable and efficient water balance.   
1.1 Hardware Processing Rates: It is vital to align the water supply capabilities with the anticipated water demand. In an ideal scenario, water demand would be met consistently by the supply. However, practical challenges often arise, making it crucial to ensure that the downstream processing rate can keep pace with the upstream flow input.
1.2 Managing Flow Rates: The design must account for the balance between upstream and downstream flows. This involves ensuring that the processing capacity is sufficient to handle the input, avoiding bottlenecks that could disrupt the water cycle.
1.3 Hardware Constraints: Some systems and hardware have inherent run-time limitations. Understanding how these limitations might impact water processing is crucial. These constraints should be factored in during the early design phase to optimize the overall efficiency of the water cycle.
1.4 Storage Considerations: The storage capacity of the system plays a critical role, especially when processing hardware is down or operating under constraints. The design should include considerations for the size and throughput points of tanks in the water cycle, particularly for storing contingency consumables such as urine.
1.5 Contingency Planning: In scenarios where processors are down or facing run-time constraints, having a well-thought-out contingency plan is crucial. This includes mindful design of storage tanks to accommodate excess consumables temporarily.
1.6 Operational and Shelf Life Considerations: Water stored outside of the processing system has a limited shelf life. The operational and crew time costs associated with managing such consumables must be taken into account. This includes planning for the handling, treatment, and potential disposal of these materials.
	Maintaining a balanced and efficient water management system is crucial in environments with limited water resources. The aforementioned considerations are vital for designing systems that not only meet the immediate needs of water consumption but also ensure the sustainability and reliability of water supply in the long term. By addressing these aspects, we can better prepare for the challenges of managing water in resource-constrained settings.

2. Design with a holistic view of maintenance and sparing considerations
2.1 The selection and use of Water Filters:  Water filters are vital to the water loop as they ensure the safety and quality of water provided to downstream systems and crew health.  The ISS utilizes a variety of water filters, each with its unique filter media, characterized by specific shelf lives and throughput limits. These varying characteristics, however, can pose challenges for crew operations. Often, the replacement and repair schedules of these filters do not align perfectly, leading to operational dilemmas. To conserve crew time, a system or hardware might be pushed to operate beyond its intended design life, inadvertently accepting the risk of compound breakthrough. This risk, while a trade-off for operational efficiency, can have implications on the system loading in the downstream processes, potentially affecting the overall efficacy and safety of the water loop.
2.2 The Availability of Spare Water Hoses: The availability of space and mass for spare components on the ISS, including hose kits, is quite limited . However, the practical utility of these spares has been clearly demonstrated. NASA’s implementation of the Regenerative ECLSS Fluid Hoses (REFH) kit serves as a pertinent example. This kit comprises various ECLSS fluid fittings and hoses, which, although not required for routine operations, have proved to be invaluable in troubleshooting and resolving issues within the regenerative ECLSS hardware. The availability of the REFH kit enables the crew to collect fluid samples from different points in the water cycle, facilitating efficient diagnostics and maintenance. This capability underscores the foresight in NASA’s approach to onboard resource management, balancing the need for efficient space utilization with the critical requirement for mission-critical spare parts.
3. Design coordination/Integration with Medical Sciences, Human factors
Human biology changes in space can impact the effectiveness of systems designed to support human functions. Therefore, coordination with medical science teams early in the design process is critical to success for ECLSS.   Water retention and hydration needs as well as changes in the chemical makeup of human waste can impact the water recovery systems unless they are adequately included in design and planning.   The UPA system initially experienced a failure due to calcium sulfate formation in the distillation assembly  - this calcium sulfate was the result of calcium in the urine reacting with sulfuric acid in the WHC pretreat.   Investigation into the failure determined that the ground testing of the UPA utilized urine collected from ground personnel which did not have the higher levels of calcium, therefore it was not a good representative of on orbit urine configuration. Medical teams had studied calcium loss in crewmember urine and were aware of the higher levels, however engineering teams developing the WHC and UPA were not aware of the details of urine changes on orbit and did not account for it in testing.  Subsequent discussions and coordination with the medical science team was key in development of an accurate ersatz of on orbit urine,  which is now used in testing of future on orbit urine processing systems. Coordination with the medical experts prior to ground testing could have avoided this on orbit failure and subsequent modifications.
In another example where early medical consultation would have improved design, an incorrect belief that female crew suppress their menstrual cycles on orbit led to a lack of testing of the WHC and UPA with urine/menses combination. When this omission was noted, an on orbit operational plan was necessary to isolate any urine containing blood away from UPA until the testing could be completed. This was a loss of water that could have been processed as well as an issue with maintaining crewmember privacy regarding medical conditions. Testing was completed and no injunction on menses/urine mixture processing remains, and testing with blood/menses is highly recommended for any new or modified urine processors. 
Spaceflight has evolved from primarily male pilot astronauts to a mix of male and female astronauts with varying background.  Initially waste collection services were designed for males with a funnel for urine collection and a seat with hole for fecal collection. Future commercial crewmembers will be more diverse, driving designs that can accommodate variations in biology including needs for variations of collection devices such as funnels and seat designs. Early coordination with human factors and medical experts on space biological changes must occur early in the design phase, so that systems can be designed and tested appropriately before the mission.
4. Simplicity of Design
The water and toilet systems on a spacecraft provide necessary functions that will be used several times per day by each crewmember,  regardless of their training or background. Therefore, they need to be as simple and intuitive as possible, and require minimal training to operate. Life Sciences teams can attest to the psychological impact of an overly-complicated toilet while trying to live in space, and there are also potential hardware engineering impacts when complicated operations result in hardware errors. An example of this was seen during the Space Shuttle STS-123 1J/A  mission,  while docked to ISS. An operational “fix” to correct a mechanical issue with the WHC dose pump required crew to implement additional dose inputs during use. This change, adding more switch configurations and complication, ultimately resulted in an implementation error, causing the pump to continually dose pretreat downstream and prematurely emptying the pretreat tank. Future commercial ventures will have a variety of crewmembers experiencing training on many critical systems – for the toilet and water systems it is important to keep the design simple,  minimizing possibilities for operational errors.
5. Separate Hygiene from Waste Collection
Crew Hygiene is important to health and well being especially during long term missions in space. The WHC was initially envisioned to provide this hygiene area as well as a toilet area. However, it was soon found that sharing hygiene and waste management was not an acceptable concept. Operationally, the time of crew use of the WHC to do body cleansing would keep the area occupied for significant periods of time when it may be needed by other crew for waste collection. As the number of crew on board increased, it became necessary to find other areas for body cleaning, hair washing, tooth brushing etc. In addition, crew comments indicated they were not comfortable with cleanliness of the toilet area enough to use as a body cleansing compartment. Future vehicles should assess the hygiene needs for the diverse crews and create separate areas for hygiene away from the waste collection areas.
6. Waste Collection Quantities Need to Reflect Maintenance Time and Availability
Periodic system maintenance is necessary to keep running hardware smoothly and prevent hardware failures  resulting in longer down time. However, the toilet is a system that needs to be available to crew several times per day,  so maintenance and repair must be carefully coordinated with crew schedules and the availability of other units.    Quantities of waste collection facilities on orbit should reflect the expected time for units to be down for maintenance and repair, and ensure alternate units are available to support multiple crew during that time. For the WHC, a cooling requirement on the ACY separator specified that the separator needed to cool down for 30 min after 20 min of use. This downtime became impossible to schedule with multiple crew on orbit, especially first thing in the morning when there are multiple crew waiting to use the system. This restriction also impacted use of alternate systems,  during times  WHC was down for repair. Troubleshooting time was limited, as the crew could use the Russian ACY for only a short period of time without risking overuse of the Russian hardware. WHC reactivation was necessary to be done quickly, to get the system activated again, and often did not allow for determination of a cause of an unexpected failure. Future commercial endevours should assess the waste collection system quantities on board based on crew quantity and needs for access – especially first thing in the crew day -  and contrast with expected and occasional unexpected maintenance making the system unavailable.  

Atmosphere Revitalization (AR) & Vacuum System (VS)
Air revitalization is a critical aspect of life support systems in space environments, particularly in spacecraft like the ISS. The ISS relies on advanced technologies to maintain a habitable atmosphere for astronauts. The primary goals of air revitalization systems are to control the levels of oxygen and carbon dioxide, remove contaminants, and ensure overall air quality.
1. Carbon Dioxide Removal
The ISS has provided invaluable lessons in carbon dioxide removal, refining the techniques crucial for maintaining a breathable atmosphere in the confined quarters of a spacecraft. CDRA is a four-bed molecular sieve system that operates with two sets of beds that alternately sorb and desorb CO2 using thermal/pressure swing cycles and is ideal for up to six crewmembers. One prominent lesson focuses on the effectiveness of regenerative systems, notably regenerable chemical scrubbers and common failure modes to increase life expectancy and reliability. Common failure modes during CDRA operation have been adsorbing pellet containment issues, valve operational faults, filter screen  reduced flow rate due to dust from the zeolite build up on the filter screen, malfunctioning heater, liquid water infiltration and organic contaminants 10. 
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Figure 2 CDRA Process Diagram10

These systems, by allowing for the periodic regeneration of scrubbers, significantly extend their operational lifespan, and minimizing the need for frequent resupply missions. This sustainability aspect proves vital for prolonged space missions, highlighting the importance of developing technologies that reduce dependency on consumables and enhance the overall resilience of life support systems.
2. Trace Contaminant Control
Trace contaminant control on the ISS has yielded critical lessons in maintaining a pristine and healthy atmosphere for the crew. One primary lesson is the need for highly effective and adaptable technologies capable of monitoring and removing trace contaminants in the closed environment of a spacecraft. The confined space, combined with the presence of various equipment and experiments, poses challenges in controlling the accumulation of trace substances. Lessons from the ISS highlight the importance of advanced filtration systems and sensors that can efficiently detect and mitigate trace contaminants, including Volatile Organic Compounds (VOCs) and other potentially harmful substances. Continuous research and development are crucial to enhancing the sensitivity and specificity of detection systems, allowing for timely responses to evolving challenges and ensuring the well-being of astronauts.
3. Major Constituent Analyzer (MCA)
The MCA on the ISS has provided valuable lessons in the precise measurement and monitoring of the major components of the spacecraft's atmosphere. One critical lesson learned is the importance of reliable and accurate instrumentation for real-time analysis of gases, including oxygen and carbon dioxide. The MCA on the ISS is designed to continuously measure the concentration of major atmospheric constituents, ensuring that levels are within the prescribed safety and habitability ranges. The robustness of the MCA technology has demonstrated the necessity of such analyzers in maintaining a stable and health-supportive environment for the astronauts on board.
The MCA is a mass-spectrometer-based system designed to monitor six major atmosphere constituents: nitrogen (N2), oxygen (O2), carbon dioxide (CO2), methane (CH4), hydrogen (H2) and water vapor (H2O) in the atmosphere of the ISS. It is the primary resource for ensuring that the (O2) and (CO2) levels in the ISS atmosphere. 9 As space exploration advances, the experience gained from the ISS MCA contributes to the ongoing development of state-of-the-art analyzers for future spacecraft, ensuring that astronauts have the tools necessary to monitor and maintain life-sustaining atmospheric conditions during extended missions.

Oxygen Generation System (OGS)
The Oxygen Generation Assembly (OGA)is an essential component of the life support system in upcoming commercial ventures. Its primary function is to produce breathable oxygen for the crew, aiming to establish a closed-loop system. The OGA has been a pivotal subsystem of the ECLSS on the ISS, tasked with generating oxygen through the electrolysis of water.
 	The generated oxygen is directed to the crew cabin, while the hydrogen is either released into space or utilized in the production of additional water. The application of the OGA enables the ISS to generate a continuous and self-sufficient source of breathable oxygen for the crew, minimizing reliance on Earth for resupply. The lessons learned from the OGA can offer valuable insights for future space exploration missions and the development of life support systems.
1. Design Challenges & Operational Considerations
Achieving high electrolysis efficiency in microgravity presents distinct challenges. The design of the OGA had to account for factors like fluid dynamics, electrode, and sensor performance in a weightless environment. The rigors of space conditions and extended mission durations for commercial applications demand components that are both robust and dependable. Valuable insights from component failures have catalyzed advancements in materials and design, with a focus on enhancing overall durability and reliability. The most common failures that have been a cause for concern were due to performance and reliability of conductivity and differential pressure sensors in microgravity. The cascading effect of a failing differential pressure sensor can be catastrophic in isolated environments without proper contingencies. 7 
The task of accessing and repairing OGA components in space is extremely complicated in microgravity. Lessons learned from maintenance operations have driven the development of modular and easily replaceable components commonly referred to as Orbital Replacement Units (ORU), by reducing the complexity of maintenance and minimizing operational crew time. Lessons learned from sensor reliability and data interpretation have guided enhancements in real-time diagnostics, ensuring timely intervention. The understanding gained from sensor performance has fueled the creation of advanced diagnostic tools, facilitating prompt and precise intervention as necessary. This continuous feedback loop between sensor reliability, data interpretation, and real-time diagnostics ensures that potential issues are detected early, facilitating proactive measures, and contributing to the overall efficiency and safety of the system. 
2. Improved Sustainability
Oxygen Generation Systems play a crucial role in strengthening the overall sustainability of commercial space stations by addressing the environmental challenges linked to frequent cargo launches from Earth. The ability to locally generate oxygen seamlessly integrates with sustainable practices for space exploration, offering a range of advantages for commercial space development. 
The conventional method of transporting pre-packaged oxygen from Earth requires sizable and heavy oxygen tanks, contributing significantly to the payload weight during space missions. This weight, in turn, imposes constraints on spacecraft design and launch configurations, impacting both the efficiency of the mission and its associated costs. However, by adopting on-site oxygen generation through advanced systems like the Oxygen Generation Assembly, the reliance on pre-supplied oxygen containers is markedly reduced.
This transition to on-site oxygen generation not only reduces the necessity for bulky oxygen tanks but also provides increased flexibility in designing spacecraft. With reduced payload weight, engineers and designers can explore more innovative and efficient configurations, optimizing the overall performance of the spacecraft. This innovation has the potential to streamline mission architectures, enhance fuel efficiency, and contribute to the development of spacecraft that are both more technologically advanced and economically viable.
Launching lighter payloads requires less energy, potentially translating into more cost-effective launch services for commercial space applications. This, in turn, can make space exploration and utilization more accessible and economically sustainable for commercial ventures.
The implementation of oxygen generation systems represents a pivotal step toward building sustainable and reliable practices in space exploration. By minimizing the environmental impact associated with cargo launches from Earth, fostering spacecraft design efficiency, and contributing to cost reduction, these systems not only enhance the sustainability of commercial space stations but also pave the way for a more economically viable and environmentally conscious future in space exploration.
3. Contingency Planning
Life support systems require careful consideration of redundancy and backup systems. Lessons from unforeseen events have prompted the integration of redundant components and failsafe mechanisms to ensure crew safety. By incorporating contingency mechanisms, the system can seamlessly transition between components, maintaining an uninterrupted supply of oxygen and mitigating potential disruptions without alarm.
Rapid response to malfunctions is a cornerstone in the management of life support systems. Lessons learned from simulated emergencies have led to the development of comprehensive emergency response procedures and crew training to mitigate potential risks. By learning from simulated emergencies, space agencies can enhance the resilience of life support systems, providing a safety net for crew members operating in the challenging and unpredictable environment of space.
4. Future Implications
As humanity ventures further into deep space exploration, the lessons learned from the ISS OGA will play a pivotal role in shaping the design, operation, and maintenance of life support systems. Continuous refinement of oxygen generation technologies is essential for ensuring the success for future commercial space applications and beyond. 
The lessons learned encompass various aspects, from the robustness and reliability of system components to the intricacies of maintenance procedures. Gaining insights into how the OGA accommodates the distinctive conditions of space, such as microgravity and the constrained availability of resources, is essential for crafting systems that can endure the challenges of prolonged use in the demanding space environment. The modularity and ease of replaceability, derived from experiences with the OGA, provide a blueprint for future life support systems, minimizing the complexities of maintenance and ensuring the sustainability of life support functions in deep space. While the improvements of the ISS OGA in system complexity, mass, reliability, maintenance, and resupply will be very useful for future missions, these future missions will have new challenges in addition to those of ISS.8

In conclusion, the lessons learned from the ISS OGA represent a foundational launchpad for the future of commercial space. The ongoing refinement of oxygen generation technologies is a dynamic process, driven by the evolving understanding gained from real-world experiences. As humanity prepares to venture further into the cosmos, the knowledge derived from the ISS OGA will be instrumental in shaping future life support systems that reliable sustain commercial crews.
III. System Level and Operational Considerations
Considering ECLSS subsystems at a detailed level offers invaluable depth, insight, and expertise in each component's functionality. However, system-level consideration is equally critical, as it ensures the ECLSS as a whole functions cohesively, meeting its overall objectives with efficiency and effectiveness. Adopting a holistic perspective could lead to potential improvements in various areas of the ECLSS. Such an approach not only facilitates the integration of individual subsystems into a seamless operation but also enables the identification and mitigation of systemic risks, potentially enhancing the overall resilience and performance of the ECLSS. By balancing the in-depth focus of subsystem-level analysis with the broad overview of system-level thinking, the ECLSS can achieve optimal functionality, adaptability, and innovation.

From a holistic perspective, ECLSS can improve in the following areas:   
1. Lower Level of Component Replacement
	Currently, ISS implements many ORU hardware systems that require replacement of an entire assembly given a single component failure. For example, the OGA cell stack includes the electrolyzing membranes among other components, is housed within a sealed dome that is not designed to be opened during flight. Consequently, if any component within this dome fails, the entire assembly must be replaced. This design underscores the importance of reliability in each component, as the inability to conduct in-flight repairs necessitates the replacement of the entire unit in case of failure. However, component failures within space systems can occur in a stochastic manner, making predictability and timely maintenance challenging. The necessity to replace an entire unit due to the failure of a single component can be inefficient and resource-intensive. To address this, the development of the Advanced Oxygen Generation Assembly (AOGA) represents a significant improvement. This upgraded version of the OGA is designed to allow for the replacement of individual components within the dome, enhancing maintenance efficiency. This modular approach significantly reduces the mass and volume of spare parts required for the OGA. In a similar vein, the new design of the UPA pump adopts this modular philosophy. By enabling the replacement of lower-level components, this design innovation further contributes to the overall reduction in the mass and volume of necessary spare parts, streamlining maintenance and improving resource utilization on space missions can be achieved. 1
2. Anticipating and planning the design space in advance
	During the initial design phase, accurately forecasting and anticipating the free volume presents a significant challenge. Nevertheless, this stage offers the best opportunity to address spatial constraints effectively. In the case of the ISS ECLSS, this issue is particularly evident given it is already at its maximum volume allotment with the amount of systems, payloads, spares, consumables onboard. This constraint posed a significant challenge to identify the optimal location for installing the new toilet and its associated privacy compartment. . Currently, the ECLSS, especially within Node 3, encompasses an extensive array of air subsystems and hardware. However, Node 3 faces a notable limitation of sufficient rack spaceto accommodate the addition of the CO2 Reduction System. To resolve this spatial challenge, it has been proposed that the Oxygen Generation System rack be relocated to the US Laboratory module. This move will facilitate the establishment of the air systems in the module and allow for the integration of the new system. Such strategic planning for reconfiguration underscore the importance of foresight in the design process, ensuring that future expansions and modifications can be accommodated within the existing spatial framework of the ISS. 1
3. Considerations on Future Power Availability
	In the era of digital advancement, the incorporation of increasingly sophisticated electronics aims to enhance efficiency across various systems, including those within the ECLSS. Some ECLSS hardware, however, is known to be power-intensive. Allocating a sufficient power budget to these ECLSS components not only accommodates their current needs but also provides flexibility for future system upgrades.
Taking the power system of ISS as an example, there are imminent plans to augment ISS power capabilities through solar array enhancements. Nonetheless, it is anticipated that the ISS's power demand will escalate as the station undergoes modifications to facilitate the commercialization of low earth orbit, support critical exploration demonstrations, and other initiatives. Within this context, the power requirements for the additional CO2 Reduction #2 system within the ECLSS are a particular point of concern. This system, being an augmentation to the existing ECLSS, is expected to demand a significant amount of power for its operation. Therefore, forward-planning for power availability is crucial to ensure that these new systems can function effectively without compromising the overall power stability of the ISS. 1
4. Maintainability and Crew time concern
Maintenance operations on the ISS present a significant challenge, requiring the involvement of both crew members and ground support to manage complex systems and technologies within a constrained and limited workspace. Reducing the frequency and complexity of these maintenance tasks could lead to substantial cost savings and allow crew members more time to conduct research. Achieving this reduction can be facilitated through various methods, such as the implementation of automated systems and smart sensors.
For example, in the current configuration of the ISS, there is a lack of comprehensive data for certain segments of the water system. This limitation could be addressed by integrating additional sensors to monitor parameters like pressure and flow, aiding in fault isolation. For instance, incorporating a conductivity sensor in the brine loop and a quantity sensor on the ARFTA could provide valuable insights on urine/brine characteristics for processing downstream. Furthermore, the integration of commercial airflow sensors could provide critical data on airflow speed, assisting in determining the necessity for system cleaning. These enhancements in sensor technology and data acquisition are key to optimizing maintenance strategies on the ISS, ultimately leading to more efficient operations and an increased focus on research activities.
5. Universal hose/connector design
The presence of numerous hardware providers in the space industry leads to a wide variety of hose and connector designs. Addressing this diversity, the implementation of a universal hose and connector design can significantly streamline operations, particularly onboard the ISS. This standardization facilitates compatibility across different systems and equipment, a feature that is vital in a setting where components from various manufacturers need to be interconnected.
Adopting a universal design simplifies logistics and inventory management on the ISS. It reduces the need to stock a diverse range of specific hoses and connectors, leading to more efficient use of the limited space available. Furthermore, this interoperability is not only crucial for routine maintenance but also essential in emergency repair scenarios, where quick and reliable component replacement is necessary.
Moreover, standardization in hose and connector design proves to be cost-effective. It allows for economies of scale in production, reduces the necessity for specialized, often more expensive, components, and reduces the unnecessary upmass of various hoses and connectors. In terms of crew operations, a universal design minimizes the training requirements, as astronauts need to be familiar with only a single type of system rather than multiple, varying designs. This aspect is particularly beneficial in reducing the complexity and duration of training programs.
Additionally, a universal design offers flexibility in system design and future expansions on the ISS. It allows for the easier integration of new components or systems, accommodating upgrades and modifications without extensive redesign or compatibility issues.
	In summary, the move towards a universal hose and connector design on the ISS represents a strategic approach to enhance operational efficiency, cost-effectiveness, and flexibility, while simultaneously simplifying logistics, maintenance, and crew training.	
6. System Integration and Testing
System integration and testing stand as pivotal stages in the lifecycle of any project, particularly in technologically advanced fields. These processes are crucial for ensuring that individual subsystems function harmoniously as a single, unified system. The importance of this integration lies in its ability to reveal discrepancies and incompatibilities between different system components, which might not be evident when these components are tested in isolation. During the integration of the ISS ECLSS, it was observed that compatibility issues often arose between the upstream and downstream hardware. Key challenges included size discrepancies in the piping and mismatches in flowrate acceptance capabilities. These compatibility issues, if not addressed, could lead to significant resource wastage, especially when the hardware is already in orbit. To mitigate such problems, it is crucial to emphasize the importance of thorough system integration and testing while still on the ground. This approach allows for the identification and resolution of potential compatibility issues before deployment. Ground-based system integration and testing enable engineers to ensure that all components work seamlessly together, reducing the risk of costly and time-consuming corrections in space. By adopting rigorous testing and integration protocols on Earth, we can significantly enhance the efficiency and reliability of space missions, ultimately leading to more successful and sustainable space exploration endeavors.
IV. Conclusion
The ISS testbed has been a cornerstone for scientific research and technological development over the past 25 years. Throughout this period, numerous designs have been investigated, refined, and enhanced as NASA has deepened its understanding of how to sustain crew health and well-being in the LEO environment.
Designing an ECLSS is a complex task as it involves multiple subsystems and disciplines. By applying ISS understanding at the early stages of ECLSS design, there is significant opportunity to potentially mitigate the issues that the ISS is currently encountering.
	This paper has highlighted a selection of the lessons learned by the ISS ECLSS team, though it is important to acknowledge that the scope of discussion is limited and does not encompass the full breadth of experiences garnered. Some of the key themes include working early in the design phase with teams like safety, the maintenance operation, and health and human performance teams to make sure that all maintenance tasks are at the safest and lowest level possible. Also, the connector types should be minimized to simplify crew training and should be easily modified/reconfigured, if necessary, to prevent cross connecting fluid lines to prevent a safety issue. The final lesson learned for coordinate with the other teams is to get their help to understand the increased calcium in a crewmember's urine and to get their help on solving the always challenging acoustic levels in a module due to operating ECLSS hardware since ECLSS is one of the main generators for noise in a cabin. The whole spares posture for ECLSS most be well thought out, i.e. stored on-orbit vs. launch on need.  Not all spares can be stored on-orbit because, they may have to be stored in the crew module crew cabin area maybe blocking key ECLSS vents, which can degrade the ECLSS performance. The need for spares can be possibly minimized by performing an adequate ground testing program to drive out some of those early failures and redesigning the hardware to fix any issues that are found.  Sometimes ground testing cannot find all issues and failures. One of those failures that was discussed in this paper wes the generation of FOD and the impacts on the ECLS ventilation fans.  The lesson learned was to make sure adequate filters were outfitted upstream the fans in an area that is easily accessible and visible to the crew members for easy cleaning of those filters.
[bookmark: _Int_pkjWNN5n]The final consideration that was discussed in this paper was to try and push on the avionics team to make sure that adequate instrumentation is included in the design to allow the ground to do much of the failure investigation instead of having the crew to do some intensive on-orbit testing to find out why a system is degrading earlier than planned/forecasted.  Hopefully the discussion in this paper provides the reader with somethings to think about when they are working on their Space Station design and outfitting. 
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