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Without a vastly improved cabin air CO2 removal system technology, deep space missions 

will not be plausible. The carbon dioxide removal assembly (CDRA) on ISS has repeated 

replacement and maintenance costs due to adsorbent material degradation. A current effort 

to evaluate CO2 removal systems to succeed CDRA is underway. Alternative adsorption and 

thermal amine technologies are included. Cryogenic capture of CO2 in a cabin atmosphere is 

a newly-explored solution. Cryogenics are highly reliable, self-sufficient systems with great 

potential in this area of study. The added benefit of a cryogenic system is that it can provide 

humidity and trace contaminant control in addition to CO2 capture. Whereas cryogenic 

cooling technologies are established and Mars atmosphere CO2 capture has been tested, little 

research has been done on the application of cryogenic cooling to life support CO2 capture. 

This paper describes the design, build and initial functional testing of a lab-scale cryogenic 

system to remove CO2 from simulated cabin air. The system is ready to test both CO2/N2 mixed 

and dry CO2-loaded air, and production rate, cycle time, and power requirements will be 

characterized so that future flight-like system requirements may be better modeled. 

Nomenclature 

AES = Advanced Exploration Systems 

ARC = Ames Research Center 

CAS = Cabin Air Simulator 

CDRA = Carbon Dioxide Removal Assembly 

CF = ConFlat 

CO2 = Carbon Dioxide 

cryo = cryogenic 

DAq = Data Acquisition 

GCMS = Gas Chromatograph Mass Spectrometer 

HX = heat exchanger 

ISRU = In-Situ Resource Utilization 
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ISS = International Space Station 

JPL = Jet Propulsion Laboratory 

KF = Klein Flange 

MFC = Mass Flow Controller 

N2 = Nitrogen 

NASA = National Aeronautics and Space Administration 

NI = National Instruments 

NIKS = NASA Innovation Kick Start 

O2 = Oxygen 

P = pressure 

PSA = Pressure Swing Adsorption 

SC = Stirling Cooler 

TC = Thermocouple 

TSA = Temperature Swing Adsorption 

X-Hab = eXploration Systems and Habitation 

I. Introduction 

HE long-term goal of the National Aeronautics and Space Administration (NASA) is to send humans to the 

surface of Mars and even beyond.  In order to accomplish this ambitious goal, robust life support systems are 

required to operate without reliance on a resupply.  The current air revitalization system on the International Space 

Station (ISS), the Carbon Dioxide Removal Assembly (CDRA), cannot fulfill this requirement. CDRA utilizes 

sorbent-based, temperature-swing adsorption (TSA) technology, which suffers from degradation of sorbent capacity 

as well as particulate release that clogs filters.  Therefore, CDRA requires regular, costly part replacements.1  This 

problem is well-recognized, and an array of new technologies are being explored for carbon dioxide removal on future 

missions.  Current research efforts include a redesigned TSA system, solid amines, liquid amines, and pressure-swing 

adsorption (PSA).1  An attractive alternative solution newly being explored is cryogenic cooling. 

 Cryogenic cooling, or cryo-cooling, has numerous benefits over current technology as it has no expendable 

materials, no vacuum required, and requires minimal moving parts.  Cryo-cooling also eliminates the need for an 

additional storage system to deliver pressurized, pure CO2 to an O2 generation system, such as the Sabatier processor 

currently on the ISS.  Additionally, a cryo-cooling system can be designed to remove residual humidity as well as CO2 

via a multi-stage heat exchanger (HX) process, and can even aid in trace contaminant control.  Lastly, power 

requirements can be minimized for the system via deep space radiators and thermal heaters. 

 Cryogenic coolers, which include Stirling coolers, are well-established technologies that can have an exceptional 

operational lifetime of over 200,000 hours.  Cryo-cooling technologies are currently being explored to scrub CO2 from 

flue gas in power plants,2 and Stirling coolers have been utilized in their systems as well.3  In terms of space 

technologies, Stirling coolers are in use on satellites flying today in order to cool electronics.  They have also been 

evaluated for in-situ resource utilization (ISRU) in the Martian atmosphere.4   

 Despite the varied applications of using cryo-cooling technology for CO2 capture, thorough research has only been 

performed in substantially higher CO2 partial pressures than what is present in a cabin atmosphere.  The ISS is 

currently maintained at an average of 4.0 mmHg, but an even lower partial pressure of 2.0 mmHg will be required to 

maintain crew health on future missions.5,6 

 The use of cryo-cooling to maintain CO2 levels in cabin atmosphere is starting to be examined, including the 

modeling of system parameters under required operating conditions7, as well as some initial trials in the use of a piston 

cooler,8 and Stirling cooler.4  However, these trials were merely for storage of CO2 or have yet to test in the required 

partial pressure range to determine its viability as an effective cabin CO2 removal technology. 

 The purpose of the current work described is to evaluate the performance of cryo-cooling as a method for removing 

CO2 from simulated cabin air.  A Stirling cryo cooler at a scaled power level, heat exchanger, and scaled inlet flow 

rate will be used to determine efficiency, cycle time, exit air purity, and sensitivity to residual humidity. 
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II. Theoretical Background 

The basis of cryo-cooling utilizes the condensation and deposition temperature differences between N2, O2, and 

CO2 to selectively remove CO2 from the air stream.  The process involves flowing cabin air through a heat exchanger 

that is below the sublimation temperature of CO2, but above the condensation points of N2 and O2, and allowing the 

CO2 to deposit onto the cold surface of the exchanger.  The CO2-free air then re-enters the cabin.  Once the heat 

exchanger is considered saturated with solid CO2, the system switches to a parallel HX.  The solid CO2 in the first 

heat exchanger then sublimates and is stored in a pressure vessel for delivery to Sabatier or other process for O2 

regeneration. 

Using the typical steady-state values for cabin atmospheres, the CO2 partial pressure is to be maintained at 2.0 

mmHg, or approximately 2600 ppm assuming atmospheric pressure. Also, in order to maintain a constant partial 

pressure, the CO2 removal system must remove 4.16 kg of CO2 per day.5  The first operating parameter that dictates 

the cryo system design is temperature.  At this partial pressure, the deposition temperature of CO2 is about 142K.  If 

a lower partial pressure is desired, then the deposition temperature also decreases.  Therefore, the operating 

temperature of the heat exchanger must be below this deposition temperature to overcome heat transfer effects in order 

for CO2 to deposit onto the cold surface.  The second parameter that affects the system design is pressure drop.  As 

the mass of solid CO2 accumulates onto the cold surface, the pressure drop across the heat exchanger should increase 

slowly until a limit is reached, then increases exponentially.  This change in rate of pressure drop increase may dictate 

the cycle time.7  The final operating parameter to consider is cabin air inlet flow rate.  The higher the inlet flow rate, 

the more cooling power is required to deposit a sufficient amount of CO2. 

The relative humidity in the cabin is 40% on average, or about 11000 ppm assuming atmospheric pressure.  At 

this concentration, water would first condense, then freeze in the heat exchanger, causing a large parasitic heat load 

in the system if not removed in advance or designed for in the system.  Theoretical modeling of removing residual 

humidity in a cabin atmosphere cryo system has been discussed previously.7 

If trace contaminants are present in the inlet air stream, the majority of them may deposit with the CO2 as they 

have a higher condensation or deposition temperature.  The only major contaminants that would exit with the product 

air stream unaffected are methane, hydrogen, and carbon monoxide. 

III. Experimental Methods 

A. Parallel Effort Continuing Work 

As a follow-on activity to their work using a simple cryo-cooler located within a fixed small volume to capture 

CO2 from Martian atmosphere,4 our colleagues at the Jet Propulsion Laboratory (JPL) also examined whether CO2 

contained in spacecraft cabin air could be extracted using the same test configuration.  Testing was conducted late 

2016 into early 2017.  Initial testing showed that with a simulated cabin air stream of ~0.5% CO2 (5000 ppm or 4 

mmHg), CO2 could be removed from the flow.  Due to the low mass of CO2 collected, the original test set-up could 

not determine accurate values of CO2 accumulation.  Work is underway to change instrumentation and adjust the test 

configuration to perform testing in the summer of 2017.   

Recent testing also examined if enhancements to the cryo-cooler configuration could improve the amount of CO2 

collected.  These enhancements consisted of increasing the surface area at the tip, directing the flow towards the cryo-

cooler tip, and a combination of the two approaches.  Initial results have not increased the collection rate.  These tests 

will be repeated to ensure that this observation is repeatable.  

B. New System Design and Build 

The new technology development effort, currently underway at Ames Research Center (ARC), is to characterize 

a Stirling cryo cooler with a cooling power scaled to what would be needed in a cabin environment.  Therefore, a Janis 

SC-10, with a cooling power of 10 W at 80 K, was procured.  The SC-10 cooler and drive unit is shown in figure 1. 
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Extrapolating from the cooler’s given performance curve, this cooler yields about 20 W of cooling power at our 

desired temperature range.  To determine testable flow rates, an energy balance was used as shown in equations 1-3: 

 

�̇�𝑡𝑜𝑡𝑎𝑙 = �̇�𝑐𝑜𝑜𝑙 + �̇�𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛                                                                  (1) 

�̇�𝑐𝑜𝑜𝑙 = �̇� ∗ 𝑐𝑝 ∗ ∆𝑇                                                                        (2) 

  �̇�𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 = 𝛥𝐻𝑑𝑒𝑝 ∗ �̇�𝑐𝑜2                                                                  (3) 

 

where �̇�𝑡𝑜𝑡𝑎𝑙 is total required energy input, �̇�𝑐𝑜𝑜𝑙  is energy required to cool air to 142K, �̇�𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 is energy required 

to deposit CO2 at 142K, �̇� is air mass flow rate, �̇�𝑐𝑜2  is CO2 mass flow rate, 𝑐𝑝 is heat capacity of air, ∆𝑇 is change 

in temperature, and 𝛥𝐻𝑑𝑒𝑝 is heat of deposition of CO2.  Assuming negligible loss of heat through the HX wall, a 5 

slpm flow rate of air with 2600 ppm CO2 is estimated to require a total of 15.4 W cooling power for complete 

deposition.  Therefore, the SC-10 cooler will initially be tested with a flow rate of 5 slpm.  A mass and energy balance 

diagram showing the hypothesized performance of the system is shown in figure 2: 

 

where T is the temperature, χ is the CO2 concentration, V̇ is volumetric flow rate, �̇� is the cooler power output, and 

mCO2 is the accumulated CO2 mass on the cold tip.  This balance shows that the heat removed by the cooler will 

subsequently remove CO2 mass from the air stream.  As the CO2 partial pressure decreases, so does the deposition 

temperature.  Therefore, the outlet air should subsequently become colder than the initial 142K.  The balance also 

shows that CO2 will accumulate in the system.  Assuming the outlet concentration hypothesized is maintained at a 

steady state, the rate of CO2 accumulation is approximately 1.2 g/hr. 

 After obtaining the Stirling cooler and determining our initial operation parameters, we designed and built the 

cooling system.  The cold tip of the cooler is inserted into a stainless steel, modified Klein Flange (KF) union cross to 

perform as the deposition HX.  The HX is shown in figure 3.  A KF flat was modified to include inlet and outlet ¼ 

inch Swagelok ports as well as a pressure relief valve.  A 5-psi relief valve was installed to prevent any surface 

Figure 1. Janis SC-10 Free-Piston Stirling Cryogenic Cooler. 

Figure 2. Theoretical energy balance diagram for SC-10 Stirling cooler system. 
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overpressurization during system warmup/CO2 sublimation.  Next, a ¼ inch inlet tube was inserted, extending towards 

the cold tip.  Another KF fitting with 2 thermocouple (TC) feedthroughs was attached.  One TC touches the of the 

cold tip in order to provide control input.  The second TC measures the chamber volume temperature.  A KF fitting 

with a quartz viewport was installed so that the cold tip could be inspected during operation.  The HX cross was 

wrapped in moldable ceramic blanket to ensure good thermal insulation.  The hardened shell can be cut to have two 

clamshells that are removable to shorten the warmup time. 

 In order to flow to, control, and measure our cooling system, the schematic shown in figure 4 was generated. 

 

 

 Two gas lines were connected in parallel to the inlet port: one supplied pure CO2, the other supplied N2 gas, zero 

air (79% N2, 21% O2), or the PSA line, which supplies dried (-90°C dew point) room air.  The inlet flows were 

controlled via 0-20 slpm mass flow controllers (MFC), and the inlet CO2 concentration was measured via a Sable CA-

10 CO2 analyzer, shown in figure 5a.  The pressure drop was measured across the bed via comparing the readings 

Figure 4. Schematic of single Stirling cooler heat exchanger test configuration. 

a) 

b) 

Figure 3. Deposition HX chamber: a) side view showing inlet/outlet ports and relief valve on the right, TC 

feedthroughs on the left, and insulation; b) top view through viewport showing TC touching cold tip. 
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from two pressure transducers, one plumbed to the inlet and one plumbed to the outlet.  The HX outlet was plumbed 

to a warming coil before flowing past a co2meter.com iSense CM-0054 CO2 monitor, shown in figure 5b, to detect 

the product CO2 concentration.  This CO2 analyzer has a measurement range of 0-100% CO2, so it determines purity 

of the CO2 captured during system warmup as well.  The MFCs and Stirling cooler temperature were controlled using 

LabVIEW.  The data from the pressure sensors, TCs, and CO2 analyzers were recorded using LabVIEW as well. 

 
 

 

The subsequent cooler system operating process was followed: after initiating LabVIEW, the cooler was set to the 

desired set point and allowed to reach temperature.  Next, the gas inlet valves were opened and MFCs set to the desired 

flow rate.  After confirming the desired concentration via the inlet CO2 analyzer, the inlet and outlet valves to the HX 

were opened and timer started.  The desired duration of each trial was dictated by either the differential pressure across 

the heat exchanger or CO2 concentration in the product air.  When either started to rapidly increase, the trial was 

halted.  This length of time was considered the maximum allowable cycle time for the set conditions.  Then, the HX 

inlet was closed, flow was halted, and CO2 gas inlet valve closed.  The cooler was then turned off. Collected solid 

CO2 was allowed to sublimate, measured by flowing past the outlet CO2 meter, then vented to the hood.  Once The 

system reached a high enough temperature that all CO2 had sublimated, the HX inlet valve was opened and flushed 

with N2, zero air, or dry air. 

We first performed functional tests by utilizing N2 gas premixed with 5000 ppm CO2 plumbed into the PSA/N2 

line.  The CO2 line, valve, and MFC were not installed.  We flowed a range of 0-10 slpm through the system with the 

cooler turned off to confirm proper system operation, and that appropriate readings were obtained from both CO2 

analyzers.  Next, the Stirling cooler was turned on with no flow in order to calibrate the cold tip temperature to the 

power input, as the cooler does not have direct temperature control.  The times to reach the desired set point and warm 

up to room temperature after shutdown were also recorded. 

Two preliminary trials were planned. The first is pure CO2 at 1 slpm, with the Stirling cooler set to 117 K, to give 

optimal conditions.  The second preliminary trial is meant to test more simulated conditions by using the same N2/5000 

ppm CO2 mix used in functional testing.  The flow rate would be set to 5 slpm and cooler set to 117 K. 

Then, a test matrix of simulation trials to document system performance in an array of inlet concentrations, 

compositions, flow rates, and temperature set points was constructed and is planned as future work. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. CO2 analyzers: a) Sable CA-10; b) co2meter.com iSense CM-0054. 

b) 

a) 
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IV. Results and Discussion 

Once the system build was completed, the initial functional system tests performed as expected.  Some calibration 

of the PSA/N2 line MFC was required to ensure accurate flow, but all pressure and temperature sensors as well as both 

CO2 analyzers showed good precision and accuracy.  Unfortunately, the Stirling cooler would not reach its desired 

operating conditions.  Left at full power for an extended period of time, the cooler would reach a minimum temperature 

of only 180K.  The malfunctioning cooler will be returned to the manufacturer for inspection and repair or 

replacement. 

However, the expected system performance can be hypothesized, and is as follows: the time for the cooler to reach 

the desired 117K is approximately 60 minutes.  Flowing pure CO2 past the cold tip at a rate of 1 slpm should capture 

a significant amount of CO2, but may be difficult to quantify with the current system sensors.  A pressure drop across 

the system should be apparent in this case, yielding a relatively short cycle time.  Warm up time is expected to be 

similar to cool down time, as CO2 sublimation is an endothermic process and there is no flow promoting conduction.  

However, at 1 atm pressure, CO2 sublimates at 195K.  Therefore, the system does not need to warm completely to 

room temperature before sublimation is achieved.  This lower set point decreases the warmup time required before 

beginning another test, thereby potentially decreasing cooldown time as well. 

The N2/5000 ppm CO2 trial data will be directly comparable with the initial results obtained by the system located 

at JPL.  This comparison will provide confirmation that the Stirling cooler test system built at ARC is functioning as 

designed. 

Conducting the more representative simulation trials will allow documentation of a representative power 

consumption for this test system.  However, it is already known that the power usage to be observed is significantly 

higher than what would be expected in a full-scale flight system.  The flight system would utilize heat exchangers to 

pre-cool the inlet air and warm the product air, thereby reducing power required to run the cooler.  The humidity 

removal system performing in tandem with the cryo CO2 removal system would also deliver inlet air at a temperature 

below ambient, further reducing the power required. 

V. Future Work 

A. Current System Build 

The next step to take from this effort, once the cooler is functioning properly and returned, is to work through the 

preliminary trials and planned test matrix that will test different input flow compositions in the current system, as well 

as varying temperature and flow rate set points, to determine both optimal performance and limits of performance.  

These different conditions will include following the procedure as described in section IIIB, but using N2 mixed with 

2600 ppm CO2, zero air with 2600 ppm CO2, and zero air with 400 ppm CO2 to determine the lower limit of the 

system’s CO2 sensitivity.  The available PSA system will also be plumbed to the PSA/N2 line to test more 

representative conditions.  The flow rate will then be varied in a range from 1 to 10 slpm, and the cooler temperature 

varied from 110 to 130K.  

Next, more advanced conditions will be tested, including testing fully humid air (40% relative humidity) loaded 

with 2600 ppm CO2.  This capability is available at ARC via the Cabin Air Simulator (CAS).  A range of humidities 

can be tested to gauge severity of parasitic loads on the system. 

Another advanced flow condition is incorporating trace contaminants.  A custom K bottle with N2, O2, and 

representative concentrations of hydrocarbons present on the ISS would be plumbed into the system and flowed with 

2600 ppm CO2.  Then, samples of the product air and collected CO2 can be analyzed via GCMS to determine the 

behavior of the hydrocarbons. 

If necessary, the KF fittings of the system will be modified to ConFlat (CF) fittings to allow for system 

pressurization and storage capability.  Another potential modification would be to coil the ¼ inch inlet tube around 

the cold tip, then plumb to outlet, in order to test the chilled tube wall configuration previously modeled.7 
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B. Full Sub-Scale System Build 

This section defines a potential design for a full-scale cryo CO2 removal system, shown in figure 6.  The 

methodology of this system uses the same components as the current test systems: cryocoolers, electrical heaters and 

heat exchangers collect CO2 by depositing it, followed by passive pressurization due to phase change, then delivering 

the CO2 to its desired destination. 

 

 

The full-scale system is designed to accommodate 6 astronauts, to be equivalent to CDRA.  The ambient air at 

293K flows into the first heat exchanger (HX1), cooling the flow down.  At this stage, no CO2 is collected yet, only 

residual water and organics that remain internal to HX1.  The following two heat exchangers (HX2 and HX3) alternate 

their modes, with one in collecting mode and the other in pressurization mode.  During the collecting mode, the cryo-

cooler cold tip is thermally plumbed to the collecting heat exchanger and depositing CO2.  The flow leaving this heat 

exchanger flows back into HX1 to recuperate as much energy as possible by transferring it to the incoming flow fully 

charged with CO2.  Meanwhile, the other heat exchanger passively sublimates the CO2 that was collected on previous 

cycle, and the pressurized CO2 flows out for processing.  The flow at this stage is governed by the pressurized CO2 

and the opening and closing of solenoid valves.  Once the collecting heat exchanger reaches its maximum capacity, 

the 3-way solenoid valves switch the flow between the heat exchangers.   

The current design seeks a temperature of 117K, providing an exit flow with a partial pressure of 500 ppm CO2.  

Lowering this temperature to 114K would provide an outlet flow with approximately 300 ppm of CO2. The key 

difference of CO2 deposition instead of zeolite filters is that the outlet flow partial pressure can be deliberately selected 

by determining a specific temperature.  This feature will allow the system to obtain the desired cabin CO2 partial 

pressure depending on the number of crew members and the flow rates that the system can accommodate.  Figure 6 

describes the major components of the system to collect 4.16 kg of CO2 a day, currently assuming 12h cycles between 

HX2 and HX3.  

 We can build a scaled version of this system by incorporating the Janis SC-10 Stirling cooler utilized in the test 

system described in section IIIB, and purchasing 2 more as they are relatively inexpensive.  Then, the characterization 

data would be directly relatable to determine viability of a future full-scale flight test. 

C. eXploration Systems and Habitation (X-Hab) 2018 Academic Innovation Challenge 

In addition to the research described in this paper, the Advanced Exploration System (AES) department currently 

has a solicitation for a university to perform a parallel effort from May 2017 to May 2018.  This effort is titled 

“Humidity Management for CO2 Sequestration through Deposition,” and its purpose is to obtain a design for and 

prototype demonstration of a water removal and rehumidification system that would function in tandem with a cryo-

cooling system. The results of these simultaneous efforts can lead to a full-scale system capable of becoming a long-

duration CO2 removal system. 

Figure 6. Conceptual schematic of full-scale cryo CO2 removal system. 
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VI. Conclusion 

 Overall, a cryogenic carbon dioxide removal system, utilizing a Stirling cooler and ongoing research, was 

successfully designed and built.  Initial functional tests show that instrumentation and software performs as intended, 

but the Stirling cooler itself is malfunctioning and will have to be replaced.  A selected matrix of parameters still needs 

to be tested in order to fully verify the effectiveness of this system and the system at JPL, but the work and steps 

beyond are already being pursued.  This work is the start to determining if exploiting the condensation and deposition 

temperature differences between CO2, N2, and O2 will not only be successful in removing and storing CO2, as well as 

residual humidity and some trace contaminants, from cabin atmosphere, but also more efficient and reliable than the 

current technology in use.  The results from future trials on these and future systems will inform the ultimate design 

that could be chosen to fly on future deep space missions. 
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