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In-Situ Resource Utilization (ISRU) is critical for expanding robotic and human 
extraterrestrial exploration beyond low earth orbit where re-supply options are impractical. 
Local resources need to be converted to useful products (e.g., life support consumables and 
propellants) to reduce cost and risk and support human presence. Regenerative fuel cell 
systems offer increased storage capacity and can be used in future NASA missions to the 
moon, near-Earth asteroids, and Mars. 

Precision Combustion, Inc. (PCI), with support from NASA, is developing a regenerative 
solid oxide stack system approach that combines novel structural elements. Our approach 
allows direct internal reforming of regolith off-gases (e.g., CH4 and high hydrocarbons) 
within a solid oxide stack as well as efficient H2O/CO2 electrolysis for O2 production, 
overcoming shortcomings of traditional approaches. The resulting enhanced heat transfer 
design offers the potential for light-weight and simple stack design with high efficiency and 
durability. In this paper, we will present performance metrics including results from concept 
validation and performance testing at various operating conditions. 

Nomenclature 
°C  = Degree Celsius 
A  = Ampere 
ASR  = area specific resistance 
C  = Coulombs  
CFD  = Computational Fluid Dynamics 
cm  = centimeter 
DIR  = direct internal reforming 
F  = Faradays constant 
GSA  = geometric surface area 
hr  = hour 
ISRU  = In-Situ Resource Utilization 
𝑖𝑎𝑎𝑎𝑎𝑎𝑎𝑎   = applied current density 
𝐽𝑂2,𝑡ℎ𝑎𝑒𝑒𝑎𝑡𝑎𝑒𝑎𝑎  = molar flux of oxygen theoretically possible  
𝐽𝑂2,𝑎𝑒𝑎𝑡  = molar flux of oxygen produced experimentally 
kW  = kilowatt 
kWe  = kilowatt electric 
kWh  = kilowatt-hour 
mol  = moles 
n  = number of electrons 
Nm3  = Normal cubic meter 
PCI  = Precision Combustion, Inc. 
PEM  = polymer electrolyte membrane 
SCT  = short contact time 
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SEM  = Scanning Electron Microscopy 
slpm  = standard liter per minute (21°C, 14.7 psia) 
SOE  = solid oxide electrolysis 
SOEC  = solid oxide electrolysis cell 
SOFC  = solid oxide fuel cell 
TRL  = Technology Readiness Level 
UF  = fuel utilization 
V  = Volt 
𝑉𝑆𝑂𝑆𝑆   = Stack voltage in fuel cell mode 
𝑉𝑆𝑂𝑆𝑆   = Stack voltage in electrolysis mode 
W  = Watt 
We  =  Watt electric  
YSZ  = Yttria-stabilized zirconia 
𝜀  = Round Trip Efficiency 
η  = Faradaic Efficiency 

I. Introduction 
n-Situ Resource Utilization (ISRU) is critical for expanding robotic and human extraterrestrial exploration beyond 
low earth orbit where re-supply options are impractical. Local resources need to be converted to useful products 

(e.g., life support consumables and propellants) to reduce cost and risk and support human presence. The primary 
requirements are O2 generation, energy storage/power-generation and propellant production. Regenerative fuel cell 
systems offer increased storage capacity and can be used in future NASA missions to the moon, near-Earth 
asteroids, and Mars. A potential diurnal cycle for producing O2, power and propellant via a regenerative system is 
provided in Figure 1. In the regenerative fuel cell system, energy storage is achieved via the electrolysis of H2O 
and/or CO2 to H2 and O2 during the storage phase via reactions CO2 → CO + ½ O2 and H2O → H2 + ½ O2. 
Consumption of gases then occurs during the energy generation phase, with the subsequent generation of H2O via 
H2 + ½ O2 → H2O. These systems can be used to power robots, mobility systems, and human habitats. Producing O2 
and H2 from CO2 and H2O is an enabling technology required for sustainable and affordable human exploration of 
Mars.  

 

I 

 
Figure 1. Simplified diurnal cycle for producing O2, power and propellant. 
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 For NASA applications, it is desirable for regenerative stack designs to include the capability of power 
generation by direct-hydrocarbon fueling (eliminating external reformers) and carbon-free electrolysis of CO2 and/or 
H2O in a single device. To develop unitized Solid Oxide Stacks, challenges for direct-hydrocarbon fueled Solid 
Oxide Fuel Cell (SOFC) and CO2/H2O Solid Oxide Electrolysis Cell (SOEC) need to be addressed. Conventional 
direct-CH4 fueled SOFC are plagued by either carbon deposition promoted by the traditional Ni-YSZ anode1 or poor 
electrochemical activity of non-traditional Ni-free alternative anodes. Direct internal reforming (DIR) using catalytic 
reforming approaches have also been reported.2,3,4 However, these approaches add bulk and thermal mass, require 
complex flow distribution patterns and do not effectively remove heat from the cells inducing thermal stress and 
degradation. Major Solid Oxide Electrolysis (SOE) hurdles to overcome to meet NASA requirements are (i) carbon 
buildup during CO2 electrolysis;5,6 and (ii) degradation due to O2 electrode delamination7,8,9,10,11,12,13,14 and thermal 
stress. These disadvantages for both SOFC and SOEC operations are circumvented by Precision Combustion, Inc.’s 
(PCI’s) approach of innovative structural elements embedded within the solid oxide stack. A thermally-integrated 
stack design with effective heat distribution is being developed by PCI with support from NASA that overcomes the 
known challenges for SOFC and SOEC and enables unitized regenerative operation in a solid oxide stack. 

In this paper, we will describe the development and proof-of-concept demonstration of efficient, durable, high 
power density solid oxide stack in the fuel cell mode for generating electricity from CH4 (i.e., from the Sabatier 
product stream and the regolith off-gases) and in electrolysis mode for generating O2 from H2O/CO2. In the SOFC 
mode, at-anode internal reforming is achieved without any external reformer. Carbon formation is avoided due to 
uniform thermal distribution and high reforming efficiency. When operated in electrolysis mode, the novel structural 
elements embedded within the stack overcome key known SOEC shortcomings, including electrode delamination, 
minimized thermal gradients and degradation caused by thermal stresses. The approach allows efficient operation of 
the stack in electrolysis mode below thermal neutral voltage as well as fast start-up. 

II. Background and Development of Regenerative Solid Oxide Stack  
Regenerative solid oxide cell design and operation is uniquely challenging because of the need to operate in both 

fuel cell and electrolyzer modes, including durability issues associated with galvanic cycling and selecting electrode 
materials that are stable in both oxidizing and reducing environments. To develop regenerative fuel cells, it is critical 
to address various challenges associated with direct-hydrocarbon fueled SOFC as well as SOEC operation 
(especially CO2 electrolysis). NASA has previously successfully demonstrated closed-cycle H2-O2 Polymer 
Electrolyte Membrane (PEM) regenerative fuel cell for multiple charge/discharge cycles.15 However, PEM fuel cell 
utilizes H2 as fuel for power generation.16,17 PEM fuel cells operate 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.18,19,20 O2 generation for PEM fuel cells in the electrolysis mode is typically limited to only H2O. 
Electrochemical reduction of CO2 using PEM technology is currently being evaluated. For example Opus 12 is 
working on converting a commercial-scale water electrolyzer into a co-fed H2O-CO2 electrolyzer for 
electrochemical reduction of CO2 to fuels and chemicals (CO2 + H2O + Energy → CxHyOz + O2).21,22 However, pure 
CO2 electrolysis is challenging for current state of the art PEM technology. Solid Oxide 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 in fuel cell mode and also enable effective O2 generation from H2O/CO2 or pure CO2 in 
electrolysis mode. Compared to PEM technology that offers a modest 45% round trip efficiency (defined as ratio of 
SOFC Voltage to SOEC Voltage), Solid Oxide technology has the potential to enable 80% round trip efficiency. 
Many technical challenges that plague the downslection of solid oxide cells can be addressed by our innovative 
design concepts. 

Internal at-anode CH4 steam reforming has been discussed in the literature for facilitating CH4-fed SOFC 
operation.23,24,25,26 The general consensus is that direct-CH4 fueled SOFC, without any reforming catalyst section in 
the anode cell and without the presence of steam, is extremely challenging due to: (i) carbon deposition highly 
promoted by the traditional Ni-YSZ anode and (ii) the poor electrochemical activity of non-traditional Ni-free 
alternative anodes (resulting in low chemical-to-electric efficiency and low fuel utilization capability). Typical direct 
internal reforming approaches use catalysts located prior to the intercellular region or alternative structured catalytic 
reactor technologies carved into ceramic plates placed between each cell. These approaches add bulk and thermal 
mass, have limited thermal ramp capability, require complex flow distribution patterns, do not effectively remove 
heat from the cells, and are dependent on heat exchange with the fuel flow. These disadvantages are circumvented 
by PCI’s unique design for direct reforming of regolith off-gases (e.g., CH4 and high hydrocarbons) for a solid oxide 
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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 Technology Readiness Level (TRL) of the 
solid oxide systems for ISRU application. Embedding the innovative high heat transfer elements within the stack 
also allows efficient electrolysis of H2O and CO2 below thermoneutral potential, mitigating the typically observed 
anode delamination and associated stack degradation. 

PCI has demonstrated the at-anode reforming concept in a sub-scale stack design (~250 We). Ability for 
regenerative operation was demonstrated at larger scale (~1.7 kWe). The 1.7 kWe solid oxide stack did not have the 
at-anode reforming capability and was demonstrated in the fuel cell mode with hydrogen as fuel.  The results from 
these efforts are discussed in this paper. 

III. Microlith® Substrate and Catalytic Technology 
PCI’s patented Microlith® technology (trademarked by PCI) is implemented in the novel stack design and 

described in this paper.27 The Microlith substrate consists of a series of ultra-short-channel-length, catalytically 
coated metal meshes with very small channel diameters (Fig. 2). 

 

The metal meshes can be coated with active metals, such as base metals, transition metals, and noble metals. 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 reforming reactors as well as 
reduce their weights and volumes. The use of these kinds of systems, where the reacting stream is passed through 
the catalysts at extremely high space velocity, is generically termed as 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 catalytic reactors involving endothermic reactions, such as the steam methane reforming 
process, enhanced heat transfer properties are also necessary to allow effective heat transfer and uniform 
temperature distribution. Finally, the Microlith substrate provides about three times higher geometric surface area 
(GSA) 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). 

 
Figure 2. 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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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. 2) illustrates 
the difference in boundary layer formation between a long 
honeycomb monolith and Microlith screens. Finally, PCI’s 
proprietary catalyst coating formulations and application methods, 
with high surface area washcoats, permit effective catalyst 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 reactor performance, weight, and size as compared to conventional pellet or monolith 
based units, allowing smaller and lighter reactors with reduced catalyst usage. For example, in comparative tests, a 
stack of Microlith elements (1/20th the volume of a ceramic monolith) gave equivalent conversion of propylene 
under mass transfer limited conversion (approximately 75% at 350°C). This agreed well with estimates from the 
mass transfer correlations of these substrates. The higher mass transfer characteristics results in efficient utilization 
of catalyst under mass transfer limited operation and the conversion efficiency per unit GSA of the Microlith 
catalyst substrate is an order of magnitude higher than conventional monoliths. This can lead to significant cost 
reductions especially when using precious metal catalyst formulations. 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,28 trace contaminant control,29,30 catalytic combustion,31 
partial oxidation of methane,32,33 liquid fuel reforming,34,35 CO preferential oxidation, and water gas shift reactors.36 
A scanning electron microscopy (SEM) micrograph of a coated Microlith substrate is shown in Fig. 3. SEM analysis 
indicates uniform coatings of active catalytic materials on the substrate with complete coverage. 

IV. Experimental Results and Discussion 
A. Methane-fueled Solid Oxide Stack System: 

The implementation of catalytically-coated Microlith substrates for efficient CH4 steam reforming has been 
previously demonstrated by PCI. In our previous work, proof-of-concept testing of the Microlith-based CH4 
reformer for solid oxide cell was demonstrated in a test fixture, independent of the solid oxide cell. The test results 
demonstrated that catalytic Microlith substrates were able 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.37  

Based on these experimental test results, a stack design that permits at-anode reforming by implementing high-
heat transfer and high-surface-area Microlith catalytic substrates was developed. 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. A 250 We SOFC stack 
with PCI’s structural elements was developed, fabricated and tested with CH4 as fuel. The catalyst type, loading and 
space velocity were appropriately selected to provide controlled CH4 conversion and tailored heat transfer to the 
cell, based on prior testing of methane steam reforming.37 Successful demonstration of the 250 We SOFC stack was 
completed with CH4 and simulated anode tail gas. The performance evaluation was successfully completed, where 
the SOFC stack was operated with several different fuels: (i) H2/N2 blend for initial qualification; (ii) CH4 and water; 
and (iii) CH4 and various mixtures of simulated anode tail gas. The test was performed for a total of ~28 hrs (22 hrs 
in the presence of CH4), and no carbon formation was observed based on (i) pressure reading throughout the test and 
(ii) visual inspection of cells and manifold during stack teardown. 

Fig. 4 shows the power output of the 9-cell SOFC stack, indicating a peak power of slightly more than 200 Watts 
from flowing pure CH4 and H2O, and implementing internal steam methane reforming at the anode cell (via 
embedded Microlith catalytic substrate). These test results demonstrated remarkable, breakthrough achievement of 
PCI’s novel concept allowing DIR-CH4 SOFC operation without carbon formation, while being able to meet the 
>0.7 V/cell requirement and reasonably high current density. 

 
Figure 3. Surface-scan SEM micrograph 
of the coated Microlith substrate. 
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 The stack performance was also 
evaluated with CH4 at 0.75 slpm along 
with simulated anode recycle 
assuming ~60% fuel utilization (UF) 
and ~50% anode recycle. The test was 
performed for ~4.5 hours. Fig. 5 
shows the power output of the 9-cell 
SOFC stack, indicating a peak power 
of ~150 Watts from flowing CH4 with 
anode tail gas recycle, and 
implementing internal CH4 steam 
reforming at the anode cell (via 
embedded Microlith catalytic 
substrate). The stack UF was 
maintained at conservative levels in 
these initial feasibility tests. The test 
results indicated that the endothermic 
steam reforming was able to utilize 
the exothermic heat generated in the 
stack. This approach should allow 
acceptable temperature gradient even 
when operating the stack at high fuel 
utilizations. Testing at high fuel 
utilizations is currently ongoing and 
will be reported in subsequent papers. 

Overall, the test successfully 
demonstrated the feasibility of CH4-
fueled SOFC operation using PCI’s 
novel embedded internal reformer 
section approach that also helps with 
temperature distribution across the 
cells. The test was performed for a 
total of ~28 hrs without stack 
performance degradation and carbon 
formation. The visual analysis of the 
disassembled stack components 
showed no carbon formation 
throughout, even after prolonged 
exposure of the cells to CH4 during 
the DIR-CH4 SOFC operation.  

Based on the developed concept, 
which was confirmed by 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 UF due to 
resulting higher H2 and CO concentrations; 

• CH4 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; 
• 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. 

 
Figure 4. Stack power output during testing of the SOFC stack 
with CH4 and H2O. A peak power of slightly more than 200 Watts 
was observed while flowing pure CH4 and H2O at a H2O/CH4 
ratio of 2, without anode tail gas. No increase in the pressure drop 
was observed during the 7-hr testing, indicated no carbon 
formation. 

 
Figure 5. Stack power output during testing of the SOFC stack 
under CH4 and anode tail gas recycle.  Stable peak power of ~150 
Watts was observed. No increase in the pressure drop was 
observed during the 4.5-hr testing, indicated no carbon 
formation. 
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B. Full-Scale Regenerative Stack Testing: 
A full scale solid oxide stack was demonstrated at part load conditions for co-electrolysis of H2O/CO2 generating 

~0.95 kg/hr of O2. This is ~45% of the ISRU target of 2.2 kg/hr of O2 which is the total production rate required for 
ascent propellant alone for 
initial human missions to 
Mars.38 Regenerative 
operation was also 
demonstrated by operating 
the stack in SOFC mode, 
generating ~1.7 kW of 
electricity. Durability in 
SOEC mode was 
demonstrated over 50+ hours 
with SOFC/SOEC cycling 
and multiple thermal cycles.  

For the regenerative 
testing, the solid oxide stack 
was subjected to four 
thermal cycles and two 
SOFC/SOEC cycles. The 
system logged ~50 hours in 
SOEC mode. With every 
cycle, the stack performance 
in SOFC mode was verified 
before transitioning to co-
electrolysis mode. The first 
SOEC condition was run 
with a Case 1: 45% 
H2O/45% CO2/10% H2 
blend. At ~35 hours into the 
SOEC operation, the stack 
was subjected to another 
SOFC/SOEC cycle. 
Different feed compositions 
to the fuel electrode were 
tested after the SOFC/SOEC 
cycle at 35 hours. SOEC 
feed compositions comprised 
Case 2: 54% H2O/36% 
CO2/10% H2, and Case 3: 
63% H2O/27% CO2 /10% 
H2. The current was held 
constant at 36 Amps for all 
SOEC test conditions and 
the corresponding stack 
voltage was ~95V. Air was 
used on the oxygen electrode 
as sweep gas. At approximately 48 hours into the test, the fuel electrode feed composition was returned to Case 1 
blend of 45% H2O/45% CO2/10% H2. In the SOFC mode, the stack was also operated under constant current mode 
at 25 Amps, generating ~1.7 kW of electricity. The stack voltage and current in SOFC mode and the input current 
and corresponding stack voltage under co-electrolysis conditions are provided in Fig. 6. No noticeable degradation 
was observed over the 50+ hour testing. It should be noted that no voltage fluctuations were observed in the SOFC 
mode. The voltage fluctuations observed in the SOEC mode could be associated to steam flow/temperature 
fluctuations. Oscillating voltages in SOFC stacks can cause excess voltage degradation and should be avoided. In 
contrast to SOFC operation, the performance of a stack operating in electrolysis mode is not exclusively determined 

  

 
Figure 6. (a) Input current and stack voltage in SOEC mode and (b) Stack 
voltage and current in SOFC mode over four thermal cycles and two 
SOFC/SOEC cycles. 
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by area specific resistance (ASR). While resistance determines the overall efficiency of the stack (i.e. kWh used per 
Nm3 gas produced), other parameters, such as the purity of the produced gas, can be more critical for NASA 
applications. In other words, the useful lifetime of a stack in an electrolysis system is not determined by stack or cell 
voltage, but by the ability of the stack to produce pure gas. 

The fuel electrode outlet gas composition and the oxygen electrode outlet gas composition under co-electrolysis 
conditions were monitored using gas chromatography. Stable product composition was observed over the 50+ hour 
testing. The H2 mole% in the outlet stream increased as the feed H2O concentration increased as expected. Less than 
1% CH4 was observed in the 
outlet of the fuel electrode due 
to internal methanation since 
the stack was operated at 
below the thermo-neutral 
voltage resulting in 
endothermic operation. 
Increasing the stack operating 
temperature should mitigate 
the CH4 formation. The O2 
mole% was constant at ~27% 
since the stack was operated 
at constant current of 36 
Amps. Trace amount of CO2 
was observed in the outlet of 
the oxygen electrode due to 
the usage of air as the sweep 
gas. Near complete mass 
balance was observed across 
the stack within less than 1%. 
The O2 and H2 generation 
rates were calculated based on 
mass balance calculations, 
knowing the inlet and outlet 
gas compositions and are 
provided in Fig. 7. The rate of 
O2 generation was stable at ~0.95 kg/hr over the course of the 50+ hour testing. H2 was produced on the fuel 
electrode at a rate of 0.05 kg/hr for the 45% H2O/45% CO2/10% H2 feed composition. The rate of H2 production 
increased with higher percentages of steam fed to the fuel electrode. At feed composition of 54% H2O/36% 
CO2/10% H2, an average of 0.06 kg/hr of H2 was produced and 0.07 kg/hr of H2 was produced at feed composition 
of 63% H2O/27% CO2/10% H2. The carbon mole balance for the system closed with 5% error and the oxygen mole 
balance for the system closed with 2% error which is within the error bars of the gas chromatograph and mass flow 
controller calibrations. H2O and CO2 conversions were also calculated based on the mole balance. The conversion 
rate and the product composition for different feed compositions are summarized in Table 1. 

 
3.6 kWh of energy was required for the solid oxide stack to generate 1 kg of O2 based on the experimental test data. 
The roundtrip efficiency, 𝜀, for a regenerative stack is defined as ratio of stack voltage in SOFC mode to stack 
voltage in electrolysis mode,   

 
Figure 7. O2 and H2 generation rates observed over the 50+ hour testing of 
the solid oxide stack under co-electrolysis conditions. The O2 generation 
rate was constant while the H2 generation varied, as expected, with the feed 
water content.  

Table 1: Effect of feed composition during co-electrolysis of H2O/CO2 on H2O conversion, CO2 
conversion and product distribution for the regenerative solid oxide stack. 

Feed Composition H2 / (CO+CO2) Ratio CO2  Conversion H2O Conversion 
45% H2O/45% CO2/10% H2 0.89 55.6% 61.2% 
54% H2O/36% CO2/10% H2 1.37 57.5% 63.6% 
63% H2O/27% CO2 /10% H2 2.34 61.6% 69.1% 
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𝜀 = 𝑉𝑆𝑂𝑆𝑆
𝑉𝑆𝑂𝑆𝑆�               Eq. 1 

 
The roundtrip efficiency was observed to be as high as 72%. In addition to the energy requirement and round trip 
efficiency, it is important to evaluate the faradaic efficiency which is defined as the ratio between the current 
corresponding to the rate at which species are consumed or produced to the actual current (or total measured 
current). In other words, the faradaic efficiency is ratio of the O2 flux observed experimentally to that theoretically 
possible for the applied stack current. For solid oxide membranes, the flux of oxygen ion migration is predicted 
using the Faraday equation,39 

𝐽𝑂2,𝑡ℎ𝑒𝑒𝑒𝑒𝑡𝑒𝑒𝑒𝑒 = 𝑖𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝑛𝑛�            Eq. 2 

where,  𝐽𝑂2,𝑡ℎ𝑎𝑒𝑒𝑎𝑡𝑎𝑒𝑎𝑎  (mol/cm2/s) is the molar flux of oxygen theoretically possible, 𝑖𝑎𝑎𝑎𝑎𝑎𝑎𝑎  is the applied current 
density (A/cm2), F is 96,500 (C/mol), and n is the number of electrons associated with the ionization of an oxygen 
molecule. 
Oxygen would be produced from CO2 and H2O, by electrolyzing CO2 to CO and O2 and H2O to H2 and O2 using 
solid oxide membrane, i.e.,  
                                                                      CO2 → CO + ½ O2                   Eq. 3 
and               H2O → H2 + ½ O2                Eq. 4 
An additional undesirable pathway is  
                                                                            CO2 → C + O2                Eq. 5  
  
The number of electrons required for CO2 reduction, n, is 2 in Reaction 2 and 4 in Reaction 4. The number of 
electrons required for H2O reduction, n, is 2 in Reaction 2.  
Thus, the faradaic efficiency, η, is 

𝜂 = 𝐽𝑂2,𝑎𝑒𝑎𝑡
𝐽𝑂2,𝑡ℎ𝑒𝑒𝑒𝑒𝑡𝑒𝑒𝑒𝑒
�            Eq. 6 

where,  𝐽𝑂2,𝑎𝑒𝑎𝑡 (mol/cm2/s) is the molar flux of oxygen observed experimentally. 
Based on the experimental data for the solid oxide stack, the faradaic efficiency is 1 with n = 2, each for CO2 
reduction and H2O reduction. These results indicate CO2 is electrocatalytically reduced to CO and not C. Avoidance 
of carbon formation is extremely critical to achieve long term durability. 
Finally, the transference number for the solid oxide stack, defined as the ratio of the actual oxygen produced to the 
amount of oxygen that would be produced if all the current was ionic was unity. In other words, there is no 
undesirable electronic conduction (that wastes power) in the stack. These are indicators of optimum functioning of 
the solid oxide stack with potential for long term durability. 

C. Potential Future Work: 
PCI has developed a power-dense regenerative solid oxide stack design capable of operating directly on regolith 

off-gasses (e.g., CH4 and higher hydrocarbons) to generate electrical power and generating life support consumables 
(i.e., O2) via electrolysis of H2O/CO2. The at-anode internal reforming was demonstrated at sub-scale level 
(~250 We) while the regenerative operation (with H2 as fuel in fuel cell mode and H2O/CO2 as feed in electrolysis 
mode) was demonstrated at full-scale (~1.7 kWe) level. Further effort is still required to develop and optimize the 
stack design to enable scale-up of the regenerative stack design capable of direct hydrocarbon feeding and 
electrolysis of H2O/CO2 in a unitized, compact device. Long-term performance durability with multiple 
startup/shutdown sequences will need to be validated. 

V. Conclusion 
This paper describes and experimentally demonstrates recent advancements made by PCI to a novel solid oxide 

stack design for NASA applications. When implementing a regenerative fuel cell system, the solid oxide stack can 
be operated both as a power generator, utilizing CH4 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). The novel design comprising a 
Microlith based short contact time reforming concept of regolith off-gases (e.g., CH4 and high hydrocarbons) for a 
solid oxide cell was developed and demonstrated. The resulting enhanced heat transfer design due to incorporation 
of PCI’s structural Microlith elements 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 
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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. Efficient 
electrolysis of H2O/CO2 was also demonstrated with high conversion efficiency and product selectivity while 
avoiding carbon formation. 
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