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The founders of OxEon Energy led the solid oxide electrolysis (SOXE) stack development 
for the Mars 2020 MOXIE experiment. MOXIE, the Mars Oxygen ISRU Experiment was 
developed to demonstrate oxygen production by direct electrolysis of CO2 from the Mars 
atmosphere using solid oxide electrolysis. The OxEon team, together with JPL and MIT 
completed flight qualification and flight hardware delivery in mid 2017 from Ceramatec, 
before OxEon became an independent company. Challenges encountered, and solutions 
achieved in the SOXE development and flight qualification are presented. The OxEon path 
toward scaling this technology for manned Mars missions is outlined. Beyond ISRU, SOXE 
applicability to long duration atmosphere revitalization will be illustrated using an analysis of 
solid oxide co-electrolysis of water vapor with CO2, coupled to catalytic production of methane 
or liquid hydrocarbons and paraffin wax. The combined co-electrolysis + Fischer-Tropsch 
synthesis route will be compared with the conventional water electrolysis driven Sabatier 
reaction for energy efficiency and sustainable stoichiometry. 

Nomenclature 
ASC = Anode Supported Cell 
ASR = Area Specific Resistance (ohm-cm2) 
bbl = Unit of measure of volume in the oil industry 
CAC  = CO2 Acquisition and Compression 
EDL = Entry, Descent and Landing 
EROS = Electrochemical Recovery of Oxygen Subsytem 
ESC = Electrolyte Supported Cell 
FTS = Fischer-Tropsch Synthesis 
LSM = Lanthanum Strontium Manganite e.g. LaySr(1-y)MnO3 
ISRU = In Situ Resource Utilization 
Kp = Chemical equilibrium constant 
MOXIE = Mars Oxygen ISRU Experiment 
m = CO-CO2 co-electrolysis stoichiometric coefficient 
n = H2-H2O  co-electrolysis stoichiometric coefficient 
PF = Proto-flight  
SOEC = Solid Oxide Electrolysis Cell 
SOXE = Solid Oxide Electrolysis device 

I. Introduction 
HE United States is developing plans and supporting technology for human expeditions to Mars beginning in the 
next 20-30 years. Mission planning exercises have been conducted for decades, and one recurring theme is the 

use of In Situ Resource Utilization (ISRU) whereby the natural resources of the planet are used to support mission 
operations. In particular, the production of oxygen for life support and ascent vehicle propellant oxidant is considered 
essential. It is recognized as one of five key mission architectural branch decisions in the current plan known as Mars 
Design Reference Architecture 5.0 (DRA 5.0).1 However, to this point ISRU prototypes have only been tested on 
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earth. In 2014 NASA announced MOXIE (Mars Oxygen ISRU Experiment) as one of the seven instruments selected 
for the Mars 2020 rover payload.2 MOXIE consists of subsystems for CO2 acquisition and compression, solid oxide 
electrolysis (SOEC aka SOXE), measurement of composition, flows and a process monitoring and control section, 
which includes the power electronics. The mechanical and thermal packaging and integration to the rover structure 
and thermal system are also essential to the survival and function of MOXIE. This application is particularly 
challenging due to the logistical rigors of delivering the package to Mars, which requires that it endure the high 
vibration and acceleration loads of launch, then survive months of deep cold in high vacuum, followed by the entry, 
decent and landing phase. OxEon’s team led the development of SOXE stack in collaboration with the Jet Propulsion 
Laboratory (JPL) and Massachusetts Institute of Technology (MIT). The work resulted in delivering a set of flight 
qualified stacks to JPL. 

Upon successful delivery of the MOXIE flight stacks, the OxEon team initiated the scale up of SOXE footprint to 
manned mission capacity, with initial applications targeting terrestrial energy storage. This prototype scale up phase 
was undertaken with financial support from the State of Utah. The mission-scale design is scheduled to enter testing 
in mid 2018. Additionally, OxEon has developed complementary processes, which in combination with SOXE will 
enable long-endurance space flight life support systems to sustainably attain oxygen recovery > 95%. 

II. MOXIE Challenges 
High temperature electrolysis of CO2 to CO is closely analogous to electrolysis of steam to H2, from an 

electrochemical and thermodynamic perspective as previously discussed by the authors.3 However dry CO2 
electrolysis is complicated by the fact that the electrolysis product CO can also be electrolyzed to produce solid carbon. 
Carbon produced by CO electrolysis can block electrode pores and interconnect flow field passages and irreversibly 
disrupt electrode microstructure. 

A very limited power budget on the rover restricts the MOXIE operational cycle to a 90-minute SOXE heating 
time, followed by 120 minutes of CAC (CO2 Acquisition and Compression) and SOXE operation to produce oxygen. 
The temperature between 800 °C operational periods can drop to as low as -40 °C. This means that steady state, long 
duration runs are not possible and the SOXE stacks must be capable of operational cycling involving rapid, repeated 
deep thermal cycles. 

Mars atmospheric pressure is less than 1% of earth atmosphere pressure. Both temperature and pressure of the 
Mars atmosphere are much more variable with season, and time of day than Earth’s atmosphere. There are also greater 
possible extremes in elevation than on Earth. While the thermodynamic work of CO2 compression from ambient 
pressures to the nominal 1 bar operating pressure is much less than the work of electrolysis, projected CAC power is 
2-3 times that of the SOXE stack due to frictional losses in a small compressor, and these two major components only 
account for half of the total power demand due to the disproportionate overhead in a small system. The CO2 delivery 
rate from the CAC system is a function of atmospheric density and is expected to vary from 30 g/h to 80 g/h. The 
landing site selection has not been made, and once made, site selection could change, even in flight, if new 
observations or analysis suggests a location of greater scientific interest. System constraints dictate a passive back 
pressure regulation scheme such that the SOXE stack anode and cathode internal operating pressure will be directly 
proportional to their respective outflow rates.  

The nominal design point is 1 bar internal pressure for both anode and cathode, with the stack contained in an 
unpressurized thermal package at Mars ambient pressure. Since pressures in the cathode and anode flow passages are 
proportional to the CO2 feed rate supplied by the CAC, and the O2 generation rate of the SOXE stack respectively, the 
potential exists for a significant and variable pressure difference across the cells within the stack. Feed rates of CO2 
and production rates of O2 will vary, either deliberately or as a result of changes in the atmosphere or the system. As 
the SOXE stack will not be contained in an external pressure vessel, and as the internal to external pressure differential 
is 1 bar at the nominal design point, the stack is in effect a self-contained, hot-structure pressure vessel. The 
combination of repeated and rapid thermal cycles, along with significant and variable pressure differentials, and the 
objective of producing virtually pure O2, pose demanding challenges to the stack structure and seal designs. At the 
same time the stack and manifold mass allocation is less than 1 kg within a volume of approximately 150 ml. 

III. MOXIE Stack Design Approach 
Even though thin electrolyte anode (SOFC mode) supported cells (ASC) have become the standard design in recent 

years, several factors favor an electrolyte-supported cell (ESC) for this application. The logistical rigors of the launch 
and EDL events, expected cell operating pressure differentials, and the need for a hermetic perimeter seal of internal 
pressure against the virtual vacuum of Mars atmosphere, all place a high priority on mechanical robustness in favor 
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of a thick dense ESC design. Additionally, the thick low porosity SOFC anode poses a high mass transfer resistance 
as a SOEC cathode in comparison to a thin, highly porous screen printed cathode used with the ESC. This factor is 
important for simple electrochemical performance (concentration overpotential contribution to Area Specific 
Resistance, ASR) and to avoid carbon deposition. Finally, the ASR contribution attributable to the poor electrode 
kinetics in the dry CO-CO2 system relative to steam-CO2 electrolysis were expected to be greater than the electrolyte 
ASR contribution of the ESC. 

The MOXIE mass, volume and sealing requirements all favored an internally manifolded stack design. Working 
with Plansee a custom interconnect design for MOXIE was developed, addressing both functional and fabrication 
considerations. The Cr-Fe-Y2O3 (CFY) interconnect material thermal expansion matches that of the ESC so closely 
that the two can be joined with a hermetic glass seal and reliably cycled.  

The remainder of the materials set is largely the same as developed by the team for steam electrolysis. The 
electrolyte is tape cast scandia stabilized zirconia. The anode is a proprietary perovskite that has been shown to 
eliminate the well-known electrode delamination issue with LSM (Lanthanum Strontium Manganite e.g. LaySr(1-y) 

MnO3) as an SOEC anode. The cathode is an oxide dispersion nickel cermet. Consideration was given to using copper 
based electrodes, which are reported to inhibit carbon deposition.4 

MOXIE is required to demonstrate delivery of high purity oxygen, at a nominal pressure of 1 bar while operating 
in a nominal 10 mb environment. A 3-port stack design was used with the cathode flowfields having a CO2 inlet and 
CO/CO2 outlet and the anode flowfields having a single O2 outlet port, all internally manifolded. The stack mass and 
energy allocations dictated the use of a single 10-cell stack, within a volume envelope of 50mm x 100mm x ~30mm. 
An intermediate busbar on the interconnect between cells 5 & 6 allows independently powering cells 1-5 and 6-10 as 
sub-stacks should one sub-stack show high resistance after landing A high resistance cell could occur from a number 
of reasons such as channel obstruction by accumulation of vibration dislodged debris, or from carbon deposition during 
operation at high current relative to CO2 flow. However the entire stack of 10 cells has common CO2 feed and O2 
collection flow paths, so no redundancy against gas pressure containment or full stack flow obstruction is available. 
The MOXIE stack configuration is shown in Figure 1. 

 
Figure 1. MOXIE Stack Configuration and Exploded View 

IV. Results 
After a 15-month design iteration, fabrication 

process development, and operating protocol study 
period the SOXE device demonstrated capability to 
meet the basic operational criteria of oxygen production 
rate (10g/h O2 from a 100g/h CO2 feed rate), oxygen 
purity (>99.6%), and cycle life (20 full temperature and 
operation cycles). With the fabrication processes and 
testing protocols set, a series of 19 SOXE stacks were 
produced and tested over a 4-month period to prove 
process capability and stability. The initial polarization 
sweeps of the 19 stacks are shown in Figure 2. Some 
refinement of technique in the processing steps 
tightened the distribution closer to the fit shown, with a 
slope of 1.07 ohm-cm2. The intercept of 0.85 V is 30 mV 
to 40 mV above the theoretical and measured open 
circuit voltage for a feed composition of 2% CO in CO2 

 
Figure 2. Baseline test sweep data for 19 stacks 
showing repeatability in build process. 
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at 800 °C. This suggests the existence of an activation polarization for electrolysis of dry CO2 that had not previously 
been observed with either steam electrolysis or steam-CO2 co-electrolysis. Measured product oxygen purity >99.9%, 
and stack operations in near vacuum conditions proved the seal effectiveness of the as-fabricated SOXE stack. 

Mechanical and Thermal Test Environments 
Flight qualification testing of the SOXE stack in relevant mechanical and thermal environments was carried out. 

The testing included multiple thermal cycles between ambient and operating temperature, cycles to extreme cold 
temperatures, thermal/operational cycles, and shock and vibrational tests using several stacks. Stacks were tested for 
performance and oxygen purity at various stages of the test sequence. 

1. Thermal Cycling 
The MOXIE system must survive extreme cold as it traverses millions of miles through deep space and resides in 

the rover between operational cycles on the Mars surface. The rover power system provides some moderation against 
the most extreme external conditions such that the allowable flight temperature (AFT) range is -40 °C to +50 °C. 
Qualification and verification testing involved cycling to the AFT low temperature of -40 °C for 60 cycles, which is 
three times the number of cycles planned for the primary mission. Three additional cycles to -55 °C were performed 
to show margin on temperature capability in addition to the required factor of three margin on cycle capability. One 
additional cycle reached -65 °C. This testing was performed by JPL in a thermal test chamber ramped at 5 °C/min 
with 15 min holds at each temperature. Anode and cathode chambers of each stack were pre-pressurized and monitored 
for pressure decay throughout the testing. No leakage was detected. The stack, CSA-001R2 had been previously 
operated for three cycles, then subjected to single axis vibration at JPL, followed by an additional operation cycle 
before undergoing thermal cycling at JPL. Following thermal cycling, an additional two operating cycles were 
conducted. Two additional operational cycles were conducted, which showed no significant performance loss or 
change in oxygen purity. 

 
Table 1. SOXE stack thermal cycle qualification testing. 

Stack ID Tests Performed Outcome 
CSA-001R2 Low Temperature Thermal Cycling: 

(5°C/min and 15 min hold at temperature) 
-   3 cycles +20°C to -55°C 
- 59 cycles +20°C to -40°C 
-   1 cycle  +20°C to -65°C 

No leakage in thermal cycles 
No change in O2 Purity 

Minor performance change 

 
2. Mechanical Compressive Loading 

The SOXE packaging concept may subject the stack to compressive loads as high as 4 kN as required to secure 
the stack against vibration induced displacement within the insulation package. Five SOXE stacks (CSA-002R2, CSA-
003R, STX-016, STX-017, and STX-018) were loaded to 10 kN without detecting evidence of cell, interconnect or 
seal failure. Two operational cycles were run on stacks STX-016, STX-017, and STX-018 after the initial 10 kN 
compression loading to show the effect of the mechanical load on stack performance. No significant performance loss 
or change in oxygen purity was observed in the operational cycles following the 10 kN loading. Stacks STX-016 and 
STX-017 were then loaded in a higher capacity load frame to 25kN without failure. Stack STX-018 was loaded to 62 
kN before detecting failure with both the pressure decay and acoustic emission (AE) sensors.  
 

Table 2. SOXE stack mechanical load capability qualification test summary. 
Stack ID Test(s) Performed Outcome 

CSA-002R2 15 operation cycles, 
10 kN load test 

Did not leak or fail during loading, 
No further operational cycles 

CSA-003R Weeks of envelope mapping, 10 kN 
load test 

Did not leak or fail during loading, 
No further operational cycles 

STX-016 Operation, 10 kN load test, 
additional operation cycles, 25kN test 

Did not leak or fail during loading, 
O2 purity unchanged, minor performance change 

Did not leak or fail 
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STX-017 Operation, 10 kN load test, 
additional operation cycles, 25kN test 

Did not leak or fail during loading, 
O2 purity unchanged, minor performance change 

Did not leak or fail 
STX-018 Operation, 10kN test, 

additional operation cycles, 
load to failure at 62kN 

Did not leak or fail during loading, 
O2 purity unchanged, minor performance change 

Clear failure, multiple AE events and internal leakage 
 
3. 3-Axis Vibrational Testing 

During launch, entry, descent and landing the SOXE, and its associated insulation and support structure are 
exposed to random vibration as well as pyro shock loading. The vibration and shock exposure events are all 
experienced during non-operating conditions. Testing was performed to verify that the packaged SOXE can survive 
these conditions. The random vibrational testing was performed at JPL using a dynamic shaker table to apply the load 
spectrum to each of the 3 major axes. Stack integrity was verified between each vibration level using a leak test 
apparatus to detect structural failure of a cell, interconnect or seal.  
 

Table 3. SOXE stack vibration qualification test summary. 
Stack ID Test(s) Performed Outcome 

CSA-001R2 Z-axis Vibration to PF Level No leakage/O2 Purity Change, minor 
performance change 

JSA-002 3-axis Vibration to PF Level No leakage/O2 Purity Change, minor 
performance change 

JSA-004 3-axis Vibration to PF + 3dB 
Tube stubs fitted with mass to simulate 
flight inertial loads on tube braze joints 

No leakage/O2 Purity Change, minor 
performance change 

 
4. Shock Testing 

Pyro shock testing was performed using a tunable beam shock apparatus. The SOXE assembly was mounted to a 
plate on the beam. A high-rate projectile driven by gas pressure impacted the beam to provide its excitation. Extensive 
calibration of the beam was performed using a mass dummy to achieve the desired shock response spectrum (SRS) 
before the actual hardware was tested. By varying the beam span, the desired knee frequency (1600 Hz) was obtained. 
Further tuning was performed by varying the system pressure, shape and size of projectile, and damping materials. 
Several test iterations were required to achieve the required SRS. The test article was then mounted to the tuned beam 
for the actual test. Each axis was tested independently, with two shocks applied along each axis orientation. 
 

Table 4. Pyro shock flight qualification test summary. 
Stack ID Test(s) Performed Outcome 
JSA-002 Shock Testing on X and Z Axes No leakage/O2 Purity Change, minor 

performance change 
 
5. Thermal/Operational Cycles 

The primary mission requirements call for the capability to operate a total of 20 cycles, with at least 10 cycles on 
Mars and at most 10 cycles pre-launch. The flight qualification plan required operating three stacks for 21 cycles with 
flight like feed rates while maintaining an oxygen purity >98% and an oxygen production rate > 6 g/h on cycle 21. 
The operational cycle test results are summarized below. 
 

Table 5. Operational cycle flight qualification test summary. 
Stack ID Test(s) Performed Outcome 
CSA-007 21 operational cycles, 

100, 30, 60, 50, and 80 g/h CO2 feed rate 
Cycle 21, 99.63% oxygen purity, 
1.77 ohm-cm2, 9.91 g/h O2 rate 

CSA-008 21 operational cycles, 
100, 30, 60, 50, and 80 g/h CO2 feed rate 

Cycle 21, 99.77% oxygen purity 
1.86 ohm-cm2, 9.14 g/h O2 rate 
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CSA-006R 21 operational cycles, 
100, 30, 60, 50, and 80 g/h CO2 feed rate 

Cycle 21, 99.88% oxygen purity 
1.69 ohm-cm2, 11.29 g/h O2 rate 

CSA-009 60 operational cycles, 800, 815, 830°C 
100, 30, 55, and 80 g/h CO2 feed rate 

Cycle 43, 99.76% oxygen purity 
1.99 ohm-cm2, 7.02 g/h O2 rate 

V. Extensibility to manned Mars missions 
The MOXIE project is a subscale experiment to validate the feasibility of generating oxygen from Mars 

atmosphere CO2. For a manned mission, a large scale SOXE and associated balance of plant (CO2 compressor, heat 
exchange, thermal insulation, sensors, power source, controls and packaging) are required. In addition, the suitability 
of SOXE to produce a rocket fuel using the electrolysis product also needs to be explored. The system architecture 
assumes the availability of CO2 and H2O to produce oxygen and methane ascent vehicle propellant, or alternatively, 
Mars atmosphere dry CO2 only to produce oxygen. The targeted scale is that required for human Mars surface missions 
(i.e. 30 metric tons of ascent vehicle propellant with two of three modules capable of meeting the required production 
rate, and the multiple modules providing a measure of redundancy). A full mission-scale solid oxide stack needs to be 
demonstrated in both dry CO2 electrolysis and co-electrolysis (i.e. combined CO2 and steam electrolysis) operation. It 
is anticipated that module assemblies comprising either two (co-electrolysis) or four (dry CO2 electrolysis) stacks will 
be needed to produce oxygen at the target single module rate of 1.1 kg O2 /h.  

The dry CO2 electrolysis and co-electrolysis reactions are shown in equations [1] and [2]. The CO2 conversion 
limitation is defined by the equilibrium threshold of the Boudouard reaction [3], which irreversibly deactivates the 
cell by disruption of the electrode microstructure with solid carbon. Electrochemical production of solid carbon [4] 
by electrolysis of CO produced electrochemically in reactions [1] and [2] is also a threat. Reaction [3] is spontaneous 
if the concentration of CO relative to CO2 exceeds the threshold defined by the equilibrium expression in [5], while 
[4] is bounded by the electrochemical potential (Nernst potential) as a function of CO and CO2 concentrations, pressure 
and temperature. 
 

 {𝐶𝑂$}&'()*+, → {𝐶𝑂}&'()*+, + /
0
$
𝑂$1

'2*+,
 (1) 

 {𝑛𝐻$𝑂 +𝑚𝐶𝑂$}&'()*+, → {𝑛𝐻$ +𝑚𝐶𝑂}&'()*+, + /
(278)
$

𝑂$1
'2*+,
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 {𝐶𝑂}&'()*+, → {𝐶<}&'()*+, + /
0
$
𝑂$1

'2*+,
 (4) 

 𝐾> =
[ABC]
[AB]C

 (5) 

For the case in which water is available to enable fuel production, the co-electrolysis stack needs to be paired with 
an appropriately sized methanation reactor. In order to scale up the SOXE stacks, OxEon has designed full area 
footprint stacks. The interconnect of the full area design is currently in production under a grant from the State of Utah 
Technology Acceleration Program. The OxEon manned Mars-mission scale SOXE stack design is a variant with 
features compatible with terrestrial electrolysis energy storage and conversion applications. This design has open face, 
with straight-through anode (oxygen evolution electrode) flow channels where the anode perimeter is not sealed to 
contain the produced oxygen, Figure 3. The ISRU design variant incorporates a sealed anode perimeter and internally 
manifolded O2 collection and delivery ports analogous to the MOXIE design. A mission-scale ISRU stack is projected 
to contain 52 cells. The flight design, single-stack production rate targets are 675 g/h O2 and 167 g/h CH4 at 67% 
utilization of input CO2 and H2O. The oxygen production rate and CO2 conversion in dry CO2 electrolysis mode will 
be about half that of co-electrolysis mode, and of course no methane production is possible from dry CO2 electrolysis 
since no H2 is produced without H2O feed. 
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Electrolysis Stack Design 
The stack design task activity spanned 6-months in 2017. Key tasks were flow modeling, structural analysis, and 

detailed design layout to optimize the flow geometry, current path, and load path through the stack. The load path 
considerations were critical for both operation and the powder metallurgy compaction and sintering fabrication process 
and required a challenging alignment of complex features on both faces of the interconnect. The design progress was 
critically reviewed for manufacturability by engineers from the manufacturer, Plansee in Reutte, Austria with weekly 
web meetings and a final design review in Reutte. This close collaboration between the design and manufacturing 
teams was essential to arriving at a robust and producible design. 
 

 
Figure 3.OxEon Mars-mission scale design for terrestrial energy storage applications. Anode (oxygen 

evolution) side of interconnect is shown on the left with the cathode (CO2-CO) side on the right. 
 

Methanation Reactor Design 
The electrolysis stack uses a combination 

of water, CO2, and electricity to produce 
synthesis gas (CO and H2). Reforming and 
methanation operate on the same 
thermodynamic equilibrium curve, with 
synthesis gas product favored at high 
temperature (~800°C) and methane at lower 
temperatures (~300°C) as shown in Figure 4.  

The methanation process is strongly 
exothermic, from -165kJ/mol to -206kJ/mole 
of methane depending on the extent of the 
parallel path, reverse water-gas shift reaction 
which is a function of temperature and overall 
mixture C/H/O atom ratios. The output of the 
synthesis reaction is determined by inputs, 
catalyst, and operating conditions. OxEon 
personnel have previously used nickel based 
steam reforming catalysts in laboratory 
reactors operated in the 300°C–400°C range to demonstrate conversion of CO and H2 produced by high temperature 
co-electrolysis to methane. 

 
Figure 4. Reforming & Methanation Equilibrium. 
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Removal of heat from the external shell of the methanation reactor can be 
accomplished using either liquid convective or boiling heat transfer. However, 
the thermal conductivity of a fixed bed catalyst with a gas phase reaction is very 
poor making the heat transfer to the reactor wall challenging. This poor 
conductivity limits the dimensions of the reactor diameter in traditional packed 
beds. OxEon personnel have addressed this poor conductivity by use of a fin 
insert fit to enhance the catalyst bed thermal conductivity. The projected reactor 
volume at the full scale single stack target rate of 169 g/h methane production 
is small, on the order of 500 ml, and the reactor design employs a 1-1/2” pipe 
(48mm OD) with fin, as shown in Figure 5.  

VI. Life Support 
A critical challenge encompassing long-endurance spaceflight is the 

constraint of living in a closed system. All necessary provisions must be carried 
onboard from the outset of the mission, and all systems must be extremely 
reliable in the hostile environment of space, i.e., low temperatures, vacuum, 
radiation, microgravity. The life-support problem is further constrained by the 
mass-compounding and associated cost-compounding of launch physics, 
driving the requirement to maximize the extent to which resources can be 
recycled. The Electrochemical Recovery of Oxygen Subsytem (EROS) 
presented here, will maintain a safe and habitable atmosphere for long duration 
space flights by turning the metabolic waste from respiration into useable 
consumables such as oxygen and hydrocarbons. 

While the human diet can be wonderfully complex, most of the energy 
supplied by food is in the form of starches and sugars, both of which have an 
empirical formula of C12H22O11. Metabolic oxidation of carbohydrate fuel 
produces 12 parts CO2 to 11 parts H2O, potentially yielding 17.5 O2 recoverable, 
from the 12 O2 consumed and 5.5 O2 contained in the carbohydrate5. Therefore 
the input streams for oxygen recovery have a sustainable H/C atom ratio of 
22/12 or CH1.83, far lower than the 4:1 ratio of methane, CH4, which is the end 

product of the current Sabatier process. If we assume that all oxygen bound in water produced by metabolic oxidation 
or hydrocarbon synthesis reactions is recoverable by electrolysis, and that either directly or indirectly (e.g. via Sabatier 
or sequential reverse water-gas shift and hydrocarbon synthesis reactions) all oxygen bound in CO2 which is ultimately 
converted to hydrocarbon is recoverable, then the product H/C ratio becomes a key metric of oxygen recovery.  

Based on an analysis of the limiting reactant, the author’s calculation of the limiting oxygen recovery from a Bosch 
process producing C(s) is 100%, while the Sabatier process producing methane and no CO is 47.1% with hydrogen 
being the limiting resource. Storage of methane requires high pressures, a large volume, or significant energy to liquefy 
and maintain it as a cryogen. Allowing CO2 conversion to a mixture of CH4 and CO, and venting these gases to space, 
increases the limiting oxygen recovery to 81.4%. Such a process could be implemented with a water electrolyzer and 
a reverse water-gas shift active Sabatier catalyst, or using solid oxide electrolysis and a methanation catalyst. Recall 
that if all the oxygen is recovered from carbohydrate metabolic oxidation products, the limiting oxygen recovery is 
17.5/12 or 145.8% of oxygen demand as a result of the oxygen content of the carbohydrate fuel. As currently practiced, 
the Sabatier atmosphere revitalization process reportedly struggles to recover little more that 50% of the oxygen 
demand. While the Bosch reaction shows a greater limiting oxygen recovery, production of solid carbon presents 
practical barriers of reactor plugging, cleaning and particle capture-containment. The success of future space missions 
will demand that oxygen recovery not be accomplished at the expense of venting products from the existing Carbon 
Reduction System (CRS), either as methane or hydrogen as required to conform with the sustainable carbohydrate 
CH1.83 atom ratio.  

The presented approach to recovering oxygen utilizes a combination of two processes: a solid oxide electrolyzer 
and a hydrocarbon synthesis reactor. The electrolyzer converts a feed mixture of carbon dioxide and water vapor at 
the cathode where both are electrochemically reduced to carbon monoxide and hydrogen, respectively. In this 
electrochemical process, the recovered oxygen is transferred through the crystal structure of an impermeable oxide 
ion conducting ceramic membrane to the opposite electrode (anode). High temperature co-electrolysis can 
simultaneously recover oxygen from both CO2 and H2O. The lower operating voltage made possible by high 

 
Figure 5. Methanation reactor 
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temperature operation yields 50% greater oxygen production rate per unit power compared to low temperature water 
electrolysis.6 The products, carbon monoxide and hydrogen, exiting the cathode are subsequently fed to a Fischer 
Tropsch Synthesis (FTS) reactor, while the oxygen recovered at the anode is reintroduced into the cabin atmosphere. 
The solid oxide electrolyzer can deliver oxygen at elevated pressure (currently demonstrated up to 2 MPa) for 
subsequent storage without requiring additional compressor equipment and associated power requirement. The 
additional energy required for electrochemical oxygen compression can be shown in theory and practice to be the 
thermodynamic minimum energy of isothermal compression as all irreversibilities are associated with electrolysis 
charge transport independent of anode discharge pressure. 

In order to provide this useful function for long-duration missions, these units must operate efficiently in a space 
environment for years, with minimal maintenance. High temperature electrolysis offers a reliable solution. Recent 
advances in electrode catalyst selection and fabrication have overcome performance degradation encountered during 
sustained high temperature operation. The team has demonstrated thousands of hours of stable steam and CO2 co-
electrolysis and successfully demonstrated high molecular weight hydrocarbon fuel production from a synthesis gas 
of CO and H2. Combining these two reactions will produce a high-quality, high-conversion efficiency oxygen recovery 
system. A schematic of the combined system is illustrated in Figure 6. 

As FTS has not yet been practiced in space, it must be subjected to the full flight system development and 
qualification process to insure the safety and reliability of the system. One challenge will be separation of reactor 
tailgas, produced water, oil and wax without the assistance of gravity. While the enormous world-scale FTS plants 
(30k-150k bbl/day) built to produce transportation fuels employ pressures in the 2-4 MPa rage to maximize reactor 
throughput of industrial processes, OxEon has demonstrated acceptable industrial reactor productivity at 1 MPa. This, 
along with the very small reactor capacity needed to support the EROS process suggests that a space-based FTS reactor 
can be operated at 0.5 MPa or lower pressures while still achieving the mass and volume efficiency requirements 
imposed on space flight support systems. 

FTS of the SOXE effluent reclaims oxygen bound in CO as water and produces a broad distribution of products, 
primarily n-alkanes, which approaches an H/C of about two in the form of high molecular weight hydrocarbons, such 
as wax. Overall, the product H/C ratio is about 2.15 considering the range of hydrocarbon species generated, 
suggesting a theoretical limiting oxygen recovery of 95% (feedstock basis) from a CO2, H2O feedstock having a H/C 
ratio matching carbohydrates. The remaining 5% of oxygen can’t be recovered from CO (after electrolysis of CO2 to 
CO) without additional hydrogen beyond the sustainable source of metabolized carbohydrates. The paraffinic liquid 
and wax products can be compactly stored and used for radiation shielding, cabin temperature stabilization, and 
potentially as solid fuel in a hybrid rocket.7  

A SOXE device can electrolyze a combination of water vapor and CO2 in any ratio and produce primarily H2 and 
CO to feed an FTS reactor. Thus, nearly all of the oxygen associated with water and half of the oxygen associated 
with CO2 can be directly recovered from the feed stream to a single electrochemical device. The remaining oxygen in 
CO is indirectly recovered by reaction with hydrogen to form hydrocarbon and water. The authors have demonstrated 
that a co-electrolysis SOXE stack can operate at the thermodynamic minimum energy with over 90% conversion in a 
single pass.8 While there are dissipative losses due to current flow, the resulting heat is chemically recuperated by the 
endothermic electrolysis reaction such that the electrolysis device is 100% efficient within the control volume of the 
stack. An electrolysis power requirement of 159 W could recover the required 0.84 kg O2/day average adult human 
respiration demand. The FTS-processed hydrocarbons have an H/C nearly in balance with the astronaut food supply. 
This method closes the loop for oxygen as well as the hydrogen and carbon in the system. Any produced water from 
the FTS will be recycled back to the electrolyzer to achieve an overall oxygen recovery of approximately 95% of 
metabolic byproduct oxygen, which after accounting for the oxygen contained in the carbohydrate could be as much 
as 138% of metabolic oxygen demand. Thus as far as oxygen demand for respiration the EROS process offers a 
sustainable solution for atmosphere revitalization. 
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Figure 6. Co-electrolysis coupled FTS recovery of oxygen for long endurance space flight. 

Advantages  
The combination of processes currently used on the ISS to collect carbon dioxide and water, with subsequent 

partial recovery of oxygen and disposal of carbon in the form of methane and/or carbon dioxide, result in hydrogen 
being disposed of by the formation and subsequent venting of methane. Use of the Sabatier reactor to generate methane 
from carbon dioxide and hydrogen has experienced several problems, in part due to the introduction of water with the 
carbon dioxide, which has resulted from problems experienced in the water and carbon dioxide separation from the 
atmosphere.9 A solid oxide electrolyzer that converts a combination of water and carbon dioxide to carbon monoxide 
and hydrogen could eliminate the need for separation of carbon dioxide and water from each other. By trapping both 
simultaneously, and subsequently feeding the combination to the electrolyzer, a simpler system can be envisioned for 
maintaining the cabin atmosphere. This could have very positive impact toward resolving the current difficulties in 
the Carbon Dioxide Removal Assembly (CDRA). Furthermore, a highly efficient production of oxygen from this 
mixture results in a simple, continuous production of oxygen for return to the cabin atmosphere, while simultaneously 
feeding reactants to the hydrocarbon synthesis reactor. The ISS ECLSS schematic is modified in Figure 7, with the 
steps eliminated in the proposed system highlighted. 

The SOXE/FTS method presented here is a significant improvement over the current practice. It presents a way to 
theoretically achieve up to a 95% oxygen conversion efficiency without wasting the hydrogen and carbon byproducts. 
The major advantage to this approach is that a significantly greater fraction of the carbon, hydrogen and oxygen are 
converted to useful products kept onboard for later use.  

Solid oxide electrolysis offers significantly higher energy efficiency when compared to low temperature alkaline 
or proton exchange membrane (PEM) electrolysis currently employed on the ISS. This efficiency advantage results 
from electrolyzing the water at higher temperature with the water in a vapor state rather than a liquid.10 The team has 
also shown that this efficiency advantage applies to the electrolysis of mixtures of carbon dioxide and water.11  

Electrochemical recovery of oxygen is proposed as an improvement over the SOA. Most of the energy supplied 
by food is in the form of starches and sugars, both of which have an empirical formula of C12H22O11. Metabolic 
oxidation of this fuel produces 12 parts CO2 to 11 parts H2O. Therefore, the input streams for oxygen recovery have 
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an H/C atom ratio of 22/12 or CH1.83, far lower than the 4:1 ratio of methane, CH4, which is the end product of the 
current Sabatier process. For recovery of all oxygen bound in both water, produced by metabolic oxidation or 
hydrocarbon synthesis reactions (e.g., via Sabatier or sequential reverse water-gas shift and hydrocarbon synthesis 
reactions), and in CO2, the product H/C ratio must be 1.83. Therefore, its ability to approach this goal is the key metric 
of oxygen recovery for human space missions.  

 

 
Figure 7. Current ISS ECLSS simplified by the proposed EROS. 
 

A definitive comparison of oxygen reclamation processes is difficult to achieve because data is presented 
differently by different authors. The EROS developers have assembled information to compare the systems from many 
sources, shown in Table 6. 

 
 

 
Table 6. Comparison of Oxygen Reclamation Processes. Data compiled from Refs. 12-14. 
Technology TRL Conversion 

Efficiency % 
% CO2 
conversion 

Complexity Reliability H2/C 
Required 

Characteristics 

PEM Electrolyzer 
(OGA) 

9 ~ 50 NA One pass ~ 1 yr NA High TRL 
High maintenance 
MEA deterioration 

Solid Oxide 
Electrolyzer (SOXE) 

4 > 90 ~ 80 - 90 One pass > 1000 hrs Variable Both H2O and CO2 
converted 
 

Sabatier Reactor 8 70-80 ~ 70 - 80 One pass < 1 yr > 3.5 Carbon expendable 
Hydrogen 
expendable 
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Bosch Reactor 7 50 - 100 NA Complex - 
recycle 

Cyclic 2 - 3 Carbon expendable 
Hydrogen 
expendable 

Fischer Tropsch 
Reactor (FTR) 

9 > 80 ~80 One pass Long life Variable Commercial 
operation 

Steam Reforming 
(CSR) 

9 > 85 ~80 One pass Long life NA Commercial 
operation 

VII. Conclusions 
The MOXIE program, by successfully completing the flight hardware delivery and qualification has demonstrated 

that it is possible to design and fabricate solid oxide electrolysis devices capable of meeting the rigors of space flight. 
This technology is expected to play a vital ISRU role in Mars surface operations. It can also be conscripted into service 
for life support applications, either feeding a Sabatier reactor in a process similar to current practice with a water 
electrolyzer, or in an advanced process using an FTS reactor. Transitioning from methane as the end product of the 
oxygen recovery process to low H:C ratio hydrocarbon products, whether produced by FTS or other synthesis routes, 
offers the potential to dramatically increase the sustainable oxygen recovery yield from respiration byproduct CO2 
and H2O. High temperature electrolysis has demonstrated a significant reduction in energy demand relative to 
conventional water electrolysis. 
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