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Technical Assessment Report

1.0 Notification and Authorization
The NASA Engineering and Safety Center (NESC) was asked to support development and 
advancement of ceramic oxygen generator (COG) technology for NASA and COVID1-related 
medical use (i.e., medical-COG (M-COG)). NASA’s Advanced Exploration Systems Program 
has previously sponsored COG technology development activities for spacesuit oxygen tank 
recharge. The intent of this assessment was to accelerate the pace of technology development, 
assess the use of NASA technology for medical applications, and validate manufacturing 
techniques. Under this assessment, the M-COG project developed and tested five full-scale 
(i.e., 30-wafer) cell stacks and performed testing via a prototype unit.

Mr. Clinton Cragg (retired) was selected to lead this assessment, with Mr. Jon Haas as deputy 
co-lead, and Mr. John Graf as the technical lead. The key stakeholders included NASA’s Chief 
Medical Officer; the Bureau of Global Health under the United States Agency for International 
Development (USAID); the NASA Extravehicular Activity (EVA) Office, and the Johnson 
Space Center (JSC) Engineering Directorate.

1 COVID-19, the 2019 novel coronavirus, causes severe acute respiratory syndrome 2, or SARS-CoV-2. For the 
purposes of this report, COVID-19 will be referred to as COVID.
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4.0 Executive Summary
The Medical Ceramic Oxygen Generator (M-COG) extracts oxygen from air, producing high-
purity (>99.9%) oxygen. This report provides background on the initial technology development 
and describes NASA’s efforts for spacesuit application [ref. 1] and, more recently, the NASA 
Engineering and Safety Center’s (NESC’s) effort to accelerate the development of M-COG 
technology as a contributing solution to the medical oxygen shortage during the COVID 
pandemic.

At the start of the NESC M-COG assessment, oxygen generation using ion transport membranes 
was restricted to low technology readiness level (TRL) research and development (R&D) efforts.
The technology, at that time, did not include the manufacturing capability to build cell stacks at 
the production scale needed for medical oxygen, and ion transport membranes could not produce 
oxygen at the delivery pressure needed for spacesuit oxygen tank recharge. Over the course of 
the M-COG assessment, full-scale cell stacks were manufactured and tested. New methods of 
thermal management were prototyped and tested, demonstrating substantial improvements in 
energy efficiency, and high-pressure oxygen generation was achieved. The net result of the effort 
was an advancement in the TRL.

The M-COG assessment team designed, developed, and tested systems purely for ground testing; 
these systems were not optimized for crewed flight and will require additional testing to ensure 
safe operation in flight. The M-COG high-pressure prototype system operates at low production 
rates, but the key technical issues of cell stack pressure integrity and pressure vessel integration 
were addressed via testing. The M-COG prototype systems are small scale compared with
medical oxygen needs, and the prototypes are not certified for medical use, thus are not currently 
suitable for use in hospitals. The key technical issues of manufacturing capability and power 
efficiency were addressed through direct demonstration. The assessment team developed 
prototype systems that can be loaned to health organizations for hospital field testing.

Conclusions and NESC Recommendations

The M-COG produced oxygen at a production rate of 4.5 standard liters per minute (slpm) from 
a single cell stack, where no previous ion transport membrane cell stack has produced more than 
2.0 slpm. M-COG had a specific energy use of 87 watts (W) per slpm, where no previous ion 
transport membrane system has used less than 200 W per slpm. The M-COG assessment team
developed a system capable of steady-state operations without heater power.

M-COG produced 20.7 megapascals (MPa) (3000 pounds per square inch gauge (psig)) of
oxygen [ref. 2]. M-COG extracted oxygen from ambient air, transported the oxygen across two
ion transport membranes, and electrochemically pumped oxygen ions across a 20.7-MPa
(3000-psig) pressure difference. The 20.7-MPa (3000-psig) technology demonstrator is large and
heavy, and production rates are too low to meet human spaceflight mission needs. Thus,
additional development work is needed before the M-COG can be qualified for flight.

Additional testing in a hospital environment is needed before M-COG can be certified for 
medical use, but M-COG prototype testing has demonstrated the ability to produce high-purity 
(>99.9%) pressurized oxygen with specific energy use <100 W per slpm. However, the M-COG 
prototypes do not currently produce sufficient quantities of oxygen to be useful for medical 
applications and are not certified for medical use.
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5.0 Assessment Plan 
The medical oxygen supply chain was stretched during the pandemic. NASA, working through 
the NESC and NASA’s Chief Health and Medical Officer, supported efforts to identify 
additional sources of medical oxygen to meet the increasing oxygen needs. The NESC-sponsored 
M-COG assessment started in the early days of the COVID pandemic. The NESC initially 
supported a series of emergency response activities, including a Jet Propulsion Laboratory  
(JPL)-led ventilator development project (NESC assessment TI-19-01523, Hardware 
Development for COVID Applications). 

A Human Exploration and Operations Mission Directorate (HEOMD)-sponsored technology 
development activity led by JSC researchers was considered a potential additional source of 
medical oxygen [ref. 1]. COGs using ceramic ion transport membranes were under development 
for recharge of spacesuit oxygen tanks, as extended EVA operations beyond low Earth orbit will 
require a safe, effective, and reliable method of oxygen recharge. COG technology is solid state, 
the COG oxygen separation process does not involve hydrogen, and the oxygen product reliably 
meets EVA purity requirements [ref. 2].  

This NESC M-COG assessment had the following objectives: 
 Reduce cell stack manufacturing risks with development wafer and cell stack hardware. 
 Demonstrate large-scale medical grade oxygen generation, specifically, at least 1,200 L/hour 

(hr) of oxygen at 99.999% purity.  
 Demonstrate a (scaled) power efficiency of <100 W/kgO2 comparable to or better than 

commercially available systems. 

As the assessment progressed, evaluating medical certification processes was added to the 
assessment scope (see Appendix E). Additionally, high pressure development and testing was 
conducted as a concurrent goal with an active Advanced Exploration Systems Life Support 
Systems project task. The task sought to develop a COG design capable of maintaining 
mechanical integrity while producing pressurized oxygen up to 24.8 MPa (3600 pounds per 
square inch absolute (psia)). 

6.0 Background and Description of M-COG Technology 
M-COG uses ceramic ion transport membrane technology to extract oxygen from an ambient air 
source, often atmospheric air. The United States Air Force (USAF) sponsored a significant R&D 
effort between 2000 and 2010, which demonstrated that a solid-state device could produce high-
purity oxygen, but delivery rates were too low and energy consumption was too high to 
practically meet medical oxygen demands [ref. 3]. NASA sponsored R&D efforts performed by 
JSC Engineering between 2010 and 2020 to use ion transport membranes to recharge spacesuit 
oxygen tanks with high-pressure, high-purity oxygen [ref. 1]. These efforts focused on 
technology development but not on the development of cost-effective manufacturing processes 
for widespread commercial use. 
The NESC sponsored the M-COG project in the early days of the COVID pandemic as part of an 
effort to identify additional sources of medical oxygen to meet the surging needs of patients 
(NESC assessment TI-19-01523, Hardware Development for COVID Applications). The NESC-
sponsored efforts focused on increasing the pace of technology maturation, developing a 
manufacturing capability, and demonstrating energy-efficient oxygen production systems. 
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This section provides a general overview of the M-COG technology and describes the interfaces, 
key components, and configuration. The core of an M-COG system is the cell stack, where 
oxygen is extracted from air and delivered through a piping system. The central element of a cell 
stack is the wafer. The component within the wafer that handles the oxygen separation is the 
ceramic ion transport membrane. The ion transport membrane, wafer, and cell stack are 
described in this section, and the system configuration and balance of plant components are 
discussed.  

6.1 General Overview 
Figure 6.1-1 identifies the main components of an M-COG system. M-COG systems have two 
sections: one that operates at ambient temperature and another that operates at an elevated 
temperature. The ambient temperature section contains the power distribution electronics and 
control systems (the left side of Figure 6.1-1). The high-temperature insulated section (the right 
side of Figure 6.1-1) has a process air stream with a process air inlet, blower, heat exchanger, 
heater, cell stack, and process air vent. 

 
Figure 6.1-1. M-COG System with Main Components Identified 

(Control systems are located on the left, physically isolated from the elevated temperature 
components (600 to 800 C (1112 to 1472 F).) 

Figure 6.1-2 shows a process schematic of an M-COG system, describing the configuration of 
the main components and illustrating the progression of air as it flows through the process air 
stream. Ambient air enters the M-COG through the process air inlet and is drawn through the 
system by the blower. Because the process air flow path is open and unrestricted, the blower 
requirements are minimal. The performance specifications for the blower are similar to those of 
ventilation blowers used in residential settings: ~0.424 cubic meters per minute (m3/min)  
(15 cubic feet per minute (cfm)). The operating temperature for the cell stack is nominally  
700 degrees Celsius (°C) (1292 degrees Fahrenheit (°F)). A dual-purpose heat exchanger 
simultaneously preheats the incoming air stream while cooling the heated process air prior to 
venting. This arrangement reduces energy consumption and simplifies venting requirements by 
reducing the temperature of the exhaust products. Process air heaters are located between the 
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heat exchanger and the cell stack. The heaters provide a large amount of heating during transient 
system startup and operate under reduced loads in steady-state operation (see Appendix C). 

 
Figure 6.1-2. Process Schematic of M-COG System 

The cell stack is an ion transport mechanism that extracts oxygen from the process air stream, 
produces oxygen delivered through a central pipe, and adds heat to the process air stream  
(i.e., the ion transport process, which transports oxygen across the ceramic, produces waste  
heat). Downstream of the cell stack, the process air temperature is elevated, and the oxygen 
concentration is ~19.5% because some of the oxygen has been extracted; the minimum safe 
oxygen content, per eCFR §1910.146, is 19.5 volume percent (vol. %). The oxygen-depleted 
elevated-temperature air is sent through the heat exchanger, cooled, and vented. The blower, 
heater, and cell stack use electrical power. 

The system interfaces are comparable to pressure swing adsorption (PSA) oxygen generation 
systems. The M-COG device assembly is placed in a vented location and connected to a source 
of electricity. The M-COG uses ambient air, which serves as the source of oxygen and regulates 
internal temperatures. Particle filtration and dehumidification may not be required and were 
demonstrated in limited field service (see Section 7.16). The as-reacted process gas is an oxygen-
depleted (~19.5% nominal) 150 °C air stream. 

M-COG process air flow is steady state and continuous (see Appendix C). There are no air 
selector valves and no mechanical movement other than the blower fan blades. The blower 
operates continuously when the system is running. Heaters bring the system to temperature 
during startup and then maintain a uniform and consistent temperature during operation (see 
Appendix C). The cell stack is powered when oxygen is needed and is otherwise placed in a 
standby mode. 

The concept of operations for an M-COG system is to install the system in a ventilated location, 
connect it to a power source, and connect it to an oxygen delivery piping system. The M-COG 
will maintain a supply of pressurized oxygen ready for delivery through a distribution pipe when 
oxygen is needed. The schedule for regular maintenance is expected to be once every 2 years 
(see Section 7.16). The predicted maintenance tasks (i.e., replacing the blower and replacing 
thermocouples) are projected to be low in complexity based upon experience with the test units. 
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6.2 M-COG Oxygen Separation Element: The Ion Transport Membrane 
The heart of M-COG technology is the ceramic ion transport membrane, which extracts oxygen 
from air, transports the oxygen across an impermeable, dense, monolithic ceramic structure. The 
ion transport membrane is solid (i.e., the oxygen separation process is solid state).  

Certain ceramic materials are capable of transporting oxygen ions through their structure if 
supplied with an electrical potential. These materials do not conduct electricity (i.e., do not 
transport electrons), but if supplied with an electric potential they can transport oxygen ions (i.e., 
are ionically conductive). The ion transport membranes are made from ion-conducting ceramic 
oxides, which are insensitive to elevated temperature oxygen service. These ceramic oxide 
materials can be formed into dense structures, and when constructed into an operational device, 
they take the shape of a membrane that is gas impermeable. When the ion transport membrane is 
connected to a “strongback” structure (e.g., the M-COG wafer assembly), the ion transport 
membrane forms a hermetic seal with the inlet air on one side and oxygen on the other.  

Gases cannot permeate an ion transport membrane, but oxygen ions can be electrically 
transported provided they are given a direct current (DC) electrical potential. The ion transport 
membrane material has an oxide lattice structure that has atomic-scale holes [refs. 4-6]. These 
holes can contain and transport an oxygen ion under an applied electrical potential, as the oxygen 
ions can migrate through the membrane by moving from one hole to another across the thickness 
of the membrane.  

The other constituents of air (e.g., nitrogen, argon, carbon dioxide, and excess oxygen) are 
unaffected by the ion transport membrane. Some of the oxygen is electrochemically dissociated 
into oxygen ions, and the oxygen ions are electrochemically pumped across the ion transport 
membrane. The rate of oxygen ion transport is set by the current passing through the membrane. 
The current/oxygen flow relationship is linear (i.e., increasing the current by 10% increases the 
flow of oxygen by 10%). 

Ion transport membranes are not used commercially for medical oxygen generation, but ion 
transport membranes are used as automotive oxygen sensors. Sensors referred to as “zirconia O2 
sensors” measure the air-to-fuel ratio in automotive combustion environments. Like the M-COG 
ion transport membrane, zirconia sensors use a ceramic ion transport membrane that is dense and 
impermeable to gas flow and operates at elevated temperatures [ref. 7]. The automotive oxygen 
sensor market is mature, with a developed manufacturing base. The global automotive oxygen 
sensor market was valued at 30 billion United States dollars (USD) in 2021 [ref. 8]. 

Figure 6.2-1 shows a functional schematic of an ion transport membrane. At the center of the ion 
transport membrane is a dense, monolithic ceramic electrolyte. The electrical resistance of ion 
transport membranes is essentially infinite at room temperature, but as the temperature increases, 
the electrical resistance decreases. Effective ion transport membranes capable of transporting 
meaningful amounts of oxygen operate in the 600 to 800 °C temperature range to reduce 
electrical resistance. Increasing the surface area increases the amount of allowable oxygen 
transport. Electrical resistance increases as the electrolyte thickness increases, so effective ion 
transport membranes require a minimum thickness for effective mechanical strength, assumed to 
be defect free. Excess thickness should be avoided to minimize energy input for oxygen 
transport. Ion transport membranes operate in environments as hot as practically possible to 
reduce electrical resistance and improve power efficiency. 
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Figure 6.2-1. Functional Schematic of Ion Transport Membrane 

Each surface of the electrolyte supports a transition zone, bridging the interface between free gas 
and solid electrolyte. The air-facing surface of the electrolyte must receive electrons from the 
external power supply, ionize molecular oxygen into oxygen ions, and deliver the oxygen ions to 
the electrolyte surface. Electrochemically, the air-facing surface of the electrolyte acts as the 
cathode. Cathode materials are porous to maximize surface area and increase the contact area 
between the air and the solid cathode surface. The cathode is referred to as a “mixed ionic 
conductor” because it is capable of transporting electrons and oxygen ions. 

The anode side of the electrolyte has a porous layer made from materials with mixed ionic 
conductor properties. At the anode, oxygen ions reform into molecular oxygen. This process 
releases an electron. The anode collects the electrons and transports them to the rest of the DC 
current loop, completing the DC circuit. 

Figure 6.2-2 provides a detailed cross section of an ion transport membrane and maps the 
electrochemical configuration, physical configuration, and electron/oxygen ion charge-carrying 
properties. Note that the cathode is on the air-facing side, and the anode is where oxygen is 
collected and generated. Anode and cathode structures are porous ceramic oxides, with as much 
surface area as possible to improve the kinetics of electrochemical processes occurring at the 
solid/gas interface. The electrolyte is solid and impervious to gas flow, even at pressure 
differences up to 1 MPa (145 pounds per square inch (psi)) [ref. 9]. 

  
Figure 6.2-2. Cross-sectional View of Ion Transport Membrane, with Mapping of Electrochemical 

Components, Physical Configuration, and Ion Transport Properties 

Figure 6.2-3 shows a cross section of a scanning electron microscope (SEM) image of an ion 
transport membrane. Note that the ceramic electrolyte layer is fully dense, and the cathode and 
anode structures are porous. The right-hand side of Figure 6.2-3 shows an electrochemical 



NESC Document #: NESC-RP-21-01639 Page #: 16 of 96 

schematic of the DC circuit that drives the process. Note the location of electron transfer and 
oxygen ion transport across the electrolyte and the direction of oxygen ion transport. 

  
Figure 6.2-3. Cross Section of M-COG Ion Transport Membrane with Electrical Circuit, Electron 

Transfer, and Oxygen Ion Movement 

6.3 Primary M-COG Component: The Wafer 
Ion transport membranes are operated at elevated temperatures to reduce electrical resistance and 
at a thickness that is optimized to provide an acceptable level of mechanical strength with 
minimized electrical resistivity. Researchers have used unsupported ion transport membranes for 
decades [ref. 10]. It is easier to fabricate a “simple” ion transport membrane consisting of three 
layers (i.e., cathode, anode, and electrolyte) than it is to fabricate a more complex structure with 
sealed edges. These three-layer structures are placed in an external support frame to enable 
testing. The frames are prone to leakage; pressurized oxygen is likely to leak around the support 
frame and flow into the air side of the assembly. If not properly designed, these frames exert 
mechanical forces, causing the hot, thin, brittle ion transport membrane to fracture. It is difficult 
to structurally support the ion transport membrane and allow free flow of gases on both sides of 
the membrane. It is especially difficult to do this at elevated temperatures because the external 
frames are frequently made of materials with different coefficients of thermal expansion (CTEs). 
Small CTE mismatches can cause significant structural loads when a test article is cycled 
between 20 and 700 ℃. The target CTE for the wafer is 12.5 ± 0.5 parts per million (ppm) per 
kelvin (K). 

M-COG ion transport membranes are structurally supported through bonding to a strong 
structural support layer. The structural supports are made from ceramic materials with matched 
CTEs, which have been shown to support and protect the ion transport membrane against 
targeted, intentional thermal excursions. Additional thermostructural testing of the assembled 
cell stack structure is future work. The sealed enclosure for the oxygen is designed to be 
hermetic. 

Figure 6.3-1 shows an M-COG wafer and some of its main elements and illustrates the 
configuration of the ion transport membrane structural support. The ion transport membrane, 
consisting of anode, cathode, and electrolyte, is bonded to the top surface of a strong, thick, 
dense, gas-impermeable structural support layer referred to as the strongback. Each layer in the 
structure (i.e., strongback, anode, electrolyte, and cathode) has a hole to feed gas to the oxygen 
port. The strongback accounts for >90% of the total mass of the wafer. 
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Figure 6.3-1. M-COG Wafer (top view) with Main Elements Identified 

The fabrication of a strongback-supported wafer with a hermetic seal between the air and oxygen 
in this effort represents a significant improvement in manufacturing capability over previous 
work by the USAF [ref. 3]. Testing at Tinker Air Force Base demonstrated that thin unsupported 
wafers could not withstand thermal shock caused by system restart after a power outage. The  
M-COG wafer shown in Figure 6.3-1 has been exposed to thermal shock conditions caused by 
loss of power. Independent testing conducted at JSC demonstrated that M-COG wafers withstand 
worst-case thermal shock conditions (Appendix C). Additional testing that would be required for 
spaceflight (e.g., mechanical shock and vibration testing) was not performed. 

Figure 6.3-2 shows a simplified illustration of the wafer, ribs, washer seal, and oxygen port in 
cross section. The dimensions of the components are not to scale and demonstrate the relative 
geometry. The strongback is joined to the ion transport membrane surface continuously along the 
surface of the ion transport membrane. Additionally, the wafer structure has a hermetic seal that 
separates the “oxygen pocket” that forms in the pores of the anode layer from the air that 
surrounds the outside of the wafer. 

  
Figure 6.3-2. Graphical Cross Section of Wafer, Ribs, Washer Seal, and Oxygen Port (image is not 

to scale) 
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Oxygen is electrochemically pumped from outside the wafer into the porous region inside the 
wafer (i.e., to the anode). The porous anode region is sealed along the outside edges of the wafer, 
but there is an open path to the oxygen port located in the center of the wafer. As oxygen 
migrates into the porous anode region, internal pressure rises. This pressure drives the flow of 
oxygen to the oxygen port. A ring-shaped washer is attached to the top of the wafer, surrounding 
the oxygen port. This washer creates a “chimney” for oxygen transport. A set of ribs is attached 
to the top of each wafer, providing structural support for the stacked assembly of wafers. These 
ribs carry current from one wafer to the next.  

When attached to a strongback and formed into a wafer, the ion transport membrane can 
withstand pressure loads greater than 1.38 MPa (200 psig). For verification and validation,  
M-COG wafers are subjected to a cold pressure decay and structural challenge test during which 
the wafer is placed in a test fixture, sealed, and pressurized to 1.38 MPa (200 psig). More than 
2000 wafers have been tested, with ~10% of the wafer-washer assemblies suffering from leakage 
rates greater than specification A, B, or C (see Table 6.3-1) [ref. 9]. Leak rate tests result in each 
individual wafer receiving a quality grade. Grade criteria also are listed in Table 6.3-1. 

Table 6.3-1. Definitions of Wafer Grades per Cold Pressure Decay Leak Tests 
Grade Cold Pressure 

Decay Rate 
Absolute Leak Rate  

(standard cubic centimeters 
per minute) 

A >200 minutes <0.013 
B 100–200 minutes 0.013–0.026 
C 50–100 minutes 0.026–0.052 
F <50 minutes >0.052 

Cold pressure decay rate is the time in minutes for pressure to drop from 200 psi to 100 psi. Note 
that none of the developmental wafer-washer assemblies have fractured or failed due to testing. 

Figure 6.3-3 provides an isometric view of a stack of six wafers. Each wafer has a washer and a 
set of ribs. The washer thickness sets the wafer spacing. Each wafer is ~2 millimeters (mm) 
thick, and the gap between each wafer is ~2 mm. The configuration of the wafer allows 
pressurized oxygen to accumulate inside a sealed pocket within the wafer. The configuration of 
the wafer/washer/rib assembly allows oxygen from multiple wafers to be routed to a single 
oxygen port. 
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Figure 6.3-3. Isometric View of Stack of Six Wafers (each wafer has a washer and a set of ribs) 

6.4 Primary M-COG Subassembly: The Cell Stack 
Oxygen production rates are limited by the total amount of ion transport membrane surface area. 
Larger areas can generate oxygen at faster rates, but manufacturing limitations (e.g., mechanical 
warping of larger parts due to shrinkage stresses) restrict the maximum size of a wafer to 
~20 centimeters in length. Larger wafers are more prone to warping during high-temperature 
sintering. The current wafer geometry is limited to less than 200 milliliters (mL)/min of oxygen 
production per wafer. M-COG system designers use a planar stack configuration to generate 
more surface area/system volume to achieve higher, total oxygen generation rates. 

Figure 6.4-1 provides a schematic of a cell stack assembly of four wafers in cross section and 
identifies the main components of a cell stack assembly. An M-COG device stack consists of 
30 wafers. The oxygen ports are aligned and combined with the washers to form a central 
chimney that allows the oxygen produced by the cell stack to be delivered through a single port. 
The gap is approximately the thickness of a wafer, allowing uniform airflow to sweep across the 
wafers. The process air sweep removes waste heat and ensures a uniform temperature across the 
wafer surface. 
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Figure 6.4-1. Schematic of Cell Stack Assembly Cross Section (image is not to scale) 

The cell stack is manufactured using high-temperature joining processes. The oxygen from each 
cell stack is ported using a single piece of stainless-steel tubing (SAE 304). The ceramic/metal 
interface is referred to as the terminal plumbing assembly (TPA), which accommodates the 
mismatch in CTE between metals and ceramics. 

The ceramic cell stack is connected to power leads, surrounded by non-conducting insulation, 
and encased inside a metal housing to facilitate installation of the cell stack into the process air 
stream. The top and bottom caps have several functions, including structurally protecting the cell 
stack, providing a place to connect power leads, and facilitating electrical isolation. The caps are 
approximately four times thicker than the wafer for structural capability as rigid mechanical 
backing. 

Figure 6.4-2 shows the ceramic elements of a development cell stack. The wafers are not in 
perfect alignment due to uneven shrinkage during densification at high temperatures. The 
ceramic cell stack needs a connection to electrical leads, uniform air flow across the wafers 
without flow bypassing, and consistent outside dimensions to facilitate installation into the 
process air flow duct. To facilitate connection of electrical leads and provide consistent 
dimensions, the ceramic elements are enclosed in a stainless-steel structure. 
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Figure 6.4-2. Ceramic Elements of Cell Stack (6 inches = 152.4 mm) 

Figure 6.4-3 shows the M-COG boxed stack in exploded view. Process air can flow freely and 
uniformly through the spaces between the wafers without bypass flow around the ceramic cell 
stack. The ceramic cell stack is electrically isolated. The entire cell stack can be energized with a 
single cathode power lead and a single anode power lead. Oxygen is delivered through a single 
stainless-steel tube that is connected to the TPA. The outside dimensions of the boxed stack meet 
manufacturing tolerances (±5 mm) for repeatable assembly of the M-COG system. Figure 6.4-4 
provides an image of an assembled M-COG boxed stack. This boxed stack is the building block 
of the M-COG technology. Oxygen production depends on the specific design details, but for 
first-order sizing purposes, each boxed cell stack can be thought of as a device capable of 
producing 4 to 5 slpm of oxygen, which is roughly what a single patient requiring supplemental 
oxygen would require [ref. 11].  
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Figure 6.4-3. Configuration of M-COG Boxed Stack in Exploded View 

 

  
Figure 6.4-4. Fully Assembled M-COG Boxed Stack with Sixpack of 500-mL Beverages for Scale 

6.5 M-COG Configuration and Balance of Plant 
Figure 6.5-1 shows an M-COG schematic demonstrating the flow of process air through the 
device. Note the sequence for process air flow through the system. 
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Figure 6.5-1. M-COG Schematic with Notional Values for a Single Value 

The cell stack does not require air filtration or dehumidification since particulate and humidity 
cannot diffuse across the membrane; however, system filtration must be determined by the 
tolerance of balance of plant and the environmental conditions of the inlet process air. Gross 
contamination of the inlet air can cause secondary system problems that will not manifest in the 
cell stack. The blower used in this testing was commercially available off the shelf. Different 
blowers can be used for different M-COG prototypes, as systems with more cell stacks require 
additional air flow. The current designs do not require inches of water column (IWC) pressure 
above 0.49 kilopascals (kPa) (0.072 psi). Important blower specifications include maximum flow 
(with no pressure drop), maximum pressure drop (with no flow), power draw, and rated mean 
time between failure. The purchase price for the blower shown in Figure 6.5-2, when purchased 
as a single device for developmental use, was ~$43. The performance attributes for this blower 
are given in Table 6.5-1. 

Table 6.5-1. Performance Attributes 

Maximum flow (with no pressure drop) 33.8 m3/hr (20 ft3/min) 
Maximum pressure drop (with no flow) 2 IWC or 0.49 kPa (0.072 psi) 
Power use 20 W 

Mean time between failure* 70,000 hr (8 years continuous use) 
* Claim per manufacturer’s documentation. Not validated in this test campaign. 
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Figure 6.5-2. Blower used in CFC M-COG 

There are two main designs for M-COG systems, each using a different type of heat exchanger. 
The M-COG design referred to as the T-configuration uses a box-shaped heat exchanger with a 
counterflow design (see Figure 6.5-3). A single septum separates the two counterflow air 
streams. The second M-COG design, referred to as the crossflow cylinder (CFC) configuration, 
has a cylindrical shape and two nested airflow paths with two counterflow spiral flow paths 
(Figure 6.5-4). The CFC heat exchanger is made from SAE 304 stainless steel sheet material and 
manufactured using a process that involves rolling and welding. This heat exchanger was 
manufactured at American Oxygen facilities.  

  
Figure 6.5-3. Exploded View of Counterflow Heat Exchanger used in T Configuration M-COG 
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Figure 6.5-4. CFC Configuration M-COG (spiral-wound heat exchanger is outermost cylinder) 

The key attributes that drive M-COG thermal management system design are the preheat start 
time, total power use, fault tolerance, and service life, as predicted by commercial component 
mean time between failure. Startup times are conservatively selected to be 6 hr for a system 
starting at 25 °C, which is intended to minimize the thermal stresses on the wafer. Startup time 
and total system power-use limitations set the maximum power levels applied to process air 
heaters. During steady-state operations, system heat is largely supplied by heat generated by the 
cell stack. During startup, cell stacks do not operate; system heating is provided by the process 
air heaters. Best practices recommend using multiple heater elements to ensure system 
performance when one heater element fails [ref. 12]. The M-COG Chassis 2 configuration (see 
Section 7.2) uses four heaters, and the M-COG CFC configuration uses two heaters. Mean-time-
between-failure service life ratings are inversely proportional to power use (i.e., heaters burn out 
more quickly when they are operated at their maximum power rating and last longer when they 
are operated with less load). Because of system startup heating requirements and fault tolerance 
requirements, nominal heating power during steady-state operations is less than 10% of the 
maximum power rating for the cases evaluated for this assessment. 

M-COG designers developed two configurations for cell stack alignment and thermal 
management: 
 Configuration 1 used the T configuration (see Figure 6.5-5). The T configuration takes its 

name from the orientation of the heat exchanger and the cell stacks. The heat exchanger is 
perpendicular to the cell stacks, with the hot end near the cell stacks and the cool end as far 
from the cell stacks as practically possible. This orientation results in improved thermal 
efficiency, but the overall size of the system is relatively large. The system shown in 
Figure 6.5-5 can hold eight cell stacks in series. 
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 Configuration 2 used the CFC configuration. CFC systems have fewer cell stacks, with the 
example shown in Figure 6.5-6 having only one cell stack. Other CFC configurations are 
capable of housing two, three, or four cell stacks, with four being the current limit for this 
design configuration. CFC systems are easier to manufacture. The thermal management 
system for this configuration is currently at a preliminary design review level of maturation. 

Current operational concepts for M-COG oxygen generators for global health involve a suite of 
CFC systems, colocated in an insulated housing. This concept allows for oxygen generation with 
reduced energy needs and lower manufacturing costs, at the trade of increased thermal losses. 

 
Figure 6.5-5. Cross-sectional View, Side View, and T Configuration Image 

 

  
Figure 6.5-6. Cross-sectional View, Side View, and CFC M-COG Configuration Image 

While the T configuration has improved power efficiency, the manufacturing costs are greater, 
the system size is larger, and protection from shock and vibration loads is more difficult. After 
building and testing both designs, the manufacturing benefits of the CFC configuration appear to 
outweigh the energy efficiency benefits of the T configuration. Thermal models suggest that 
groups of CFCs will heat each other, and overall power efficiency for CFCs will improve if they 
are used as part of a larger system. Direct measurement of power use for a set of CFCs grouped 
in an insulated structure is beyond the scope of this M-COG assessment.  
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7.0 Test Results 
This section describes key attributes of the M-COG systems [ref. 2]. 

7.1 Performance Test of Chassis 1 
Chassis 1 was a step in the development of the T configuration. Chassis 1 was the first complete 
prototype system capable of producing oxygen with a series-segmented arrangement of cell 
stacks. Different cell stacks operated at different temperatures, which was new to ion transport 
membrane oxygen generators. The structural frame of Chassis 1 was capable of supporting eight 
cell stacks, but because the quantity of available cell stacks was limited at the time of testing, 
four cell stacks were installed into Chassis 1, with four cell stack surrogates. The cell stack 
surrogates matched the thermal and pressure drop properties of a cell stack but did not produce 
oxygen. An air-to-air heat exchanger was installed in Chassis 1 to preheat the incoming process 
air and cool the oxygen-depleted process air that passed through the cell stacks. For packaging 
reasons, the orientation of airflow in the heat exchanger was parallel to the orientation of airflow 
in the wafer stack. 

Tests were conducted at the WSTF in August 2021. Sample purity measurements were taken by 
a direct injection of the inline oxygen product into Fourier transform infrared spectroscopy 
(FTIR), gas chromatography (GC) with an argon carrier gas, and GC with a nitrogen carrier gas, 
respectively.  

The primary objectives of the test series were: 
1. Demonstrate the production of oxygen in an independent test facility unaffiliated with 

American Oxygen. 
2. Measure oxygen purity. 
3. Demonstrate system-level performance when cell stacks were placed in a series-segmented 

configuration. 

Key test results and findings are: 
1. Chassis 1 was capable of producing oxygen, and system performance was demonstrated. 
2. The purity of the generated oxygen was 99.97%. 
3. The integrated oxygen generation system successfully produced oxygen when each of the 

cell stacks was activity controlled to operate at a different temperature. The series-segmented 
configuration was able to improve energy efficiency without causing a system control failure. 

4. The orientation of the heat exchanger improved packaging efficiency but reduced thermal 
performance. A counterflow heat exchanger has a “hot” and a “cold” side. The horizontal 
placement of the heat exchanger put the cold side close to the cell stacks, which lowered heat 
exchanger performance. Chassis 1 test results caused a realignment of the heat exchanger in 
Chassis 2. 

Operating Chassis 1 at WSTF demonstrated that M-COG could be transported. Testing in a new 
location formalized interfaces and interface control. As an independent third-party test facility, 
WSTF measurements have a special credibility. 

Measurement of the purity of oxygen produced by Chassis 1 was the main objective of this test 
series. WSTF developed a standard method for measuring the purity of the oxygen produced by 
Chassis 2. Nitrogen was measured using gas chromatography with an argon carrier gas. Argon 
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was measured using gas chromatography with a nitrogen carrier gas. Water vapor and trace 
organics were measured using Fourier-transform infrared spectroscopy. Using three different 
techniques, a comprehensive measurement of oxygen purity can be made. Resulting 
measurements indicated the oxygen purity was 99.97%. 

Purity and performance tests of COG systems previously have been conducted at WSTF. These 
earlier tests were of systems consisting of one cell stack. This 2021 test series marked the first 
time an oxygen generator using more than one cell stack was tested. 

Limitations to the testing included: 
1. Full-scale 30-wafer cell stacks were not available. In August 2021, at the time of Chassis 1 

testing, manufacturing processes to construct 30-wafer cell stacks had not been developed. 
Chassis 1 testing was restricted to six-wafer cell stacks. 

2. Pressurized oxygen could not be demonstrated. Wafers were pressure tested at 1.38 MPa 
(200 psig), but the ceramic-metal connection that joins the cell stack to the metal piping 
system had not been fully developed. Chassis 1 testing was restricted to delivery pressures of 
<0.02 MPa (<3 psig). 

3. Production rates were limited to <0.5 L/m for each six-wafer cell stack. 

A more detailed description of the test configuration and methods of measuring product purity is 
provided in Appendix A.  

7.2 Performance Test of Chassis 2 
Chassis 2 was the second step in the development of the T configuration. Chassis 2 was the first 
M-COG prototype with production-ready, 30-wafer cell stacks. The structural frame of Chassis 2 
was capable of supporting eight 30-wafer cell stacks, but because the quantity of available cell 
stacks was limited at the time of testing, four 30-wafer cell stacks were installed into Chassis 2, 
with four cell stack surrogates. The cell stack surrogates matched the thermal and pressure drop 
properties of a cell stack but did not produce oxygen. This configuration implemented a lesson 
learned from the Chassis 1 testing, such that the air-to-air heat exchanger in Chassis 2 was 
configured with a flow direction perpendicular to the flow direction through the cell stacks. 

Tests were conducted at WSTF in December 2022. Sample purity measurements were taken by a 
direct injection of the inline oxygen product into FTIR, GC with an argon carrier gas, and GC 
with a nitrogen carrier gas, respectively. 

The primary objectives of the test were: 
1. Demonstrate the production of oxygen in an independent test facility unaffiliated with 

American Oxygen. 
2. Measure oxygen purity. 
3. Test the performance of a full-scale, 30-wafer cell stack. 
4. Measure total system power use. 
5. Demonstrate the ability to operate an M-COG system without the use of supplemental 

heaters to preheat incoming air. 

Operating Chassis 2 at WSTF demonstrated that M-COG could be transported. Testing in a new 
location formalized interfaces and interface control, as well as validated data at an independent, 
third-party test facility. 
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Measurement of the purity of oxygen produced by Chassis 2 was the main objective of this test 
series. Using the WSTF-developed standard method for measuring the purity of oxygen, 
measurements showed the oxygen purity produced by Chassis 2 was 99.995%.   

The Chassis 2 testing marked the first occasion to test a full-scale 30-wafer M-COG cell stack. 
WSTF testing started with relatively low oxygen production rates of 2 slpm for each cell stack. 
Production rate for one of the cell stacks was increased, in 0.5-slpm increments, until a 
production rate of 4.5 slpm was achieved.   

Total power consumption of Chassis 2 was measured. One objective of the Chassis 2 design was 
increased power efficiency, as multiple cell stacks in series are capable of sufficiently heating the 
process air to temperatures that allow for process air heaters to be turned off. The Chassis 2 
system was tested initially at relatively low oxygen production rates of 2.0 slpm (where 
supplemental heat from process heaters was required). Cell stack power and heater power were 
measured and tracked as oxygen production rates were increased in 0.5-slpm increments. 

One of the Chassis 2 test objectives was to demonstrate that at sufficiently high oxygen 
production rates, cell stack heat could maintain system temperature without the use of process air 
heaters. This technical goal was demonstrated when oxygen production rate reached 12.5 slpm. 
At the 12.5-slpm production rate, the process heaters could be turned down until they consumed 
<5% of the total system power. 

Key test results and findings are: 
1. Chassis 2 was capable of producing oxygen, and system performance was demonstrated. 
2. The purity of the generated oxygen was 99.995%. 
3. Full-scale, 30-wafer cell stacks performed in accordance with their specifications for 

production rate (i.e., ≥4 slpm), delivery pressure (i.e., ≥0.344 MPa (≥50 psig)), and power 
consumption (i.e., ≤450 W) [ref. 13]. No changes to the 30-wafer cell stack are required. 

4. A 30-wafer cell stack was capable of producing 4.5 slpm of oxygen at 0.552 MPa (80 psig) 
with a power use of 400 W. 

5. Series-segmented thermal management was demonstrated. The Chassis 2 system operated 
without the need of supplemental heaters. 

Limitations to the testing included: 
1. Only one cell stack at a time was operated at 100% power/100% production rate. This was 

performed out of an abundance of caution, as operating one cell stack at full power while the 
other cell stacks operated at partial power allowed one cell stack to be tested under maximum 
design power conditions, for specific review of the cell stack under test. The test plan took a 
“crawl, then walk, then run” approach. 

2. Total oxygen production was limited to 12.5 slpm. Four of the cell stacks were surrogates 
that did not produce oxygen. Three of the four oxygen-producing cell stacks were operated at 
reduced power. As a result, even though Chassis 2 was designed to produce 34 slpm, oxygen 
production was limited to 12.5 slpm. 

3. Maximum delivery pressure was 0.552 MPa (80 psig). Every element of the system was 
proof tested to 1.379 MPa (200 psig), but because Chassis 2 was located in the WSTF 
Chemistry Lab, which had test safety restrictions on maximum pressure, the maximum 
pressure of oxygen generated during Chassis 2 testing was 0.552 MPa (80 psig). 
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A more detailed description of the test configuration and methods of measuring product purity is 
provided in Appendix B. 

7.3 Performance Testing of the “Mule” 
The M-COG prototype referred to as the Mule was subjected to long-duration (~1200 hr) testing 
in the summer of 2023. The test article contained one full-scale 30-wafer cell stack, which was 
packaged inside a spiral counter flow air-to-air heat exchanger (i.e., the CFC configuration). A 
CFC configuration M-COG is small compared with Chassis 2 and does not produce as much 
oxygen (i.e., 4 slpm maximum flow under steady state, 4.5 slpm under temporary surge 
conditions). Smaller systems with just one cell stack are less energy efficient. When the CFC 
produces 4 slpm, cell stack power is 340 W, heater power is 480 W, blower power is 20 W, total 
power is 840 W, and specific energy use is 210 W/slpm (Appendix C). The CFC configuration 
M-COG is suited for long-term testing. 

Tests were conducted at the American Oxygen facility in Salt Lake City, Utah, in the summer of 
2023. 

The primary objectives of the test were: 
1. Understand the interactions between cell stack operating power (i.e., DC voltage and 

current), nominal operating temperature, heater power, and volume air flow rate. 
2. Measure vertical and lateral temperature distribution in the stack as a function of operating 

parameters. 
3. Collect the maximum run time practically possible. 
4. Characterize the thermal performance of a single-cell CFC. 
5. Integrate and check out the instrumentation/control system with production configuration 

thermocouples and automated control software. 
6. Understand system response to electrical power loss. 

Mule testing characterized the effects of operating parameters on system temperature by 
systematically changing one operating parameter at a time. The operating parameters tested 
included cell stack current, inlet process air temperature, and volumetric process air flow rate. 

The Mule was outfitted with additional thermocouples, and the locations of these thermocouples 
could be adjusted. Temperatures at the trailing edge of the cell stack were measured in nine 
locations, and the resulting temperature maps were used to assess uniformity of process air flow 
and cell stack thermal stresses. Cell stack inlet temperatures ranged from 650 to 750 °C in  
25-degree increments. Production rates ranged from 1.0 to 4.0 slpm in 0.5-slpm increments, and 
process air flow rates ranged from 100 to 200 slpm in 25-slpm increments. 

Mule testing included untended and overnight testing to maximize total run time.  Cell stack 
voltage/current ratios were compared each month to check for changes in cell stack performance. 

The trailing edge of an oxygen generator with a single cell has a relatively uniform radiative 
environment. Oxygen generators with two or more cell stacks in series have more complicated 
thermal environments. By measuring the lateral and vertical temperature distributions of a 
single-cell-stack system, cell-stack heating can be directly measured without confounding effects 
from downstream cell stacks. 
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The Mule used two thermocouples as inputs for system control and three additional 
thermocouples for thermal characterization. Operating the Mule under a wide range of conditions 
(e.g., varying cell stack temperature, process air flow, and oxygen production rate) can test the 
stability of system control. 

As is the case for many long-duration tests, the most instructive test was unintentional. A loss of 
system power placed the cell stack in a more severe thermal stress environment than any planned 
test condition. After the loss of power event, the unit's performance was re-characterized by 
repeating a set of test conditions. The loss of power event did not change system performance.   

Key test results and findings are: 
1. Cell stack performance was evaluated over a variety of operating conditions. In general, the 

system response matched pretest analysis. Specifically, more process air flow was needed to 
remove waste heat produced by the cell stack than the process air flow rates used in Chassis 
2. 

2. After a change of spacing between the cell stack and heater in the CFC structure, the vertical 
and lateral temperature variations matched pretest analysis. 

3. The system was operated for >1200 hr, with no hardware failures at a variety of process 
conditions. 

4. Thermal characterization of a CFC was completed. Because of the thermal characterization 
tests, operational techniques can be developed to decrease preheat time. To date, the data 
show that heating at a rate of 5 °C/min does not cause structural damage. Faster heating 
requires a greater energy density into the system and can increase thermal stresses. 

5. Laboratory-setting control systems were checked out and shown to operate within the limits 
of testing. A test of the software nominal operations and fault detection was completed. The 
developed control and fault detection logic was shown to reliably and safety control the 
blower, heater, and cell stack for laboratory operations. 

6. The system was shown to be robust (i.e., no fracture or mechanical failure) at a cooling rate 
of 1 °C/min.  

Limitations to the testing included: 
1. The testing was restricted to one prototype. 
2. Testing was restricted to ~1200 hr. 
3. Surge oxygen production rates were not tested. 
4. Oxygen purity was not tested. 
5. Accelerated preheating profiles were not tested. Detailed thermal models of the system could 

provide predictive cases for the future. 

7.4 Demonstration of 20.7 MPa (3000-psig) Oxygen Production 
The M-COG prototype referred to as the Two-Stage M-COG was used to demonstrate the ability 
to produce oxygen at 20.7 MPa (3000 psig) delivery pressure. The test article uses a single cell 
stack CFC configuration system similar to the Mule as the first stage. The first stage extracts 
oxygen from ambient pressure air and produces oxygen at an intermediate pressure, generally 
0.138 to 0.344 MPa (20 to 50 psig). The intermediate pressure oxygen is fed to the second stage. 
The second stage receives the intermediate pressure oxygen internally and electrochemically 
pumps the oxygen to the outside of the wafer, where pressure increases to 20.7 MPa (3000 psig). 
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The pressure forces place the second-stage wafers in compression. This two-stage approach 
using cell stacks of planar wafers had never been built or tested. Because of the unique hardware 
configuration and the hazards associated with 20.7 MPa (3000 psig) oxygen, initial test 
conditions were restricted.  

Tests were conducted at the American Oxygen facility in Salt Lake City, Utah, in October 2023.  

The primary objectives of the test were: 
1. Evaluate stage 1 performance. 
2. Evaluate stage 1/stage 2 integration. 
3. Evaluate the ability of the system to generate 3.44 MPa (500 psig) oxygen. 
4. Evaluate the ability of the system to generate 10.3 MPa (1500 psig) oxygen. 
5. Evaluate the ability of the system to generate 20.7 MPa (3000 psig) oxygen. 

As an exercise in configuration management, Stage 1 of the system was operated independently. 
Stage 1 oxygen product was delivered to the interstage gas storage system and subsequently 
vented. Nominal pressure of the Stage 1 oxygen product was 0.207 MPa (30 psig). 

Stage 1 and 2 system integration tests were conducted with the Stage 2 delivery pressure set at 
50 psi. This configuration tested the leakage/pressure integrity and system integration at low 
system pressure. 

High-pressure oxygen generation was done in increments, starting with a 3.44 MPa (500-psig) 
oxygen delivery pressure. Progressively higher pressures allowed for a “crawl, then walk, then 
run” method of testing. 

Intermediate pressure testing with a 10.3 MPa (1500-psig) oxygen delivery allowed for an 
incremental increase in pressure vessel stresses and for thermal characterization of the second 
stage at three different pressures. The thermal conductivity of compressed gaseous oxygen, in a 
complex thermal environment with compressed oxygen and insulation, could be directly 
measured. 

The test objective was to demonstrate the ability of the system to produce oxygen at 3000 psig 
without mechanical compressors or hydrogen hazards. The final step in the test was 
demonstration of 20.7 MPa (3000-psig) oxygen delivery. 

Key test results and findings are: 
1. Stage 1 operated without any upsets or anomalous behavior while producing oxygen at a 

2-slpm production rate, with excess oxygen vented to the room. The majority of oxygen 
produced by Stage 1 was fed to an interstage reservoir and vented outside. This was the first 
demonstration of Stage 1 feeding an interstage reservoir. 

2. Stage 1/stage 2 integration was nominal. The interstage reservoir was intentionally oversized 
to reduce the risk of integration anomaly. 

3. High-pressure oxygen was tested incrementally. Tests initially were performed at 3.44 MPa 
(500 psig) delivery pressure, and performance was nominal with no upsets or anomalous 
behavior. 

4. 10.3 MPa (1500 psig) oxygen delivery was demonstrated after the 3.44 MPa (500 psig) tests 
were complete. Heat transfer rates through the insulated layer inside the pressure vessel were 
greater than pretest analysis predicted due to increased oxygen thermal conductivity. 
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5. 20.7 MPa (3000 psig) oxygen was produced. The system operating temperature was reduced 
to limit the heat transfer from the second-stage test article to the pressure vessel wall. 

Limitations to the testing included: 
1. For oxygen safety reasons, the pressure vessel was prefilled with nitrogen. Oxygen was 

electrochemically pumped from the inside of the second stage wafers to the outside. For test 
safety reasons, >90% of the gas inside the pressure vessel was nitrogen rather than oxygen. 

2. The duration of the 3.44-, 10.3-, and 20.7-MPa (500-, 1500-, and 3000-psig) demonstration 
tests were each less than 1 hr. 

3. The production rate of oxygen generation was kept to <0.2 slpm to minimize thermal 
gradients within the second-stage cell stack. The second-stage cell stack is an untested 
operational environment.  

4. Oxygen purity was not measured. 

7.5 Operation Temperatures 
The M-COG nominal operational temperature is between 650 and 800 °C. Operating 
temperatures are actively controlled and maintained through the use of heaters, heat exchangers, 
and insulation. Total energy consumption will be lower when operating in hot environments and 
higher when operating in cold environments, given the respective reduced or increased heater 
power required to maintain temperature. Because M-COG is insulated and the process air heat 
exchanger has high effectivity, the projected differences in energy use are assumed to be small. 
The heat energy needed to heat the process air from ambient to operating temperature is a 
function of the mass flow of the process air, the ∆T between ambient and operating temperature, 
and the specific heat of air (Q = m c T). The specific heat of air is unchanged, and the mass 
flow of process air is unchanged. The ∆T between 20 and 700 °C is 680 °C, while the ∆T 
between 45 and 700 °C is 655 °C. The projected energy savings of operating at 45 °C rather than 
20 °C is 3.7% [ref. 14].  

Power supply, power distribution, and system control electronics can use commercially available 
components. Automotive-grade electronics are commonly rated for –40 to 105 °C. M-COG 
systems can operate in any environment within the rated temperature range of the power and 
control electronics, which are the limiting factors. Power supply and control electronics used for 
this M-COG project were engineering laboratory grade, not production grade. Before system 
deployment, operational systems must be built and tested in the relevant thermal environments. 
These tests should be focused on the integrated system, as the ceramic wafer and cell stacks have 
been tested in the relevant thermal environments. Additionally, thermal cycling and/or the long-
term effects of thermal cycling have not yet been demonstrated or evaluated. Given the historical 
concerns with thermal cycling, this should be done before the system is deployed; this could 
determine the magnitude of allowable, repeatable temperature excursions. 

7.6 Atmospheric Pressure 
Operating an M-COG system at a high elevation (i.e., <3000 m) would not affect the oxygen 
separation process, the overall purity of the oxygen produced, or the delivery pressure. The edges 
of the ion transport membrane in the M-COG wafer are hermetically sealed, and oxygen 
collected inside the wafer is isolated from the outside environment. Each M-COG wafer is tested 
at a pressure differential of 1.38 MPa (200 psig). Terrestrial environmental pressures range from 
0.1 MPa (14.7 psia) at sea level to 0.05 MPa (8.1 psia) at 5400 m of elevation. Stresses caused by 
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environmental pressure changes are small compared with stress conditions applied during  
M-COG component acceptance testing. Operating an M-COG assembly at high 
elevation/reduced pressure reduces the peak oxygen production rate for an individual device. 
Process air is used to regulate internal temperatures, and air at high elevations has less thermal 
mass and a reduced capacity to regulate internal temperatures.  

M-COG is designed to operate nominally at any altitude between sea level and 3000 m. Above 
3000 m, maximum oxygen production would be restricted. An M-COG designed for 0 to 
10 slpm of oxygen production at sea level would be limited to 0 to 9 slpm of oxygen production 
if operating between 3000 and 5000 m. 

7.7 Airborne Contamination 
Current M-COG configurations do not require filters to remove particles from the process air. 
Development testing to date has indicated that M-COG cell stacks are not damaged by 
particulates, and particulates do not accumulate in the cell stack area. Gas velocity is higher 
when passing through the cell stacks than in any other part of the process air stream. Testing has 
shown that sand particulates (0.625 to 2 mm diameter) accumulate at the bottom of the M-COG 
cabinet, which can be removed via standard maintenance approaches. Smaller particulates pass 
through the cell stack region without accumulating, based on more than 1200 hr of cumulative 
test data on the unit described in Appendix C. 

Effective system performance without a particulate air filter was demonstrated when a prototype 
M-COG system was operated continuously for 2 years in a forward operating base in 
Afghanistan. The M-COG system was placed outside with direct exposure to windblown sand. 
After 2 years of continuous operation, the M-COG was inspected. Substantial amounts of sand 
and particulate (>1000 grams) had accumulated in the bottom of the cabinet, but the process air 
moved freely, and the system pressure drop was unaffected. 

The M-COG does not require chemical filtration to remove chemical contaminants, other than 
gettering systems to reduce airborne sulfur content. The M-COG air separation process does not 
allow contaminants or poisons to enter the oxygen product, so purity is not affected. 

Chemical contaminants can reduce the service life of M-COG. Testing conducted at JSC 
demonstrated a reduction in service life when the M-COG system was exposed to high levels 
(>100 parts per million by volume (ppmv)) of freons for extended lengths of time (>10 days) 
[ref. 15]. Testing conducted by Ceramatec demonstrated that when M-COG wafers were exposed 
to ambient air in Salt Lake City, Utah, oxygen production rate decreased on average 0.7% for 
every 1000 hr of operation [ref. 16]. Post-test inspection of the wafers identified the cause of the 
loss of performance to be related to sulfur exposure. M-COG systems have internal sulfur 
getters. There are no plans to refurbish cell stacks when they reach their end of life. These  
getters are sized to operate for 10 years when continuously exposed to sulfur dioxide levels of 
350 micrograms per cubic meter of air (μg/m3).2 

7.8 Humidity 
M-COG produces oxygen with a purity of >99.9% while operating in conditions ranging 
between 0 and 100% relative humidity. The performance of the ion transport membrane is not 

 
2 The annual average sulfur dioxide level in New York City in 2021 was 12 μg/m3. 
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affected by the presence or absence of nitrogen, argon, carbon dioxide, or water vapor. The 
nitrogen, argon, and other non-oxygen constituents in the air sweep across the wafer and remove 
waste heat, but they are not involved in the oxygen ion transport process, and their presence or 
absence does not affect the rate of oxygen transport. Trace amounts of water vapor are measured 
in M-COG oxygen via FTIR. The maximum amount of water vapor in M-COG oxygen 
measured during Chassis 2 M-COG testing was 40 ppmv (Appendix B). The permissible amount 
of water vapor in medical grade oxygen is 67 ppmv [ref. 17].  

Diagnostic testing suggests that trace water vapor is caused by permeation across cell stack seals 
rather than by transport through the ion transport membrane [ref. 18]. The M-COG produced 
>99.9% oxygen when water mist was intentionally added to the process air stream. M-COG 
testing is limited, and more testing is needed to understand the effects of environmental 
temperature and humidity on trace levels of water vapor in product oxygen and to provide full 
assembly service life validation. A more detailed description of water vapor permeation through 
the washer seal is described in Section 7.15. 

7.9 Operational Scale 
The main component of M-COG is the 30-wafer cell stack, which can produce 4 to 4.5 slpm of 
oxygen, with larger systems incorporating additional 30-wafer cell stack assemblies. Power 
efficiency is better for large-scale systems due to the increased thermal mass. It is assumed that 
single- or multi-stack systems will have comparable reliability and service life. 

7.10 Packaging and Transportation 
M-COG system packaging is designed to protect the ceramic stacks, and M-COG systems have 
been successfully transported using commercial shipping methods. The ceramic cell stack is 
enclosed within a stainless-steel housing, and the boxed cell stack is secured in the oxygen 
engine using spring mounts (see Figures 6.4-3 and 6.4-4). M-COG cell stacks are secured within 
a stiff structural housing, which is spring mounted to allow the system to withstand shipping 
vibrational and shock loads. Section 7.14 provides further discussion regarding the effects of 
damage on system operation. Further testing and deployment of M-COG systems will enable 
more robust failure modes effects analysis and system risk analyses to be performed. 

M-COG systems can be shipped using standard commercial transport methods and stored in 
ambient environments without climate control. In May 2023, an M-COG prototype system with 
the CFC configuration was transported using a commercial shipping service with no special 
shipping requirements (Figure 7.10-1). The packaging consisted of plywood with no strict 
contamination- or particulate-control requirements. Future work would include reviewing 
aerospace processes (e.g., shipping with accelerometers and applying shipping load requirements 
to the hardware and packaging systems) to ensure loads are within family, prior to system 
initiation. The shipping demonstrated was on an older system and the applicability of the 
shipping and packaging processes have not been repeatably demonstrated on all generations of 
the M-COG assemblies. 
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Figure 7.10-1. M-COG with Spring Mounts for Transportation 

7.11 Pressurized Oxygen Generation 
It is not intuitive that a solid-state technology could produce pressurized oxygen without the use 
of mechanical compressors. Figure 7.11-1 provides a graphical illustration of the oxygen 
pressurization process. The process air region is the open-air environment where process air 
moves across the outside surfaces of the wafer at ambient pressure. The oxygen generation 
region is closed and sealed, except for the ion transport membranes that allow oxygen into the 
system and a delivery port that allows oxygen out of the system. The delivery port has a 
mechanical pressure regulator. As the feed gas enters the oxygen generation region through the 
ion transport membranes, the pressure increases. When the pressure exceeds the pressure 
regulator set point, the pressure regulator opens and delivers pressurized gas to the oxygen 
delivery region. The set point of the mechanical pressure regulator establishes the delivery 
pressure. The M-COG oxygen generation function is the same regardless of the regulator set 
point. Wafers and cell stacks are pressure tested at 1.38 MPa (200 psig). If the regulator pressure 
is set to a delivery pressure higher than 1.38 MPa (200 psig), then there is a risk that the pressure 
forces within the oxygen generation region could cause the wafers to crack or rupture.  
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Figure 7.11-1. M-COG Oxygen Pressurization Process (pressure regulator is set to 60 psia) 

7.12 Power Requirements 
M-COG power use is primarily a function of heater power, cell stack power, and blower and 
control electronics, with the heater and cell stack power as the predominant drivers. The relative 
amount of heater power to cell stack power depends on the operating temperature (see  
Figure 7.12-1). Cell stack power requirements exponentially decrease as the operating 
temperature increases. For equivalent rates of oxygen production, the power consumption for the 
cell stack is more than 1500 W at an operating temperature of 500 ℃ and less than 100 W at 
800 ℃. Power requirements for the heater trend in the opposite direction. Heater power 
requirements increase substantially as operating temperature increases. 

The conflicting trends of cell stack power and heater power produce the following conundrum: 
increasing operating temperatures to achieve more efficient cell stack performance results in  
M-COG systems that require substantially more insulation and larger heaters. Decreasing 
operating temperatures to reduce heater power consumption results in greater power use by the 
cell stacks. The optimum “saddle point” operating temperature with the greatest overall power 
efficiency depends on the thermal design. Improving heat exchanger performance and increasing 
the amount of thermal insulation results in a higher optimum temperature. Generally, the most 
efficient system-level operating temperature has been between 700 and 750 ℃, per Appendix C. 
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Figure 7.12-1. Cell Stack Resistance and Cell Stack Power Consumption as a Function of 

Temperature 

A thermal management system was developed that has resulted in a substantial improvement in 
power efficiency. Earlier ion transport systems used a single cell stack, and the operating 
temperature of this cell stack was set to the optimum temperature that best balanced heater power 
with cell stack power. M-COG systems use multiple cell stacks, placed in series, sharing the 
same process flow stream. The amount of process air flow used is substantially greater than the 
minimum amount of process air needed to supply fresh oxygen to the cell stack. Large amounts 
of process air sweep across the wafer to regulate temperature. The process air leaving the first 
cell stack has enough oxygen to supply a second cell stack with oxygen, and the second stack 
operates more efficiently because it can operate at a higher temperature.  

Figure 7.12-2 and Table 7.12-1 describe a simplified thermal sizing analysis comparing M-COG 
systems with one, two, three, and four cell stacks placed in series, with each cell stack sharing a 
common process air flow stream. This is a simplified thermal sizing analysis that does not 
account for parameters (e.g., system size, changes in the volume of process air, or changes in 
heat losses to the environment), but this simplified sizing calculation can demonstrate the 
magnitude of impact that series-segmented configuration can have on power use.  

The assumptions for the thermal sizing analysis are:  
 Cell stack power is 100 W for 1 slpm oxygen production.  
 Cell stack production rate increases 10% for each 30 ℃ increase in operating temperature.  
 Heater power is 200 W to heat process air by 80 ℃. 
 Heater power use is a linear function of total heating (e.g., heating the process air by 40 ℃ 

requires 50% of the power to heat the process air by 80 ℃).  
 Heat exchanger efficiency is 85% for all operating temperatures. 

Figure 7.12-2 maps the temperatures through the process air stream for M-COG configurations 
with one, two, three, and four cell stacks. Notice the temperature of the hot air inlet to the heat 
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exchanger increases from 730, to 760, to 790, to 820 ℃. The increase in hot air inlet temperature 
increases the cold air exit temperature from 620, to 650, to 675, to 700 ℃. The resulting heater 
requirements change from increasing the process air stream temperature by 80 ℃, to increasing 
by 50 ℃, to increasing by 25 ℃, to no need to use process heaters.  

  
Figure 7.12-2. M-COG System Thermal Sizing Estimate Comparing Temperatures of One, Two, 

Three, and Four Cell Stacks 
 

Table 7.12-1. Power Consumption for Thermal Sizing Analysis comparing M-COG System with 
One, Two, Three, and Four Cell Stacks 

Number of 
Cell Stacks 

Heater 
Power (W) 

Stack 
Power (W) 

Total 
Power (W) 

Total O2 
(slpm) 

Power 
Efficiency 

(W per 
slpm) 

1 200 100 300 1.0 300 
2 125 200 325 2.1 155 
3 65 300 365 3.3 110 
4 0 400 400 4.6 90 

Assumptions: 
Cell stack power at 700 °C is 100 W for 1 slpm oxygen production. 
Each cell stack heats the process air 30 °C. 
Cell stack production increases 10% for each 30 °C increase in operating temperature. 
Heater power: 200 W to heat process air 80 °C (linear relationship with dT). 
Heat exchanger thermal efficiency is 0.85. 
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Figure 7.12-3 shows an M-COG system with eight cell stacks in series. This system 
demonstrated that it is possible to develop an M-COG system that does not use heater power 
during steady-state operation (i.e., the temperature of the process air exiting Cell Stack 8 was 
sufficient to preheat the incoming air to operating temperature without additional heater power). 
Chassis 2 testing used an oxygen engine with four oxygen-producing cell stacks and four cell-
stack surrogates, which added the appropriate amount of heat to the process air. This simplified 
thermal sizing exercise does not account for all aspects of thermal management but predicts that 
a four-cell-stack system would not require additional heater power. Any specific designs would 
require validation of the thermal approach with test data. 

The prototype shown in Figure 7.12-3 demonstrated that, in a working system, heaters could be 
turned off with an eight-cell-stack system. Theoretically, a system that is self-heating is capable 
of thermal runaway (i.e., if cell stacks are powered on a fixed-voltage basis). M-COG cell stacks 
are powered on a current-controlled basis. In a current-controlled configuration, if the cell stacks 
increase in temperature, then they produce the same amount of oxygen (i.e., oxygen generation 
rate is set by current), but the cell stack power use drops because less voltage is needed to supply 
the specified amount of current.  

The M-COG Chassis 2 prototype was tested, demonstrating that the heaters could be turned off 
during steady-state operations. The heat generated by the eight cell stacks was sufficient to 
maintain process temperature without the use of heaters. This testing demonstrated oxygen 
production of 4.5 slpm with 400 W of input cell stack power, resulting in a specific power of 
89 W per slpm for these test conditions. 

  
Figure 7.12-3. M-COG Prototype Chassis 2 Configured with Eight Cell Stacks in Series 
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7.13 Oxygen Purity  
Oxygen produced by M-COG has a purity of ≥99.9%, with the main constituent of the trace 
material being water vapor. The water vapor is believed to enter the oxygen by permeating 
across the ceramic washer seals from the process air into the oxygen. Water vapor contamination 
observed in testing (described in Section 7.14) was limited to <50 ppmv but was limited in the 
range of air stream inlet water vapor. 

The ion transport membrane is capable of transporting oxygen ions and is sealed off from the 
outside environment. The two ways for chemical constituents to get from process air to the 
oxygen generation region are via water vapor permeation through the washer seal and oxygen 
ion transport. The oxygen purity assessment assumes the M-COG system is performing 
nominally and has not been compromised (e.g., fractures, leaks, etc.). A specific example of 
operation under an off-nominal configuration is described in Section 7.14. 

A limited number of ceramic materials conduct electricity via diffusion of oxygen ions through 
their crystalline lattice. While some of these materials can simultaneously conduct electricity via 
transport of electrons and/or other ionic species, for certain materials the contribution of these 
alternative conduction mechanisms is so negligible that the transport of oxygen ions accounts for 
essentially all the electrical conductivity. Materials exhibiting this exclusivity include the 
membrane material employed in M-COG technology, which is samarium-doped cerium oxide 
(CSO). 

Cerium oxide (ceria) crystallizes in the fluorite structure, which consists of a cubic oxygen lattice 
with cerium atoms uniformly distributed. When some of the cerium atoms are replaced with a 
suitable lower valence dopant element (e.g., rare earth samarium or gadolinium), 
electroneutrality requirements require a significant number of empty oxygen sites within the 
crystal structure. Under the influence of an applied electrical field, these oxygen vacancies allow 
oxygen ions to diffuse unidirectionally through the material by hopping from one lattice site to 
another. As a result, a thin, dense membrane of rare-earth-doped ceria can be used as an oxygen 
transport membrane [refs. 4-6, 19-29]. Note that doped ceria can exhibit ionic and electronic 
conductivity under reducing atmosphere conditions. However, under the oxidizing conditions 
present in M-COG stacks, electronic conductivity is negligible [refs. 10, 30, 31]. There is an 
activation energy associated with the oxygen diffusion process, so the conduction of oxygen ions 
through the membrane is thermally activated (i.e., ionic conductivity increases with increasing 
temperature). Thus, to minimize the amount of electrical energy required to obtain a significant 
flux of oxygen through the membrane, ceria-based devices typically operate at temperatures 
above ~550 ℃. M-COG stacks operate in the 650 to 850 ℃ temperature range. 

CSO’s value as an oxygen membrane material lies in its ability to extract purified oxygen from 
air. To produce a highly pure oxygen stream, it is essential that other gas species in the air supply 
(primarily nitrogen (~78%), argon (~1%), and water vapor (~1-3%)) not be transported through 
the membrane. Fortunately, CSO exhibits this necessary selectivity [ref. 32]. 

Nitrogen: Studies on a fluorite structure solid oxide electrolyte material, yttria-stabilized 
zirconia (YSZ), reported solubility and conductivity of nitrogen and oxygen ions. However, 
while this phenomenon can occur under reducing (i.e., low oxygen partial pressure) conditions,  
it does not occur under the oxidizing conditions relevant to M-COG operation [refs. 33-40]. 
Solubility of nitrogen ions in doped ceria has been reported, but this solubility only occurred 
under reducing conditions [ref. 41].  
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Argon: Argon is chemically inert and does not form anions. Its atomic size, relative to oxygen 
(e.g., atomic radius of 106 versus 66 picometers (pm)), prevents argon anions from occupying 
vacant oxygen sites in the ceria crystalline lattice. Solid oxide membrane technology was 
developed to remove oxygen from impure argon gas streams. The membrane is used to remove 
oxygen from the gas stream, leaving the impermeable argon and other trace species. This 
technology was based primarily on YSZ membranes, but it was specified that doped ceria 
membranes could perform the same function [refs. 42, 43].  

Water: Water molecules can be dissociated electrolytically into oxygen and hydrogen. However, 
M-COG’s operating voltage (typically ~300 millivolts) is below the thermodynamic 
decomposition potential for water, so dissociation of water molecules would not be expected to 
occur under M-COG operating conditions. Cell stack power supplies have voltage limits that 
restrict molecular decomposition to oxygen only. Operation at significantly higher voltage could 
lead to localized dissociation of water molecules at or near the cathode/electrolyte interface, but 
due to the ~20% concentration of oxygen in air there would be a strong thermodynamic driving 
force for hydrogen produced to immediately react with available oxygen to reform water 
molecules. [ref. 44]. Note that this is an evaluation of the ability of the ion transport membrane to 
transport water vapor. Section 7.15 assesses water vapor transport through the washer seal. 

Carbon dioxide: The same disassociation condition could apply to carbon dioxide molecules in 
the process air that encounter the active part of the cell, although that should require higher 
applied voltage than for M-COG operation. As with water, carbon monoxide produced via 
dissociation should react with surrounding oxygen molecules to re-form carbon dioxide. 

Hydrogen: While hydrogen (protonic) conduction has been reported in doped ceria, it was only 
significant under reducing conditions, which are not relevant to M-COG operation. Because 
protons are positively charged, the direction of the applied voltage in M-COG operation would 
be expected to drive protons from the oxygen product side of the membrane [refs. 45, 46]. 

Additional analysis for other trace gas contaminants has not been pursued. 

Detailed chemical analysis of M-COG purity is limited, as these analyses are expensive and time 
consuming. Results of the NASA chemical analyses of oxygen generated by M-COG are 
summarized as:  
 A chemical analysis of an earlier version of an M-COG system was conducted in June 2012 

[ref. 47]. Reported oxygen purity was >99.9%, which is the highest purity possible given the 
limitations of the chemical analysis. Combined nitrogen and argon was determined to be less 
than 100 ppmv (the limits of the chemical analysis), carbon dioxide was less than 1 ppmv, 
methane was less than 1 ppmv, and all other hydrocarbons were less than 1 ppmv. Water 
vapor was not evaluated due to limitations in the method of chemical analysis. 

 A chemical analysis of M-COG Chassis 1 products was conducted in August 2021 
(Appendix A). Reported oxygen purity was 99.97%, nitrogen levels were reported at  
246 ppmv, carbon dioxide was 0.14 ppmv, and water vapor was 37 ppmv.  

 Argon was below the 1-ppmv detection level, and all organic hydrocarbons were below the 
1-ppmv detection level. This chemical analysis is described in Appendix B. 

 A chemical analysis of M-COG Chassis 2 products was conducted in December 2022 
(Appendix B). Reported oxygen purity was 99.995%. Water vapor was 40 ppmv, nitrogen 
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and argon levels were below the 5 ppmv detection limit, methane was below the 1 ppmv 
detection limit, and all other organic hydrocarbons combined were measured to be 5.7 ppmv. 

Analytical assessments and chemical measurements of these three development units support the 
conclusion that M-COG oxygen purity met the >99% oxygen purity standard for medical oxygen 
listed in the United States Pharmacopeia (USP).3 

7.14 Oxygen Purity from Off-nominal Operation 
The M-COG oxygen purity assessment provided in Section 7.13 assumes an intact M-COG 
system with no leaks, cracks, or fractures in the system. A hazard analysis was conducted for the 
M-COG process and raised a specific hazard scenario [ref. 48]:  
 What if an M-COG wafer was cracked? Would it be possible for an M-COG system with a 

crack to suffer in-leakage of outside contaminating gases, resulting in an oxygen stream with 
a purity less than 99.9%?  

The test of Chassis 1, conducted in August 2021 (Figure 7.14-1), provided an unplanned 
opportunity to test this scenario. Chassis 1 used a preliminary test support fixture for the terminal 
plumbing assembly. The project schedule required the M-COG to be demonstrated as a working 
system, but the detailed design of the terminal plumbing assembly had not been developed. To 
support the August 2021 test, a simplified joint was used to connect the ceramic cell stack and 
the metal piping, but this joint fractured during shipping. Diagnostic tests determined the fracture 
was so severe that the system was incapable of producing oxygen at 0.007 MPa (1 psig). 

WSTF personnel reconfigured the gas sampling system to allow a chemical analysis even 
through the oxygen product was unpressurized. The gas analysis measured the oxygen purity and 
determined it to be 99.97% (Appendix A). This type of leak represents the maximum potential 
leakage for a functional system, and the system was able to achieve oxygen purity of 99.97%. 
For the results above, it is important to note that this situation is valid as long as the M-COG 
system maintains a positive internal pressure; were that not the case, there is potential for ingress 
of contaminants. 

 
3 The USP is a compendium of drug information for the United States published annually by the more than  
200-year-old United States Pharmacopeial Convention. The USP sets quality, purity, strength, and identity standards 
for medicines, food ingredients, and dietary supplements. The USP collects and disseminates product use 
information to providers and consumers and publishes revised standards every 5 years. https://www.usp.org/ 
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Figure 7.14-1. Images from Chassis 1 Testing 

7.15 Water Vapor Transport Phenomena 
Ion transport membranes are selective to oxygen and produce a pressurized product that contains 
oxygen with trace amounts of water vapor. The highest level of water vapor measured to date is 
40 ppmv. The USP does not specify a limit for trace water vapor in >99.0% oxygen. The 
European Pharmacopoeia for medical oxygen [ref. 17] specifies that medical oxygen must 
contain less than 67 ppmv water vapor.  

The suspected mechanism for water vapor transport from the air into the oxygen is through the 
washer seals in the cell stack. The cell stack operating temperature is nominally 700 ℃; glasses 
and other amorphous silicate materials are permeable to water vapor at these elevated 
temperatures [ref. 47]. Diagnostic testing measured the effects of changes in oxygen generation 
rate and humidity levels in the process air on water vapor levels in product oxygen [ref. 18].  
Test data trends were consistent with analytical models for permeation of water vapor across the 
washer seal material. 

7.16 Projected Service Interval 
Figure 7.16-1 shows a forward operating base in Afghanistan and a prototype M-COG system 
that operated continuously for 2 years, where it was operationally used as an experimental 
approach due to challenges with oxygen logistics specific to this location.  

The M-COG system (Figure 7.16-1) includes two M-COG units in a CFC configuration and two 
mechanical compressors. The M-COG units operated continuously throughout the 2-year 
deployment. The M-COG units delivered low-pressure oxygen to a low-pressure receiver tank, 
which was subsequently pumped by a mechanical compressor into high-pressure cylinders. 
During the 2-year deployment, the compressors required scheduled service after 1 year, and one 
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thermocouple failed, requiring replacement. The M-COG blowers and cell stacks operated 
continuously without maintenance for the duration of the deployment.  

  
Figure 7.16-1. Forward Operating Base in Afghanistan (left) and Early M-COG System with 

Mechanical Compressors for Cylinder Filling Operations (right) 
Note: The M-COG system is shown prior to installation outside the shelters. 

This unplanned field test used a M-COG engineering prototype. This system involved only two 
devices; no large-scale or statistically relevant data regarding maintenance needs in field use 
conditions are available. However, this test suggests that 2-year operability is possible with an 
appropriately designed inspection/maintenance cycle. 

7.17 Wafer Service Life Testing 
Figure 7.17-1 shows a long-term wafer test facility and test results. More than 40 wafers were 
tested under operating conditions, with the longest duration tests exceeding 50,000 hr (6.2 years) 
[ref. 49]. Some of the wafers were intentionally challenged with high levels of environmental 
pollutants, resulting in an accelerated life test. None of the wafers tested suffered a leak, crack, or 
any form of structural failure. Further, none of the wafers suffered a failure mode that affected 
oxygen purity.  

Changes in wafer performance over time relate to area specific resistance (ASR), which is a 
measure of power consumption and heat generation. Operationally, as the ASR of a wafer 
increases over time, total system power is maintained, and the oxygen production rate decreases. 
The average change in ASR for the wafers tested is a 0.7% increase in ASR for each 1000 hr of 
operation. Post-test chemical analysis of the wafers indicates the primary cause of ASR change 
relates to sulfur contamination of the cathode, which was directly exposed to ambient air in the 
long-duration test. The M-COG design has a getter to remove sulfur from the supply air, which 
protects the cell stack from exposure to sulfur. This would indicate that the measured rate of 
0.7% per 1000 hr is conservative, and the rate of change of ASR in operational systems should 
be less than 0.7%. The test data, at the time of his report, are limited to 40 total wafers, with the 
longest duration life test lasting 55,000 hr. 
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Figure 7.17-1. Long-term M-COG Wafer Test Facility (left), and Long-term Test Data (right)  

7.18 Projected Storage Life  
Figure 7.18-1 shows an image of an M-COG system that was received by NASA in 2011, 
operated until 2013, and then placed in storage from 2013 until 2021. There were no special 
provisions for storage, and the device was not capped, sealed, or mechanically altered. In 2021, 
the system was shipped from Houston, Texas, to Salt Lake City, Utah, and restarted without any 
modification or service to the system. Restart and operations were nominal. There was no 
discernable change in performance between 2013 and 2021. 
This unplanned storage life test provides limited empirical data that the system offers storage and 
restart capability. Additional testing would more accurately define appropriate storage times and 
conditions for immediate restart without maintenance and inspection activities. It would be 
desirable for the system to have longer and less-well-defined storage conditions, as equipment 
that can be stored without special packaging, reconfiguration, or regularly scheduled 
performance tests can better serve the needs of emergency medical response. Note that direct 
testing of system performance after long-term storage is restricted to a single device, so no 
statistically relevant data regarding long-term storage is available. 

  
Figure 7.18-1. M-COG System Operated, Placed in Storage for 8 Years, and Successfully Operated  
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8.0 Current Manufacturing Status 
During this assessment, a cell stack (Figure 6.4-4) was fabricated, tested, and shown to produce 
oxygen with a purity of >99.9 vol. % at a pressure >0.55 MPa (80 psig), with a power 
consumption of <100 W per slpm at a production rate of 4.5 slpm per cell stack. Testing of the 
ceramic wafers has been conducted, as discussed in Section 7.13. 

The major remaining work is focused on life testing validation of commercial off-the-shelf 
components; the demonstrated reliable, continuous long-term operation of multiple M-COG 
systems to gain statistically anchored data and common failure and anomaly modes; and the 
development of repeatable and robust hardware fabrication and assembly practices that conform 
to regulatory requirements. 

9.0 Conclusions 
The NESC established the M-COG project to accelerate the pace of technology development of 
ion transport membrane oxygen generators, develop prototype systems, demonstrate the 
technology, and establish partnerships with health organizations working to improve access to 
medical oxygen. Results of the project are summarized in Table 9.0-1. The M-COG project met 
the main objectives defined at the start of the project and substantially improved the technical 
maturity of ceramic ion transport membrane technology. Key manufacturing risks have been 
reduced. Thirty-wafer cell stacks have been manufactured, tested, and shown to meet 
performance goals for power use, oxygen purity, production rate, and delivery pressure.  

Table 9.0-1. M-COG Project Objectives and Accomplishments 

Task Status at Project Start Status at Project Completion 

Retire manufacturing risks 
associated with wafer and cell 
stack production 

 Delaminated wafers 
 No cell stacks 
 No balance of plant 

 First-stage cell stacks: R&D 
done, ready for manufacture 

 Second-stage wafer:  
3000-psig wafers prototyped 

Demonstrate large-scale 
medical-grade oxygen 
generation 

 2-slpm cell stacks  
(2010-2015) 

 No ability to produce 
oxygen in 2020 

 Plan to modularize cell stacks 
into larger systems 

 Demonstrated individual 
modules: 
 Power: 400 W for 4.5 slpm 
 Production: 30-wafer cell 

stack capable of producing 
4.5 slpm 

 Purity: 99.997% 

Outline a plan for FDA 
certification 

 No understanding of 
medical oxygen 
certification 

 No plan for certification 

 Plans for hospital field tests 
 FDA/International Organization 

for Standardization (ISO) plan 
 ISO committee member 

advocate 

Proof-of-concept cell stacks capable of withstanding a 20.7-MPa (3000-psig) pressure 
differential have been manufactured, tested, and shown to transport oxygen ions against a 
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20.7-MPa (3000-psig) pressure differential without cracking or leaking. These high-pressure 
wafers have not been integrated into full-scale cell stacks, but the viability of generating 
20.7-MPa (3000-psig) oxygen using ceramic ion transport membrane technology has been 
shown. 

Chassis 2 has demonstrated the ability to produce large amounts of oxygen without requiring 
supplemental heater power, and 30-wafer cell stacks have been shown to produce 4.5 slpm of 
oxygen. 

M-COG is not certified for medical use, but prototype M-COG systems are available for field 
testing in a hospital environment. NASA is partnering with global health organizations to 
conduct these tests. NASA has been coordinating activities with stakeholders and 
communicating technical progress with global health organizations. The M-COG Technical 
Interchange Meeting held in Salt Lake City, Utah, in July 2021 had a special session on global 
health, with presentations given by: 
 The Wellcome Trust 
 Unitaid 
 US Development Finance Corporation 
 The Center for Disease Dynamics, Economics, and Policy 
 The Center for Public Health & Development 
 United Nations Office for Project Services 
 Air Liquide Healthcare 
 Sanrai International 
 PCI Oxygen Solutions 
 Ecole Polytechnique Federale Laussanne 
 Global Health Labs 
 UNICEF 
 Just Actions 

10.0 Findings, Observations, and NESC Recommendations 
10.1 Findings 
F-1. A 30-wafer M-COG cell stack was developed and tested, indicating that 4.5 slpm of 

purified oxygen can be produced at a pressure of 80 psig and a purity of >99.9% while 
consuming 400 W of power. 

F-2. A two-stage ceramic oxygen generation proof-of-concept test was conducted, which 
suggests an ion transport membrane system is capable of producing purified oxygen with 
a pressure of 20.7 MPa (3000 psig). 

11.0 Alternate Technical Opinion 
No alternate technical opinions were identified during this assessment by the NESC assessment 
team or the NESC Review Board (NRB). 
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12.0 Other Deliverables 
In addition to the final report, the M-COG project produced the following hardware assets that 
can be transferred to the JSC Engineering Directorate: 
 Prototype M-COG oxygen generator: Chassis 1 
 Prototype M-COG oxygen generator: Chassis 2 
 Prototype M-COG oxygen generator: CFC-1 (the Mule) 
 Prototype M-COG oxygen generator: 20.7 MPa (3000-psig) high-pressure O2 demonstrator 
 M-COG wafers: quantity, 1450 

13.0 Recommendations for the NASA Lessons Learned Database 
No recommendations for NASA lessons learned were identified as a result of this assessment. 

14.0 Recommendations for NASA Standards, Specifications, Handbooks, 
and Procedures 

No recommendations for NASA standards, specifications, or procedures were identified as a 
result of this assessment. 

15.0 Definition of Terms  
Finding A relevant factual conclusion and/or issue that is within the assessment 

scope and that the team has rigorously based on data from their 
independent analyses, tests, inspections, and/or reviews of technical 
documentation. 

Observation A noteworthy fact, issue, and/or risk, which is not directly within the 
assessment scope, but could generate a separate issue or concern if not 
addressed. Alternatively, an observation can be a positive 
acknowledgement of a Center/Program/Project/Organization’s operational 
structure, tools, and/or support. 

Recommendation A proposed measurable stakeholder action directly supported by specific 
Finding(s) and/or Observation(s) that will correct or mitigate an identified 
issue or risk.  

16.0 Acronyms and Nomenclature List 
°C degrees Celsius 
°F degrees Fahrenheit 
μg/m3 micrograms per cubic meter of air 
A ampere 
ASR Area Specific Resistance 
CFC Cross Flow Cylinder 
cfm cubic feet per minute 
COG Ceramic Oxygen Generator 
CSO Samarium-doped Cerium Oxide, Ce1-xSmxO2 
CTE Coefficient of Thermal Expansion 
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DC Direct Current 
EVA Extravehicular Activity 
FDA Food and Drug Administration 
FTIR Fourier Transform Infrared Spectroscopy 
GC Gas Chromatography 
GRC Glenn Research Center 
GSFC Goddard Space Flight Center 
HEOMD Human Exploration and Operations Mission Directorate 
hr hour 
ISO International Organization for Standardization 
IWC inches of water column 
JPL Jet Propulsion Laboratory 
JSC Johnson Space Center 
K kelvin 
kPa kilopascal 
LaRC Langley Research Center 
m meter 
M-COG Medical Ceramic Oxygen Generator 
min minute 
mL milliliter 
mm millimeters 
MPa megapascal 
NESC NASA Engineering and Safety Center 
pm picometer 
ppmv parts per million by volume 
PSA Pressure Swing Adsorption 
psi pounds per square inch 
psia pounds per square inch absolute 
psig pounds per square inch gauge 
R&D Research and Development 
SEM Scanning Electron Microscope 
slpm standard liters per minute 
TPA Terminal Plumbing Assembly 
TRL Technology Readiness Level 
USAF United States Air Force 
USAID United States Agency for International Development 
USD United States Dollars 
USP United States Pharmacopeia 
vol. % volume percent 
W watt 
WFF Wallops Flight Facility 
WSTF White Sands Test Facility 
YSZ Yttria-stabilized Zirconia 
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Appendix A. Test Results from WSTF Testing of M-COG Oxygen 
Generator Prototype referred to as “Chassis 1” 
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Appendix B. Test Results from WSTF Testing of M-COG Oxygen 
Generator Prototype referred to as “Chassis 2” 
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Appendix C. Test Results from American Oxygen Long-duration 
Performance Testing of M-COG Oxygen Generator Prototype 

referred to as the “Mule” 
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Appendix D. Test Results from American Oxygen High-pressure 
Oxygen Production Tests of Two-stage M-COG Oxygen Generator 
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Appendix E. Notes about Regulatory Processes and Standards for 
Oxygen Supply in Piped Medical Systems 
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