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 The state-of-the-art in long mission duration spacecraft trace contaminant control 

processes rely on high-temperature catalytic oxidation for light contaminant removal. Target 

compounds for oxidation include metabolic methane, carbon monoxide, and low molecular 

weight volatile organics such as formaldehyde and methanol. Precision Combustion, Inc. and 

NASA Marshall Space Flight Center have been developing and testing prototype high 

temperature catalytic oxidizers based on PCI’s patented Microlith® technology to meet the 

requirements of future spaceflight exploration missions. To this end, our latest generation 

Microlith oxidizer, featuring an integrated heat recuperator, was subjected to endurance 

testing to simulate catalyst ageing over a Mars transit mission duration. Periodic reactor 

health testing indicates our approach results in a robust contaminant control solution for 

exploration missions beyond low earth orbit. Based on the demonstrated performance of this 

unit, a next-generation prototype was designed to meet exploration contaminant load control 

demands while upgrading the prototype form and fit to match flight-compatible interfaces. 

Prototype design considerations intended to reduce power consumption, impacting process 

thermal and hydraulic performance, are discussed herein. 

Nomenclature 

°C = degree Celsius 

C = contaminant concentration 

CH4 = methane 

ECLS = Environmental Control and Life Support 

ft = foot 

�̇� = contaminant generation rate 

h = hour 

HTCO = high temperature catalytic oxidizer 

in H2O = inch of water (pressure difference) 

kg = kilogram 

kPa = kilopascal 

L = liter 

m = meter 

mg = milligram 

min = minute 

MSFC = Marshall Space Flight Center 

𝜂  =  single-pass removal efficiency 

PCI = Precision Combustion, Inc. 
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ppm = parts per million (volume) 

�̇� = effective contaminant removal rate 

RTD = resistance temperature detector 

SBIR = Small Business Innovative Research 

SLPM = standard liters per minute 

SMAC = spacecraft maximum allowable concentration 

TCC = trace contaminant control 

TCCS = Trace Contaminant Control Subassembly, ISS 

TRL = technology readiness level 

�̇� = process removal device bulk airflow 

VDC = voltage (direct current) 

VOC = volatile organic compound 

I. Introduction 

HERMAL catalytic oxidation represents the state-of-the-art in closed loop Environmental Control and Life 

Support (ECLS) System Trace Contaminant Control (TCC). In this approach, a contaminated process gas stream 

is contacted with a solid catalyst media at high temperature to oxidize various species, ideally producing carbon 

dioxide and water. The product gas stream may then be returned to the cabin where these less toxic products are 

recovered in other ECLS or Temperature and Humidity Control subsystems. This process architecture has been 

successfully implemented within the International Space Station (ISS) Trace Contaminant Control Subassembly 

(TCCS) since 2001.1  

 It may be argued that reproducing and repurposing the TCCS hardware is neither prudent or sensible for application 

towards exploration missions. TCCS components are neither optimized or right-sized for contemporary contaminant 

loads expected over exploration mission durations. Consider the current ISS TCCS Catalytic Oxidizer Assembly, 

which is comprised of two components; a regenerative heat exchanger assembly and a heated, fixed packed bed of 

pelletized catalyst.2 Reproduction of the regenerative heat exchanger involves fabrication of a complex path brazed-

fin heat exchanger design, separated from the catalyst bed, and may no longer be an ideal or practical design solution 

as compared to closely coupled components.3 Furthermore, exact reproduction of the catalyst bed is impossible due 

to commercial obsolescence of the legacy pelletized catalyst media. These challenges represent not only potential 

points of departure from the legacy design but also opportunities for improvements in process efficiency, weight, 

volume, and performance.        

II. Development History Summary 

NASA George C. Marshall Space Flight Center (MSFC) has been involved with TCC and high-temperature 

catalytic oxidizer (HTCO) technology development, testing, and flight operations since the 1970s-era Skylab Program. 

Developmental support for Microlith® HTCO concepts began in 1994 under a Small Business Innovative Research 

(SBIR) Phase I project with Precision Combustion, Inc. (PCI). Since that time, PCI and MSFC have actively 

collaborated on numerous design efforts. An exhaustive description of the development history and funding sources 

for this technology has been chronicled elsewhere4 and only a brief description is provided herein. Development 

continued through 1998 under a SBIR Phase II project which produced a directly-heated prototype reactor assembly 

suitable for integration with NASA’s existing plate-fin recuperator assembly used within ISS TCCS. The Phase II 

project delivered a full scale HTCO reactor to NASA for test and evaluation. Based on the successful outcome of 

prototype testing, the ISS Program continued to sponsor further development efforts, resulting in the delivery of a 1st 

generation Alpha prototype HTCO unit in 2000. The Alpha prototype HTCO unit was integrated with an existing 

plate-fin heat recuperator at MSFC. Similar testing as the SBIR Phase II prototype unit was conducted on the Alpha 

prototype to evaluate reactor performance. Subsequently, the Alpha prototype HTCO unit was subjected to a 2-year 

endurance test, concluding in 2005. The Alpha prototype HTCO reactor was utilized to support exploration life support 

system architecture testing programs between 2005 and 2017. These experiences proved that the core Microlith 

technology was viable in a relevant test environment. Leveraging other government and private-sector development 

investments in advanced heat recuperator design, a 2nd generation Beta HTCO unit consisting of tightly integrated 

heat recuperator and Microlith catalytic reactor components was developed. The Beta unit was delivered to NASA in 

2015 under a Phase III SBIR contract and used to support various TCC development test efforts. Life endurance testing 

of the Beta unit began in 2019 and approximately 750 days of hot runtime has been accumulated to date, with a 

minimum targeted runtime of at least 860 days in order to simulate the state-of-the-art in anticipated Mars transit 

T 
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mission duration. Having successfully completed substantial life endurance testing of the catalytic reactor (twice) and 

HTCO prototype with integrated heat recuperator (once), a 3rd generation Gamma prototype development effort began 

in 2021 under a Phase III SBIR award. The purpose of this developmental iteration was to produce a right-sized 

prototype to handle anticipated Mars exploration contaminant loads and increase the fidelity of the device’s form and 

fit. This was achieved by performing a thermal and external cladding design study in addition to upgrading sensors, 

while matching flow, telemetry, and power interfaces to be flight-compatible.  

III. Exploration Design Point of Reference 

Trace contaminant load models help define appropriate source generation rates while representing key engineering 

and toxicological chemical functional group classes. These models aid in the design and sizing of TCC equipment and 

help define process flows required to meet air quality metrics. A contemporary trace contaminant load model was first 

published by Perry (2009) and includes both hardware and metabolic contributions for 17 compounds towards cabin 

offgassing loads.5 Since its initial publication, a 

literature survey and review was recently completed 

leading to a slight refinement in the recommended 

metabolic generation rate for ammonia.6 Additional 

refinements have been recommended based on both 

literature review and historical air quality data trending 

but remain under internal review at the time of 

publication of this work. These latest refinements were 

undertaken with the specific intent to produce an improved exploration load model from which to anchor exploration-

class hardware designs such as those required for Mars transit. One updated contaminant generation rate that will be 

of particular interest for the design of the exploration catalytic oxidizer is that of formaldehyde. Table 1 displays a 

comparison of the equipment and metabolic offgassing rates between 2009 and 2021 exploration load models. Due to 

its low SMAC and poor adsorption on activated carbon, formaldehyde offgassing primarily drives the oxidizer air 

flow requirement.3 The exploration load model recommends an increase in both source generation rate terms. Note 

that the values displayed represent the latest available exploration rates and may be subject to even further refinement 

going forward.  

Examining Table 1, two parameters that must also be defined to determine a daily total formaldehyde generation 

rate are the total mass of non-structural spacecraft equipment within the cabin and the crew size. Historical design 

precedent has specified an equipment mass density of 150 kg/m3. For the present study, a spacecraft volume of 100 

m3 was selected with a crew size of 4 persons. The resulting exploration load basis for formaldehyde is thus 4.12 mg/d, 

a 147% increase over the base 2009 rate. It is important to note that at the time the Gamma oxidizer conceptual design 

review was completed, the latest model equipment generation rate for formaldehyde was 4.2E-04 mg/kg-d. This 

resulted in a predicted exploration formaldehyde load of 9.10 mg/d. This larger total generation rate was utilized to 

specify the required Gamma prototype flow.    

With the total exploration generation rate (�̇�) of formaldehyde specified, the effective required process removal 

rate (�̇�) may be defined from the steady state spacecraft-level mass balance as shown by Equation 1.7  

 

 �̇� = �̇� ∙ 𝐶 (1)           

 

The value of �̇� may be determined once an acceptable steady-state cabin formaldehyde concentration (C) is decided. 

Historically, the spacecraft maximum allowable concentration (SMAC) was utilized to benchmark the TCC 

performance goal. Additionally, the toxic hazard index may be instructive in guiding the set performance goal for 

multicomponent mixtures. Care must be taken when benchmarking the performance goal in this manner, however, as 

excessive design conservatism can produce oversized TCC equipment specifications. To this end, Perry and Kayatin 

(2021) have previously recommended a design performance goal of 34.5% SMAC.8 In the present study, a 

performance goal to control contaminant concentrations below half-SMAC was initially chosen to mitigate growth in 

total device flow as opposed to that required to limit the toxic hazard index to unity. According to JSC-20584,9 the 

1000 day SMAC for formaldehyde is 0.12 mg/m3 which sets the desired C = 0.06 mg/m3. From this analysis, the value 

of �̇� can be determined as 6.32 m3/h (3.72 ft3/min). Note that secondary, or incidental contaminant removal routes, are 

not taken as credit when defining the exploration design point. These various additional routes and the physical 

approach to predicting or estimating the magnitude of their contribution to �̇� has been described in detail elsewhere.10  

     Knowing the effective required process removal flow rate, the required process removal device bulk airflow (�̇�) 

Table 1.  Refinement to the formaldehyde design load. 

Model 

Version 

Generation Rate 

Equipment 

(mg/kg-d) 

Metabolic 

(mg/person-d) 

2009 Load5 4.4E-06 0.4 

Exploration 8.8E-05 0.7 
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for the oxidizer may be found in accordance with Equation 2. The effectiveness may be defined by the decimal single-

pass removal efficiency (η), whose product with �̇� determines effective contaminant destruction rate for the process.  

 

 �̇� = 𝜂 ∙ �̇� (2) 

 

Alternatively, the interpretation of η may be taken with respect to the end-of-life process performance. In this 

manner, η represents the single-pass oxidation efficiency 

at the conclusion of endurance life testing such that the 

initial design process flow is scaled upwards to 

accommodate for end-of-life performance losses. This 

adjustment ensures that the intended cabin air quality 

design requirement is met throughout all mission phases. 

Figure 1 displays the Beta HTCO single-pass oxidation 

efficiency trend over the duration of elapsed life testing 

to date. This testing was performed in MSFC Catalytic 

Oxidizer Assembly Life Test Stand located within the 

north high-bay of MSFC Building 4755. The reactor inlet 

was challenged with approximately 100 parts per million 

(ppm) methane (CH4) for all benchmarking test runs and 

represents a nominal influent equivalent molar volatile 

organic compound (VOC) load. It should be noted that 

methane is one of the most challenging contaminants for 

thermal oxidation and hence serves as an excellent test 

species to evaluate the minimum expected contaminant 

oxidation efficiency. Reactor inlet and outlet methane concentrations were measured using a Gasmet DX4040 Fourier-

transform Infrared spectrometer. The spectrometer utilizes a Peltier-cooled mercury cadmium telluride detector with 

interferometer having 8 cm-1 resolution. A three minute sample measuring time was used to balance data collection 

rate and measurement sensitivity for methane. Air flow rate was feedback controlled using a calibrated TSI 4040 mass 

flow meter. The test flow set-point was controlled in standard L/min mode until approximately 500 days had elapsed 

after which control was switched to operate in actual volumetric L/min mode. It was believed that some artificial 

variability in the test data resulted from operating in standard L/min mode, pulling in air from the MSFC Building 

4755 high-bay with undesirable temperature variation. The test delta pressure sensor data supported this finding. All 

influent process air was pre-treated by passing through a fixed guard-bed packed with 52.8 lb of Cabot Norit® GCA48 

(4x8 mesh) activated carbon. The packed-bed dimensions were approximately 8 inch diameter by 18 inch length. As 

evidenced by the stable reactor performance over time, the guard-bed was effective at protecting the catalyst from 

poisons and masking. Lessons learned from ground testing of the Alpha prototype demonstrated how exposure to Si 

containing siloxane compounds was detrimental to maintaining reactor health. Air monitoring in the high-bay has 

shown that persistent background levels of trace acetone, ammonia, and ethanol are present. It is expected that these 

trace contaminants, plus any other contaminant generated by day-to-day operations (forklift operations, chemical 

handling, adjacent urine processing), are being introduced to the test stand/reactor as an incidental challenge load. The 

performance data also demonstrates the long-term thermal stability of the catalyst. Based on the data trend in Figure 

1, the end-of-life η was assumed to be 90% for hardware design. The resulting required process bulk removal device 

airflow was found by Equation 2 to be 6.9 m3/h (4.1 ft3/min). This �̇� was the taken to be the nominal flowrate for the 

Gamma HTCO prototype under design by PCI.  

The aforementioned recent decrease in the exploration load model’s predicted formaldehyde generation rate from 

9.01 to 4.12 mg/d has effectively increased the operating performance margin of the Gamma prototype design point. 

For comparison, derivation of the device removal flow in accordance with the latest exploration load model revision 

given by Table 1 finds only a 3.2 m3/h (1.9 ft3/min) flow requirement. The resulting overdesign in the Gamma 

prototype allows the half-SMAC performance goal to be adjusted back to the recommended 34.5% SMAC target in 

order to meet tighter air quality standard metrics per the toxic hazard index.8 Furthermore, single-pass device removal 

efficiencies below theoretical kinetic performance assumptions may also be accommodated. In summary, we believe 

bracketing the Gamma design point at this reactor flow scale will prove sufficient margin to accommodate varied 

future mission profiles and new spacecraft designs. 

 
Figure 1.  Beta HTCO prototype oxidation 

performance against 100 ppm methane. 
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IV. Gamma Prototype Design Goals 

A framework for the maturation of new technology 

has been outlined by the NASA Chief Technologist 

Best Practices Guide.11 The goal for independent 

technology development, i.e. that developed outside 

the ”standard engineering” practice stage-gate 

development cycle such as via SBIR, is to demonstrate 

a technology readiness level (TRL) of 6. Achieving 

TRL 6 requires demonstration of the technology in a 

relevant environment. This technology goal is based 

on demonstrating function only. In parallel, it is 

necessary to mature the device’s form and fit from 

breadboard, through brassboard, and finally to a true 

prototype. The prototype device should be of proper 

scale to demonstrate function, form, and fit in a 

manner representative of the intended operational 

product such that the device provides data fidelity sufficient to validate associated analytical models or operational 

behavior.11 According to best practices, once TRL 6 is demonstrated the risk associated with the new technology is 

roughly equivalent to that of a new design which employed standard engineering development practices (i.e. the 

standard systems engineering bottoms-up approach). To this end, the maturation of the Beta device to the Gamma 

prototype focused on a number of key interfaces and elements as highlighted by Table 2.  

A. Operating Voltage 

The selection of operating voltage for the Beta unit of 77 volt, direct current (VDC) was necessitated by two 

requirements placed upon the prototype design by NASA. First, it was desired that the Beta prototype operate with a 

power consumption under 150 watts. For reference, this was also the power consumption of the ISS TCCS oxidizer 

and development efforts at the time were relative to the ISS state-of-the-art rather than exploration. Simply stated, 

fixing the supplied voltage to 77 VDC limited the peak power consumption of the device during start-up thermal 

transient periods. Second, the peak power consumption requirement was countered by the desire to limit the time to 

achieve a steady-state operating temperature of 400°C within 45 min. While power consumption during start-up was 

higher as expected, the average power consumption at steady-state averaged between 65 – 83 watts at nominal Beta 

process flow rates of 25 – 40 standard L/min, respectively.  

To reduce Gamma design complexity and match flight-like electrical interfaces, NASA requested that PCI design 

the prototype to instead accept 120 VDC directly. This new operating voltage represents that available within the ISS 

as well as that specified within publicly available exploration interoperability power standards (e.g. for the Human 

Landing System). Based on the discussion above, one implication of this request is the possibility for operating with 

a higher peak power consumption as compared to ISS. While prototype power consumption does scale with the desired 

process air flow, NASA also requested the Gamma prototype handle up to 116 standard L/min of air flow to account 

for existing design load uncertainties at the time. Therefore, benchmarking exploration prototype power consumption 

against ISS is impractical. Furthermore, no specific time to steady-state operation was defined for the Gamma unit. 

Thus, outstanding required work involves an optimization study comparing peak power against watt-hour 

consumption in order to better define the exploration system transient startup profile.  

B. Temperature Sensors & Interfaces 

An illustrative overview of the Beta prototype’s interfaces for temperature sensing, power supply, and fluid flow 

was provided by Fig. 4 of Reference No. 4. Briefly, two fluid couplings, comprised of 1 inch Swagelok tube fittings, 

extend from the heat recuperator end of the device. Two electrodes penetrate the device on the opposite end where the 

reactor core is located. Each electrode was independently sealed with a dedicated Conax compression fitting. 

Likewise, six thermocouple leads penetrate the same device end and were isolated by a single, large Conax 

compression fitting. These data/power interfaces, while effective in handling the internal device operating 

temperatures and maintaining internal sealing, may be described as brassboard-fidelity in nature. For this reason, 

upgrading the data and power interconnects to utilize multi-pin Amphenol-style fittings will serve to increase the 

Gamma prototype form and fit as desired for preparation for potential future flight implementation. Similarly, the fluid 

Table 2.  Comparison of prototype performance/targets, 

components & interfaces. 

Component/ 

Interface 

Device Revision 

Beta Gamma 

Voltage (VDC) 77 120 

Temp. Sensor Thermocouple RTD 

Fluid Coupling Swagelok Hydraflow 

Power/ Data Penetration/Wire Amphenol 

Thermal Insulation Wrap Cladded 

Target Flow 25 – 40 SLPM 116 SLPM 

Pressure Drop < 1.3 kPa < 1.5 kPa 

CH4 Destruction ~ 93% ≥ 90% 

VOC Destruction > 90% ≥ 90% 

Effectiveness ~ 80% ≥ 75% 
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interfaces were upgraded to Hydraflow couplings, matching the type specified for the 4-Bed Carbon Dioxide Scrubber 

Technology Demonstration and leveraging past internal development efforts.  

NASA also requested the main temperature sensing and control elements be changed from thermocouples to 

resistance temperature detectors (RTD). The convention to use RTDs for oxidizer temperature sensing and control 

matches that within the ISS TCCS Catalytic Oxidizer Assembly in addition to following recent best practices for 

technology demonstration design at MSFC.   

C. Thermal Design 

Due to the increased heating requirement resulting from the higher specified air flow, it was essential to maintain 

a high thermal effectiveness within the heat recuperator to minimize prototype power consumption. For this reason, 

the Gamma prototype design targeted a heat recuperator thermal effectiveness of ≥ 75%. This target represents only a 

5% decrease in thermal effectiveness over the Beta prototype, despite an average 3.5x increase in specified air flow. 

In addition to maturing form and fit while limiting heat losses, the thermal and cladding design serves to isolate the 

cabin from the insulation material as well as ensure that the exterior cladding surface meets NASA best practices for 

thermal touch temperature limits.12  

D. Performance 

The Beta prototype design targeted a CH4 destruction efficiency > 50% and a VOC destruction efficiency > 90% 

with a catalyst operating temperature of 400°C, as required to maintain sufficient CH4 oxidation efficacy. This setpoint 

is consistent with the ISS TCCS catalyst average operating temperature. The initial performance requirement for CH4 

was relaxed as compared to the VOC target and this slack was afforded by the relatively high CH4 SMAC of 3800 

mg/m3. Oxidation of CH4 is notably challenging due to the stability of the aliphatic C-H bond. In absence of catalyst, 

CH4 itself is thermally stable up to 785°C.13 Remarkably, the measured CH4 oxidation performance was well in excess 

of this target, as evidenced by Figure 1. The Gamma prototype targeted both CH4 and VOC destruction efficiencies ≥ 

90%. A required operating temperature was not initially set but minimizing temperature is preferred to limit power 

consumption. The omission of a rigid temperature setpoint also allows for some flexibility with the intention of 

limiting prototype mass and volume at the desired increased process air flow rate.  

E. Testing and Evaluation Plan 

MSFC has implemented a ground test plan for development of exploration TCC which utilizes a continuous 

component development and upgrade strategy. The MSFC Catalytic Oxidizer Assembly Life Test Stand is presently 

occupied in executing the Beta prototype life test. Once complete, the Gamma prototype will be integrated in its place 

to initiate its own life duration testing phase. This will require slight modifications to the test stand to accommodate 

the Gamma’s RTD-based interface and controls but reverse compatibility with the Beta unit will be maintained. The 

guard-bed upstream of the Beta prototype is presently of a semi-commercial design and will be replaced by the MSFC-

designed exploration Guard-Bed currently under development. Furthermore, ancillary facility components such as the 

blower, pressure sensor, and flow meter will also be upgraded to exploration compatible components as these items 

are identified and acquired. The end-goal is to demonstrate an exploration-compatible TCC integrated subsystem.      

V. Conclusion 

High-temperature catalytic oxidation is an effective trace contaminant control strategy for long duration manned 

exploration missions. Leveraging a productive history of collaboration in oxidizer development and testing, NASA 

and Precision Combustion, Inc. are developing an exploration compatible oxidizer based upon PCI’s patented 

Microlith® technology. The Gamma oxidizer prototype design point was defined based upon analysis of a NASA-

developed exploration load model combined with the measured end-of-life performance during Beta prototype life 

testing. Desired upgrades to the form, fit, and interfaces of the Beta unit, as well as scaling for anticipated required 

exploration process flows, are being incorporated within the Gamma prototype design. Upon delivery to MSFC, the 

Gamma prototype will undergo life endurance testing while being closely integrated with other exploration-

compatible TCC components and devices. 
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