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Carbon dioxide (CO2) and humidity control are required functions for a spacesuit Portable Life Support Subsystem (PLSS) as the system operates in a closed loop mode removing bioproducts generated by the crew before supplementing with makeup oxygen. For suits such as the Apollo Extravehicular Mobility Unit (EMU), Shuttle EMU, and International Space Station (ISS) EMU single bed solid sorbents have been used for CO2 control with humidity control via a condensing heat exchanger. For new suit designs such as the Exploration EMU (xEMU) solid adsorbents have been used for both CO2 control and humidity control but in a swingbed implementation that loses O2 and CO2/H2O to the vacuum environment and requires vacuum access during Intra Vehicular Activity (IVA) operations. For the vehicle cabin life support application a new approach has been in development referred to as Carbon Dioxide Removal by Ionic Liquid System (CDRILS). This approach utilizes a continuously recirculated ionic liquid sorbent and hollow fiber membrane contactors for CO2 removal from spacecraft cabin air. CDRILS is working toward a flight demonstration on the International Space Station (ISS) in 2028. Honeywell and the NASA Space Suit & Crew Survival Systems Branch are exploring a variation of CDRILS tailored to the spacesuit application seeking to control the CO2 and humidity in the suit ventilation loop while minimizing losses to the environment and no longer requiring vacuum access to function. The CDRILS for Mobility (CDRILS-M) will be integrated into the NASA Mars Exploration EMU (mxEMU) PLSS concept. The benefits of continuous, liquid based CO2 and humidity control for Mars Exploration applications, the CDRILS-M mxEMU concept, and the exploration of alternative ionic liquids mixtures and operating configurations targeted to this application are discussed.
Acronyms and Nomenclature
4-BMS	=	4-bed molecular sieve technology
BER	=	Basic Express Rack
CDRA	=	Carbon Dioxide Removal Assembly
CDRILS	=	Carbon Dioxide Removal by Ionic Liquid System
CDRILS-M =	Carbon Dioxide Removal by Ionic Liquid System for Mobility applications
CO2	=	carbon dioxide
FBCO2	=	Four Bed CO2 Scrubber
EMU	=	Extravehicular Mobility Unit
EVA	=	Extravehicular Activity
FDU	=	Flight Demonstration Unit
HRS	=	Hydrogen Recovery System
IL	=	ionic liquid
ISS	=	International Space Station
IVA	=	Intra Vehicular Activity
mxEMU	=	Mars Exploration EMU
PCI	=	Precision Combustion, Inc.
PLS	=	Portable Life Support Subsystem
TAS	=	Thermal Amine Scrubber
xEMU	=	Exploration EMU
I. Introduction
T
[bookmark: _Ref187926980]HE Carbon Dioxide Removal by Ionic Liquid System (CDRILS) is designed to remove carbon dioxide (CO2), humidity, and trace contaminants from an enclosed space, returning a continuous supply of breathable air while isolating a purified CO2 product stream for recovery of its oxygen value.[endnoteRef:2],[endnoteRef:3] CDRILS for habitats has been in development with NASA since 2018[endnoteRef:4] and the CDRILS Flight Demonstration Unit (FDU)[endnoteRef:5],[endnoteRef:6] is planned for demonstration on ISS in 2028 with an integrated Sabatier reactor to facilitate oxygen recovery. CDRILS utilizes a recirculating ionic liquid sorbent and membrane contactors to provide continuous CO2 and humidity removal. A contaminated stream of air is contacted with fresh ionic liquid at the scrubber where CO2 and water are selectively absorbed into the liquid and transported to the stripper for desorption. Desorption at the stripper regenerates the ionic liquid, and the purified CO2 product is delivered to the Sabatier reactor where it is converted to methane and water. [2:  Kamire, R., Henson, P., Yates, S. F., Kayatin, M. J., Ford, J., Rahislic, E., Triezenberg, M., Pipitone, M., Pope, E., Gressly, N., “Carbon Dioxide Removal by Ionic Liquid System (CDRILS): Ground Prototype Testing and Trace Contaminant Removal Integration,” 52nd International Conference on Environmental Systems, ICES-2023-103, Calgary, Canada, 2023.]  [3:  Kamire, R., Henson, P., Yates, S. F., Rahislic, E., Triezenberg, M., Dotson, B., Skomurski, S., Ford, J., Pope, E., Pedersen, K., “Carbon Dioxide Removal by Ionic Liquid System (CDRILS): Impacts of Trace Contaminants and Ground Prototype Testing,” 51st International Conference on Environmental Systems, ICES-2022-289, St. Paul, MN, 2022.]  [4:  Yates, S. F., Kamire, R. J., Henson, P., Bonk, T., Loeffelholz, D., Zaki, R., Fox, E., Kaukler, W., and Henry, C., “Scale-up of the Carbon Dioxide Removal by Ionic Liquid Sorbent (CDRILS) System,” 49th International Conference on Environmental Systems, ICES-2019-219, Boston, MA, 2019.]  [5:  Henson, P., Pipitone, M., Clark, Z., Butterwick, S., Pope, E., Kamire, R., Childers, A., Yates, S. F., “CDRILS 4-crew-scale CO2 Removal and Reduction Flight Unit Design,” 53rd International Conference on Environmental Systems, ICES-2024-126, Louisville, Kentucky, 2024.]  [6:  Kamire, R., Yates, S. F., Triezenberg, M., Rahislic, E., Gray, D., Henson, P., Pipitone, M., Gressly, N., “CDRILS Durability Upgrades and 4-crew-scale CO2 Removal Testing,” 53rd International Conference on Environmental Systems, ICES-2024-124, Louisville, Kentucky, 2024.] 

	Spacesuits are another type of enclosed space to which the CDRILS technology can be applied, providing its benefits of CO2 and water recovery, trace contaminant removal, reusability, and low hazard rating.1 The adaptation of CDRILS for mobility applications (CDRILS-M) uses the same core technology as CDRILS for habitats, but separates the continuous process into discrete accumulation and regeneration phases as pictured in Figure 1. In this configuration, a greater fraction of the CDRILS liquid capacity is utilized to accumulate CO2 and water during Extravehicular Activity (EVA) by suspending or reducing stripping function. Upon returning to the habitat, CDRILS-M can interface with the habitat CDRILS unit to regenerate the CDRILS-M liquid and recover stored CO2 and water through the normal pathway for the habitat unit. 

[bookmark: _Ref188021766][bookmark: _Ref187926863]Figure 1. Adaptation of CDRILS for mobility applications (CDRILS-M).

	The original exploration extravehicular mobility unit (xEMU) development began during the Constellation Program leading to the advanced extravehicular mobility unit (AEMU) leveraging lessons learned from the International Space Station (ISS) extravehicular mobility unit (EMU) [1] [2] with addition of new technologies such as the Rapid Cycle Amine (RCA) swing-bed [3], Spacesuit Water Membrane Evaporator (SWME), and the Primary Oxygen Regulator (POR) [4].  As the AEMU began the transition for a demonstration on ISS and serving as a government furnished equipment (GFE) suit design, it was renamed to the xEMU.  The AEMU/xEMU design was focused on providing a single suit that could operate on the ISS for extended durations in Low Earth Orbit (LEO) and also serve as the EVA suit for the early Artemis missions.  The design was developed as a modular approach seeking to make it extensible to mars exploration as well.  However, the requirements for redundancy, mission duration, cross-compatibility with the existing ISS EMU, and cross-connectivity between three different pressure garment assembly (PGA) architectures drove a capable design that is too heavy to operate in a mars gravity field.  Additionally, the technologies available at the time of design were “lossy” in nature:
1. thermal control is provided via an evaporator that performs a control rejection of water vapor to the environment for heat rejection 
2. CO2 and humidity removal are provided by an amine swing-bed that desorbs the CO2 and humidity sequestered from the suit ventilation loop to the vacuum environment
This design approach favors the LEO and lunar missions as the driving requirements anticipating future design/investment efforts to integrate new technologies that emerge and evolve the design ahead of extended missions.  The mars exploration extravehicular mobility unit (mxEMU) is the beginning of that “upgrade” effort for the government reference design as that it leverages aspects of the xEMU but will rearchitect the life support approaches as needed to achieve improvements required to support supply chain limited long-term missions such as later Artemis lunar operations and mars exploration:
1. Significantly reduced mass which offers reduced effort in crew ambulation with the increased gravity field on mars relative to the LEO and lunar environments
2. Improved system center of gravity location for improved crew stability and reduced effort during ambulation
3. Tight integration into the rear entry hatch PGS architecture to reduced front-to-back dimensions and increase packaging density
4. Non-venting life support functions for primary or nominal functions preserving overall system oxygen and water
5. Increased in-mission maintainability with maximized common sparing with the vehicle Environmental Control and Life Support System (ECLSS)
The application of CDRILS-M to the mxEMU design approach offers the potential for closing these objectives if a sorbent and sorbent integration approach can be identified and refined noting that the current CO2 uptake per unit mass/volume challenges the ability to meet the tight packaging and reduced mass objectives for a highly constrained suit package.  
II. Application of CDRILS to the mxEMU
Benefits of a liquid system
CDRILS was downselected by NASA for demonstration on the International Space Station (ISS) with a launch target of 2028. The CDRILS Flight Demonstration Unit (FDU) is designed for three capabilities: 1) to remove CO2 for four crew while maintaining a 2.0 mmHg partial pressure of CO2 in the cabin, 2) to convert CO2 and hydrogen to methane and water by incorporation of a Precision Combustion, Inc. (PCI) Sabatier reactor,[endnoteRef:7] and 3) to remove trace contaminants.1 The CDRILS FDU accomplishes all three functions while fitting into half an ISS Basic Express Rack (BER) as shown in Figure 2. CDRILS will be the first liquid-based CO2 removal system on ISS and will use the same liquid sorbent system developed and demonstrated previously on the CDRILS breadboards, brassboard, and ground prototype. The other CO2 removal systems on ISS include the Carbon Dioxide Removal Assembly (CDRA) and Four Bed CO2 Scrubber (FBCO2)[endnoteRef:8],[endnoteRef:9] which both utilize 4-bed molecular sieve technology (4-BMS) and the Thermal Amine Scrubber (TAS) which is a solid amine-based swing bed technology.[endnoteRef:10],[endnoteRef:11] [7:  Junaedi, C., Hawley, K., Walsh, D., Roychoudhury, S., Abney, M. B., Perry, J. L. “CO2 Reduction Assembly Prototype using Microlith-based Sabatier Reactor for Ground Demonstration,” 44th International Conference on Environmental Systems, ICES-2014-090, Tucson, AZ, 2014.]  [8:  Cmarik, G., Knox, J., Peters, W. “4-Bed CO2 Scrubber – From Design to Build,” 50th International Conference on Environmental Systems, ICES-2020-178, 2020.]  [9:  Winslette, L., Knox, J. C., Giesy, T., Williams, J., Garr, J. D. II, “Status of the Four Bed Carbon Dioxide Scrubber ISS Technology Demonstration 2023-2024,” 53rd International Conference on Environmental Systems, ICES-2024-31, Louisville, Kentucky, 2024.]  [10:  Ranz, H., Dionne, S., Garr, J., “A Thermally-Regenerated Solid Amine CO2 Removal System Incorporating Water Vapor Recovery and Ullage Air Recovery,” 49th International Conference on Environmental Systems, ICES-2019-174, Boston, MA, 2019.]  [11:  Ranz, H. T., Dionn, S., Garr, J. D. II, “Thermal Amine Scrubber – Renewed Operational Status & Planned Upgrades,” 53rd International Conference on Environmental Systems, ICES-2024-201, Louisville, Kentucky, 2024.] 
[bookmark: _Ref159228270][bookmark: _Ref159227631][bookmark: _Ref159227928][bookmark: _Ref159227814][bookmark: _Ref159228012][image: A computer tower with colorful pipes  Description automatically generated with medium confidence]

[bookmark: _Ref187840032][bookmark: _Ref187840020]Figure 2. CDRILS FDU design in ½ a BER with bumpout.

CDRILS’s use of liquid sorbent enables continuous system operation as opposed to the solid adsorbent technologies which use batch or alternating batch systems. There are many benefits to a continuous system such as more stable CO2 concentrations in the cabin, a constant delivery of products to downstream systems, higher performance due to uninterrupted operation at optimized steady-state conditions, increased reliability of components due a lack of pressure and temperature cycles, and the avoidance of air and water loss to the CO2 product stream. 
The benefits of continuous, liquid based CO2 removal realized in vehicular applications translate directly to spacesuit applications. Currently, the MetOx canisters used on ISS are regenerated using a power-intensive, 14-hour baking procedure.[endnoteRef:12] The CO2 is expelled to the cabin and subsequently processed by the vehicle systems. The CDRILS-M preliminary concept has the potential to recover oxygen from the carbon dioxide exhaled by the astronaut during IVA and EVA operations during the regeneration cycle of the liquid sorbent for future IVAs and EVAs. As shown in Figure 3, CDRILS-M integrates a liquid sorbent and hollow fiber membrane scrubber into the spacesuit’s PLSS to continuously absorb CO2 and humidity during an astronaut’s IVA and EVA. Post EVA, the liquid sorbent, now rich with CO2 and H2O, can be regenerated using a vehicle CDRILS in a stripping operation mode. Liquid sorbent is recirculated through the liquid loop subsystem while a vacuum pump desorbs CO2 and humidity from the liquid sorbent at the stripper contactor. A condensing heat exchanger and water separator partition this mixture into carbon dioxide air and liquid water to be separate products. Depending on the vehicle CDRILS CO2 processing mode, the CO2 is vented to space vacuum or converted in an internal Sabatier reactor to methane and water by reaction with hydrogen. The Sabatier reactor methane product stream contains a water vapor product which is condensed and separated into a liquid water stream and the methane gas is vented. Eventually, CDRILS could integrate with a Hydrogen Recovery System (HRS) such as the methane pyrolysis assembly currently under development at Honeywell.[endnoteRef:13] This system converts the methane product from a Sabatier reactor to carbon and hydrogen, thus closing the air revitalization loop and recovering oxygen from carbon dioxide.  [12:  Swickrath, M, Watts, C., et. al. “Performance Characterization and Simulation of Amine-Based Vacuum Swing Sorption Units for Spacesuit Carbon Dioxide and Humidity Control,” 42nd International Conference on Environmental Systems, San Diego, CA, 2012.]  [13:  Childers, A., Yates, S. F., and Triezenberg, M., “Methane Pyrolysis Enables Closed-loop Oxygen Recovery - Brassboard Evaluation,” 52nd International Conference on Environmental Systems, ICES-2023-88, Calgary, Canada, 2023.] 

Another benefit of the liquid system is simpler integration to regeneration for longer EVAs. Currently, on ISS EVAs, the MetOx canister used during IVA prebreathe is replaced just prior to depressurization to provide the maximum CO2 capacity for the EVA. This swap out requires a brief depressurization of the suit, as the MetOx cartridge is part of the pressurized vent loop, assisted by an IVA crewmember to remove and replace the MetOx cartridge.  In contrast, the ionic liquid can be refreshed via umbilical at any time the umbilical is available, including IVA, or potentially during EVA, with no need for suit depressurization or IVA assistance. For EVA on the Moon or Mars, ionic liquid could potentially be refreshed from ionic liquid available on a vehicle, rover, or any other location where a cache of fresh ionic liquid can be positioned. There are many opportunities to realize this operational flexibility in scenarios where multiple surface infrastructure elements exist.[image: ]
[bookmark: _Ref188017755][bookmark: _Ref188006763]Figure 3. CDRILS-M notional high-level schematic.

Concepts for CDRILS-M
The key functional requirements of the CO2 removal system that CDRILS-M must meet are to control the CO2 concentration and humidity in the suit atmosphere while minimizing losses to the environment. Function without vacuum access allows for CO2 storage to later be recovered. Integration with a vehicle for sorbent regeneration could include regeneration of the liquid using the stripper of a CDRILS that also treats the air of the vehicle. Only liquids with low toxicity are feasible to protect the safety of the astronaut. The CDRILS-M can be more than just a CDRILS scaled from 4 to 1 crew and without a stripper; it is both more demanding in size, weight, and power requirements than CDRILS for a habitat and opens new opportunities for operating configurations.
The proposed 1-year program will explore possible design concepts for CDRILS-M and the feasibility of implementing the concepts in mxEMU. Fundamentally, the size, weight, and power of the CDRILS-M designed to meet performance metrics can be understood as determined by the capacity of the ionic liquid mixture for CO2 and the rate of CO2 uptake and release. Capacity and rate can be quantified for a full system in terms of metrics such as uptake rate per volume of liquid or uptake rate per hollow fiber contactor volume. High capacity and rate are further determined by the composition of the ionic liquid mixture, the design of the hollow fiber contactor, the operating conditions, the system configuration, and the logistics decisions, as shown in Figure 4. These five technology decisions will be the subject of the program.
Honeywell Aerospace Technologies and NASA Space Suit & Crew Survival Systems Branch will discuss and explore feasible approaches to achieve high ionic liquid mixture CO2 capacity and system CO2 capture rate that could meet the NASA use case requirements. The study will build on prior feasibility experiments performed on CDRILS equipment at the breadboard and prototype scale that quantified performance against rate metrics without modification for CDRILS-M. CDRILS ionic liquid mixture capacity information is available from the NASA CDRILS research program, including with successive iterations of improved promoter. Operating condition impacts and hollow fiber contactor design impacts can be evaluated based on existing trends available from prior work, while other unique opportunities available to mxEMU can also be explored. Several approaches will be downselected from the analysis for laboratory-scale experiments. Experimental results will be used to estimate size, weight, and power define operational requirements and feasibility of CDRILS-M.[image: ]

[bookmark: _Ref188022238]Figure 4. Guiding principles for refinement of CDRILS into the CDRILS-M design concept.

III. Conclusion
Much of Honeywell’s recent CDRILS technology development efforts have focused on scaling, component design, packaging, and ISS integration for demonstration of a CDRILS FDU on ISS in 2028. The planned CDRILS-M research for the mxEMU application allows for another path to continue developing the core technology, which will drive continued improvements to system configurations, size, weight, and power. Successful CDRILS-M laboratory-scale experiments have the exciting potential to pave the way to future ISS demonstrations of an integrated CDRILS-M and CDRILS FDU, recovering stored CO2 and water produced during EVA activities. A wealth of research from prior collaboration between Honeywell and NASA provides the foundation for this new development of CDRILS towards mobility applications with the goal of further realizing the benefits CDRILS can provide towards sustainable human exploration of space.
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