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Long-duration missions to the Moon, Mars, and beyond require an Environmental Control 

and Life Support System (ECLSS) to have increased performance, reliability, and resiliency 

while still meeting mission safety requirements and remaining within volume, mass, power, 

cooling, and crew-time constraints. The Commercial ECLSS is an improved alternative to the 

baseline ECLSS technology used on the International Space Station (ISS). By combining new 

technologies developed and matured by Honeywell, Precision Combustion, Giner, and 

Paragon, the Commercial ECLSS addresses multiple capability and reliability gaps for the 

long-duration crewed missions described by NASA. With higher oxygen and water recovery 

rates, a spacecraft utilizing the Commercial ECLSS will require minimal-to-no resupply mass, 

which translates to significant cost savings over the course of long missions. This paper 

describes the team’s conceptual ECLSS architecture and identifies the significant capability 

and reliability gaps closed from the ISS ECLSS. Additionally, this paper illustrates how the 

Commercial ECLSS offers a safer, more reliable, and more cost-effective solution for 

commercial and NASA customers by avoiding the many failure modes faced by the ISS 

ECLSS and incorporating modern technologies into the system. 

Nomenclature 

BPA = Brine Processor Assembly 

BVAD = Life Support Baseline Values and 

  Assumptions Document 

C = Subystem cooling requirement 

Ceq = Cooling equivalency factor 
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CDRA = Carbon Dioxide Removal Assembly 

CDRILS = Carbon Dioxide Removal by Ionic 

   Liquid Sorbent 

CMS = Carbon Dioxide Management System 

CRS  =  Carbon Dioxide Reduction System 



 

 

International Conference on Environmental Systems 

2 

CVD = Carbon Vapor Deposition 

ECLSS = Environmental Control and Life 

  Support System 

ESM = Equivalent Standard Mass 

GHSV = gas hourly space velocity 

ISS = International Space Station 

IWP = Ionomer-membrane Water Processing 

LEO = Low Earth Orbit 

LiOH = Lithium Hydroxide 

M = Subsystem mass 

MPA = Methane Pyrolysis Assembly 

OGA = Oxygen Generation Assembly 

OPA = Oxygen Production Assembly 

ORU = Orbital Replacement Unit 

P = Subsystem power requirement 

Peq = Power equivalency factor 

PCI = Precision Combustion, Inc. 

PUP = Paragon Urine Processor 

SBIR = Small Business Innovation Research 

TCC = Trace Contaminant Control 

TCCA = Trace Contaminant Control Assembly 

THC = Temperature and Humidity Control 

UPA = Urine Processor Assembly 

UWMS = Universal Waste Management System 

V = Subsystem volume 

Veq = Volume equivalency factor 

WPA = Water Processor Assembly 

WaMM = Water Management Membrane 

 

 

I. Introduction 

HE Environmental Control and Life Support System (ECLSS) used on the International Space Station (ISS) is an 

incredible achievement. It has provided a habitable environment to over 200 astronauts over its 20-year lifespan1 

and was the first crew support system to run for a continuous period of years rather than weeks. The current ISS 

ECLSS includes 8 subsystems for air and water management. The Temperature and Humidity Control (THC) removes 

humidity and heat from the cabin. The air from the THC is mostly returned to the cabin, but a fraction is sent to the 

Carbon Dioxide Removal Assembly (CDRA) to remove the carbon dioxide (CO2) from the air. This CO2 is sent to the 

CO2 Management System (CMS) for compression and storage and passed along to the CO2 Reduction System (CRS) 

for recovery of water from the CO2 by the Sabatier reaction. This water, along with water from the Water Processor 

Assembly (WPA), is used in the Oxygen Generation Assembly (OGA) to electrolytically generate oxygen. The WPA 

provides purification of water from the THC and the Urine Processor Assembly (UPA), which recovers water from 

urine. To further ensure that the air is pure and breathable, the Trace Contaminant Control Assembly (TCCA) uses 

catalytic oxidizers and activated carbon beds to remove a long list of contaminants from the air.2 The subsystems are 

maintained by the crew, in some cases requiring significant crew time, with operations support and resupply available 

from Earth.  

A Commercial ECLSS3 for deep space travel, the Moon, and Mars will need to have high reliability and resiliency, 

and decreased consumables due to less frequently available resupply missions, while meeting the volume, mass, 

power, cooling and crew-time constraints. NASA and commercial customers are also demanding shorter lead times 

to meet their accelerated mission target dates and demand lower cost. 

Some might believe the solution to 

ensuring reliability, resiliency, shorter 

schedules and lower cost is to implement 

the established ISS ECLSS design and 

components for Gateway and commercial 

vehicles. However, since the ISS ECLSS 

was developed in the 1990’s and 

subsequently commissioned, many of its 

technologies, components and tooling 

have become outdated and obsolete, 

leaving an unsupported supply chain, 

which drives higher costs and longer lead 

times throughout the industry. It has 

become clear that recycling the old 

technologies built for ISS is not a 

sustainable practice for a changing space 

industry where the focus is on shorter 

schedules and lower cost. 
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Figure 1. Conceptualized future ECLSS architecture. 
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While many ISS technologies have become obsolete in the past 20 years, a wider range of non-space industry 

technologies have become available. These technologies are more advanced, and they often offer higher performance 

with lower volume, mass, power and cooling requirements. Since these technologies are often used by high volume 

industries, they are effectively near-off-the-shelf components, which ensures availability of hardware, shorter cycle 

times and lower costs for the components. Widespread use in other industries often means these products surpass the 

previous technologies in reliability, resiliency, recovery and efficiency and that their improvement is supported long-

term.  

Honeywell, Paragon, Precision Combustion (PCI) and Giner have developed several of these next-generation 

technologies that build on the successes of the ISS ECLSS subsystems and that leverage the technologies and 

components of other industries, adopting several modernizations that result in a substantially improved system. These 

technologies can meet the requirements for future crewed missions and for sustained commercial human space use. 

Furthermore, the integration of these next-generation technologies into a Commercial ECLSS for exploration missions 

offers opportunities that are even greater than the benefits of each technology alone. 

As shown in Fig. 1, the evolution of this Commercial ECLSS architecture from the established ISS includes: 

1. the replacement of the CDRA with the Carbon Dioxide Removal by Ionic Liquid Sorbent (CDRILS) system,  

2. the removal of the CMS, which is no longer needed to integrate the CO2 removal and reduction capabilities, 

3. the replacement of the traditional ISS CRS with a more compact, low-cost, durable CRS consisting of PCI’s 

Microlith®-based Sabatier Reactor System,  

4. the replacement of the ISS OGA with Giner’s more robust and simplified Oxygen Production Assembly 

(OPA),  

5. the addition of the Methane Pyrolysis Assembly (MPA) to process methane downstream of the Sabatier 

reactor and to increase the Oxygen (O2) recovery of the Sabatier-based CRS, and 

6. the replacement of the Urine Processor Assembly with the Paragon Urine Processor (PUP) 

The subsystems within the Commercial ECLSS can be selected and integrated to meet the needs for long-duration 

missions and space vehicles including the Deep Space Habitat, Mars Transit Vehicle, Lunar and Martian bases, and 

future commercial habitats. These modernizations go beyond the replacement of old hardware with incrementally 

better versions. The infusion of these new technologies by the Commercial ECLSS closes several of the capability 

and reliability gaps on the ECLSS for crewed missions described by NASA,4 including: 

• Maintaining a CO2 partial pressure < 2 mmHg in the cabin5 

• Significantly improving the reliability of the CO2 removal system6 

• Recovering >75% O2 from CO2 via a more reliable and efficient CO2 reduction system7 

• Reducing the volume and complexity of the oxygen generation system2 

• Recovering >90% water from urine and brine, increasing overall water recovery to >96%2 

Due to the substantially improved performance of individual components and subsystems, the integrated 

Commercial ECLSS is expected to have lower volume, mass, power and cooling requirements, higher reliability and 

resiliency, a lower maintenance interval and crew attention time, and lower resupply needs compared to the existing 

ISS ECLSS architecture. The following sections of this paper describe the new technologies, how they close NASA’s 

capability and reliability gaps, the development status of these new subsystems and other benefits. The integrated 

benefits section compares the volume, mass, power and cooling for each system, and discusses the benefits of coupling 

some subsystems together. The final section looks at how ECLSS subsystems might be chosen for various mission 

types.  

II. CO2 Removal 

 The Carbon Dioxide Removal by Ionic Liquid Sorbent (CDRILS) system is a regenerable CO2 removal system 

designed for efficient, safe, and reliable CO2 removal from cabin air on long-duration missions to the Moon, deep 

space, and Mars.8,9,10 It can maintain a CO2 partial pressure below 2 mmHg, half the partial pressure maintained by 

CDRA,11 using far less volume, mass, power and cooling. In the Commercial ECLSS, the CDRILS system is proposed 

as a replacement for the CDRA and eliminates the need for the CMS. 

 The CDRILS system uses a continuous flow architecture, in which a liquid absorbent is recirculated between a 

scrubber, where CO2 is absorbed into the liquid sorbent, and a stripper, where CO2 is desorbed and the ionic liquid is 

regenerated before going back to the scrubber for further CO2 capture. The technology takes advantage of the unique 

properties of ionic liquids as liquid absorbents and of hollow fiber membranes as contactors that make each particularly 

well-suited to human space applications. Ionic liquids are non-volatile, non-odorous, non-toxic, and have high 

oxidative stability, while hollow fiber membranes offer both high contact area between a gas phase and a liquid 

absorbent and containment of the liquid in a microgravity environment. While the cabin air is directed through the 
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shell of the contactor around the fibers, the ionic liquid is flowed through the bore of the fibers. The continuous flow 

of both the gas and the liquid phases, paired with the high affinity of the ionic liquid for CO2 and water, and the high 

surface area of the hollow fiber membranes, enables efficient CO2 and humidity removal from the airstream in a lower 

volume and mass than current systems. 

Honeywell designed the CDRILS system to avoid many of the disadvantages of CDRA. CDRA uses alternating 

solid adsorbent beds which are designed to be filled to near capacity with CO2. Because CDRA operates at near 

capacity, the system’s performance is more sensitive to excess water vapor in the feed, which competes with CO2 for 

adsorption. The CDRA uses heat exchangers from the THC as well as large desiccant beds to remove the water 

entering the adsorbent beds, but water vapor is ubiquitous in the ISS environment, and the THC has on occasion failed 

to separate liquid water from the feed air entering CDRA. This failure has caused a cascade of effects throughout 

CDRA – not only did the CO2 removal performance suffer for long periods of time after the CDRA received an influx 

of unexpected water, but the water also aggravated the dusting of the adsorbent, causing dust to escape the beds and 

cause failures of CDRA’s valves. Unlike CDRA, the CDRILS system is robust to humidity in the feed airstream. 

CDRILS uses a flowing liquid absorbent which allows the system to operate well below the capacity of the ionic liquid 

for CO2, meaning the absorption of water in the scrubber has a negligible effect on the capacity of the ionic liquid, 

which nominally contains some water. CDRILS also avoids complicated valve networks and the inefficient thermal 

cycling of adsorbent beds.  

Operating with a flowing liquid absorbent and operating below capacity also 

enables the system to be smaller and more lightweight, since there is a greater driving 

force for the ionic liquid to absorb CO2. The continuous process of CDRILS also allows 

it to deliver CO2 continuously to downstream systems, enabling direct integration with 

the Sabatier reactor and elimination of the large, heavy CMS unit.  

Honeywell has produced numerous iterations of CDRILS, including 4 lab-scale test 

stands and 1 pilot-scale test stand. The testing performed includes a 6-month durability 

test with NASA Advanced Exploration Systems (AES) in which no statistically 

significant change in performance was observed by the end of the six months. Honeywell 

is also working with NASA AES to examine several alternative ionic liquids as 

absorbents for CDRILS. In addition, Honeywell and NASA AES are working to 

investigate the interaction of ionic liquids with contaminants, including siloxanes, which 

have been shown to be soluble in ionic liquid.12  

The testing of the lab- and pilot-scale equipment provided the design basis for a 

full-scale ground prototype, which was recently completed in December 2020 and is 

shown in Figure 2. Testing of the prototype is in progress throughout 2021 under the 

ongoing public-private partnership between Honeywell and NASA AES. Honeywell is 

also designing a flight-like unit for demonstration on the ISS. 

III. Oxygen Generation by Water Electrolysis 

The Giner OPA consists of an advanced static vapor feed electrolyzer that has greatly simplified operation 

compared to traditional liquid feed electrolyzers. At the heart of this innovation is the water management membrane 

(WaMM™). The WaMM™ is an electrically conductive film that allows static feed operation by transporting water 

by means of a concentration gradient into the hydrogen compartment of an electrolyzer. Utilizing a WaMM™-based 

static feed electrolyzer has numerous beneficial ramifications for the oxygen generation subsystem including: 1) 

gas/water separators are not required on either the anode or the cathode side, resulting in increased simplicity and 

reliability; 2) no water delivery pump is required; and 3) the electrically conductive WaMM™ nature allows for a 

bipolar stack configuration. As a result, the static vapor feed electrolyzer system is much simpler in comparison to a 

conventional electrolyzer system. These system level simplifications give a WaMM™-based electrolyzer system large 

advantages compared to the ISS OGA. 

The simplicity of operating the static vapor feed electrolyzer translates into an OPA with fewer parts, a longer life 

and higher reliability for future spacecraft. The Giner OPA uses no pumps, heaters, coolers, recirculators, or separators 

in the system. This simplicity is in sharp contrast to the current ISS OGA.  

The ISS OGA has required numerous Orbital Replacement Units (ORUs), or spares to continue operation, which 

has brought the total mass utilized to 1344 kg.13 Along with frequent failures of these ORUs, the ISS OGA has recently 

suffered from cell failure due to membrane degradation and release of hydrofluoric acid. The Giner OPA was designed 

to specifically address the shortcomings of the OGA and to be safe, simple, and reliable. The OPA’s static vapor feed 

electrolyzers eliminate numerous failure modes by reducing the number of components and by eliminating membrane 

 
Figure 2. Full-scale CDRILS 

ground prototype. 

 
 

Figure 2. Membrane 
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degradation by protecting the membrane electrode assembly from organic 

and ionic contaminants, operating at low temperature and current density, 

utilizing a membrane stability additive, and including improved membrane 

support, resulting in a safer system. Due to NASA and private investments, 

this technology has shown over 36,000 hours. 

To date, Giner has demonstrated nominal operation of a 1 astronaut 

equivalent stack producing 1.8 lbs/day of oxygen for over 36,000 hours with 

testing ongoing. The stack, initially consisting of 15 cells, was disassembled 

following 5,000 hours of operation and thoroughly inspected for evidence of 

cell degradation. No evidence of membrane contamination, degradation, 

thinning, or creep; catalyst cracking; or corrosion of metallic components was 

discovered through the examination. The electrolyzer was reassembled as a 

12-cell stack which has operated continuously since. The cell stack was disassembled again during the current NASA 

Phase III program 80NSSC20C0047 during a revamp of the design.  During this thorough inspection and analysis of 

the two removed and worst performing cells, evidence of WaMM carbon corrosion was discovered, and through fault 

tree analysis, determined to be due to extended operation with a trickle current present.  The trickle current was 

eliminated by including a contactor between the power supply and the cell stack.  The Phase I stack is continuing to 

operate without issues as a 10-cell stack. Analysis of  water samples from the stack during endurance testing indicate 

a fluoride loss from the membrane electrode assembly that predicts a lifetime of over 150,000 hours, with failure 

defined as a 10% loss of fluoride. 

Figure 3 shows the static vapor feed stack developed in the NASA Small Business Innovation Research (SBIR) 

Phase II program, which is a 20-cell stack capable of 3 astronaut equivalent oxygen production.  This  can easily be 

scaled up within this system by increasing the number of cells in the electrolyzer stack or the active area. Using the 

current NASA SBIR Program 50 cm2 active area electrolyzer stack platform and nominal and ambient operating 

conditions, a 130 cell stack, measuring 22” in height, would be capable of generating 20 lbs/day of oxygen, the 

generation rate of the current ISS OGA. 

A next generation version of the static vapor feed electrolyzer has been developed for NASA Phase III program 

80NSSC20C0047, which is supporting endurance testing of a 20-cell stack for 6 months. The goal of the redesign is 

to incorporate lessons learned from the prior Phase I, II, and III programs including redesign of the cell stack to move 

the bolts out of the stack sealing area. Moving the bolts would eliminate the possibility of a short and corrosion.  

Testing of this stack will begin 3/8/2021. 

IV. Oxygen Recovery by CO2 Reduction 

The main component in the CO2 Reduction System (CRS) is PCI’s Sabatier catalytic reactor, which is integrated 

with balance-of-plant components – including flow controllers upstream of the reactor, a water separation and 

collection system, and a thermal management system – for optimal system performance and durable operation. The 

water produced by the Sabatier process can be collected and used as is, or it can be further electrolyzed by the OPA 

to form O2 and hydrogen (H2). Hydrogen can then be recycled back to the Sabatier reactor to carry out more CO2 

reduction. In the Commercial ECLSS design architecture, the methane (CH4) product from the Sabatier reactor will 

be fed to Honeywell’s Methane Pyrolysis Assembly, where the methane will be pyrolyzed to form carbon and 

hydrogen, and the hydrogen will be recycled back to the CRS to increase overall O2 recovery beyond NASA’s 75% 

goal.  

These compact Sabatier reactors were developed by PCI based on its patented Microlith® technology as an 

alternative to the traditional packed bed and Microchannel reactor designs as used on 

the ISS. Under NASA SBIR Phase I/II and and an Inspirational Mars effort, PCI has 

developed and demonstrated compact Sabatier catalytic reactors capabile of producing 

high CO2 conversion and near 100% CH4 selectivity (i.e., ≥90% of the thermodynamic 

equilibrium values) at high space velocities and low operating temperatures.14,15 The 

reactor was operated at gas hourly space velocities (GHSV) of 30,000 – 60,000 hr-1. 

Additionally, the versatility of the Microlith®-based Sabatier reactor was demonstrated 

by operating it under H2-rich, stoichiometric, and CO2-rich conditions as well as with 

up to 5 wt.% water in the CO2 inlet stream without affecting its performance. This 

reactor has been examined for both ISS and Martian In-Situ Resource Utilization 

applications and its durability has been validated for more than 1,000 hours via 

durability tests with multiple start-stop cycles. Figure 4 shows a complete CRS ground 

 
 

Figure 4. PCI’s CRS ground  

demonstration unit. 

 
Figure 3. The Giner Oxygen 

Production Assembly with a 20-cell 

stack electrolyzer. 



 

 

International Conference on Environmental Systems 

6 

demonstration unit for bench-top testing sized for 4 crew members, developed under NASA SBIR contract, the unit 

demonstrated the required performance, including the water generation rate for a 4-crew mission, and long-term 

performance durablility, while being well beneath the volume and mass objectives. 

In recent years, a number of design features and modifications have been identified and implemented. The 

objective of these design changes was to not only improve the overall reactor performance, but also to increase the 

thermal management efficiency (i.e., reduced mass and volume) and controllability (e.g., self-sustainability) of the 

catalyst bed temperature. These reactor concept designs utilize the heat transfer benefit of the Microlith®-based 

catalyst substrates to achieve better reactor performance at high throughput (resulting in a compact reactor) and 

durability as well as faster start-up and transient response compared to other technologies. 

In the Commercial ECLSS architecture, the CRS will be close-coupled with MPA, where the methane product 

from the Sabatier reactor will be fed to the MPA and pyrolyzed to form hydrogen and carbon. Hydrogen, along with 

some byproducts, will then be fed back to the Sabatier for re-use, thus supplementing the hydrogen stream from the 

OGA. This close-coupling approach will increase the overall O2 recovery efficiency. In addition to hydrogen, the 

MPA also produces trace amount of byproducts, such as acetylene and benzene. Acetylene, in particular, is a known 

coke precursor that can form carbon on the surface of catalysts and rapidly deactivate their performance. PCI’s 

analysis, however, indicated that the PCI catalyst can tolerate the expected concentrations of these byproducts at the 

target operating conditions. The catalyist could tolerate water, reform the hydrocarbons, and avoid carbon formation 

within the reactor. A control interface between the MPA and CRS will need to be developed carefully so that upset 

conditions in either reactor can be properly mitigated to avoid catalyst deactivation or reduced system performance.  

V. Oxygen Generation by Methane Pyrolysis 

In the Commercial ECLSS, the Methane Pyrolysis Assembly (MPA) is proposed to increase the recovery of 

oxygen from CO2 to up to 95%, exceeding NASA’s goal to recover greater than 75% of oxygen from CO2. Recovering 

this oxygen will reduce the mass of water required for oxygen generation on long-duration missions. The MPA accepts 

methane from the Sabatier reactor, which as discussed above, is an efficient solution for the conversion of carbon 

dioxide to water and methane. If no recovery of hydrogen from methane by pyrolysis is used, the loss of the hydrogen 

content in methane limits the availability of H2 so that H2 becomes the limiting reagent for the Sabatier reaction and 

thus limits the oxygen recovery of the ECLSS to no greater than 50%. The Honeywell MPA overcomes this limitation 

by efficiently recovering the hydrogen value from methane, with elemental carbon as the carbon-containing byproduct. 

As the set of reactions below demonstrate, this reaction has the correct stoichiometry to complete the mass balance 

for both oxygen and hydrogen. Combined with the Sabatier and electrolysis reactions, the net reaction is the conversion 

of carbon dioxide to oxygen and carbon. Oxygen recovery from carbon dioxide can approach 100% if these three 

systems operate with high efficiency, and hydrogen is not wasted in streams vented to space. 

 The pyrolysis of hydrocarbons to carbon black is a well-known and very old 

technology that is widely practiced industrially, but this is a sooty process that 

generates many gas phase byproducts.16 The MPA instead uses chemical vapor 

deposition (CVD) of carbon, a high temperature pyrolysis process (ca. 1100°C) that 

operates under reduced pressure (ca. 100 torr), because it selectively converts 

methane to hydrogen and carbon. CVD is a process that Honeywell has used on a 

large scale for many years. During CVD, the carbon deposits onto substrates to form 

a clean carbon product (Fig. 5) that is durable, non-sooty and can be easily handled 

without gloves. The loaded substrates must periodically be removed from the 

reactor and replaced. The requirement for substrates is a drawback to the use of methane pyrolysis for hydrogen 

recovery, but their use minimizes the generation of gas phase hydrocarbon byproducts which would otherwise require 

further equipment for removal. The number of substrates required can be minimized by achieving high single-pass 

conversion of methane, and by efficiently using all of the volume in the substrates to accumulate carbon.17 

With appropriate choice of reaction conditions, Honeywell achieves 65-80% single pass conversion of methane to 

CVD carbon and hydrogen. This can be accomplished in a compact reactor filled with a cartridge of substrates that 

can be removed periodically and replaced with fresh substrates. An updated brassboard reactor has been designed to 

accomplish this17 and consists of a nickel alloy reactor surrounded by a lightweight heater and insulation. The insulated 

reactor is, in turn, encased in a vacuum jacket. Insulation is critical to minimizing power utilization, since, apart from 

losses to the environment, the power required for the reaction is low. For a unit sized for four crew members, the sum 

of the heat required to bring the methane to the reaction temperature and supply the endothermic heat of reaction is 

only 160 W.  

 
 

Figure 5. Typical carbon 

product from the MPA. 
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Close integration between the methane pyrolysis technology and the Sabatier reactor is important because the 

output stream of each feeds into the other. The methane feed for the pyrolysis reactor comes from the Sabatier reactor 

after water is removed by condensation, and the hydrogen product is fed to the Sabatier reactor. Since condensation 

does not remove 100% of the water, the outlet stream from the pyrolysis reactor will therefore contain residual water 

and carbon monoxide (from reaction of the water with methane), as well as methane and hydrogen. It will also contain 

trace concentrations of other hydrocarbons that are intermediates of the CVD process including, for example, acetylene 

and benzene.18 The acceptable concentrations for these byproducts at the inlet to the Sabatier reactor determine, in 

part, the required conversion for the pyrolysis reactor. In general, higher conversion results in lower concentrations of 

byproducts, but also involves higher reaction temperatures or a larger reactor. As described in a recent paper,17 

methane conversion values between 65% and 80% have been selected. The ability of the PCI Sabatier reactor to 

tolerate higher concentrations of water vapor and to avoid catalyst coking from trace contamination of the feed by 

acetylene are key advantages of the combined system. 

VI. Water Recovery from Urine 

Water recovery from urine is considered essential for long-term deep space exploration missions where resupply 

is considered cost prohibitive and/or logistically unfeasible. A crew of four can be expected to generate up to 8.8 liters 

of urine (including flush water) per day. 

The Paragon Urine Processor (PUP) is not derived from UPA employed on the U.S. segment of the ISS. PUP is 

intended to replace the entire assembly. The ISS UPA is complicated, has experienced several failures during 

operation, is not easily field-maintainable, and can only recover between 75% and 90% of the available water from 

urine19, while the PUP can recover greater than 96%. On the ISS, significant water must be thrown away as a briny 

wastewater solution or can processed further through Paragon’s existing Brine Processor Assembly (BPA), which will 

be delivered to ISS in 2020 to increase water recovery from the UPA. 

The PUP is purposely designed to simplify operations, maintenance, and waste disposal, while also eliminating 

the need for any additional and separate recovery of water from brine. The PUP incorporates Paragon’s patented 

Ionomer-membrane Water Processing (IWP) technology that has already been implemented into the BPA. The BPA 

is currently under development by Paragon and NASA and will be integrated on ISS in early 2020 to recover water 

currently discarded by the UPA as waste brine. PUP also increases safety as urine is transferred just one time and it 

will achieve higher levels of water purity than the ISS UPA as the Ionomer membrane selectively passes water vapor 

and very few other compounds. 

As shown in Fig. 6, the PUP receives pretreated urine 

from the Universal Waste Management System (UWMS) and 

transfers it directly into a gas permeable IWP bladder inside 

a sealed container that provides for two independent levels of 

containment and is optimized for the direct urine processing 

application. The bladder is sized to process at least 30 days 

of urine from a four-person crew. Dry cabin air flows into 

PUP and through a regenerative heat exchanger and a heater to increase the temperature and enhance the water 

evaporation rate. The now warm, dry air flows across the outer surface of the IWP bladder where it picks up water 

vapor evaporating from the brine. The humidified air stream again passes through the regenerative heat exchanger to 

give up heat to the incoming air stream and then through a replaceable trace contaminant control (TCC) bed to remove 

the limited set of volatiles that pass through the IWP membrane along with the water. As the exiting gas stream will 

contain some water droplets because the temperature drops below the water saturation temperature, the exiting gas 

stream is injected into the cabin air inlet where it is then separated from the air stream by condensing heat exchangers, 

which pass the collected water to the WPA where it is then purified to potable standards.  

Hydrophobic membrane filters located at the air inlet and outlet of the PUP provide containment in the highly 

unlikely event of a bladder leak during processing. Urine inside the bladder is reduced to a concentrated brine. Used 

bladders are removed and triple sealed prior to long-term storage or disposal. The PUP runs on a nominal 87.5% duty 

cycle with a 21-hour daily runtime during the mission. The 87.5% duty cycle allows for 3 hours of downtime for 

maintenance and unplanned repairs each day. Planned maintenance is limited to installation and replacement of 

bladders and possible occasional replacement of the TCC bed. Spares are available for all other primary components 

(blower, heater, hydrophobic filters) in the event of an unplanned failure. 

Over 30 days of operation the PUP is predicted to process 264 liters of urine and flush water, while recovering 

greater than 96% as purified water (at least 253.4 liters). Thus a single recovery cycle is expected to far exceed the 

 
 

Figure 6. PUP baseline configuration. 
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installed PUP fixed mass, while the recurring consumable mass of 0.5 kg every 30 days (process/storage bladder) and 

10 kg every 6 months (activated carbon bed) is quite low relative to the recovered mass of water. 

VII. System Benefits 

The Commercial ECLSS consists 

of subsystems which present several 

important advantages in the removal 

of CO2, oxygen recovery, and water 

recovery compared to the current ISS 

ECLSS. In addition to the benefits of 

closing the capability and reliability 

gaps, as explained above, the 

Commercial ECLSS offers significant 

benefits in terms of volume, mass, 

power and cooling. These benefits 

have a direct effect on reducing the 

total cost required to launch the 

ECLSS, while also reducing resupply 

mass, which reduces the operational 

cost of keeping humans alive and well 

in space. Table 1 provides an 

overview of the total volume, mass, 

power and cooling required for the 

current ISS ECLSS design for CO2 

removal, oxygen recovery and urine 

recovery capabilities.20, 21, 22, 23, 24, 25 

Tables 2 and 3 provide an estimate of 

the total volume, mass, power and 

cooling for a Commercial ECLSS 

with different levels of oxygen 

recovery. The comparison between 

the totals of these tables shows the 

significant improvements in life 

support technologies in 20 years. 

Although the reduction in initial 

hardware volume, mass, power and 

cooling is less substantial for an ECLSS that uses the MPA (Table 3), the reductions in consumables shows a 

substantial reduction over long missions 

Conventionally, NASA has used the concept of equivalent system mass (ESM) to provide a single figure of merit 

for comparison of life support technologies. Using this approach, equivalency factors are used to account for the mass 

penalties of a given subsystem’s volume, power, cooling, and crew time requirements.26 For simplicity, crew time is 

not included in the current study. The equation for ESM used in this analysis is shown in Eq. (1) below, 

 
𝐸𝑆𝑀 = 𝑀 + 𝑉𝑉𝑒𝑞 + 𝑃𝑃𝑒𝑞 + 𝐶𝐶𝑒𝑞 (1) 

 

where M is the subsystem mass in kg, V is the subsystem volume, P is the subsystem power requirement, and C is 

the subsystem cooling requirement. Veq, Peq, and Ceq are the equivalency factors for volume, power, and cooling 

respectively. Equivalency factors are calculated from the ratio of the unit mass of infrastructure required per unit of 

resource. The values are dependent on a given mission segment, and can be calculated by the researcher for a specific 

situation, or obtained from obtained from NASA’s “Life Support Baseline Values and Assumptions Document,”27 or 

BVAD. The equivalency factors used in 

this analysis are shown in Table 4, and 

are as outlined in BVAD. Additionally, 

nominal mission lengths used for 

Table 4. Equivalency Factors based on Mission. 
Mission Veq, kg/m3 Peq, kg/We Ceq, kg/Wh 

Low Earth Orbit 66.709 0.133 0.030 
Lunar Transit 80.800 0.136 0.065 

Mars Transit 215.490 0.023 0.060 

 

Table 1. Volume, mass, power and cooling for the ISS ECLSS with 50% 

oxygen recovery and 75% water recovery 
Function Technology  

Name 

Volume 

m3 

Mass 

kg 

Power 

W 

Cooling 

W 

CO2 removal CDRA20 0.538 204 1000 1120 
CO2 management CMS20 0.093 165 288 0 

Oxygen generation OGA21, 13, 22 1.031 676 2042 1899 

Oxygen recovery CRS21, 23 0.201 204 151 151 
Urine recovery UPA24, 22, 25 0.368 527 424 424 

Total 2.231 1776 3905 3594 

 
Table 2. Volume, mass, power and cooling for a Commercial ECLSS with 

50% oxygen recovery and 96% water recovery 
Function Technology 

Name 

Volume 

m3 

Mass 

kg 

Power 

W 

Cooling 

W 

CO2 removal CDRILS 0.198 232 904 415 

CO2 management Not necessary with use of continuous CO2 removal system. 
Oxygen generation OPA 0.227 85 875 580 

Oxygen recovery Microlith® CRS 0.082 29 35 35 

Urine recovery PUP 0.227 71 969 969 

Total 0.734 417 2783 1999 

Change (%) from ISS Total -67% -77% -29% -44% 

 
Table 3. Volume, mass, power and cooling for a Commercial ECLSS with 

90% oxygen recovery and 96% water recovery 
Function Technology 

Name 

Volume 

m3 

Mass 

kg 

Power 

W 

Cooling 

W 

      

CO2 removal CDRILS 0.198 232 904 415 

CO2 management Not necessary with use of continuous CO2 removal system. 
Oxygen generation OPA 0.227 85 875 580 

Oxygen recovery Microlith® CRS 0.082 29 35 35 

Oxygen recovery MPA* 1.982 143 1112 0 
Urine recovery PUP 0.227 71 969 969 

Total  2.716 560 3895 1999 

Change (%) from ISS Total 22% -68% 0% -44% 

*Nominal values provided to allow comparison 
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analysis were also obtained from BVAD. 

The ESM tool illustrates how 

ECLSS can impact the vehicle over 

the life of a mission. On the figures 

below, the initial mass, volume and 

power of a system are reflected in 

the intercept values for each line, at 

0 days, while the slope reflects the 

impact of consumables, which 

increase with the length of the 

mission. Since the initial mass of 

the Commercial ECLSS is less than 

the ISS technology, it starts out 

with an advantage, and only 

improves over mission length, 

since the higher recovery rates 

result in less consumables. Notice 

in Fig. 7 that an Commercial 

ECLSS which uses the MPA 

technology is not beneficial for 

missions shorter than 333 days for 

a Low Earth Orbit (LEO) mission 

or shorter than 574 days for a Mars 

Transit Mission, since it increases 

the initial ESM, but for longer 

missions, crossover occurs since 

the mass of the required substrates 

is much less than the mass of the 

oxygen (in the form of water) 

saved. 

A more explicit comparison can be drawn if we isolate the key air processing technologies (OGA, CRS and MPA) 

downstream of carbon dioxide removal and focus on oxygen recovery for comparison. The simplest approach is a 

supply of oxygen tanks, but this is the worst option in terms of consumables, as shown in Fig. 8. The ISS benchmark 

is the use of the OGA to convert water into hydrogen and oxygen and the CRS (Sabatier reactor) to recover oxygen 

from carbon dioxide, venting the resulting methane. Due to the hydrogen mass balance issue, this results in 50% 

oxygen recovery, still requiring consumption of water brought for this purpose. The Commercial ECLSS does this 

mission with a lower ESM system, while the Commercial ECLSS with MPA eliminates almost all requirement for 

consumable water. Consumable oxygen tanks trade well only for very short missions, while systems involving 

electrolysis are preferred for longer missions. The Commercial ECLSS is preferred to the ISS ECLSS at all mission 

durations, while the addition of MPA becomes beneficial for longer missions. 

A. Considerations for lunar transit – consumable LiOH vs CDRILS 

As NASA aims to puts astronauts on the Moon in 2024, lander 

providers are looking for various options for CO2 removal. Two options 

include a simple system consisting of non-regenerable Lithium Hydroxide 

(LiOH) canisters and an open loop version of CDRILS. LiOH, while simple 

and small at first, would require a large mass of expendable canisters for an 

18-day mission and would require changeout at least once per day. 

CDRILS, while requiring a large initial upfront cost in terms of the mass of 

the system, would not require replacement and could also perform the role 

of humidity removal and partial trace contamination control for the cabin. 

An open-loop CDRILS designed for CO2 removal and humidity 

control would require higher air flowrates to manage peak generation rates 

of humidity from the cabin. The higher flowrates mean the scrubber can be 

less efficient and therefore allow CDRILS to be smaller, reducing the 

volume and mass of the system at the expense of blower power, and the 

 
Figure 7. Equivalent System Mass for Commercial ECLSS compared to the ISS 

ECLSS for LEO and Mars transit missions. 

 

 

 
Figure 8. ESM comparison for oxygen generating technologies for LEO and Mars 

transit missions. 

 

 
Figure 9. ESM of CO2 Removal 

Systems vs mission length for lunar 

transit. 
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power and cooling to process the additional water. Dehumidifiers ahead of the scrubber would also be smaller and 

lighter, and would cycle on and off to control humidity peaks while still ensuring the cabin does not become 

excessively dry. The humidity absorbed into CDRILS may be dumped overboard in an open-loop system or isolated 

as liquid water in a closed-loop system. Open loop operation (i.e. venting the captured CO2 and humidity to space) 

would also mean that the unit would not require a vacuum pump, condenser, or water separator, decreasing volume 

and mass further. Allowing the CDRILS subsystem to manage cabin humidity, rather than return all the humidity in 

the feed air to the cabin, reduces the subsystem volume at a minor cost in electric power and heat rejection. 

For the Apollo missions, LiOH cannisters were used to maintain a 

partial pressure of 7.6 torr.28 One cannister weighed 7 kg, and it could 

remove enough CO2 for one crewmember for 4 days.29 To remove enough 

CO2 to maintain a partial pressure of 2 mmHg, about four times the amount 

of LiOH will be needed per crewmember. Thus, a LiOH CO2 removal 

system will be 7 kg/CM-day to maintain the new 2 mmHg requirement. 

Additionally, two cabin fans are used to blow the air stream through the 

cannister, and each fan will consume 28 W of power.30 

For a lunar transit mission, which is nominally only 18 days round trip, 

the new CDRILS technology, with a lunar transit ESM of only around 271 

kg, would break even before 10 days, and would reduce the CO2 removal 

system’s ESM by 240 kg for a lunar transit mission (Fig. 9). The benefit 

of using CDRILS is even greater when considering the added capabilities 

of humidity control and trace contamination control, which are not shown 

in this graph. CDRILS will also be even more valuable for reusable landers 

kept in orbit between missions. 

B. Closing the loop for water 

While electrical power is the largest single fixed cost with regards to 

implementing PUP for missions to Mars, the savings in volume and mass 

compared to the UPA are enough that using the PUP is a better option even 

after 1 day (Fig. 10). The fixed mass savings, robustness, and operational 

simplicity of PUP relative to the ISS UPA far outweigh the higher 

electrical power costs, saving over 4,500 kg of ESM for a 1,000-day LEO 

mission and over 1,900 kg of ESM for a Mars mission. 

C. Considerations for commercial space companies 

One of the highest priorities for commercial companies is keeping costs low. ECLSS costs can be broken down 

into three categories: initial hardware launch costs, operational launch costs, and hardware acquisition costs. The 

Commercial ECLSS has been shown to reduce initial hardware launch cost in Tables 1-3 by having lower volume, 

mass, power and cooling than the ISS ECLSS. The higher recovery rates of oxygen and water, as well as the higher 

reliability of the Commercial ECLSS and the minimization of ORUs or spares used will also result in a reduction in 

operational costs (Fig. 7, 8, 10). The Commercial ECLSS technologies reduce initial hardware launch costs and 

operational launch costs, but as launch costs decrease throughout the space industry, hardware and development costs 

will quickly become of greater relative importance. 

While it might be assumed that using “baseline” hardware from ISS will result in lower hardware acquisition costs, 

that assumption leaves out the fact that many of the technologies developed 20 years ago have become outdated and 

obsolescent, and use components which do not have a supported supply chain. For example, the heritage OGA cell 

build is experiencing prohibitively long lead times and high costs associate with the exotic metals used in the stack, 

which the Commercial ELCSS OPA doesn’t require. These unsupported supply chains often mean that rebuilding the 

same piece of technology would require purchasing outdated custom components to create the same qualified product, 

which increases material costs and delays schedule, resulting in higher total program costs. Newer technologies, like 

those discussed in this paper, often use off-the-shelf components or industrial components from high volume 

industries. This not only ensures availability of hardware, but also ensures shorter cycle times and lower costs for the 

components, leading to significantly lower overall program costs. High volume components are also likely to be 

supported by the manufacturer, meaning that their reliability, resiliency, and efficiency is likely to improve and lead 

to lower operational costs over time.  

The Commercial ECLSS also aims to reduce cost to its customers by increasing the capabilities of single pieces 

of hardware. CDRILS, for example, is capable of not just CO2 removal, but also humidity control and a significant 

 

 
Figure 10. Equivalent system mass for 

water recovery options for different 

missions. 
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portion of trace contamination control on ISS. The PUP, likewise, removes the need for users to procure both the ISS 

UPA and a brine processor to achieve the same recovery. 

D. Considerations for deep space missions 

In addition to the considerations already discussed in this paper, additional issues must be addressed for deep space 

missions, such as a mission to Mars. The minimum duration for such a mission is set by orbital dynamics, and may 

be as long as three years. During the mission, little to no resupply will be possible, and any repair or maintenance 

issues will need to be handled by the crew. Therefore, equipment for such a mission must be very robust and reliable, 

and any simple repairs or maintenance tasks must be easy to perform. The technologies in the Commercial ECLSS 

have been designed specifically with these concerns in mind. 

Additionally, communication delays in deep space or from Mars may range up to 20 minutes, meaning that ground 

control intervention and monitoring will be limited, and some vehicles, such as orbiter vehicles, may not be occupied 

all of the time. As a result, equipment for such missions will need to be more autonomous, and to be able to respond 

to changing conditions without operator intervention. These new technologies are being integrated with more sensors 

than are currently on the ISS hardware, which will allow for more automated controls and interlocks as well as 

monitoring to forecast failures and diagnosis of failure with autonomous systems to address maintain the life support 

systems. Predictive failure monitoring is increasingly common in other aerospace areas, but will be particularly 

valuable in deep space. 

VIII. Conclusions and Future Work 

The Commercial ECLSS design is an improved alternative to the current ISS ECLSS, combining new technologies 

developed and matured by our teams as well as modernizations to subsystems based on the ISS ECLSS design and 

components. The new ECLSS will be able to address multiple capability and reliability gaps for the long-duration 

crewed missions described by NASA as well as meet the requirements of improved performance, higher reliability, 

higher resiliency, and longer mean times between maintenance. The Commercial ECLSS design has the added benefit 

of offering significant reductions in volume, mass, power consumption, and cooling requirements. With higher oxygen 

and water recovery rates, a spacecraft requires minimal-to-no resupply mass, which translates to significant cost 

savings over the course of long missions. It also avoids known issues including dust generation and resulting plugging 

for solid adsorbents, oxidative ammonia generation leading to failures of vulnerable components and failure of pumps 

associated with the OGA, as well as obsolescence issues of the ISS technologies. 

 The next step to take advantage of this ECLSS design will be to start the process toward integration of these 

components and subsystems into a breadboard, ground demonstration unit to validate the performance metrics (e.g., 

CO2 capture, O2 recovery, air quality, water quality, waste management, system durability, power consumption, etc.). 

During the ground demonstration, the integrated system operation will be optimized and the components’ designs and 

sizes will be optimized for closed-loop operation. The fate of trace contaminants that are expected in the habitat should 

be investigated in the closed loop system, and the needs to integrate a trace contaminate removal component to mitigate 

this risk will be assessed. Efforts to reduce the volume and mass of the various balance-of-plant components will also 

need to be made. A system packaging study will be required to reduce the overall system volume. A fully-automated 

control system and many of the electronic components, such as relays and fuses, will need to be developed during the 

ground demonstration to provide overall system controls as well as interfaces between individual components. The 

synergistic combination of subsystems making up the Commercial ECLSS will provide a very promising alternative 

for use in future manned missions. 
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