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Energy storage and production in space via In-Situ Resource Utilization (ISRU) is 
critical for expanding robotic and human extraterrestrial exploration beyond low earth orbit 
where re-supply options are nonexistent. Traditional system configurations, in conjunction 
with photovoltaic solar arrays, comprise two separate systems: 1) fuel cell to convert fuel 
(e.g., H2) into electricity and 2) electrolyzer to produce O2 and fuel via electrolysis of in-situ 
resources. Development of Unitized Regenerative Solid Oxide (UR-SOC) Stack for providing 
both power and utilizing in-situ resources (e.g., H2O and CO2 for Mars mission) has the 
potential to provide high power density, improve reliability, and enable quick cycling 
between power generation and electrolysis within an integrated and process-intensified 
ISRU. Precision Combustion, Inc. (PCI), with support from NASA, has been developing a 
unitized regenerative solid oxide stack system. In this paper, we will present results from 
preliminary performance characterization of the UR-SOC and system concept design for 
diurnal operation. Capability for direct internal reforming of regolith off-gases (e.g., CH4 
and higher hydrocarbons) within a solid oxide stack will also be presented. 

Nomenclature 
°C  = Degree Celsius 
A  = Ampere 
ASR  = area specific resistance 
Atm  = atmospheric pressure 
C  = Coulombs  
CFD  = Computational Fluid Dynamics 
CFY  = Chromium-Iron-Yttrium 
cm  = centimeter 
CTE  = Coefficient of Thermal Expansion 
DIR  = direct internal reforming 
Eeq  = Equilibrium potential 
F  = Faradays constant 
GSA  = geometric surface area 
hr  = hour 
in  = inch 
I  = current 
ISRU  = In-Situ Resource Utilization 
𝑖𝑎𝑎𝑎𝑎𝑎𝑎𝑎   = applied current density 
J  = 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 
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m  = meter 
mol  = moles 
n  = number of electrons 
Nm3  = Normal cubic meter 
P  = pressure 
Pa  = Pascal 
PCI  = Precision Combustion, Inc. 
PEM  = polymer electrolyte membrane 
SCT  = short contact time 
SEM  = Scanning Electron Microscopy 
slpm  = standard liter per minute (21°C, 14.7 psia) 
SOC  = solid oxide cell 
SOE  = solid oxide electrolysis 
SOEC  = solid oxide electrolysis cell 
SOFC  = solid oxide fuel cell 
TRL  = Technology Readiness Level 
UF  = fuel utilization 
UR-SOC  = Unitized Regenerative Solid Oxide Cell 
V  = Volt 
W  = Watt 
We  =  Watt electric  
YSZ  = Yttria-stabilized zirconia 
η  = Faradaic Efficiency 

I. Introduction 
NERGY storage and production in space via In-Situ Resource Utilization (ISRU) is critical for expanding 
robotic and human extraterrestrial exploration beyond low earth orbit where re-supply options are nonexistent.  

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; and the energy will need to be produced from in-situ resources and 
propellants.  NASA has long been seeking for solutions for long duration energy storage and discharge to support 
lunar and Martian surface operations, including landers, habitats, science platforms, robotic, and crewed rovers, 
among others.  Effective solutions will require high-capacity, high-energy density, and long-life systems with very 
high reliability, including cyclic stability and fast systems start-up. For example, many of these systems will be 
required to provide continuous power during a 354-hour lunar night prior to recharge via a solar array during the 
lunar day.1,2,3 The power levels are expected to range between 500 W and 10 kW. In order to allow for mission 
flexibility and availability, the systems are expected to be directly re-fueled with scavenged propellants, in-situ 
produced fuels, or electrically recharged via a solar array or other power technology. Therefore, the primary 
functions of the systems are for O2 generation, energy storage/power-generation, and propellant production. 
Regenerative fuel cell systems, such as Unitized Regenerative Solid Oxide (UR-SOC) stacks, offer increased storage 
capacity and can be used in future NASA long duration missions and planetary bases. A concept of potential diurnal 
cycle for producing O2, power, and propellant via a regenerative system is provided in Figure 1. In the UR-SOC 
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. These chemicals can be stored as consumables or used as 
reactants to a Sabatier reactor to produce CH4 as propellant. 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 Lunar and Mars. 
 For the intended NASA applications, the regenerative stack designs need to include the capability of power 
generation by direct-hydrocarbon fueling (e.g., CH4, in-situ resources, or propellants) 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 
anode4 or poor electrochemical activity of non-traditional Ni-free alternative anodes. Direct internal reforming 
(DIR) using catalytic reforming approaches have also been reported, including the use catalysts located prior to the 
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intercellular region or alternative structured catalytic reactor technologies (e.g., microchannels) carved into ceramic 
plates placed between each cell.5,6,7 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) stability in CO2-CO 
environment with potential to form Ni-carbonyls; (ii) carbon buildup during CO2 electrolysis via the Boudouard 
reaction;8,9 and (iii) degradation due to O2 electrode delamination, and thermal stress. 10,11,12 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. 

 
PCI has previously reported the preliminary results from the at-anode reforming concept in a sub-scale stack 

design (~250 We).13 The ability for regenerative operation was demonstrated at a larger scale (~1.7 kWe), without 
the at-anode reforming capability (performance was demonstrated in the fuel cell mode with hydrogen as fuel). In 
this paper, we will present results from preliminary performance characterization of the UR-SOC via various single 
cell and stack testing as well as system concept design for diurnal operation. Proof-of-concept demonstration of 
efficient, durable, high power density solid oxide stack in the fuel cell mode for generating electricity from CH4 and 
in electrolysis mode for generating O2 from H2O/CO2 will be highlighted. Capability for direct internal reforming of 
regolith off-gases or propellant (e.g., CH4 and higher hydrocarbons) within a solid oxide stack will also be 
presented. In the SOFC mode, at-anode internal reforming was achieved without any external reformer. Carbon 
formation is avoided due to the implementation of a stack design with uniform thermal distribution across the anode 
and the incorporation of high-surface-area catalyst nanomaterials with tailored reforming efficiency. In the SOEC 
mode, the novel structural elements embedded within the stack overcome key known SOEC shortcomings, including 
electrode delamination as well as 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. Challenges with 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 

 
Figure 1. Simplified diurnal cycle for a UR-SOC system producing O2, power, and propellant. 
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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.14 However, PEM fuel cell 
utilizes H2 as fuel for power generation.15,16 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, followed by a CO removal 
system (to a low ppmv level) to avoid CO poisoning of PEM cells and is highly impractical for NASA targeted 
applications.17,18 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, although results are still not 
promising as pure CO2 electrolysis remains to be a challenge for current state of the art PEM technology. Solid 
Oxide Stacks (SOC), 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. 

Internal at-anode CH4 steam reforming has been discussed in the literature for facilitating CH4-fed SOFC 
operation.19,20 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 addressed by PCI’s unique design for direct reforming of regolith off-gases (e.g., CH4 
and high hydrocarbons) for a solid oxide cell. Embedding the innovative high heat transfer elements within the stack 
also allows efficient electrolysis of H2O and CO2 below thermo-neutral potential, mitigating the typically observed 
anode delamination and associated stack degradation. 

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.21 The Microlith substrate consists of a series of ultra-short-channel-length, catalytically 
coated metal meshes with very small channel diameters (Figure 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 

 
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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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). 

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 (Figure 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. A scanning electron microscopy (SEM) 
micrograph of a coated Microlith substrate is shown in Figure 3. SEM analysis indicates uniform coatings of active 
catalytic materials on the substrate with complete coverage. 

IV. Experimental Results and Discussion 
The ongoing development of materials and microstructures over the past 25 years has led to significant 

improvements in power density and lifetime of conventional ceramic SOFC’s. However, high production costs, lack 
of quick startup, poor thermal cycling capability, low specific power and power density, and low vibration tolerance 
has limited the use of SOFC stacks for mobile and portable applications. These SOFC’s are generally incapable of 
fast startup and rapid transients primarily due to the Coefficient of Thermal Expansion (CTE) mismatches of the cell 
materials, seals, and interconnects. Consequently, PCI has been working with several suppliers on new generation 
cell materials/configurations with less CTE limitations that can be suitable for fast-start, multi-cycles SOFC stacks. 

One approach is utilizing an alternative substrate that provides a better thermal conductivity compared to a 
traditional Ni/YSZ cermet or the ScSZ-electrolyte. Chromium-Iron-Yttrium (CFY) is primarily used for 
interconnects in high temperature fuel cells with coefficient of expansion precisely adapted to that of the electrolyte 
in the fuel cell. Although CFY has high thermal conductivity, the thermal mass that has to be heated up is much 
higher in case of stacks with CFY-interconnects. A stack configuration with a high thermal conductivity material 
that can limit the CTE mismatch is, therefore, desirable since this permits fast stack heat-up and minimizes 
temperature differences in the stack. This alternative substrate has typically shown a relatively high performance 
degradation rate; however, the degradation mode can be mitigated by applying a redox-stable barrier layer, resulting 
in significantly increased expected lifetime of the cells, without impacting the electrical conductivity and thermal 
properties. This is currently being evaluated. Once the degradation mode can be avoided, the resulting cells and 
stacks are expected to offer improved thermal cycling, start-up time, vibration tolerance, and redox behavior 
compared to state-of-the-art SOFC’s. This approach will also provide much higher gravimetric and volumetric 
densities.  

 
Figure 3. Surface-scan SEM micrograph 
of the coated Microlith substrate. 
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A. Methane-fueled Solid Oxide Stack System 
We have previously described the implementation of catalytically-coated Microlith substrates for efficient CH4 

steam reforming internal of the SOFC stack, which has been previously demonstrated by PCI.13 In our previous 
effort, 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.22 Successful demonstration of the 250 We SOFC stack (8-cell 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 more than 25 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. 

Table 1 provides the cases that were used to evaluate the 8-cell SOFC stack performance with internal reforming 
capability. The different simulated anode recycle gas corresponded to different fuel utilization of the stack 
(simulated stack performance) and recycle ratio in order to maintain a steam-to-carbon ratio of approx. 2 at the inlet 
of the stack.  

Table 2 shows the results from testing the SOFC stack at different cases described in Table 1, including the 
average cell voltage at the maximum (conservative) electrical current applied. In our tests, the minimum cell voltage 
was set at approx. 0.80 Volt/cell, although the cell voltage can actually be brought as low as 0.68 Volt/cell (at the 
expense of lifetime). We evaluated the 8-cell stack performance conservatively to make sure that we can proceed 
with all test conditions and have comparative results at different operating conditions to confirm the projected 
performance based on our earlier simulated results. The stack power output was also calculated for each case. It is 
important to note that for Cases 4 and 5, the CO flow (0.26 slpm and 0.20 slpm, respectively) was accidentally 
disconnected, which led to a lower maximum electrical current.  In Case 6, we limited the electrical current to 9 A 
since we operated the stack with pure CH4 and H2O (without the anode tail gas recycle) in order to simulate the 
operation during SOFC stack start-up (i.e., during the stack start-up, the anode tail gas recycle will not be readily 
available, and thus the stack will need to operate with pure CH4 and H2O at the low load conditions.  As the load is 
increased, the anode tail gas recycle will become available and the transition from pure CH4 and H2O condition will 
start to occur at a rate to be specified based on further experimentation).  Due to the conservative operation of the 
SOFC stack, the power output ranged between 90 – 160 Watts, lower than what the stack was originally designed 
for (250 W peak). The fuel utilization (UF) during our stack operation was set to be approx. 35-45%, compared to 
the stack capability to operate at UF of greater than 70%. It is expected that under a more aggressive operating 
condition, such as UF of 75-80%, the stack power output of 250 We can be achieved. This will be demonstrated 
toward the end of our development effort, after we have completed the characterization of the direct internal 
reforming – SOFC (DIR-SOFC) and optimized the operating conditions based on the established performance 
window. 

Table 1: Different CH4 and simulated anode tail gas flow rates (slpm) for evaluating the SOFC stack. 

Condition 
Flow rates (slpm) 

H2 N2 CO CO2 CH4 H2O (vapor) Cathode Air 
Case 0 3.30 3.30 0.00 0.00 0.00 0.00 73.02 
Case 1 0.24 0.00 0.13 0.90 0.75 1.55 15.19 
Case 2 0.36 0.00 0.22 0.97 0.67 1.57 15.19 
Case 3 0.34 0.00 0.19 0.83 0.69 1.31 15.19 
Case 4 0.45 0.00 0.26 0.66 0.67 1.39 15.19 
Case 5 0.36 0.00 0.20 0.86 0.72 1.37 15.19 
Case 6 0.00 0.00 0.00 0.00 1.1 2.38 15.19 
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B. Full-Scale Regenerative Stack Testing 
For the regenerative testing, we have previously demonstrated a solid oxide stack operation with SOFC/SOEC 

cycles.13 During the SOFC operation, H2 mixture was used instead of CH4 (due to the absence of internal reforming 
elements for this particular stack iteration/configuration). The focus of the effort was to demonstrate capability of 
obtaining a unitized-regenerative SOC (UR-SOC) that can perform multiple, fast cycles between the fuel cell mode 
and the electrolysis mode. Once the stack is well characterized and its durability is confirmed, the reforming 
elements will be added to the system in order to allow for introduction of CH4 in the feed stream to the SOFC 
system during the fuel cell mode. 

In our prior testing, 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. Results from these tests 
were reported previously.13 The performance of a stack operating in electrolysis mode is not exclusively determined 
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. 

In the SOFC mode, the stack was initially 
operated under constant current mode at 25 Amps, 
generating ~1.7 kW of electricity. After the initial 
stack characterization and polarization curve 
development were completed, the stack was 
subjected to durability testing under SOFC mode, 
operated using reformate of hydrocarbon fuel, 
consisting of H2, CO, CO2, and H2O. The stack 
was evaluated for more than 250 hrs, and with 17 
start-stop (thermal) cycles. Figure 4 shows the 
stack power output from the 250-hr testing window 
with 3 thermal cycles, generating approx. 900 
Watts of power at 63 Volts and 14.5 Amperes 
electrical current. Stable performance throughout 
the durability test was demonstrated, even after 
multiple start-stop (thermal) cycles (represented in 

Table 2: Average cell voltage (V), electrical current applied (A), and stack power output (W) from testing 
the SOFC stack at different cases described in Table 1. 

Condition 
Average Cell 
Voltage (V) 

Electrical 
Current (A) 

Stack Power Output – 
8-cell SOFC stack (W) 

Case 0 0.88 22.5 160 
Case 1 0.80 15.0 100 
Case 2 0.82 14.0 92 
Case 3 0.82 14.0 92 
Case 4 0.84 11.0 74 
Case 5 0.84 11.0 74 
Case 6 0.84 9.0 60 

 
Figure 4. Stack power output vs. time observed during 
the UR-SOC operation in fuel cell mode with reformate 
of hydrocarbon fuel (~250 hours of the durability testing 
was shown). Each vertical line corresponds to the start-

stop (thermal) cycle testing. 
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the figure by vertical lines). Figure 5 shows the 
voltage and current of the stack under the fuel cell 
mode operation after certain number of cycles.  The 
voltage and current data points were taken when the 
fuel cell generated approx. 900 Watts in order to 
compare the voltage and current at the same power 
output condition for proper evaluation of the stack 
performance before and after each cycle. Test results 
indicated that the UR-SOC performance was stable 
after 17 start-stop/thermal cycles, with no observable 
performance degradation. A slight variation in test 
data was due to slight difference in the stack 
temperatures (i.e., anode and cathode inlet and outlet 
temperatures), since they have an effect on the 
performance to certain extent. Finally, Figure 6 
shows the polarization (i.e., P-I) curve obtained from 
the stack cyclic testing, up to 17 start-stop/thermal 
cycles. Test results indicated very consistent curves 
after 17 cycles, demonstrating our UR-SOC stack 
durability and tolerance to thermal cycles. 

C. Preliminary Testing of New Cell Materials 
In addition to the full scale stack evaluation, we 

have also been evaluating, in parallel, a new solid 
oxide stack technology that is potentially capable of 
meeting higher power density and faster start-up 
requirements. Toward this goal, PCI has been 
evaluating offerings from several suppliers that 
would be suitable for developing the next 
generation UR-SOC. The performance of these new 
materials was evaluated using a test fixture that also 
includes interconnects along with the current 
collectors and gasket/sealing material. 

A high temperature furnace was utilized for the 
performance evaluation.  Deadweight of ~44 lbs 
(not optimized) was applied such that the 
compressed gasket could provide a good seal. The 
anode inlet and cathode inlet streams were also 
heated inside the furnace to achieve the desired inlet 
temperature. The anode fuel comprised 97%H2-
3%H2O mixture at 1.5 slpm and the cathode air 
flow (not oxygen) was maintained at 3 slpm.  
During testing, the heating and cooling rates were 
both maintained at ~3°C/min, although a 
significantly faster heat rate of >10°C/min is feasible. A Tekpower TP3710A Programmable DC Electronic Load 
was used to record the IP/IV curve. 

Figure 7 shows the results from the cell testing under different temperatures (after 6 thermal cycles and more 
than 60-h of performance evaluation on this cell), ranging from 650°C to 800°C. This particular cell yielded a 
maximum power of about 9 Watts/cell at 800°C with OCV of 1.085 V. The anode fuel was 1.5 slpm of humidified 
H2 (3vol.% H2O). The maximum power outputs were 8.4 W, 7.3 W and 6.0 W at 750°C, 700°C and 650°C, 
respectively. The OCV was close to the theoretical values at corresponding temperatures. Also, a current density of 
as high as 1.15 A/cm2 can be obtained with this cell, higher than the typical current density observed with other solid 
oxide cells. From the linear part of the IV curve, the Ohmic resistances were calculated to be 0.52 Ωcm2 at 800°C 
and 0.75 Ωcm2 at 650°C.  The Ohmic resistance of the cell was higher than expected, and the causes are currently 
being investigated. 

 
Figure 5. Stack voltage and current vs. # of cycles 
observed during the UR-SOC operation in fuel cell 

mode with reformate of hydrocarbon fuel. 

 
Figure 6. Stack polarization curves under the fuel cell 

mode (power output vs. electrical current applied) from 
the 17 thermal cycles that the UR-SOC stack was 

subjected to. 
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D. Preliminary Simulation/Modeling for Co-electrolysis of H2O and CO2 in SOEC 
For our preliminary cell level modeling using COMSOL Multiphysics, a feed stream comprising 45%CO2, 

45%H2O, and 10%H2 mixture was utilized, targeting the species conversion observed in prior experimental testing.  
The electrochemical reaction rate is dependent on the current density at a given voltage. The required voltage 
applied to the SOEC can be expressed as: 

       V = 𝐸𝑎𝑒 + 𝜂𝑎𝑒𝑡,𝑎 + 𝜂𝑎𝑒𝑡,𝑒 + 𝜂𝑂ℎ𝑚𝑎𝑒                  (1) 

The equilibrium potential can be calculated by the following equations:  

𝐸𝐻2 = 1.253 − 0.00024516𝑇 + 𝑅𝑅
2𝐹
𝑙𝑙 �

𝑃𝐻2
𝐼 (𝑃𝑂2

𝐼 )0.5

𝑃𝐻2𝑂
𝐼 �             (2) 

𝐸𝐶𝑂 = 1.46713 − 0.0004527𝑇 + 𝑅𝑅
2𝐹
𝑙𝑙 �

𝑃𝐶𝑂
𝐼 (𝑃𝑂2

𝐼 )0.5

𝑃𝐶𝑂2
𝐼 �             (3) 

𝑃𝐻2
𝐼 , 𝑃𝐻2𝑂

𝐼 , 𝑃𝐶𝑂𝐼 , 𝑃𝐶𝑂2
𝐼  and 𝑃𝑂2

𝐼 are the partial pressures of H2, H2O, CO, CO2 and O2 at the electrolyte/electrode 
interface, respectively.  𝜂𝑎𝑒𝑡,𝑎 and 𝜂𝑎𝑒𝑡,𝑒 are assumed to be： 

𝜂act,H2,𝑎 = 𝑅𝑅𝐽𝐻2
𝑛𝐻2𝐹𝐽𝐻2,𝑖

0                  (4) 

𝜂act,co,𝑎 = 𝑅𝑅𝐽𝐶𝑂
𝑛𝐶𝑂𝐹𝐽𝐶𝑂,𝑖

0                  (5) 

The flux of H2, CO and O2 can be related to the current density as: 

𝑁H2 = 𝐽𝐻2
2𝐹

                  (6) 

𝑁𝐶𝑂 = 𝐽𝐶𝑂
2𝐹

                  (7) 

𝑁O2 = 𝐽𝐶𝑂+𝐽𝐻2
4𝐹

                 (8) 

The reaction heat can be calculated: 

𝑄H2O/H2 = 𝐻H2O/H2 × 𝑁H2               (9) 

𝑄CO2/CO = 𝐻CO2/CO × 𝑁𝐶𝑂        (10) 

 
Figure 7. Stack polarization curves (J-V and J-P) for the new cell materials evaluated under different 

temperatures at 1.5 slpm of humidified H2 in the anode side and 3 slpm air in the cathode side. A 
current density of as high as 1.15 A/cm2 can be obtained with this cell. 
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𝐽𝐻2,𝑎
0  and 𝐽𝐶𝑂,𝑎

0  are the exchange current densities for H2O and CO2 electrolysis, respectively, and they are temperature 
dependent: 

𝐽𝐻2,𝑒
0 = 𝑘𝐻2,𝑒exp (−𝐸𝑎𝑎𝑎,𝑎

𝑅𝑅
)     (11) 

𝑘𝐻2,𝑒 is the pre-exponential factor for the cathode.  The value of 𝐸𝑎𝑒𝑡,𝑒 is 1.0×105 Jmol-1.  From experiments, the rate 
of electrochemical oxidation of H2 is found about 2.5 times that of CO, thus, we took the exchange current density 
of the CO2 electrolysis as 

𝐽𝐶𝑂,𝑒
0 = 0.4 × 𝐽𝐻2,𝑒

0 .  (12) 

The parameters for the simulation are presented in Table 3. 

First analysis was performed assuming there was no supplementary heat applied to the cell. Figure 8 shows the 
temperature profile along the length of the solid oxide cell under the SOEC mode. The H2O/CO2 co-electrolysis 
reactions are endothermic and they will reduce the cell temperature (from inlet to outlet). The temperature decreased 
from 800°C at the inlet to 662°C at the outlet (without any thermal input). Our proposed heating concept utilizing 
direct resistive heating capability of Microlith metal mesh can mitigate this cooling effect. Figure 9 shows the H2O 
mole fraction change across the cell. Our present modeling results showed that the cell cooling effect can greatly 
decrease the reaction kinetics and electrochemical rates during the co-electrolysis operation. Finally, Figure 10 and 
Figure 11 show the CO2 and corresponding CO mole fraction changes across the cell. The CO2 decreased from 0.45 
to 0.37 while the CO increased from 0.0 to 0.08. Again, our present modeling results showed the cooling effect can 
greatly decrease the reaction kinetics and rates by about 2 times. 

 

Table 3: Parameters used for the preliminary simulation/modeling for co-electrolysis of H2O and CO2 in 
SOEC. 

Parameter Value 
Operating temperature, T (°C) 800 

Operating pressure, P (atm) 1 
Electrode porosity, ɛ 0.4 

Electrode tortuosity, τ 3.0 
Cathode channel height, m 8.98×10-4 

Cathode thickness, m 5×10-4 
Electrolyte thickness 2×10-4 

Anode thickness 5×10-4 
Anode channel height, m 8.98×10- 

Length of the planar SOEC, m 0.13 
Inlet cathode pressure, Pa 12 
Inlet anode pressure, Pa 30 

Molar fraction of H2O and CO2 1:1 
Fuel side inlet gas molar ratio: CO2/H2O/H2 0.45:0.45:0.1 

SOEC operating potential (V) 1.5 

Thermal conductivity of SOEC component 
(Wm-1K-1) 

Cathode: 11 
Electrolyte: 2.7 

Anode: 1.1 
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V. Conclusion 
This paper describes the continuation of development effort performed at PCI to experimentally demonstrate a 

novel solid oxide stack design capable of operating under both fuel cell mode and electrolysis mode for NASA 
applications, including lunar habitat, mars base, and other long duration space exploration missions. The UR-SOC 
concept will allow for the fuel cell operation during the night cycle time using CH4, in-situ resources, and scavenged 
propellants, without adding complexity to the system. The electrolysis operation during the day cycle time can be 
performed utilizing either H2O, CO2, and a combination of the two to generate H2 and O2. 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 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 

 
Figure 8. The temperature profile along the 
length of the solid oxide cell under the SOEC 

mode using our preliminary modeling 
configuration in COMSOL Multiphysics. 

 
Figure 9. H2O mole fraction profile along the 
length of the solid oxide cell under the SOEC 

mode using our preliminary modeling 
configuration in COMSOL Multiphysics. 

 
Figure 10. CO2 mole fraction profile along the 

length of the solid oxide cell under the SOEC 
mode. 

 
Figure 11. CO mole fraction profile along the 

length of the solid oxide cell under the SOEC 
mode. 
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and product selectivity while avoiding carbon formation. The solid oxide stack was evaluated for its durability and 
tolerance to multiple start-stop/thermal cycles. 
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