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The utilization of CO2 and regolith off-gases (e.g., methane and high hydrocarbons) to 

produce life support consumables, such as O2 and H2O, propellant fuels, and/or power is an 

important aspect of In-Situ Resource Utilization (ISRU) architecture for future, long 

duration planetary missions. One potential solution is to capture and use CO2 from the 

Martian atmosphere and/or hydrocarbons from regolith off-gases to generate the 

consumables, propellant fuels, and power. One approach is to chemically convert the 

collected carbon dioxide with H2, obtained from the electrolysis of water, via the Sabatier 

reaction to produce methane and H2O. Methane can be stored and utilized as propellant 

while H2O can be either stored or recycled/electrolyzed to produce oxygen and regain the 

hydrogen atoms. Depending on the applications, O2 can be used to replenish the atmosphere 

in human-crewed missions or as an oxidant for robotic and return missions. Alternatively, 

the generated and collected CH4 and O2 can be used as fuels in a solid oxide stack to produce 

power. Precision Combustion, Inc. (PCI), with support from NASA, has developed a 

regenerable adsorber technology for capturing CO2 from gaseous atmospheres (for both 

cabin atmosphere revitalization and ISRU applications) and a compact, efficient Sabatier 

reactor for converting CO2 to methane and water. Recently, we demonstrated a system 

concept for an innovative, high power density solid oxide stack for the utilization of methane 

and other hydrocarbons along with O2 to produce power. The resulting enhanced heat and 

mass transfer design offers the potential for higher overall efficiency, simplifies the system, 

and enables further compactness and weight reduction while improving the conditions for 

long system life. Here, the performance metrics and requirements from each technology will 

be presented. These include results from performance testing at various operating conditions 

and durability testing. 

Nomenclature 

°C = Degree Celsius 

ARS = Atmosphere Revitalization System 

Atm = atmosphere 

BOP = balance of plant 

CDRA = Carbon Dioxide Removal Assembly 

CFD = Computational Fluid Dynamics 

cm = centimeter 

CRA = Carbon Dioxide Reduction Assembly 

ft = foot 

g = gram 

GHSV = gas hourly space velocity 

GSA = geometric surface area 

∆H
0
 = enthalpy of reaction 
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hr = hour 

in = inch 

ISRU = In-Situ Resource Utilization 

ISS = International Space Station 

kg = kilogram 

kJ = kilojoules 

L = liter 

m = meter 

mg = milligram 

min = minute 

ml = milliliter 

MS5A = molecular sieve 5A 

OGA = Oxygen Generator Assembly 

Pa = pascal 

PCI = Precision Combustion, Inc. 

PEM = polymer electrolyte membrane 

pp = partial pressure 

ppmv =  part per million by volume 

psia = pound per square inch absolute 

SDU = Sabatier development unit 

SEM = Scanning Electron Microscopy 

slpm = standard liter per minute (21°C, 14.7 psia) 

SOEC = solid oxide electrolysis cell 

SOFC = solid oxide fuel cell 

UF = fuel utilization 

V = volt 

vol.% = percent by volume 

W = watts 

wt % = percent by weight 

I. Introduction 

n-Situ Resource Utilization (ISRU) is critical in expanding robotic and human extraterrestrial exploration beyond 

low earth orbit where re-supply options are highly impractical. Local resources need to be effectively converted to 

useful products (e.g., life consumables, propellants, and electrical power) to reduce cost and risk during deep 

exploration of space and to support human extraterrestrial presence. If O2 for crew breathing air and oxidant as well 

as propellant for the return to Earth can be produced from native resources, the human and robotic missions will not 

have the added burden of transporting excess O2 and return propellant from Earth. Additionally, having continuous 

access to electrical power for battery charging, other electronics, and payload demands to support crew exploration 

activities is paramount. For example, the ubiquitous CO2-rich Martian atmosphere and regolith off-gases (e.g., 

methane and high hydrocarbons) provide the essential at-exploration site resources; therefore, with the proper ISRU 

system architecture, they can be employed to significantly reduce launch weight, size, and cost.
1,2

 Moreover, the 

proof-of-concept of closed-loop cabin Atmosphere Revitalization System (ARS) evaluated in the space station, 

which includes the CO2 Removal Assembly (CDRA), Oxygen Generator Assembly (OGA), and CO2 Reduction 

Assembly (CRA), has become an integral part of NASA mission architectures for future long-duration human space 

exploration to the Moon and Mars.
2,3

 To achieve approx.  50% O2 recovery (theoretical) in the International Space 

Station (ISS) and other low orbit missions, metabolically generated CO2 is removed from the cabin air by the CDRA 

and is then reacted with H2 from the OGA in a Sabatier CO2 methanation reactor (i.e., part of CRA) to produce 

methane and water.
4,5

 The CRA system has recently been demonstrated at the ISS by the installation of UTC 

Aerospace’s Sabatier technology.
6,7

 This removes the needs for a continuous re-supply of O2 via water electrolysis, 

and thus highlights the reduction of excess water requirement. Similarly, for generating O2, propellant fuel, and 

power from the in-situ resources, CO2 from Martian atmosphere can be separated, compressed, and reacted with H2 

from the OGA in a Sabatier reactor to produce water and methane. Methane from the Sabatier product stream and 

from regolith can then be either stored as propellant or utilized as fuel for solid oxide cell stacks to generate 

electrical power. The basic ISRU architecture design for the generation of O2, propellant fuel, and electrical power 
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may consist of five main unit operations: (i) a regenerable CO2 adsorber to separate CO2 from Ar and N2 (and then 

Ar and N2 will be used as buffer gas); (ii) a CO2 accumulator and a compressor to store and manage CO2 flow to the 

Sabatier reactor; (iii) a Sabatier reactor that reacts CO2 with H2, extracted either from in-situ resources or carried 

from Earth, to produce methane and water; (iv) a solar-powered electrolyzer that produces O2 and recycle H2; and 

(v) a CH4/hydrocarbon-fueled solid oxide stack that generates electrical power. 

In this paper, we will discuss the development efforts for the regenerable CO2 adsorber, Sabatier reactor, and 

solid oxide stack system utilizing PCI’s Microlith substrates for efficiently producing life support consumables, 

propellant, and electricity from in-situ resources. The benefits from the metal supports with high heat and mass 

transfer coefficients, high surface area, and high selectivity for each of the technologies in terms of performance 

metrics at various operating conditions and durability will be addressed. In general, the high surface area per volume 

of the catalytic Microlith substrates is shown to improve the reaction kinetics, the short channel length of Microlith 

substrates reduces mass transfer limitations, and the metallic support improves conductive heat transfer to avoid 

local hot spots and increases durability to withstand mechanical and thermal shocks. 

In the first part of the paper, we will present the adsorber performance, including sorption capacity, cycle-to-

cycle variation, and power consumption, upon exposure to a simulated Martian atmosphere (i.e., 95% CO2 at low 

pressure). In the second part, we will discuss the optimization of the 4-crewmember Microlith-based Sabatier reactor 

and will present the results from 1000-hour performance durability testing and the performance of bench-top 

(breadboard) Sabatier Development Unit (SDU) prototypes. Finally, we will describe the development and proof-of-

concept demonstration of efficient, durable, high power density solid oxide stacks in the fuel cell mode for 

generating electricity from methane (i.e., from the Sabatier product stream and the regolith off-gases). 

II. Background and Development of CO2 Adsorber 

Adsorption processes have important applications in air quality control system design. For example, an 

adsorption-based approach has been used for cabin air quality control on all crewed spacecraft, and is expected to 

remain at the forefront of spacecraft cabin air quality control technologies. In addition to the sorption of CO2, trace 

contaminants also need to be removed because these substances can be harmful to the crew if they are allowed to 

build-up over time. In spacecraft applications, these chemicals can be adsorbed via several options, such as pellet 

bed canisters and charcoal beds. As mission durations increase and exploration goals reach beyond low Earth orbit, 

the need for regenerable, durable adsorption processes for continuous removal of CO2 becomes important. Similarly, 

the sorption process technology has potential for continuously adsorbing, separating, and collecting the CO2 from 

the Martian atmosphere (consisting of 95% CO2 with 2.7% N2 and 1.6% Ar) if the resulting system is compact and 

has low power consumption. 

The implementation of zeolites, molecular sieves, and silica gel in the adsorption process is of interest due to 

their high efficiency to selectively remove targeted chemicals as well as their chemical inertness and non-flammable 

properties. Furthermore, these sorbent materials can be readily regenerated via either thermal swing adsorption 

(TSA) or pressure swing adsorption (PSA), and therefore, they are suitable for the removal of CO2 from a mixture of 

gases. These regenerable adsorber systems do not have to be replaced during a mission, and can be smaller and 

lighter than the disposable adsorber beds. Currently, packed beds of sorbent pellets are mostly used in the adsorption 

systems; however, recent studies have shown that these materials can be easily fluidized and/or eroded, due to both 

thermal cycling and mechanical vibration, and can generate fine particulates that bypass the downstream mesh 

filters.
8,9

 This results in particulates buildup in downstream pumps, blowers, and other components, and has been 

problematic in some aerospace applications. Furthermore, these packed beds of pellets create a relatively large 

pressure drop across the adsorption system, providing potential for improvement to reduce parasitic losses. 

In an effort to develop alternative approaches to packed bed systems, NASA-supported research at Precision 

Combustion, Inc. (PCI) has demonstrated that zeolites and molecular sieves coated on Microlith
®
 metal mesh 

elements (patented and trademarked by PCI) can effectively adsorb a number of the contaminants of interest, 

including CO2.
10

 The inert Microlith substrates and the use of a binder during coating of the zeolites and other 

sorbent materials on them result in volumetric sorbent loadings that are considerably lower than the conventional 

carbon bed and packed bed systems. PCI has been developing coating formulations and approaches to obtain robust 

and durable sorbent adhesion and cohesion on the metal meshes, with capability to increase the amount of sorbent 

per bed volume and at the same time utilize the benefits of implementing the metal mesh support with novel 

geometry for the adsorption-desorption process. Previously, the volumetric sorbent loadings obtained for the 

Microlith-based sorbent beds are about 30-35% of the loadings reported for the packed bed systems.
11

 This has been 

improved through research and development of new washcoat materials and application procedures, and currently, 

the loadings for the Microlith sorbent beds are about 50 – 60% of those for the packed bed systems (i.e., almost 2× 
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improvement). Additionally, the unique capability for direct resistive heating of the Microlith metal mesh support 

permits rapid periodic regenerations via direct internal heating with low power requirements, which confers a clear 

advantage over a packed bed of pellets that can only be regenerated using an external heater. Furthermore, the high 

heat transfer rate of the Microlith substrate results in relatively uniform temperature distribution across the sorbent 

bed and fast transient response during the regeneration process, compared to a more sluggish thermal response of the 

packed bed of pellets. Therefore, the weight and volume of the conventional adsorber assemblies can potentially be 

reduced by implementing sorbents supported on the Microlith substrates and by employing periodic, low power 

regeneration. Additionally, the implementation of the Microlith substrates, with a higher void fraction compared to 

pellet beds, reduces the pressure drop across the adsorption system when compared to a similar packed bed unit. 

III. Background and Development of Sabatier Reactor 

Once the CO2 is separated from the Martian atmosphere and collected, it can be fed to the Sabatier reactor, where 

CO2 reacts with hydrogen in the presence of catalysts to produce methane and water, as shown in Eq. (1) below: 

 

 OHCHHCO 2422 24      ∆H
0
 = –165 kJ/mole (1) 

 

A competing reverse water gas shift (RWGS) reaction, Eq. (2), is typically present in the process. Under certain 

operating conditions, CO2 reduction via the Bosch reaction may also occur, where CO2 reacts with hydrogen to form 

solid carbon and H2O, as shown in Eq. (3). Both Eqs. (2) and (3) reduce the selectivity towards methane formation, 

and are undesirable in the Sabatier reactor configuration. Furthermore, the Bosch process is undesirable in this 

system since the resulting carbon can deposit on the catalyst surface, thus reducing the catalyst activity and 

performance as well as increasing the pressure drop. 

 

 OHCOHCO 222       ∆H
0
 = 41 kJ/mole (2) 

 OHCHCO s 2)(22 22     ∆H
0
 = –90 kJ/mole (3) 

 

The water produced by the Sabatier process can then be collected via centrifugation, condensation, or an 

adsorption method and used as is or it can be further electrolyzed using photovoltaic solar energy in a solid oxide 

electrolysis cell (SOEC) to form O2 and H2. Hydrogen can be recycled back to the Sabatier reactor for carrying out 

more CO2 reduction and to decrease the required H2 replenishment. Depending on the application, methane can be 

stored and used as either a rocket propellant or a fuel for solid oxide fuel cell (SOFC) stacks. 

The Sabatier process is an exothermic reaction and is limited by thermodynamic equilibrium. Lower operating 

temperatures, typically around 250-400°C, are desirable for higher CO2 conversion and higher CH4 selectivity. To 

date, extensive studies have been performed by others to evaluate and compare the activity and selectivity of various 

catalysts, such as Ni, Ru, and Rh for the Sabatier reaction. Nickel is the traditional Sabatier catalyst that has been 

extensively investigated, while ruthenium was reported as the most active catalyst with the highest selectivity 

toward CH4.
12,13

 

To date, PCI has developed a Sabatier reactor based on its patented Microlith
® 

technology as an alternative to the 

traditional packed bed and Microchannel reactor designs. PCI identified and implemented an approach for reactor 

operation at thermodynamically favored conditions to achieve high CO2 conversion and high CH4 selectivity at high 

space velocities without catalyst degradation. This novel approach was made possible by the use of high-heat-

transfer and high-surface-area Microlith catalytic substrates, allowing catalyst operation at conditions favorable for 

thermodynamic equilibrium of CO2 methanation. This reactor has been demonstrated to produce high CO2 

conversion and near 100% CH4 selectivity (i.e., ≥90% of the thermodynamic equilibrium values) at high space 

velocities and low operating temperatures.
14,15

 Additionally, the versatility of the Microlith-based reactor was 

demonstrated by operating it under H2-rich (H2/CO2 ratio of >4), stoichiometric (ratio of 4), and CO2-rich (ratio of 

<4) conditions without affecting its performance. This reactor has been examined for both ISS and Martian ISRU 

applications and its durability has been validated via 1000-hour durability test with multiple start-stop cycles. 

IV. Background and Development of Power-Dense, CH4-Fueled Solid Oxide Stack 

In addition to the CO2 adsorber and the Sabatier reactor, PCI recently demonstrated proof-of-concept for an 

innovative, high power density SOFC stack for the utilization of methane and other hydrocarbons along with O2 to 

produce electricity when solar energy is not available. In an ideal configuration, the solid oxide stack could be 
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operated as a regenerative fuel cell, i.e., in electrolysis mode (SOEC) when solar energy is available during the day 

time cycle and in fuel cell mode (SOFC) during the night time cycle. NASA has previously implemented polymer 

electrolyte membrane (PEM) fuel cell stacks for power generation, utilizing H2 as the fuel.
16,17

 The PEM fuel cell 

operates at low temperatures, typically around 80°C, and thus fueling with methane and hydrocarbon fuels will 

require a very complex reforming and CO removal system (to a low ppmv level) to avoid CO poisoning of PEM 

cells and is highly impractical for NASA targeted applications. SOFC stacks, on the other hand, operate at high 

temperatures (i.e., ~700-800°C), and thus can potentially permit operation with methane and/or higher 

hydrocarbons. Various research groups have examined the performance of SOFC stacks with direct methane feed 

because this concept offers a simplified, lower-cost system.
18,19

 Most of these studies concluded that direct methane 

SOFC, without any reforming section and without the presence of steam, is extremely challenging due to the carbon 

deposition promoted by nickel catalyst and the poor electrochemical activity of Ni-free alternative anodes. 

Obviously, the main hurdle is associated with the carbon deposition on the exposed electrocatalyst, resulting in 

severe degradation of the electrocatalytic activity of the anode. 

As a first step, PCI developed and demonstrated a design for direct reforming of regolith off-gases (e.g., methane 

and high hydrocarbons) for a solid oxide cell. The resulting enhanced heat transfer design shows the potential for 

higher overall efficiency, simplifies the system, and enables further compactness and weight reduction of the fuel 

cell system while improving the conditions for long system life. The approach also demonstrates the potential to 

operate the solid oxide stack with a wide range of input fuels (i.e., high hydrocarbons as well as various levels of 

CO2 and water) without forming carbon. PCI's integrated reformer/fuel cell system is smaller, lighter, more 

thermally effective, and more efficient than current technology or prospective alternative structured catalytic reactor 

technologies. This development is valuable to NASA as it could significantly reduce the known spacecraft technical 

risks and increase mission capability/durability/efficiency while at the same time increasing the TRL of the solid 

oxide systems for ISRU application. The methane steam reforming reaction is shown in Eq. (4) and the overall 

reaction within the SOFC stack is shown in Eq. (5): 

 

 COHOHCH  224 3       ∆H
0
 = 206 kJ/mole (4) 

OHeHO 22 244  
 (5) 

 

The reforming concepts have been considered by others using alternative means.
20,21

 One such approach has 

been to use microchannels carved into ceramic plates placed between each solid oxide cell. Drawbacks of this 

approach include that the ceramic plates add bulk thermal mass, have limited thermal ramp capability, require 

complex flow distribution patterns, and create significant complexity during assembly. Other so-called “direct” 

reforming approaches use catalysts which are located prior to the intercellular region; however, these approaches do 

not effectively remove the heat from the cells and are dependent on heat exchange with the anode flow. 

Investigations with anode reforming has had mixed results, primarily due to the lack of resistance to carbon 

formation. 

V. Microlith
®
 Substrate and Catalytic Technology 

PCI’s patented Microlith
®
 technology (trademarked by PCI) is implemented in each technology developed and 

described in this paper.
22

 The Microlith substrate consists of a series of ultra-short-channel-length, catalytically 

coated metal meshes with very small channel diameters (Fig. 1). The metal meshes can be coated with either active 

metals, such as base metals, transition metals, and noble metals, or active sorbent materials, such as zeolites, metal 

organic frameworks, and activated carbon. The mesh-like substrates have been demonstrated to provide high heat 

and mass transfer coefficients, low thermal masses, and extremely high reaction rates. These attributes increase the 

efficacy of the reactors and/or adsorbers as well as reduce their weights and volumes. The use of these kinds of 

systems, where the reacting stream is passed through the catalysts and/or sorbent materials at extremely high space 

velocity, is generically termed a short contact time (SCT) approach. Whereas in a conventional honeycomb 

monolith, a fully developed boundary layer is present over a considerable length of the device, the ultra-short-

channel-length Microlith substrate minimizes boundary layer buildup, resulting in remarkably high heat and mass 

transfer coefficients compared to other substrates (e.g., microchannels, monoliths, foams, and pellets). In PCI’s 

adsorber units, the unique metal mesh substrate permits direct resistive heating of the sorbent supports. This enables 

a rapid, low power regeneration process and highly uniform temperature distribution throughout the sorbent bed, 

eliminating local hot spots and temperature excursions as well as preventing sorbent deactivation due to severe 

thermal cycle profiles. In catalytic reactors involving exothermic reactions, such as the Sabatier process, enhanced 



 

International Conference on Environmental Systems 
 

 

6 

heat transfer properties are also necessary to eliminate local hot spots and temperature excursions at the catalyst 

surface, and to prevent catalyst deactivation due to metal sintering. Finally, the Microlith substrate provides about 

three times higher geometric surface area over conventional monolith reactors with equivalent volume and open 

frontal area, resulting in a lower pressure drop while maintaining high surface area of active sites, which are 

beneficial for assisting the endothermic CH4 reforming for the power generation application (solid oxide stack). 

 
The heat and mass transfer coefficients depend on the boundary 

layer thickness. For a conventional long channel honeycomb 

monolith, a fully developed boundary layer is present over a 

considerable length of the catalytic surface, thus limiting the rate of 

reactant transport to the surface of active sites. This is avoided when 

short channel length catalytic screens are used. A Computational 

Fluid Dynamics (CFD) analysis (Fig. 1) illustrates the difference in 

boundary layer formation between a long honeycomb monolith and 

Microlith screens. Finally, PCI’s proprietary catalyst and sorbent 

coating formulations and application methods, with high surface area 

washcoats, permit effective catalyst and sorbent usage with rigorously 

demonstrated long-term mechanical, thermal, and performance 

durability. 

The use of Microlith substrates with high heat and mass transfer rates, high surface area, and low pressure drop 

has a significant impact on the adsorber and reactor performance, weight, and size as compared to conventional 

pellet or monolith based units. The effectiveness of the Microlith technology and long-term durability of PCI’s 

proprietary coatings have been systematically demonstrated in different applications. These include exhaust 

aftertreatment,
23

 trace contaminant control,
24,25

 catalytic combustion,
26

 partial oxidation of methane,
27,28

 liquid fuel 

reforming,
29,30

 CO preferential oxidation, and water gas shift reactors.
31

 A scanning electron microscopy (SEM) 

micrograph of a coated Microlith substrate is shown in Fig. 2. SEM analysis indicates uniform coatings of active 

materials on the substrate with complete coverage. 

VI. Experimental Results and Discussion 

A. CO2 Adsorber for CO2 Separation from Martian Atmosphere 

A bench-scale CO2 adsorber was fabricated and assembled for preliminary study to evaluate the effectiveness of 

sorbent-coated Microlith for separating and collecting CO2 from simulated Martian atmosphere. Here, the proof-of-

concept testing was performed using zeolite 13X-coated and molecular sieve 5A (MS5A)-coated Microlith sorbent 

beds at different adsorption temperatures in order to develop performance maps for each sorbent and to optimize the 

operating conditions during separation of CO2 from the Martian atmosphere. A smaller version of the full-scale 

adsorber (i.e., sorbent bed volume of 500 ml vs. 19,000 ml for the full-scale unit) was developed at PCI to realize 

this effort (Fig. 3). The adsorption and regeneration cycles of the CO2 adsorber were initially performed at a sorbent 

bed temperature of 25°C, followed by 10°C, and concluded with -10°C (limited by the current test setup). At least 

three adsorption-regeneration cycles were performed at each of the three temperatures for both sorbents. The 

adsorber performance, including sorption capacity, power consumption, regenerability, and cycle-to-cycle variation, 

 
Figure 2. Surface-scan SEM micrograph 

of the coated Microlith substrate. 

 
Figure 1. Physical characteristics of conventional, long honeycomb monolith and Microlith substrates, 

and CFD analysis of boundary layer formation for a conventional monolith and three Microlith screens. 
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was evaluated. The gas mixture consisted of 95% CO2 with 

2.5% N2 and 2.5% Ar to simulate the Martian atmosphere. 

The inlet gas flow rate was varied to maintain the system 

pressure at the desired value. 

The initial target pressure for this effort was ~933 Pa 

(7 Torr) (i.e., Martian atmospheric pressure). The system 

pressure, however, was limited to 4000-4670 Pa (30-35 

Torr) due to the current limitation of the gas-sampling 

pump in the Quadrupole Mass Spectrometer (VG ProLab, 

Thermo Scientific) used to monitor the CO2 concentration 

during the adsorption process. To enable proper sampling 

at a lower system pressure and to achieve the targeted 933 

Pa (7 Torr) CO2 partial pressure, a modification to the gas 

acquisition system is required and will be performed in a 

future development effort. Operating the adsorber at 4000-

4670 Pa (30-35 Torr) should still be acceptable for 

evaluating the feasibility and benefits of the Microlith-

based regenerable CO2 adsorber for separating CO2 from 

Martian atmosphere. The resulting sorption capacity can 

still be compared against the sorption capacity of pellet 

versions of the sorbent at the specific operating pressure 

and temperature.  

First, the sorbent bed was subjected to an adsorption 

process by exposing it to a gas mixture consisting of 95% 

CO2 at 4000-4670 Pa system pressure. The exit CO2 

concentration during the adsorption process was monitored 

using the Mass Spectrometer. Fig. 4 shows the 

breakthrough curves obtained during all three CO2 

adsorption cycles on the zeolite 13X-coated Microlith 

sorbent bed performed at -10°C. All three breakthrough 

curves show similar profile, indicating minimal cycle-to-

cycle variation. Once the sorbent was saturated, the 

adsorption process was stopped and the adsorber was 

switched to desorption (regeneration) mode by applying 

electric current directly on the Microlith metal mesh. For 

CO2 quantification purposes, a known amount of N2 was 

flowed through the CO2 adsorber during the regeneration 

process. Prior to heating the Microlith sorbent bed, the 

adsorber was purged with N2 to remove the volume of 

CO2 contained within the adsorber, but not actually 

adsorbed to the sorbent. Generally, after purging the bed 

for about 5 minutes, 27 volts (i.e., 80 W peak power) was 

applied across the Microlith mesh to resistively heat the 

sorbent bed to ~150°C. This voltage was determined to 

safely heat the bed at a rate of ~15°C/min which has been 

previously determined to minimize potential damage to 

the sorbent from thermal cycling. Once the bed reached 

150°C, the voltage was reduced to 17 V (30 W) and was 

held there for 15 minutes until the bed reached ~170°C. 

The heating procedure took approx. 25 minutes. The 

power was then discontinued and the sorbent bed was 

cooled down to the desired temperature prior to starting 

the next CO2 adsorption. The regeneration cycle took 

place for a total of ~90 minutes, and the average power 

consumption during the 90-min cycle was calculated to be 

10-15 W, depending on the sorbent used and the 

 
Figure 3. Bench-scale CO2 adsorber module 

consisting of Microlith-based sorbent bed for 

proof-of-concept performance testing of CO2 

capture from simulated Martian atmosphere. A 30 

cm (12 in) wooden ruler is shown to provide scale. 
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Figure 4.  CO2 exit concentration profiles obtained 

during the CO2 adsorption on the zeolite 13X 

Microlith sorbent bed at -10°C. The inlet CO2 

partial pressure was maintained at ~33 Torr. 
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Figure 5.  CO2 exit concentration (vol.%) as a 

function of time during regeneration of the sorbent 

bed following CO2 adsorption at different 

temperatures. 
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adsorption temperature. Fig. 5 compares the exit CO2 concentration profiles during regeneration of the bench-scale 

CO2 adsorber module after performing adsorption at different temperatures. The same amount of N2 was flowed 

through the adsorber during the regeneration process; therefore, a higher exit CO2 concentration corresponds to a 

higher amount of CO2 desorbed from the sorbent bed. The total amount of CO2 desorbed was calculated by 

integrating the exit CO2 flow rate over time for each CO2 profile. A higher amount of CO2 was desorbed from the 

sorbent bed upon subjecting the bed to CO2 adsorption cycle at a lower temperature. The total amounts of CO2 

desorbed from the sorbent bed for all three different adsorption temperatures are listed in Table 1. This regeneration 

procedure was used consistently for comparison purposes despite the potential for optimization of heating time, 

regeneration temperature, and power requirement. Also, the maximum ramp rate of 15°C/min was conservatively 

determined to be a safe operating protocol based on PCI’s previous experience. More tests will need to be performed 

to determine the effect of faster heating rates on the sorbent morphology, adhesion quality, and sorbent 

hydrothermal stability. 

Table 1 lists the total amounts of CO2 captured using the zeolite 13X-coated Microlith sorbent bed for all three 

different adsorption temperatures. Additionally, the average regeneration power and the sorption capacities (weight 

basis and volume basis) of the sorbent calculated based on the amount of zeolite 13X (~52 grams) and the volume of 

the sorbent bed (500 ml) are included in the table. The sorption capacities were calculated based on the average of 

the values obtained from multiple cycles at the same temperature. A higher amount of CO2 was captured and 

desorbed from the sorbent bed at a lower temperature. This is as expected since the CO2 adsorption isotherms found 

in literature for zeolite 13X (as well as MS5A) indicate that the CO2 sorption capacity increases at lower adsorption 

temperatures for the same CO2 partial pressure.
32

 

Comparison of the average wt. % sorption capacity (i.e., capacity based on the weight of the sorbent material) 

obtained from the zeolite 13X-coated and the MS5A-coated Microlith sorbent beds indicates that the Zeolite 13X 

performs better at the lower operating temperatures and achieves a higher sorption capacity at -10°C. Since the 

future CO2 adsorber development will be aimed toward 

Martian application and will be exposed to Martian 

temperatures between -87°C and -5°C (186-268 K), the 

zeolite 13X-coated Microlith sorbent bed appears to give 

an advantage with its higher CO2 sorption capacity. 

Therefore, zeolite 13X is selected for this application. 

The CO2 sorption capacities obtained from both the 

zeolite 13X-coated and the MS5A-coated Microlith 

sorbent beds are comparable with the theoretical 

capacities found for the crystal (i.e., powder) version of 

the sorbents. Implementing the powder version of these 

sorbents for NASA applications, however, is not desirable 

due to their extremely high pressure drop (i.e., high 

parasitic losses) and fine particulates issues. A comparison 

of the performance of the Microlith-based sorbent beds to 

the packed bed of pellets (pellets tests were performed at 

NASA Johnson) indicates that the Microlith-based sorbent 

beds can perform better compared to the pellet 

counterpart. The tests performed at NASA Johnson on the zeolite 13X pellet bed gave a maximum CO2 sorption 

capacity of only 6.6 wt.% (i.e., 6.6 grams of CO2 uptake per 100 grams of sorbent) when operating the bed at  

-73.3°C and exposing it to 95.7% CO2 with 2.7% N2 and 1.6% Ar at 933 Pa (7 Torr) system pressure.
33

 This 

Table 1.  The average regeneration power, the amount of CO2 collected, and the sorption capacity for the 

zeolite 13X-coated Microlith bed at different adsorption temperatures. At least three adsorption-

regeneration cycles were performed at each of the three temperatures, demonstrating repeatable results. 

Cycle 

# 

Sorption 

T (°C) 

Average 

regeneration 

power (W) 

Average CO2 

collected per 

cycle (grams) 

Average wt.% 

sorption capacity 

(per cycle) 

Average vol. 

sorption per cycle 

(g CO2/L bed) 

1-6 25 10 1.9 3.6  3.7 

7-9 10 11 5.3 10.1 10.6 

10-12 -10 12.5 8.5 16.4 17.1 
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Figure 6.  Temperature profile of the sorbent bed 

and power profile during the regeneration of the 

zeolite 13X-coated Microlith sorbent bed. The 

adsorption was performed at -10°C. 
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sorption capacity is almost 3× lower than the 16.4 wt.% capacity obtained from the zeolite 13X Microlith sorbent 

bed at a higher adsorption temperature (-10°C) and a slightly higher CO2 partial pressure (4000-4670 Pa). Based on 

the study performed by NASA,
32

 the CO2 sorption capacity in general decreases by approx. 2× when the CO2 partial 

pressure is reduced from 4670 Pa to 933 Pa and the capacity increases by about 2× (at a CO2 partial pressure of 

933 Pa) when the temperature is reduced from 25°C to 0°C. Therefore, we expect the CO2 sorption capacity to be at 

least the same (i.e., 16.4 wt.%) as we expose the Microlith-based sorbent to a lower temperature and a lower CO2 

partial pressure. 

Proof-of-concept testing performed on the Microlith-based regenerable CO2 adsorber indicates two benefits of 

implementing zeolite-coated Microlith substrates for the separation of CO2. First, the ability to directly resistively 

heat the metal mesh support permits a rapid increase in the sorbent bed temperature. In this example, the bed 

temperature was increased from ambient to 150°C in less than 10 minutes (i.e., limited by the safe approach on the 

heating rate), and can still be optimized. This confers a clear advantage over a packed bed of pellets that can only be 

regenerated using an external or embedded electric heater. Second, the high heat transfer property of the Microlith 

metal mesh results in a uniform temperature profile of the sorbent bed during the regeneration (Fig. 6). All four 

thermocouples, which were placed at different axial and radial locations within the sorbent bed, showed similar 

temperature readouts (i.e., within 10°C) during desorption. This avoids any temperature excursions and local hot 

spots during heating of the sorbent bed, which can prolong the sorbent life and durability. In contrast, the more 

sluggish thermal response of a packed bed of pellets requires higher sorbent regeneration temperature and causes 

issues with local hot spots, which result in the rapid sorbent deactivation and structural degradation. 

B. Effective Sabatier Reactor for Life Support Consumables and Methane Production 

Sabatier reactor prototypes have been developed, evaluated, and optimized at PCI for producing life support 

consumables (e.g., H2O and/or O2) and methane fuel for both spacecraft ARS and ISRU system architectures.
14

 The 

reactor has been operated with GHSV’s of up to 60,000 hr
-1

 (GHSV’s were calculated based on the catalyst volume 

and the total inlet flow rate consisting of CO2 and H2). Additionally, the versatility of the proof-of-concept reactor 

was demonstrated by operating it under H2-rich (H2/CO2 ratio of >4), stoichiometric (ratio of 4), and CO2-rich (ratio 

of <4) conditions without affecting its performance. The optimum design implemented a highly efficient heat 

exchanger (i.e., with reduced weight and size) and controllability (e.g., self-sustainability) of the catalyst bed 

temperature. These reactor concept designs utilize the heat transfer benefit of the Microlith catalyst substrates to 

achieve better reactor performance and durability as well as faster start-up and transient response. 

Based on these previous prototypes, a new Sabatier reactor was developed with an optimized heat exchanger 

design. This new Sabatier reactor demonstrated improvement on the thermal management and was capable of 

achieving self-sustained, steady state operation without additional, external heat input. Normally, the Sabatier 

reaction is self-sustaining when at steady state conditions, but due to the high thermal conductivity of the catalytic 

Microlith substrates, the heat of reaction is rapidly conducted away from the catalyst and the reaction will quench 

without some level of pre-heat. Testing proved that the inlet feed must meet certain specifications in order to 

maintain the reaction in the catalyst bed. To accomplish this, a recuperation concept was incorporated into the 

reactor design to recover some of the heat removed from the catalyst bed and to use it to pre-heat the reactor feed 

stream. The advantage of achieving self-sustained operation was that the reactor no longer required an upstream 

system of external heaters which reduced the weight and volume of the overall system and significantly reduced the 

system’s parasitic power requirements during steady state operation. Furthermore, performing a heat exchange with 

the hot outlet gas stream resulted in the reduction of the product temperature, and thus promoted the product 

composition toward higher CO2 conversion and CH4 yield. This condition has been demonstrated to maximize the 

production rate of water and methane from CO2 and H2. 

To enable cold start-up of the Sabatier reactor, a resistive heater was integrated into the reactor design to initially 

heat the catalyst bed to the required light-off temperature. This was once again a smaller and more efficient method 

of achieving cold start-up as compared to the external electric heaters. Light-off could be achieved in 20 minutes or 

less with a power input of only 120 W.  Once reaction light-off was achieved in the reactor, the reaction became 

self-sustaining and the resistive heater (integrated into the reactor) was de-energized. 
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The latest Sabatier reactor is shown in Fig. 7, which 

underwent performance evaluation and characterization, 

durability studies, and integration into a standalone SDU 

prototype for ground demonstration and performance 

validation. This optimized reactor contained approx. 24 mL of 

PCI’s Microlith-based catalyst optimized for the Sabatier 

reaction and was designed to process up to 4 kg/day of CO2 

(1.5 slpm CO2 at 100% duty cycle) metabolically produced by 

4-crew members. The reactor optimally produces ~1.7-1.8 

g/min of water when operating at a H2/CO2 ratio of 4.0 at 

atmospheric pressure. The final reactor weight and volume 

were 1.75 kg and 900 ml, which include the reactor housing 

components, resistive heater, heat recuperator, and heat 

exchanger. 

After evaluating the performance of the Sabatier reactor, a 1000-hr (42-day) test was conducted to examine its 

performance durability toward continuous operation and thermal cycling. The 1000-hr durability test was performed 

at H2/CO2 ratios of 4.0 and 4.5 (alternating after every ~250 hours) while maintaining a total inlet flow rate of 6 

slpm (i.e., CO2 and H2), an average catalyst bed temperature of approx. 370°C, and a reactor pressure of 1 atm (14.7 

psia). The inlet gas consisted of H2, CO2, and 10 vol.% N2, resulting in a reactant partial pressure of 13.2 psia. A slip 

stream of product gas was passed through a chiller, where H2O was removed, and was analyzed using gas 

chromatography equipped with a thermal conductivity detector (micro-GC, Agilent) to determine the gas 

composition. The product gas consisted of CH4, N2, and unconverted H2 and CO2. Nitrogen was utilized as an 

internal standard gas to determine the CO2 conversion and CH4 selectivity from the mass balance calculation. Fig. 8 

shows the CO2 conversion observed throughout the 1000-hr durability test. The expected equilibrium CO2 

conversions (for an isothermal case) at the corresponding catalyst temperatures and at H2/CO2 ratios of 4.0 and 4.5 

were also included for comparison. Ten 

start-stop cycles were performed during the 

1000-hr test to examine the catalyst 

durability over exposure to multiple thermal 

cycles. As shown in Fig. 8, the results from 

the durability testing of PCI’s Microlith-

based Sabatier catalyst demonstrate 

extremely stable catalyst performance 

without any catalyst degradation. 

Additionally, the CO2 conversions at H2/CO2 

ratios of 4.0 and 4.5 corresponded well to the 

equilibrium CO2 conversions at the operating 

temperatures, with small variations which 

may be due to the difference between the 

actual catalyst temperatures and the 

monitored average values. Furthermore, 

100% CH4 selectivity was observed 

throughout the test. 

At a H2/CO2 ratio of 4.0, the CO2 

conversion was observed to be ~88-90% (vs. equilibrium CO2 conversion of 88% at 370°C). During the initial stage 

of the 1000-hr durability testing, the CO2 conversion was slightly lower. We attributed this to an incomplete 

reduction treatment of the catalyst bed prior to testing. For the final SDU prototype system, the Sabatier reactor was 

operated for at least 100 hours prior to delivery to ensure that the catalyst bed was completely reduced. At a H2/CO2 

ratio of 4.5, the CO2 conversion was calculated to be 96-98% (vs. equilibrium CO2 conversion of 95.2% at 370°C).  

In summary, from the 1000-hr (42 day) testing of the Microlith-based Sabatier reactor prototype, we successfully 

demonstrated stable catalyst and reactor performance for efficient conversion of CO2 and H2 to CH4 and H2O at 

sustained high reactant conversions and CH4 selectivity. On the other hand, the microchannel-based Sabatier reactor 

developed by Pacific Northwest National Lab (PNNL) showed significant catalyst deactivation during their 15-day 

testing, where the CO2 conversion decreased from 70% to 48%.
1
 Additionally, the traditional pellet bed Sabatier 

reactor is typically oversized to account for the expected catalyst deactivation due to local hot spots which lead to 

catalyst sintering. The implementation of the Microlith-based catalyst substrate for the exothermic reactions, such as 

 
Figure 7. Photo of the latest 4-crew, Microlith-

based Sabatier reactor developed at PCI. 
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Figure 8.  CO2 conversion profile obtained from the 1000-hr 

durability testing of the Sabatier reactor at H2/CO2 ratios of 4.0 

(equilibrium CO2 conversion = 88%) and 4.5 (equilibrium CO2 

conversion = 95%). 
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the Sabatier process, permits the reduction or elimination of local hot spots due to its high heat transfer property. 

This avoids catalyst sintering and prolongs catalyst lifetime utilizing a compact reactor package. 

After optimizing the Sabatier reactor and examining its long term durability, the resulting hardware prototype 

was integrated into a standalone SDU system. This system consisted of mass flow controllers, the Sabatier reactor, a 

condensing heat exchanger, and a phase separator along with the support equipment such as solenoid valves, power 

supplies, relays, and control hardware. The condenser consisted of an air cooled heat exchanger which uses forced 

convection to cool the product gasses exiting the reactor and condense out any water that was produced. This dual 

phase mixture then passed through a gravity based separator to separate the product water from the product methane 

and unreacted hydrogen and carbon dioxide. As the system is designed to operate at sub-ambient pressures (~6 psia) 

to simulate the actual operating conditions in the ISS, the separator was equipped with a peristaltic pump to draw the 

water out of the separator and into an atmospheric pressure collection tank. The water level in the separator was 

monitored via a differential pressure transducer. This transducer would send a signal to the solenoid water drain 

valve to prevent the separator from overflowing which would result in a reduced water yield or from emptying 

which would result in combustible gasses building up in the water collection tank. As this separator design is gravity 

based, it is only feasible for ground demonstration. Alternative phase separators, including a centrifugation-based 

unit, will be investigated when developing flight-ready hardware. The external dimensions of the enclosure were 21 

inch × 17.5 inch × 10.75 inch resulting in a volume of 2.3 ft
3
 (65 Liters), excluding the components mounted to the 

top of the enclosure (Sabatier reactor, condensing heat exchanger, and MFC’s), the water collection tank, and the 

user interface (laptop computer). The final system weight was approx. 40 kg, nearly half of which corresponded to 

the steel enclosure. 

Finally, the SDU prototype was tested for 100 hours to examine its durability and to validate system integrity, 

including controls, heat exchangers, and phase separator. The 100-hr durability test was performed at a H2/CO2 ratio 

of 4.0 and a reactor pressure of 1 atm (14.7 psia). The inlet gas consisted of H2, CO2, and 5 vol.% N2, resulting in a 

total reactant partial pressure of 14.0 psia. Fig. 9 shows the CO2 conversion observed throughout the 100-hr 

durability test. The results from the SDU 

prototype durability test are consistent with 

the results from the 1000-hr reactor 

durability test in that it consistently 

achieved equilibrium conversion at the 

optimal operating temperature and showed 

no performance degradation over the 

duration of the test. At a H2/CO2 ratio of 

4.0, the CO2 conversion was observed to be 

~88-90% (vs. equilibrium CO2 conversion 

of 88% at 370°C). Furthermore, 100% CH4 

selectivity was observed throughout the 

test. Six start-stop sequences were 

performed during the 100-hr test to 

examine the catalyst, reactor, and system 

durability over exposure to multiple cycles. 

A second SDU prototype for ground 

demonstration was developed and delivered 

to a commercial space R&D company. Similarly, the prototype was characterized prior to delivery and 100-hr test 

was performed to validate performance. Table 2 lists the results from testing of this SDU prototype. In one test, we 

added 5 wt.% of water to the inlet gas to evaluate the effect of moisture on the Sabatier reactor performance. We 

found no impact of water in the inlet stream to the reactor performance (i.e., CO2 conversion and CH4 selectivity). 

Table 2.  Results from testing the SDU prototype at different H2/CO2 ratios, total reactant flow rates, and 

inlet water concentrations. 

H2/CO2 Ratio 

 

Water in CO2 

Stream (wt.%) 

CO2 Conversion (50% Duty 

Cycle; 1.5 SLPM CO2) 

CO2 Conversion (100% Duty 

Cycle; 0.75 SLPM CO2) 

3.5 0 ~80.8% ~83.7% 

4.0 0 ~89.0% ~93.0% 

4.0 5 ~88.5% -- 

4.5 0 ~95.5% ~98.8% 

 
Figure 9. CO2 conversion profile obtained from the 100-hr 

durability testing of the SDU prototype at a H2/CO2 ratio 4.0 

and atmospheric pressure. 
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Finally, water production data was generated from testing the SDU prototype for 27 hours and is shown in Fig. 

10. The average water collection rate over the course of this test was determined to be 0.84 g/min. When accounting 

for the water vapor that escaped with the CH4 to the ventilation system, a total water production rate of 0.86 g/min 

was observed which is equivalent to a CO2 conversion efficiency of 78% and H2 conversion of 88%. These are 

consistent with the thermodynamic equilibrium conversions at the operating temperature of the Sabatier reactor. 

The existing SDU prototype will need to be modified to meet the requirements for flight-ready hardware. The 

Sabatier reactor has already undergone preliminary vibration testing and several design modifications have been 

proposed to improve robustness and mechanical durability; however, many of the balance-of-plant (BOP) 

components within the system are currently not rated for vibration or for operation in microgravity environments. 

Research will be required to identify candidate component replacements. Additional efforts are also needed to 

reduce the volume and weight of the various BOP components. Many of the components are oversized for their 

intended use and it should be possible to identify more appropriately sized and/or custom-made components. The 

system can also be repackaged to reduce its volume and the enclosure can be manufactured out of lighter materials. 

The fully-automated control system (currently consisting of a Labview compact RIO chassis) and many of the 

electronic components, such as relays and fuses, will be migrated into a single, compact control board to both reduce 

its size and increase its tolerance to vibration. Finally the water separation sub-system will need to be replaced with 

one that is suitable for microgravity environments, such as a centrifugation-based system. 

C. Methane-fueled Solid Oxide Stack System 

The most recent development at PCI is the 

demonstration of an innovative, high power density 

SOFC stack for the utilization of methane and other 

hydrocarbons along with O2 to produce electrical 

power from in-situ resources. The implementation of 

catalytically-coated Microlith substrates and a design 

that facilitates heat transfer show the potential for 

higher overall efficiency along with system 

simplification. This enables further compactness and 

weight reduction of the fuel cell system while 

improving the conditions for long system life. 

An approach for methane reformer operation and 

efficient heat transfer was developed and 

implemented in our proof-of-concept effort to 

achieve a complete, but controllable, CH4 

conversion, producing reformate stream consisting of 

trace CH4 (<1%) along with H2 and CO that can be directly fed to the anode section of the solid oxide stack. This 

was made possible by the use of high-heat transfer and high-surface-area Microlith catalytic substrates. These 

characteristics of the Microlith substrates were proven to be beneficial for the methane reforming reaction. The 

combination of the Microlith substrates, durable and novel catalyst coating, and a tailored heat transfer-facilitated 

design permitted efficient reforming approach for enabling efficient and durable CH4-fueled SOFC stack operation. 

The integrated metal mesh is also expected to assist the cell stack during the co-electrolysis (SOEC) mode, and will 

be evaluated in a future development work. 

Based on the developed concept, which was confirmed by the experimental and computational results, below is 

the summary of benefits of PCI’s approach for CH4-fueled SOFC stack operation: 

• Power density and efficiency gains compared to standard cell operation: Higher power density per cell and 

potential for higher fuel utilization (UF) due to the resulting higher H2 and CO concentrations; 

• Methane reforming element integral with anode and cathode of the solid oxide stack;  

• Elimination of external reforming reactor and associated heat exchanger components; 

• Effective heat removal for reduced thermal stresses leading to longer life (stable cycle-to-cycle performance was 

demonstrated); 

• Reduction of the required cathode O2 flow (reduce O2 usage); 

• Minimal interference with current collection or flow manifolds/distribution;  

• Metal mesh elements can assist stack heat-up; 

PCI’s Microlith catalytic metal mesh has also demonstrated resistance to carbon formation during CH4 reforming 

(both steam reforming and partial oxidation of CH4). Additionally, low thermal mass leads to a uniform temperature 

 
Figure 10. Water production rate from SDU prototype 

during testing at a H2/CO2 ratio of 3.5 and 100% duty 

cycle (0.75 slpm CO2). 
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profile and avoidance of carbon-promoting cold spots within the reformer. Finally, high geometric and specific 

surface area easily promotes complete conversion of reactants, which was observed experimentally. These benefits 

make this approach superior to the alternative approaches, for example utilizing Ni-foam or Ni-catalyst parts of the 

SOFC. Nickel is a well-known coke promoter, especially in the reducing environment of the anode cell. 

Additionally, using Ni-foam as catalyst for the endothermic methane reforming will result in cold spots, which will 

cause severe cell performance degradation and durability issue 

due to significant thermal stresses and coking. 

A test fixture was designed and fabricated for proof-of-

concept testing of the Microlith-based methane reformer for 

solid oxide cell. A photograph of the test fixture is shown in Fig. 

11. This fixture consisted of two 8.75 in × 7.5 in × 3/8 in thick 

Inconel 625 plates with embedded catalytic Microlith elements 

sandwiched between them. It has capability to hold Microlith 

catalytic screens without any flow bypassing. This configuration 

simulates one of the concept designs for the reforming approach. 

The goal of this test fixture is to examine the CH4 conversion 

(via gas composition distribution) and temperature profiles as the 

reactants pass through the reformer elements by placing multiple 

gas sample ports and thermocouple ports along the gas flow 

direction. The gas flow is parallel to the Microlith catalytic 

screens. Two flow manifolds were machined into the mating 

surfaces of the plates to provide even flow distribution to the 

Microlith metal mesh layers. The fixture was sealed using a high temperature gasket. Each Microlith metal mesh 

was 12.7 cm long (in the flow direction) and 13.6 cm wide (in the cross flow direction). These Microlith metal mesh 

dimensions were selected to match the dimensions of a solid oxide cell assembly.  

Utilizing this test fixture, we evaluated the performance of various Microlith metal mesh configurations for the 

methane steam reforming at the operating conditions listed in Table 3. The catalyst loadings for the Microlith metal 

meshes fabricated in this effort were: 0.25, 0.5, 0.75, and 2 mg/in
2
 (i.e., 1.9, 3.8, 5.7, and 15.2 mg/ml, respectively). 

In addition to the gas composition, the temperature distribution was also monitored during the performance testing 

of various Microlith configurations. Test results indicated that the thermocouple pairs at the same axial length had 

very consistent readings (i.e., <±3°C), indicating uniform temperature and CH4 conversion distribution in Y-axis. 

Using the test results, the expected temperature distribution was determined and experimentally confirmed. 

 

Table 3.  The operating conditions for evaluation of various Microlith metal mesh configurations. 

Parameters Values 

Average Temperature 800 – 850°C 

Reactant Flow Rate 0.66 – 1.32 SLPM 

Steam-to-carbon ratio 1.7 – 2.0 

Gas Hourly Space Velocity (GHSV) 2500 – 20,000 hr
-1

 

Weight Hourly Space Velocity (WHSV) 250 – 6000 L/hr/g catalyst 

 

To evaluate the thermal cycle durability of PCI’s reforming concept, the test fixture with the optimum Microlith 

configuration, consisting of metal meshes with a combination of the catalyst loadings described above, was 

subjected to 20 thermal cycles. In this thermal cycle test, there was no active cooling element and thus the cooling 

rate was based solely on the heat transfer to the ambient environment. The heating rate was controlled by adjusting 

the temperature change in the ceramic plate heater. The heating and cooling rates during this thermal cycle test were 

limited by the thermal mass of the test fixture. The heating rate was determined to be approx. 2.5°C/min and the 

cooling rate was approx. 1.4°C/min. The thermal cycle testing involved heating up the test fixture to an average 

catalyst temperature of ~800°C, followed by a cool down process to an average catalyst temperature of ≤~500°C. 

The test was repeated to complete the 20 thermal cycles. During pre-heat step, a mixture of N2 and steam was fed to 

the Microlith reforming elements in the test fixture. After the catalyst temperatures reached steady state, the N2 flow 

was discontinued and CH4 was then mixed with steam and fed to the reformer. Endothermic methane steam 

reforming occurred instantaneously, which was indicated by a drop in the catalyst temperatures. The thermal cycle 

Reactants
Products

x-axis

y-axis

Thermocouple Ports

GC Sample Ports

 
Figure 11. Photo of the proof-of-concept 

methane reformer test hardware. A 15 cm 

ruler is shown for scale. 
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data indicated very stable reformer performance, without any noticeable degradation. All carbon molecules in the 

feed gas mixture were accounted for in the outlet via mass balance calculation of the gas composition, indicating no 

carbon deposition in the test fixture. The pressure drop across the reformer was also monitored during the thermal 

cycle testing, and was stable at ~2 – 3 inch of H2O. 

To assess the effect of thermal cycles on 

the solid oxide cell performance, a single cell 

was built and loaded into cell/stack test 

apparatus. For this proof-of-concept testing, 

the solid oxide cell was decoupled from the 

reformer in order to isolate the effect of 

different inlet gas compositions on the cell 

performance. Air was fed directly to the cell’s 

cathode without any pre-heating while the 

anode gases (i.e., reformate consisting of H2, 

CO, CO2, and steam) were pre-heated using 

an inline heater/steam generator. The CO and 

CO2 were blended together to achieve a 

desired ratio prior to mixing with H2 and 

steam. After installation, the cell was heated, 

seals were cured, and the anode was reduced. 

An initial polarization curve was performed at 

800°C in 50% H2 (0.459 slpm) in N2, to 

establish a baseline for thermal cycle testing. 

Under these conditions, the cell achieved 

0.368 W/cm² at approx. 80% UF. 

The thermal cycle testing was executed by performing the following protocol. The anode gas was transitioned to 

diluted hydrogen (15% H2, balance N2) and the stack was cooled at 2°C/min to 550°C and held for 0.5 hr for 

daytime cycles or for 12 hrs for nighttime cycles before returning to 800°C at 2°C/min. Once at 800°C, the anode 

composition was returned to 50% H2 (balance N2) and a polarization curve was repeated. During cycles 1 – 3, the 

stack was also evaluated using an anode inlet gas composition based on the product composition of PCI's methane 

reformer. The resulting power density of 0.45 W/cm
2
 was obtained at 80% UF, which gave ~20% higher power 

density compared to the results from diluted H2 testing (Fig. 12). This was due to the overall higher available fuels 

in the simulated PCI’s reformate composition that includes H2 and CO. 

D. Potential Future Work: Integration of CO2 Adsorber, Sabatier Reactor, and Solid Oxide Stack 

PCI has developed the regenerable CO2 adsorber, efficient CO2 methanation/Sabatier reactor, and power-dense 

CH4-fueled solid oxide stack system utilizing its patented Microlith technology and has demonstrated their 

performance for efficient removal (from cabin air or from simulated Martian atmosphere) and conversion of CO2 to 

produce methane and water as well as utilization of CH4 to generate electrical power. Each technology shows 

potential to provide a compact, lightweight, durable, and power efficient process to produce (or recycle) life support 

consumables (i.e., water and O2), propellant fuel, and electricity from in-situ resources for NASA’s ISRU 

applications. 

Further effort is still required to develop and optimize an integrated system consisting of these components as the 

baseline architecture for effective utilization of in-situ resources, taking CO2 from Martian atmosphere and CH4 with 

higher hydrocarbons from Martian regolith off-gas to generate consumables, fuel, and power. The operating window 

for the integrated system will need to be mapped out per NASA specifications. Efforts toward realization of the 

durable, efficient CO2 accumulator and compressor for CO2 storage and flow management (between the CO2 

adsorber and the Sabatier reactor) will need to be performed. Long-term performance durability with multiple 

startup/shutdown sequences will need to be validated. 

VII. Conclusion 

This paper describes and experimentally demonstrates that the implementation of a Microlith-based regenerable 

CO2 adsorber and efficient Sabatier reactor system can be significantly beneficial for producing fuel and oxygen 

from the Martian atmosphere (for ISRU application) with high CO2 conversion and high CH4 selectivity at low 

system size/weight and low overall power consumption. The methane produced by the Sabatier reactor can be 

UF = 80% 0.45 W/cm2

0.37 W/cm2

 
Figure 12. Thermal cycle test results showing power density at 

80% UF and 800°C average cell temperature for each cycle 

using diluted H2 and PCI’s reformate composition. With PCI’s 

reformate composition, the power density was higher due to 

the higher amount of available fuels in the anode inlet. 
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combined with methane and high hydrocarbons collected from the regolith off-gases, and can be fed to a solid oxide 

stack system implementing a Microlith-based reformer concept for generating power. When implementing a 

regenerative fuel cell system, the solid oxide stack can be operated both as a power generator, utilizing methane as 

fuel (i.e., during the night time cycle when the solar power is not available) and as electrolyzer, to generate O2 and 

H2 (i.e., during day time cycle). 

For the regenerable CO2 adsorber, the benefits include high heat and mass transfer properties, high surface area, 

and direct resistive heating capability. The unique capability for direct resistive heating of the Microlith metal mesh 

support permits rapid, low power regeneration of the CO2 adsorber via direct internal heating, which confers a clear 

advantage over a packed bed of pellets that can only be regenerated using an external or embedded electric heater. 

Also, having high surface area and highly exposed/dispersed sorbent materials on the Microlith substrate assists the 

adsorption process by increasing the sorbent utilization while maintaining low pressure drop. Finally, the high heat 

transfer property of the Microlith metal mesh permits uniform temperature within the sorbent bed during the 

regeneration process, avoiding temperature excursions and local hot spots that can lead to sorbent deactivation. For 

the Sabatier reactor, the benefits are short contact time kinetics, high heat transfer, and high surface area of catalyst 

active sites that enable the creation of a highly efficient, compact, and durable Sabatier reactor. Two SDU 

prototypes have been developed, demonstrated, and characterized, which are capable of producing high CO2 

conversion and CH4 selectivity at high space velocities and low operating temperatures. The prototypes consist of 

Microlith-based Sabatier reactors (sized for a 4-crew mission) that are much more compact and lightweight 

compared to the current state-of-the-art pellet-based Sabatier reactor. The reactor was successfully operated for 1000 

hours at H2/CO2 ratios of 4.0 and 4.5 with multiple start-stop sequences (i.e., thermal cycles) without detectable 

performance degradation. The reactor was also subjected to vibration tests to simulate launch loads. Post-vibration 

reactor testing and catalyst analysis were performed, showing minimal performance degradation and no observable 

catalyst dusting and particulates/fines formation. Finally, the design for a reforming concept of regolith off-gases 

(e.g., methane and high hydrocarbons) for a solid oxide cell was developed and demonstrated. The resulting 

enhanced heat transfer design shows the potential for higher overall efficiency, simplifies the solid oxide stack 

system, and enables further compactness and weight reduction of the system while improving the conditions for long 

service life. The approach also demonstrates the potential to operate the solid oxide stack with a wide range of input 

fuels (i.e., high hydrocarbons as well as various levels of CO2 and water) without forming carbon. 
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