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As NASA looks forward to long-term, deep-space, manned missions and the technologies 

required for them, it is essential to look back at the technologies that have been used to date 

in Low Earth Orbit and short-term lunar missions in order to derive insights and lessons 

learned. This paper provides an overview of the evolution of CO2 removal systems used during 

the Mercury, Gemini, Apollo, Skylab, Shuttle, and International Space Station (ISS) 

programs, and discusses the lessons learned from the Carbon Dioxide Removal Assembly 

aboard ISS, which with over 15 years of operation on ISS, continues to provide valuable 

insights that can be applied to future systems. Building on the lessons learned, we introduce 

candidate technologies for CO2 removal that align with new requirements for future deep 

space missions. 

Nomenclature 

AAP = Apollo Applications Project 

CAMRAS = Carbon Dioxide and Moisture Removal Amine Swing-Bed System 

CDRA = Carbon Dioxide Removal Assembly 

CO2  = carbon dioxide 

DAB = Desiccant/Adsorbent Bed 

DSH = Deep Space Habitat 

ECLS = Environmental Control and Life Support 

LiOH = lithium hydroxide 

MOF = metal-organic frameworks 

ORU = Orbital Replaceable Unit 

POST = Predevelopment Operational System Test for CDRA 

I. Introduction 

IKE most systems, the development and evolution of NASA’s carbon dioxide (CO2) removal systems—from the 

Mercury space capsule to the present International Space Station (ISS)—started with emphasis on simplicity and 

reliability with later added emphasis on efficiency. NASA’s early missions of Mercury (1958–1963), Gemini (1961–

1966), and Apollo (1961–1972) all used lithium hydroxide (LiOH) canisters for CO2 removal.  LiOH canisters were 

simple, lightweight, reliable, and effective, and were the mainstay of early CO2-removal strategies for life support 
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systems. These systems were designed for single use. The 

progression towards more efficient and regenerable molecular-

sieve beds occurred in the Apollo Applications Project 

(executed 1965–1979) and the resulting Skylab space station 

(operated 1973–1979) for longer mission durations. The Space 

Shuttle (operated 1985–2011) used LiOH to best satisfy its 

shorter mission requirements. Currently, the Carbon Dioxide 

Removal Assembly (CDRA) on board the ISS (ISS first 

launched in 1998, CDRA in operation 2002–present) uses a 4-

bed molecular-sieve system for the ISS’s very long duration 

mission. 

II. Historical Perspective 

America’s first manned orbital spacecraft was the Mercury 

capsule. The Mercury program successfully orbited a manned 

spacecraft around the Earth and evaluated the effects of space 

on human function. There were six Mercury missions lasting 

from 15 minutes to 34 hours and reaching altitudes up to 176 

miles. The CO2 removal system used lithium hydroxide 

canisters as part of the Environmental Control and Life Support 

System (ECLS) system supplied by Honeywell (then Garrett 

AiResearch) that maintained the spacecraft at 5.5 psia with 

100% oxygen in order to minimize the vehicle weight. 

The next spacecraft, Gemini, sized for 2 crew members, also used lithium hydroxide canisters supplied by 

Honeywell for CO2 removal as part of the ECLS system that maintained 5.3 psia at 100% oxygen. There were ten 

crewed Gemini missions reaching an orbital altitude of up to 739 miles and lasting up to 14 days, which was 

significantly longer duration than Mercury. The Gemini spacecraft was a successful platform to prove the technologies 

for the concurrently running Apollo program. 

The Apollo spacecraft was designed for demanding lunar missions and required a minimum weight approach to 

all aspects of the spacecraft. The environmental controls operated at 5 psia pressure with 100% oxygen except during 

launch, where a 40% nitrogen mixture was used to mitigate fire risk. Apollo had three crew members. There were ten 

crewed missions lasting from 5 to 12 days. All Apollo missions used lithium hydroxide canisters (Figure 1) supplied 

by Honeywell for CO2 removal as part of the ECLS system.  

As part of a planned extension of the Apollo project, NASA 

developed technology for longer duration missions in a project 

called the Apollo Applications Project (AAP). None of the 

planned missions were ever flown. The challenge of longer 

duration missions necessitated the development of regenerable 

sorbents to reduce total weight. Honeywell developed and tested 

a dual bed molecular sieve CO2 removal system. The system 

used dual composite beds of molecular sieves and silica gel to 

remove water and CO2 from cabin air. This design is appropriate 

for longer duration missions lasting more than 10 days. The 

system had a low fixed weight (126 lbs.) and low amount of 

expendables. The beds ran in a pressure-swing cycle with warm 

and cold coolants to improve performance. The Apollo 

Applications system is shown in Figure 2. 

Skylab was the first American space station and was 

developed as a part of the AAP. There were three missions to 

Skylab of durations of 28, 59 and 84 days. The Skylab 

atmosphere was at 5 psia with 72% oxygen. Because of the much 

longer mission durations, Honeywell developed the first 

regenerable air revitalization system to be used in low earth orbit 

(Figure 3).  This pressure swing molecular sieve system 

regenerated the zeolite beds by venting the adsorbed gases to 

 
Figure 1. Lithium hydroxide canister from the 

Apollo spacecraft.  

 

 
Figure 2. CO2 removal system developed during 

the Apollo Applications Project. 
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space. However, this did not ensure complete removal 

of water; complete regeneration was accomplished by 

venting the bed to space while an electric heater 

maintained the temperature at 400°F for approximately 

5 hours. This bake-out capability was executed at the 

beginning of each manned period and once after 24 

days of operation during the second mission. The 

Skylab program successfully demonstrated the use of 

zeolite molecular sieves in regenerative CO2 removal 

having performed over 4100 hours without failure. 

The Space Shuttle program, formally commenced 

in 1972, enabled the great expansion of access to space. 

There were five Shuttles that executed 135 launches 

eclipsing all prior spaceflight programs. It was the 

workhorse for establishing the ISS. Shuttle had a 

payload capacity of 60,600 lbs. to low earth orbit and 

35,380 lbs. to ISS. The Shuttle atmosphere is 14.7 psia 

with 20% oxygen, the same as nominal earth, to enable 

science experiments. The Shuttle used lithium 

hydroxide canisters, since the mission durations were relatively short with the average mission duration being less 

than 10 days. The canisters are replaced every 11 to 12 hours depending on crew load. The Shuttle lithium hydroxide 

canisters are provided by Hamilton-Sundstrand as part of the ECLS system. 

The ISS is the largest space structure in history with a weight of 925,000 lbs. and length of 327 ft. The ISS has 

an internal pressurized volume of 32,333 ft3. It is also the most complex spacecraft ever flown with 52 computers for 

control. The ISS has been manned for 6303 days or about 17 years which is significantly longer than any previous 

space endeavor; by comparison, the previous record holder, Mir space station (1986–2001), logged 3644 days of 

continuous human presence. This requires the atmosphere revitalization to be extremely robust and reliable. The 

atmosphere on ISS is nearly Earth sea level at 14.7 psia with 20% oxygen. The CDRA aboard the ISS is a four-bed 

molecular-sieve system provided by Honeywell (Figure 4). The CDRA system is a water-save system evolved from 

the 2-bed Skylab system from AAP, which vented adsorbed water overboard. The CDRA was initially developed as 

part of a closed-loop air revitalization system,1 but budget constraints drove the initial implementation to vent CO2 

overboard. Today, one of the two CDRAs onboard the ISS is integrated with a Sabatier and electrolysis system that 

converts the collected CO2 into oxygen. This system, provided by Hamilton Sundstrand, partially closes the oxygen 

loop. The CDRA is the most advanced CO2 removal system flown to date.  

 
Figure 3. CO2 removal system from Skylab. 

 
 

Figure 4. The Carbon Dioxide Removal Assembly (CDRA) from ISS. 
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Development of the CDRA occurred in the 1980s culminating in a technology demonstrator2 in 1987 which first 

featured the ASRT™ solid CO2 adsorbent zeolite. Preliminary design work for the CDRA occurred in circa 1989 in 

parallel with the Predevelopment Operational System Test (POST).1  Preliminary design review occurred in 1990 with 

critical design review following in 1992. In order to reduce schedule and cost, the program took the risk of conducting 

integrated system development tests in parallel with development of other components such as selector valves, pumps, 

and DABs. As a result, the proto-flight CDRA was only performance tested after final assembly, and it was never 

endurance tested as an integrated flight system. The proto-flight CDRAs were built and acceptance tested in 1997 and 

1998. The CDRA met the CO2 removal requirement for cabin inlet air with CO2 partial pressures between 2.0 mmHg 

to 3.9 mmHg.3  The proto-flight CDRA flawlessly completed integrated ISS tests in December of 2000,4 and was 

launched aboard STS-98 in February 7, 2001. After a full functional checkout, operation commenced onboard ISS in 

August 2002. 

III. Lessons Learned from CDRA 

The CDRA was generally successful in performance as new proto-flight hardware and has set the foundation for 

future CO2 removal technologies with more challenging requirements. System reliability to the proto-flight hardware 

gradually improved during its 15-year on-orbit record. Many of the encountered problems in the integrated system 

were interrelated. Notable issues were  

 Pellet containment issues in the desiccant and adsorbent beds,  

 Excessive dusting from zeolites,  

 Liquid water infiltration,  

 Valve operational faults, 

 Organic contaminants on desiccant and adsorbent pellets, 

 Adsorbent bed heater shorts.  

Pellet containment issues5 in 

the Desiccant/Adsorbent Bed 

(DAB) Orbital Replaceable Unit 

(ORU) in the initially flown 

design prompted a redesign of the 

containment features to prevent 

future failures. The original 

containment features were a 

carryover from the previous 

design used successfully in 

Skylab, but missed a fail-safe for 

excess zeolite attrition. 

Accelerated zeolite attrition may 

have occurred due to excess 

moisture in the adsorbent bed from 

initial operation of the CDRA at a 

lower adsorbent bed from initial 

operation of the CDRA at a lower 

adsorbent bed regeneration 

temperature of 260°F to decrease 

power consumption (as opposed to 

the designed 400°F). This was an 

unforeseen change was not fully 

vetted by Honeywell due to 

schedule and budget limitations. 

The new configuration with a 

modified baffle and secondary 

screens successfully solved the 

containment issue, but resulted in 

trapping zeolite dust in the DAB 

thereby increasing pressure drop 

across the bed during operation.  

 

   
 

 
 

Figure 5. Comparison of CO2 isotherms for ASRT 5A and RK-38 zeolites. 
The two zeolites were both based on the same 5A zeolite and therefore showed 

similar CO2 adsorption behavior. The pellets are different in shape (top photos). 
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To mitigate increasing pressure drops, a second redesign effort to produce the “dash-4” DAB added features that 

allowed crew maintenance to clear the screens of excess zeolite dust. This feature enabled a method to mitigate 

increased pressure drops, albeit with a burden on crew time (initially expected to be infrequent at no more than once 

every 3 years). Also, a new zeolite, RK-38™—shown to have significantly higher bulk crush strength and be more 

robust to dusting under nominal conditions—was introduced into the redesigned DAB because the precursor to 

manufacture the previous ASRT 5A™ was obsolete.6  The RK-38 zeolite is spherical unlike the cylindrical ASRT-

5A, thus eliminating pellet corners that had been implicated as sources of dust. The carbon dioxide isotherms for the 

two materials were similar (Figure 5) as expected, since both materials are differently bound 5A zeolites; however, 

the apparent bulk density of RK-38 (0.778 g/cc) is less than that for ASRT-5A (0.924 g/cc) yielding a lower volumetric 

capacity for RK-38. The new zeolite survived a durability test of more than 1400 adsorb/desorb cycles using dry feed, 

but separate studies also showed that RK-38, like ASRT-5A is vulnerable to hydrothermal damage in the presence of 

high humidity or liquid water. Subsequent teardown evaluations of the redesigned DAB revealed evidence of liquid 

water infiltration into the DAB originating upstream of the CDRA, possibly exacerbating the dusting of the zeolite.7  

A new “dash-5” DAB was quickly implemented to return to the ASRT 5A (previously used in the “dash-3” DAB).  

This decision was prompted by the 2015 study by Knox8 that a bed of RK-38 increased in pressure drop more rapidly 

than one of ASRT-5A when repetitively exposed to high humidity.  

Contamination originating from both inside and outside the CDRA caused problems with system performance. 

Internal to the CDRA, the aforementioned zeolite dusting was implicated as a contributor to subsystem issues 

including air-save pump problems and selector valve transition faults. A notable finding during the selector valve 

failure investigation in 2014 suggested that the microgravity environment could allow more zeolite dust to impact the 

valve-ball seal, thereby accelerating wear that went unobserved during limited ground tests. External to the CDRA, 

aforementioned liquid water infiltration as well as organic contaminants like polydimethylsiloxane9,10 have 

compromised the performance of the desiccant and adsorbent beds. Future development of system components needs 

to increase maintainability and robustness against these and other expected contaminants. 

The heater assembly in the adsorbent bed has experienced failure of temperature sensors and electrical shorts in 

the heating elements. The temperature sensors were improved with a new robust design as part of the “dash-4” DAB 

redesign and so far appears to have resolved previous issues since deployment in the field in 2012. The electrical 

shorts in the heater were addressed in the dash-4 redesign by increasing the thickness of the Kapton® sheeting that 

insulates the planar heating element and by changing the design and manufacturing method to reduce risk of 

compromising the Kapton sheet.7   

In summary, the overall lessons learned from on-orbit operation of the CDRA were 

 ECLS systems for extremely long missions must be designed for maintainability below the ORU level 

as a contingency measure, 

 Contamination impacts must be part of design considerations and requirements, 

 Engineers must be aware of the differences between testing on ground and operation in microgravity 

when assessing wear and long-term reliability in the presence of abrasive microparticles, 

 New technology implementations should be fully qualified prior to flight to reduce future mitigation 

costs, 

 To protect the subsystem supplier from problems caused by system-wide changes, funding should be 

provided to the subject matter expert to fully vet operational changes, 

 System designs must incorporate emergency functionalities to allow recovery from known failure 

modes, 

 Inter-system considerations should be made to prevent problems from one system to cascade into 

downstream systems.   

IV. Considerations for Future Missions 

As NASA prepares to expand human presence beyond low-Earth orbit, future life support systems should address 

both the valuable lessons learned from ISS and future mission requirements. NASA’s next vehicle, the Deep Space 

Habitat (DSH), could be an outpost for humans on long duration missions to the Earth-moon Lagrange-2 point, a near-

earth asteroid, the moon, and Mars.11  However, current air revitalization technology does not meet the necessary 

requirements for the missions proposed. Although the CDRA has served the ISS for 15 years, it also was maintained 

by the crew every 3-6 months and had access to replacement parts on Earth. Due to the distance between Earth and 

possible destinations, large repairs and frequent crew maintenance will not be possible. To create a CO2 removal 

system of the future, engineers will have to apply the lessons learned from the CDRA to meet the reliability 
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requirements, and meet NASA’s new requirements for CO2 levels and maintenance intervals, with an appropriate size, 

weight and power. 

Zeolite microparticles were the source of many recent issues for the CDRA that included valve failures, high 

pressure drops across the DABs, and shortened maintenance intervals. An ideal future sorbent is one that does not 

dust, even in the presence of liquid water, which likely exacerbated the dusting problem for the CDRA. Future designs 

should incorporate liquid water countermeasures and adsorbent beds that can tolerate high humidity or larger water 

leaks. For a system like CDRA, a system mode where the adsorbent bed heaters can bake any water out of the zeolite 

should be mandatory and available. Should the heater bake-out temperature not be restored in a future system, a 

sorbent that can withstand water should be used. Another solution may be using a sorbent that can process the water 

in addition to the CO2 and further separate the water and CO2 for processing in an adjoining system. Resolving these 

challenges in the next CO2 removal system will not only ensure that lessons learned from the CDRA are met, but also 

help to create a more reliable system with longer maintenance intervals. 

NASA’s future CO2 removal system will need to have a crew maintenance interval of at least 3 years12 due to the 

long duration of the missions. NASA is currently considering DSH missions with durations of both 60 days (2 months) 

and 500 days (16.5 month).13  A Mars mission will be crewed for approximately 30 months,14 or 2.5 years. The long 

crew-maintenance interval is also warranted by the long duration between missions. The DSH will likely stay in a 

low-power mode for many months between missions and will not have a crew to maintain it. Likewise, on a manned 

mission to Mars, the habitat would stay in a low-power mode for 500 days14 while the crew visits the surface of Mars. 

To validate and ensure the high reliability of a future CO2 removal system, a replica system should be tested on ground 

and on ISS in an integrated system with other ECLS hardware for multiple years before the DSH missions. 

The low-power modes and unmanned operation also may increase the need for autonomous systems. An 

autonomous system will most likely be needed to monitor the life-support system while the crew is away for long 

periods of time. It may assist with simple maintenance such as changing filters, monitoring itself for faults or leaks, 

and turning on backup systems. On a crewed vehicle, an autonomous system would also monitor the environment for 

CO2 spikes and employ redundant systems to remove excess CO2.  

In the event that a larger repair is needed, the mission might include a 3D printer to print replacement parts. A 3D 

printer would help NASA lower cost by reducing the need to bring along extra parts. This would be especially true if 

the parts were recyclable if broken. If this is to occur, parts of a CO2 removal system would need to be designed to be 

printable. 

In addition to being extremely reliable, future spacecraft air revitalization systems will be extremely efficient and 

effective. The DSH’s CO2 removal system will need to maintain a CO2 partial pressure below 2 mmHg CO2.12  This 

requirement is driven by the negative health effects experienced by astronauts on ISS. The CDRA has maintained a 

CO2 partial pressure below 3 mmHg depending on crew loads,15 while the requirement was to maintain a partial 

pressure below 3.9mmHg. Despite being well within the requirement, astronauts have experienced headaches and 

vision impairment related to higher CO2 levels,16 and in response, doctors have requested lower CO2 levels.17   While 

removing more CO2, the future CO2 removal system will also be required to reduce size, weight and power 

consumption. NASA aims to reduce the size of the system to below 13.7 ft3 and reduce power consumption to 100 

watts per crewperson.12 

The design of the future CO2 removal system is not only affected by the efficiency required by the CO2 removal 

system, but also of the systems upstream and downstream of it in a closed-loop air revitalization system. In order to 

provide a closed-loop air revitalization system, NASA will require that 75% to 90% of oxygen to be recovered from 

CO2.12  This eliminates a CO2 removal system that uses space vacuum for regeneration. The CO2 removal system will 

need to be regenerated using a heater or a vacuum pump. The greater focus on developing a closed-loop air 

revitalization system with higher oxygen recovery will help NASA reduce the amount of life support consumables, 

oxygen and water, that will need to be carried on missions, and thus reduce the storage and transportation costs. 

V. Future Candidate Technologies 

The ISS CDRA has maintained its required inlet CO2 partial pressures of 2.0 mmHg to 3.9 mmHg. However, as 

noted above, future systems will be required to meet higher efficiencies and fulfill much lower CO2 partial-pressure 

requirements. Potential candidates for regenerable systems can be generally divided into two categories by their 

sorbent types: solid sorbents and liquid sorbents. Membrane technologies are also discussed. 

A. Solid Sorbents 

The present state of the art for regenerable CO2 removal systems for spacecraft, the ISS CDRA, uses zeolite 

adsorbent ASRT 5A pellets (custom made from Honeywell UOP zeolites) to remove CO2 from cabin air. 
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Aluminosilicate zeolites have the advantage of widespread commercial use, low cost, functionally unlimited material 

life, and high capacity. Disadvantages compared to other methods of regenerable sorption include their strong affinity 

for water, requiring a desiccant bed for protection, and reduced mechanical strength with exposure to high humidity. 

A noted problem with the zeolites used in the current ISS CDRA is that they generated fine powder during operation 

that caused problems with premature wear of valve seals and interfered with air save pump on startup. An evolutionary 

solution to resolve the dusting problem is to immobilize the zeolite with a polymer. Honeywell tested a polymer-

immobilized ion-exchanged X zeolite in 2005 for use in the CDRA.18,19  The polymer-immobilized zeolite showed a 

factor of 1.6 by weight improvement in CO2 capacity compared to ASRT 5A (Figure 6 and Figure 7).20  The 

regeneration temperature in the absence of gross water contamination is similar to that for ASRT 5A. With increased 

density provided by a specially designed manufacturing process, the performance of the polymer-immobilized zeolite 

in CDRA is expected to exceed that of ASRT 5A with less dusting concerns.  

 
 

 

Figure 6. Isotherm comparison between 

ASRT 5A and ion-exchanged X zeolite. Ion-

exchanged X zeolites have greater capacities at 

low CO2 partial pressures on ISS.20 

Figure 7. Dynamic performance comparison between ASRT 

5A and ion-exchanged X zeolites. Ion-exchanged X zeolites 

have higher breakthrough capacity than the same zeolite in pellet 

form, and much higher than ASRT 5A pellets.20 

 

Another class of materials that has a long history of CO2 capture are amines. Traditional liquid amines generally 

have higher sorption rate and capacity per volume than zeolites, but have disadvantages of higher regeneration energy, 

odor, corrosion concerns, degradation over time, and are hazardous in cases of breaches into the cabin. In order to 

mitigate the disadvantages of liquid amines, researchers immobilized liquid amines or chemically bonded them to a 

porous substrate to form solid amines. Solid amines for future space vehicles and habitats, such as that used in 

Hamilton Sundstrand’s Carbon Dioxide and Moisture Removal Amine Swing-Bed System (CAMRAS), have an 

advantage of enabling small system weight and volume, and good low pressure CO2 adsorption capacity.21  The 

disadvantage of solid amines for long-duration applications is the limited life of amines (approximately 3 to 5 years), 

odor, and high water loss from the cabin environment when compared to zeolites. CAMRAS implements a desiccant 

wheel as a water-save strategy to minimize excess water loss.  

Metal-organic frameworks (MOF) are a relatively new class of hybrid organic-inorganic regenerable molecular 

sieve that use a molecular capture strategy similar to zeolites. Volumetric CO2 adsorption capacity of MOFs are 

generally higher than zeolites due to more efficient molecular spacing of active sites.22  The chemical and thermal 

stability of metal-organic frameworks is generally lower than that of zeolites, but could be stable enough for use in 

CO2 removal systems for space applications. Further development of MOFs to increase their structural strength and 

specificity would make them extremely attractive for implementation in a space CO2 removal system. 

B. Liquid Sorbents 

Liquid sorbent systems, specifically those featuring amines, have a well-known utilization history for CO2 removal 

in submarines and power plant exhausts. Such systems typically involve two paired scrubbers, one to sorb the CO2 

into the liquid phase and a second for desorption. Figure 8 shows a conceptual schematic for such a process. The CO2 

scrubbers would involve spraying a fine mist of liquid into a concurrent air stream or bubbling the air stream into a 
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concurrent liquid stream to increase the surface area. To further increase surface area, contactors would also be used 

in the scrubber, ultimately maximizing the CO2 mass transfer rates and reducing the size of the system. Gas-liquid 

separation is then performed to ensure gravity-independent operation. Such systems also avoid the complicated system 

of valves associated with solid sorbent beds. 

 
Figure 8. A conceptual system diagram for a liquid-sorbent-based CO2 removal system. The key to fielding a 

compact CO2 removal system for space vehicles is the development liquid sorbents that have high CO2 capacity, 

no toxicity, and no volatility that can alleviate containment concerns. 

 

The reason that these systems have so far not been implemented, especially with amine sorbents, is because these 

compounds are volatile, corrosive, odorous, and toxic, and there were significant issues with containment especially 

in zero gravity. If these obstacles could be overcome, the resulting system could fulfill multiple roles; in addition to 

CO2 removal, the same system could also reduce humidity, cool air temperature and remove many trace air 

contaminants.23 

Monoethanolamine aqueous solutions are the traditional choice for liquid CO2 sorbents, and are widely used where 

the disadvantages associated with odor, toxicity, and instability with respect to air oxidation are not major issues. 

Other liquid sorbents such as alkaline carbonates (e.g., cesium carbonate) have also been explored.23  These have the 

advantage of being completely non-volatile, but had slower uptake kinetics than the amine. 

Recently, ionic liquids have become preferred liquid sorbents for carbon dioxide recovery in other applications. 

Ionic liquids are organic salts whose melting point is below the operating temperature. They are thus polar liquids 

with essentially no boiling point or vapor pressure, and can be tailored for the chosen application. With the correct 

choice of cation and anion in the ionic liquid, it is also possible to find ionic liquids that are relatively non-toxic. The 

viscosity of these liquids is a strong function of temperature and water concentration.24  The liquids are infinitely 

soluble in water, but the water can be removed by either temperature swing or application of a vacuum. Krupiczka et 

al.25 compared the performance of a contactor using an ionic liquid with monoethanolamine, and concluded that the 

higher viscosity of the ionic liquid slows the kinetics of uptake and makes them currently less attractive than the 

amine, but Seo et al.26 recently described new ionic liquids with dramatically improved carbon dioxide sorption 

capacities which may overcome this obstacle. Honeywell has over 15 years of experience researching ionic liquids for 

various applications in petroleum refining and natural gas processing, and is now getting promising results using 

similar new ionic liquids to address the challenges of CO2 removal for spacecraft. 

C. Membrane Technologies 

 Membrane technologies have frequently been considered as alternatives to solid or liquid sorption for the 

removal of carbon dioxide from gas streams.27  Membranes separate gases on the basis of their relative solubility in 

the membrane and relative diffusivity through the membrane. Carbon dioxide is both more soluble and has a higher 

diffusivity than nitrogen or oxygen, suggesting that this method should hold promise. However, the lack of high-
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enough selectivity between CO2 and oxygen poses a challenge to separate them. Thus, a membrane which effectively 

separates CO2 from nitrogen will also separate oxygen from nitrogen, generating a product stream which is CO2 free, 

but also oxygen deficient. Facilitated transport membranes have been proposed with higher specific selectivity for 

carbon dioxide, but these have not become commercially available because of issues of stability. These trends suggest 

that membranes may play a useful role as pre-concentrators for CO2 to allow intensification of other processes, but 

may not find a role as a stand-alone CO2 recovery method. 

VI. Summary 

The ECLS system is one of the most critical and complex systems of a human space mission, and arguably the 

most unique. To develop the next state-of-the-art ECLS system for a long-duration mission to Mars, more resources 

should be allocated to the development and integrated testing of ECLSS hardware. The long-duration, high-reliability, 

and high-efficiency requirements for future missions beyond low-Earth orbit will drive the selection of future ECLS 

systems and especially the next CO2 removal system. The CDRA, although it met the long-duration requirement, 

would need to become more reliable, robust, and efficient to meet the requirements of future missions. Recent progress 

in both solid and liquid sorbents warrants further development of both paths: improvement in the capacity for solid 

sorbents and reduction of volatility for liquid sorbents (e.g., ionic liquids). Although solid sorbents have dominated 

the history of CO2 removal for U.S. space vehicles, the potential of liquid sorbents holds promise for providing a more 

efficient, small, lightweight system once containment is proven. 
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