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An extremely reliable cabin air revitalization system is needed for human deep space 

exploration missions. Deep space offers an environmental temperature close to 4 Kelvin. 

This low environmental temperature enables heat rejection for systems that are thermally 

power-intensive, i.e. CO2 cold surface deposition (CDep). The CDep system relies on phase 

change temperatures of air components to deposit CO2 onto a cold surface. The cold surface 

can be generated utilizing cryocoolers, including Stirling and Reverse Brayton, or deep 

space environmental temperature. This paper presents a numerical study on a power 

optimization of cold surface generation via a cryocooler or thermal radiator. An example 

system for each type is presented. However, a hybrid system would not only reduce power 

required to remove CO2, but also increase redundancy and reliability of the CDep system.  
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TSA = Temperature Swing Adsorption 
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I. Introduction 

REWED missions to explore Moon, Mars, and beyond will require robust life support systems. The air 

revitalization component of the life support system must be developed with the goal of maximizing the 

reliability and minimizing required spares as no resupply is possible. The Carbon Dioxide Removal Assembly 

(CDRA), the current air revitalization system on the International Space Station (ISS), cannot meet the needed level 

of reliability. The sorbent-based CDRA operates via temperature-swing adsorption (TSA) technique. The system 

experiences degradation of the performance, filter clogs due to dust generation, and short lifespan of the system 

components yielding frequent and costly part replacements.  Extensive research is being conducted to overcome 

these issues, while different methods of CO2 removal are also being explored such as structured sorbents, liquid 

sorbents, and cold surface deposition.1 For future missions, the partial pressure of CO2 in the cabin air is expected to 

be 2.0 mmHg, or approximately 2632 ppm assuming atmospheric pressure. Also, the next generation CO2 removal 

system must be capable of removing 4.16 kg of CO2 per day for 4 crew.2  

The cold surface deposition technique takes advantage of the unique phase change temperatures of different air 

constituents to selectively deposit CO2. Selective CO2 deposition occurs when the air temperature is above the 

condensation temperatures of O2 and N2 and below the deposition temperature of CO2. The CO2 Deposition (CDep) 

system has many inherent advantages, as the system doesn’t require any consumable material or vacuum for 

operation, utilizes minimal moving parts, and eliminates the need for CO2 compression for conversion. The CDep 

system scaled for a single crew was designed, built and tested at NASA Ames Research Center (ARC).33The 

experimental study showed that CDep traps trace contaminants as well.4 The current ground test system utilizes 

Stirling cryocoolers to generate the cold surface. These cryocoolers have been used in satellites for cryogenic 

cooling and demonstrated 200,000 MTTF. But, thermal radiators could potentially be used in space as well.5 

This study evaluates the power consumption and optimization of CDep utilizing either Stirling cryocoolers, a 

reverse Brayton cryocooler, and/or a thermal radiator. The critical system components of the Stirling cooler-based 4-

crew system design and optimization of operating conditions is described. Also, a preliminary design of reverse 

Brayton cryocooler for CDep is presented. Finally, the active and passive arrangement of thermal radiator 

integration with CDep to reduce or eliminate the spacecraft power required to operate the system during deep space 

transit is investigated. 

II. Thermal Modeling 

A. First Principles 

 First principles modeling for a subscale CDep system was previously developed, validated and published.6  

The same model is used for scoping the design of the 4-crew full scale system. First principles physics modeling 

was used to establish the energy balance of the system and is given by equations 1 to 3: 
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 Where is the mass flow rate of air,  is CO2 mass flow rate, 𝑐𝑝 is heat capacity of air, ∆𝑇 is change in 

temperature, and 𝛥𝐻𝑑𝑒𝑝 is heat of deposition of CO2,  is total required energy input, is energy required to 

cool air to the target temperature, and  is energy required to deposit CO2 at the deposition temperature. 

The goal is to reduce the cabin air CO2 concentration from 2632 ppm to 500 ppm. The Clausius-Clapeyron equation 

for the system can be written as 
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          (4) 

 Where  is the partial pressure of CO2 at the outlet,  is the triple point pressure of CO2,  is the 

latent heat of vaporization of CO2,  is the CO2 gas constant,  is the target temperature of to achieve 

required deposition and  is the triple point temperature of CO2. Using the equation 4, target temperature 

for deposition is determined to be 130K to maintain 500 ppm outlet CO2 concentration.  

B. Thermal Efficiency 

 Assuming a CO2 deposition efficiency of 0.8, the required flow rate of the system is 26 sfcm. The energy 

required to cool the air from 293K to 130K is 2578W. To increase the thermal efficiency of the system, an air-to-air 

heat exchanger (HX) is implemented upstream of the deposition chamber which then reduces the energy 

requirement to 154W. The outlet temperature of the HX and therefore inlet temperature of deposition chamber 

becomes 139.8K. The system energy requirement is then further reduced to 56W with introduction of a “precool” 

stage and another HX. In this case, the energy required by the precool stage is about 44W to maintain it at 190K. 

The CO2 deposition energy required for every condition is only 27W.  

 The temperature of the precooler was determined with an iterative method for minimum energy consumption 

following the constraints that it should operate warmer than the deposition temperature and cooler than the 

temperature (220K) needed to prevent humidity from diluting the CO2 product (this was also determined via 

Clasius-Clapeyron equation). Therefore, for a process flow at a steady state, the dry air enters the first HX at 293K 

and exit at 192.8K. The air temperature is then reduced to 190K in the precooler using the cryocooler. The cold air 

at 190K passes through the second HX and exits at 133.6K, which is then cooled to 130K in the deposition chamber 

using cryocoolers. Figure 1 shows the detailed inlet (in), outlet (out), counter-flow inlet (cfin), counter flow outlet 

(cfout) HX temperatures at steady state. As the temperature in the second HX falls below the deposition temperature 

of CO2, partial deposition might occur in the HX. This is currently being analyzed via fluid film deposition 

modeling using STAR CCM+. Also, for this preliminary analysis heat leak effect due to insulation is neglected. In 

conclusion, the energy required for the precool stage would be 44W at 190K, and the total energy required for the 

deposition stage would be 83W (56W + 27W) at 130K.  

 As the HX thermal effectiveness increases, the effective flow stream temperature difference, which drives the 

heat transfer process, decreases and the size of the HX increases. Because the return air stream mass flow rate and 

its flow heat capacity are lower than those of the CO2-rich inlet air stream, the return air flow temperature change in 

the HX (Tcfout-Tcfin) must be higher than the CO2-rich stream (Tin-Tout). As a result, there is a thermodynamic limit 

for the minimum temperature difference at the cold end of the HX (Tsurface-Tout) even when an ideal heat exchanger 

with an infinitely large conductance is used for the HX. This limit bounds the maximum CO2 deposition efficiency. 

As an example, in the baseline design case with an inlet CO2 concentration of 2632 ppm and outlet concentration of 

500 ppm, the temperature of the air returning to HX2 Tcfin must be at least 1.14K lower than Tout. 

III. CDep with Stirling Cryocoolers 

A. System Sizing 

Stirling cryocoolers fit the required system temperature and power range best and offer advantages such as high 

reliability, compact size, and low mass. These are some of the important characteristics of the competitive life 

support system of spacecraft. A typical Stirling cryocooler operates by compressing and expanding a working fluid 

 
Figure 1.  Conceptual heat exchanger port arrangement with corresponding temperatures of ports. 
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(in general helium) via a piston and displacer across two heat exchangers and regenerator. The heat is removed, and 

a temperature gradient is produced as a result of this cycle, thereby generating a cold surface. Figure 2 shows that 

the available lift (heat rejection capability from the cold-tip of the cryocooler to maintain desired temperature) 

decreases with decreasing temperature, but the power required increases. From Figure 2, the available lift at the 

precool stage for 190K is about 46W. Similarly, for the deposition stage, the available lift is 32W. Therefore, a 

single cryocooler is enough for the precooler, but the deposition chamber will need at least three cryocoolers to meet 

the minimum energy requirement. The precooler at 190K demands 150.4W of power and single cryocooler at 130K 

requires 203W of power. Therefore, the total power required for this CDep setup would be 759.4W. These coolers 

can be connected to the cold surface (finhead) via heat pipes, eliminating the need of a second set of coolers for 

continuous deposition and sublimation process. The selected Stirling cryocooler has a mean time to failure of 

200,000 hours. It weighs only 3.1 kg for a diameter of 0.083m and length of 0.275m. With proven high reliability in 

space with lower mass and volume compared to other cryocooling technologies, Stirling cryocoolers are an 

attractive option to generate a cold surface for the CO2 deposition system.  

 

B. System Design 

A conceptual operational schematic of CDep is shown in Figure 3. The humid air is dried by the dehumidifier, 

passes through first heat exchanger, then enters the precooler for cool-down, where the remaining humidity of the air 

is removed. This dry air then passes through another heat exchanger before reaching the deposition chamber for CO2 

deposition. The cold, CO2-free air coming out of deposition chamber passes through the second HX and then the 

first HX to cool down the incoming air. Before reentering the cabin, the air is passed through the humidifier. This 

operation is performed in a cyclic manner to ensure the parallel process of deposition and sublimation. The 

sublimated CO2 product line directly supplies the downstream Sabatier reactor.  

 

 
Figure 3. Conceptual operational schematic of CO2 deposition system. 

 

 
Figure 2. Power and lift as a function of temperature for cryocooler (lift is provided for 23°C heat reject). 
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 The major components unique to the Stirling 

cooler-based CDep system, i.e. dehumidifier and 

humidifier, heat exchangers (HXs), precool and 

deposition chamber, cryocoolers, and cold surface 

(finhead) have been included Figure 3, but not the 

blower, sensors or controls as they are common to all 

CDep systems. The schematic only shows one side of 

the system. The other side of the system mirrors the 

same operations to remove CO2 continuously, so while 

one side performs deposition, sublimation occurs on 

the other side. While sublimating, the coolers are 

turned off, but the sensors are operational. The full 

schematic can be found in Ref. 4. The dehumidifier and 

humidifier system consist of hollow fiber membranes 

where air and ionic liquid flow simultaneously to 

remove humidity and regenerate water capacity, respectively.7 For the CO2 deposition process, the system has three 

critical components, namely the heat exchanger, finhead, and cryocooler. The air-to-air heat exchanger has been 

designed and built for 0.94 effectiveness to reduce the overall power consumption of the system. The key 

characteristics of the finhead design requirement are large surface area, low mass, low pressure-drop, and ease of 

manufacturing (3D printing with minimal post-printing work and fits inside the printer volume). The surface area 

directly impacts the deposition efficiency and mass of the finhead dictates the cooling time required. The model 

shown in Figure 4 is a sectional view of the finhead for the deposition chamber. Its diameter is 4 in and length is 10 

in. The same design is implemented for the precool chamber, but the length is reduced to 6 in. The chevroned rings 

in the structure shown in Figure 4 improves deposition performance, reduces mass, and its 45° angle make it 3D 

printable without support structure. The radial offset arrangement of chevroned rings better distributes the flow 

across the finhead, yielding improved deposition performance. The detailed design and modeling study of the 

finhead is explained in Ref. 4. The precool and deposition chambers are designed according to the arrangement of 

finhead, cryocooler, and sensors. The available lift of the cryocooler at a particular temperature dictates the number 

of required cryocoolers. The power requirement at that temperature and the number of cryocoolers defines the total 

power required by the system excluding the sensor and flow control power requirements.  

IV. CDep with a Reverse Brayton Cryocooler 

A. Cycle Description 

 Reverse Brayton (RB) cryocoolers have several performance features, including very high cooling capacity and 

remote distributed cooling capability, which are very attractive for the CO2 deposition capture application. Current 

RB cryocoolers designed for aerospace applications exclusively employ a high-speed centrifugal compressor at the 

warm end to raise the working fluid pressure and a centrifugal turbine at the cold end to extract work from the 

working fluid. The high-speed turbomachines have a very high mechanical power density because their operating 

speeds are typically above 1 kHz, reducing the mass and size of the compressor and turbine. The volumetric flow 

rate through this type of compressor is typically much higher than the positive displacement compressors employed 

in Stirling/pulse tube cryocoolers. Therefore, they are uniquely suitable for applications requiring relatively high 

cooling power, with compressor input power higher than a few hundred watts. An RB cryocooler also has a DC 

circulating flow that allows it to provide remote distributed cooling with virtually no thermal efficiency penalty, 

except for a small pressure drop in the transfer lines. A system cycle schematic for a CDep system cooled by a 

reverse Brayton cryocooler is depicted in Figure 5. The DC flow allows the use of a cryogenic three-way valve to 

selectively cool the CO2 deposition HX that is collecting CO2 and isolate the deposition HX that is being 

regenerated. This feature eliminates the need for thermal switches to connect/disconnect the cooler to/from a 

deposition HX, or a second cooler so that each deposition HX has its own dedicated cooler, significantly simplifying 

the overall system design. The precool HX and precool stage are also omitted, further simplifying the design. 

 
Figure 4. Finhead design in cut-away view (top), and 

close up view of offset-chevroned rings (bottom). 
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 In this schematic, the 

cryogenic CO2 deposition HX 

employs a three-stream heat 

exchanger to use the cold air 

flow exiting the deposition 

HX to cool the inlet air 

stream, recovering the 

sensible cooling potential in 

the air flow before it enters 

the air HX. This approach 

substantially reduces the 

cooling power needed from 

the cryocooler and therefore 

the overall system power 

input, size and mass. This 

thermal recuperation 

approach is the key to 

reducing the required cooling 

power from the cryocooler.

 Once again, the CO2 

deposition HX thermal 

effectiveness must be taken 

into account.  As its 

effectiveness increases, the 

effective flow stream 

temperature difference in the 

air HX decreases and the size 

of the air HX increases, as 

shown in Figure 6. This sets 

the maximum thermal 

effectiveness of 0.94 for the 

CO2 deposition HX. At this 

thermodynamic limit, the required cooling energy from the cryocooler is only 37.5 W corresponding to the sum of 

sensible cooling energy to reduce the CO2 collected from room temperature to the sublimation temperature and the 

latent heat during the sublimation process. 

 
Figure 5. Cycle Schematic for a CDep System Cooled by a Reverse Brayton 

Cryocooler. This setup assumes no cooling power recovered from the CO2 

thawing process during deposition HX regeneration process. 

 

 
Figure 6. Impact of CO2 Removal Thermal Effectiveness on Required Cryocooler Cooling Power and Air HX 

Effectiveness. The cooling energy required to cool the deposition HX structure from regeneration 

temperature to collecting temperature during the beginning of each cycle is neglected. 
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B. Reverse Brayton Cryocooler Scoping Design 

Cooling energy needed for the CO2 deposition HXs during steady state operation is about 78.1 W for the design 

conditions listed in Table 1 (Not including system parasitic heat leak). The gas flow temperature at the cryocooler 

turbine outlet is assumed to be a slightly colder 125.5 K, about 2 K below the air outlet temperature T3. Using neon 

as the working fluid and selecting a compression ratio of 1.63 for the cryocooler cycle, the neon temperature at the 

outlet of the deposition HX is 144 K, about 3.6 K below the CO2-rich air temperature at the inlet of the deposition 

HX. With this temperature, the neon gas temperature glide closely matches the temperature glide of the air flow in 

the deposition HX, minimizing entropy production in the heat transfer process and thus reducing the overall system 

power input. Note that in most applications, the rated cooling temperature of a RB cryocooler is the temperature at 

the outlet of the load heat exchanger. By taking advantage of the matched flow temperature profiles, here we are 

able to use a 144 K RB cryocooler to provide cooling for the CDep system that normally requires a Stirling/pulse 

tube cooler.   

 Table 1 shows the thermodynamic states at key locations of the CO2 flow circuit, assuming that the CO2 

deposition HX thermal effectiveness is 0.805. This effectiveness leads to a required thermal effectiveness of 0.980 

for the air HX. This effectiveness value is similar to the typical thermal effectiveness of the HXs in RB cryocoolers 

to achieve proper balance between size/mass and thermal efficiency. The required cooling energy from the 

cryocooler is 78.1 W for a CO2 removal rate of 1.47 slpm (4.16 kg/day). The temperature of CO2-rich stream at the 

cold end of the air HX is assumed to be 5 K above the CO2 sublimation temperature corresponding to the target CO2 

inlet concentration of 2632 ppm. Furthermore, it is assumed that the air temperature at the outlet of the deposition 

HX is 5 K below the sublimation temperature corresponding to the target CO2 outlet concentration of 500 ppm. 

 

Table 1. Thermodynamic States (Figure 5) at Key Locations of CDep with RB Cryocooler 

y CO2,inlet = 2632 ppm; y CO2,outlet = 500 ppm; CO2 dep = 0.805; CO2 HX = 0.98 

State Point T (K) H (kJ/kg) Mdot(g/s) 

1 293.0 295.97 14.82 

2 147.3 147.64 14.82 

3 127.6 127.53 14.77 

4 143.5 143.73 14.77 

5 290.0 292.28 14.77 

A scoping design shows that the total cryocooler input power will be about 578 W (not including loss in 

Cryocooler Control Electronics), assuming an isentropic compression efficiency of 55%8, a turbine efficiency of 

75%9 and a deposition HX effectiveness of 0.985.10 The Carnot efficiency of the cooler is 17.5% (not include loss in 

controls). The estimated mass of the cryocooler is ~ 25 kg.11 

V. Heat Rejection via Thermal Radiator 

Although CDep overcomes many disadvantages to traditional sorbent-based CO2 removal techniques such as 

degradation and resupply of sorbents, dusting issues, etc., and offers improved reliability and redundancy, it is 

thermally energy-intensive. For deep-space missions, complete or partial heat rejection via radiators could be used in 

conjunction with the system to reduce its power demand as it offers a very low temperature (4K) heat sink. The 

radiative is heat flux from a surface is determined by eq. 5  

 

                                                                       (5) 
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Where  is heat flux ( ),  is the total hemispherical emissivity (unitless), σ is the Stephan-Boltzmann 

constant ( , A is the surface area (m2), and Tobj and Tenv are the temperature of the object 

and environmental temperature, respectively. In this case, the environmental temperature is 4K. As mentioned in   

section II, to remove nearly 4.16 kg of CO2 per day, the cold-surface temperature is maintained at 130K. The total 

hemispherical emissivity varies with different types of radiator design, but it usually ranges from 0.6 to 0.95.12,13,14 

As the emissivity is inversely proportional to the area, increasing emissivity reduces the required surface area of the 

radiator. The total hemispherical emissivity of 0.85 was selected for this study. Therefore, the heat rejection 

requirement at a particular temperature is the only variable that drives the necessary radiative surface area.  

 Solving eq. 5 for different temperatures 

and heat loads, Figure 7 shows that to 

maintain the 130K cold-surface 

temperature, the area required would vary 

from 3m2 to 9m2 for 40W to 125W of heat 

rejection. The same graph also suggests 

that if the cold surface temperature was 

higher, then the size of the radiator can be 

reduced significantly.  

 In deep space, a hybrid CDep with 

Stirling coolers for deposition but a 

radiator for the precool stage, the basic 

radiator surface area requirement is merely 

0.7 m2. For a fully radiator-based CDep, 

including the lower temperature and 

therefore higher heat rejection requirement 

of the deposition phase, a surface area of 

6.1 m2 is sufficient to provide active heat 

rejection. The previous programs such as 

Apollo, Skylab, and Shuttle had radiators with radiative surface area of 8.9 m2, 40.1 m2 and 111 m2 respectively.15 

The total radiative surface area of radiators on ISS is 156 m2.16 The previously proposed programs like SP-100 and 

JIMO had radiators with 106 m2 and 170 m2 of radiative surface area.16   

 If a radiator-based CO2 deposition system were to be used in Low Earth Orbit (LEO), active heat rejection may 

not be possible. But, using the same surface area of the radiators, a passive heat rejection approach can be evaluated. 

This approach will significantly reduce the power consumption of CDep compared to a Stirling cooler-based system. 

When on the dark side, the precooler cryocooler and one cryocooler from deposition phase cryocooler bank can be 

turned off, bringing down the system power consumption to 406W total. The radiator surface area may be increased 

to further bring down number of coolers used, but as the sink temperature is significantly warmer than deep space, 

the surface area increases exponentially as 

shown in Figure 8. 

 A cryogenic looped heat pipe (CLHP) 

can be used to generate the cold surface 

via the hybrid coupled arrangement of 

cryocooler and thermal radiator.17 

Introduction of a CLHP into the system 

will allow implementation of remote 

redundant cryocoolers, which would be 

necessary reliability for longer missions. 

Extensive research is being conducted 

towards designing radiators with smaller 

footprints such as carbon fiber radiators,16 

re-deployable,18 and morphing radiators.19 

These types of radiators offer some unique 

advantages such as low aerial density, 

mass reduction and improved turndown 

ratio. 

 
Figure 7. Surface area of radiator as function of object 

temperature and heat rejection. 

 
Figure 8. Surface area of radiator as function of sink temperature 

and heat rejection at desired object temperature. 
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VI. Future Work 

One of the major challenges to overcome in a CDep system the utilizes high-effectiveness HXs is that the CO2-

rich air exiting the heat exchanger must be a higher temperature than the initial CO2 sublimation temperature with an 

adequate margin to prevent clogging of flow passages in the heat exchanger, which could increase the power of the 

blower forcing the cabin air through the above mentioned CO2 removal systems, or reduce the air circulation flow 

rate and thus the effective CO2 removal rate.  A First principles physics modeling approach is being used to address 

this challenge as well as to predict CDep performance. Furthermore, heat rejection via a radiator approach through 

different types of heat pipes will be tested with a thermal vacuum chamber to represent the boundary conditions of 

deep space.    

 

VII. Conclusion 

In conclusion, multiple methods may be utilized for generating a cold surface in a CO2 removal system utilizing 

deposition, each with unique advantages and challenges. Stirling coolers are incredibly compact, requiring the 

smallest mass and volume. They have proven spacecraft reliability, allow for easy redundancy, and have moderate 

power performance (759.4 W), but would require integration of multiple cold tips. Reverse Brayton coolers have 

excellent power performance (578 W), allow for a unique 3-stream heat exchanger cooling loop, and have existing 

aerospace applications. But, they require a higher mass and volume than Stirling coolers. For cryocoolers in general, 

a large amount of spacecraft power is required to operate them.  

For thermal radiators, the amount of power required can be greatly reduced. At LEO, passive cooling can be 

employed to reduce the thermal load on the cryocoolers. In deep space, in transit to the Moon or Mars, active 

cooling may be used exclusively, bypassing cryocoolers and reducing the spacecraft power required to zero 

(excluding common components i.e. blower, valves, controls and sensors). Although external spacecraft real estate 

would be required, the maximum surface area needed is 6.1 m2. A balance of power, mass, and reliability would 

likely be a hybrid system of a radiator, coolers, and CLHP. As ground testing continues with a Stirling cooler-based 

system, incorporation of thermal radiators will be further designed and tested so that an ideal spacecraft CO2 

removal system will be developed.  Combining this system with a multitude of other critical spacecraft hardware 

currently in development, the first woman and next man may again step foot on the lunar surface. 
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