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Future Exploration missions will require an Oxygen Generation Assembly (OGA) to 
electrolyze water to supply oxygen for crew metabolic consumption. The system design will be 
based on the International Space Station (ISS) OGA but with added improvements based on 
lessons learned during ISS operations and technological advances since the original OGA was 
designed and built. The goal of these improvements will be to reduce system weight, crew 
maintenance time and spares mass while increasing reliability. Over the past year, the team 
has performed additional design reviews, testing and analysis in an effort to optimize upgrade 
efforts and achieve the best value that meets Exploration mission requirements. Upgrades that 
will be incorporated include: redesign of the electrolysis cell stack, redesign of the hydrogen 
dome, replacement of the hydrogen sensors, redesign of the recirculation loop deionizing bed, 
and incorporation of recirculation loop nitrogen purging and water flushing. The ISS OGA 
will be upgraded to an Advanced OGA (AOGA) configuration and its operation demonstrated 
in a relevant flight environment. 

Nomenclature 
ACTEX = Activated Carbon Ion Exchange 
AOGA = Advanced Oxygen Generation Assembly 
dP = Delta Pressure 
H2ST = Hydrogen Sensor Technology Demonstration 
ISS = International Space Station 
NASA = National Aeronautics and Space Administration 
OGA = Oxygen Generation Assembly 
OGS = Oxygen Generation System 
ORU = Orbital Replacement Unit 
RSA = Rotary Separator Accumulator 
TT&E = Test, Teardown, and Evaluation 
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I. Introduction 
uture deep space exploration missions will require an Advanced Oxygen Generation Assembly (AOGA) to supply 
oxygen for crew metabolic consumption. A deep space mission is envisioned to have a crew of 4 and a duration 

of 3 years. The system design will be based on the International Space Station (ISS) Oxygen Generation Assembly 
(OGA) but with added improvements based on lessons learned during ISS operations and technological advances 
made since the original OGA was designed and built. These improvements will reduce system weight, crew 
maintenance time and spares mass while increasing reliability. The design team has investigated the feasibility of the 
proposed upgrades by performing trade studies, ground tests, and analyses. The ISS OGA will be modified to an 
Exploration based AOGA configuration and its operation demonstrated. The current status of the redesign effort will 
be presented in this paper. 

II. ISS OGA Description 
The OGA simplified schematic is shown in Figure 1.  The OGA consists of the following nine Orbital Replacement 

Units (ORUs): Water, Inlet Deionizing Bed, Hydrogen, Recirculation Pump, Nitrogen Purge, Oxygen Outlet, 
Hydrogen Sensor, Power Supply Module (PSM), and Process Controller.  Feed water from the ISS potable water bus 
enters the OGA through the Water ORU and flows through an Inlet Deionizing Bed, which serves as an iodine remover 

and as a coalescer for any 
oxygen gas bubbles that 
may be present in the 
feedwater.  If gas bubbles 
are detected by the gas 
sensor downstream of the DI 
bed, the feedwater is 
rejected by a three-way 
valve to the wastewater bus. 
This prevents any oxygen 
that may be present in the 
feedwater from mixing with 
the hydrogen in the Rotary 
Separator Accumulator 
(RSA). Water is 
electrolyzed by the cathode 
feed cell stack to produce 
oxygen and hydrogen.  The 
RSA separates the cathode 
side product gaseous 
hydrogen from the water. 

The Hydrogen ORU consists of a dome which surrounds the components which contain hydrogen (cell stack, RSA, 
sensors, valves, etc.). The hydrogen dome provides a multiple leakage barrier protection in the event of a failure.  The 
hydrogen dome is maintained at low pressure by periodically venting to space vacuum.  The water is recirculated by 
the positive displacement Pump ORU.  Downstream of the pump is an Activated Carbon Ion Exchange (ACTEX) 
filter.  The ACTEX is a mixed resin bed deionizer, which removes fluoride generated from the cell stack and other 
contaminants.  The heat exchanger removes heat generated by the cell stack, RSA and pump.  The separated hydrogen 
gas from the RSA is sent either to the Sabatier Carbon Dioxide Reduction Assembly or optionally out to space through 
the vacuum vent.  Oxygen produced by the cell stack passes through the Oxygen Outlet ORU containing a water 
absorber and heater, which protects the downstream hydrogen sensors from liquid water.  The Hydrogen Sensor ORU 
monitors the product oxygen for the presence of hydrogen, which would indicate leakage within the cell stack and 
signal the OGA Process Controller to quickly shut down the OGA. The Nitrogen Purge ORU stores a pressurized 
volume of nitrogen gas from the ISS distribution line to purge the OGA cell stack anode oxygen compartments upon 
shutdown and startup.  Nitrogen is utilized to mitigate the safety hazards associated with the mixing of oxygen and 
hydrogen within the cell stack or the dome. The nitrogen can also be used to inert the dome environment during 
extended periods of non-operation.  The Process Controller ORU is responsible for OGA system command and control 
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Figure 1. ISS OGA Simplified Schematic 
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and communication with the ISS.  Sensors (pressure, delta pressure, temperature, speed, gas, conductivity, voltage, 
current, hydrogen) are used for system operational control and fault detection and isolation. The PSM ORU provides 
power to the OGA electrolysis cell stack.  The PSM ORU provides a variable range of 10-46.9 amps (A) of current to 
the OGA cell stack during Process mode and 1.0 A during Standby mode. 

The ISS OGA generates oxygen at a selectable rate, up to 20.4 lb/day (46.9 A PSM current, 100% production rate), 
which can support 10.88 crew (assumes 1.874 lb oxygen/day/crew metabolic rate).  Most of the OGA ORUs are run 
to failure except for the calibration life limited Hydrogen Sensor ORU, as well as the Inlet DI Bed and ACTEX which 
are trended for water throughput and recirculation loop water quality to determine the preventative maintenance 
replacement intervals. 

 

III. ISS OGA Current Status 
The ISS OGA has been operating for over 14 years and is currently installed in Node 3 of the ISS. As of March 

16, 2021, the ISS OGA has produced 20,866 lb of oxygen and 2,608 lb of hydrogen. The currently installed OGA 
electrolysis cell stack has accumulated a total operating time of 37,788 hours. 

A. OGA Pump 
The OGA recirculation pump has experienced several issues over the past year. The currently installed Pump ORU 

serial number 1 (S/N 1) has accumulated over 10 years of cumulative run time, well beyond its 2-year design life. In 
2019, an increasing pump speed, from 2000 to 2060 rpm, was observed.  A corresponding decrease in pump motor 
temperature, from 90 to 80 degrees F, was observed as well.  It was postulated that the pump’s integral bypass relief 
valve was cracking open due to a high delta pressure (dP) of the ACTEX.  Unfortunately, the actual recirculation loop 
dP is not known due to a non-functional pump dP sensor, which failed in 2010.  Over time, the OGA software increased 
the pump speed to maintain the set flow rate and the pump temperature decreased due to bypass flow through the 
integral bypass relief valve cooling the pump motor.  As part of the troubleshooting investigation, in June 2019 the 
commanded water flow rate was lowered from 540 to 470 lb/hr, and in response the pump speed decreased from 2060 
to 1800 rpm. On January 9, 2020, the OGA pump was switched from flow to speed control to potentially mitigate any 
flowrate control feedback issues. On April 27, 2020, pump speed was increased from 1837 to 1857 rpm to gain margin 
on the low flow shutdown limit of 450 lb/hr due to a slow downward drift in the loop flow rate over three months. On 
October 22, 2020, pump speed was commanded from 1857 to 1877 rpm and trend data showed this speed increase 
provided adequate margin.  

On December 17, 2019, an OGA shutdown occurred due to high pump motor current (0.61 amps versus the 
shutdown limit of 0.35 amps). About one minute before the shutdown, the recirculation loop water flow rate increased 
and the process controller began to lower pump speed to compensate for the increased flow. An analysis of the high 
speed data indicated a fluctuating pump speed in the 10 seconds prior to the shutdown, followed by a sudden rise in 
pump current which directly led to the shutdown.  OGA was successfully reactivated on the following day. There were 
three recurrences in 2020 and 2021 of high pump motor current spikes to 0.39, 0.36 and 0.38 amps, all triggering 
shutdowns. Ground controllers were able to successfully restart OGA after these events. The OGA pump remains in 
speed control.  The OGA team continues to closely monitor and trend pump speed, motor current, recirculation loop 
flow and pressure. 

The OGA team gained approval to remove and replace Pump ORU S/N 1 and return it to the ground for failure 
investigation of the bypass relief valve and dP sensor.  Additionally, replacing the pump is desired so that Pump ORU 
S/N 3 can be installed on-orbit to gain run time on it.  Pump ORU S/N 3 contains a redesigned gear configuration and 
will be the pump design for AOGA and Exploration.  The pump was redesigned to address problems encountered with 
S/N 2, which failed to rotate when it was installed in 2010.  A subsequent Test, Teardown, and Evaluation (TT&E) 
determined that “cement” had formed on the pump gears.  Certain pump wetted materials were changed to prevent 
cementing. 

On March 23, 2021, Pump S/N 1 was removed and replaced with spare Pump S/N 3.  Pump S/N 3 failed to rotate 
when power was applied to it.  Pump S/N 3 was then removed and Pump S/N 4 was installed.  Pump S/N 4 also failed 
to rotate.  At this point, Pump S/N 1 was reinstalled to regain functionality of the OGA.  Ground spare pumps S/N 2 
and 6 were then pulled from storage, and both passed an abbreviated functional test.  These two ground spare pumps 
were launched on SpaceX Crew-2.  Pump S/N 2 will be installed at the earliest opportunity and Pump S/N 3 will be 
returned on SpaceX Crew-1 to the ground for a TT&E.  Pump S/N 4 will be returned on a subsequent flight. 
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B. OGA Recirculation Loop Pressure 
On February 10, 2020, the OGA shut down due to a recirculation loop low pressure fault (pressure less than 20.5 

psia) which occurred when OGA 
transitioned from Process into 
Standby Hold, which occurs 
every 100 minutes for a 5-minute 
duration to evacuate the dome. 
The recirculation loop water 
pressure had been slowly 
degrading during the Standby 
Hold since late 2019.  The low 
loop pressure limit is in place to 
ensure cell stack cathode 
pressure is maintained above 
anode pressure so that cross cell 
leakage can be detected via the 
oxygen outlet pressure sensors 
and hydrogen sensors.  In 2014, 
the standby duration between the 
100-minute process cycles was 
set to 5 minutes (default 1 
minute). This increased duration 
was to gain sufficient time to 
evacuate the dome while 
avoiding the dome pressure high 
limit nuisance shutdowns while both OGA and Sabatier were in Process.  After consensus was obtained, OGA was 
successfully reactivated by lowering the every 100 minute Standby hold time from 5 to 1 minute (default) and lowering 
the recirculation loop pressure low limit to reduce the time in Standby and reduce low recirculation loop pressure 
faults. On August 28, 2020,  OGA was reactivated in Process, at 10 A, for 47 minutes (loop pressure at 24.2 psia) then 
commanded to Standby (1 Amp) which caused loop pressure to decrease to 20.2 psia (see Figure 2). Ground controllers 
were able to command back to Process prior to triggering a low-pressure fault and recover the recirculation loop 
pressure. As of today, the recirculation loop pressure during every Standby Hold is consistently well above the low 
limit and the hydrogen dome pressure during Process has leveled out well below the high limit.  The most likely cause 
for the decay in recirculation loop pressure while in Standby is either: a sticking hydrogen back pressure regulator, 
which controls the recirculation loop pressure, causing pressure fluctuations during Process and also causing low 
pressure during Standby or a small back pressure regulator bellows leak that manifests during Standby.  If there are 
future recurrences, the oxygen production rate in Process will be cycled between 22 and 100% up to three times to 
exercise the back pressure regulator in an attempt to recover proper pressure regulation.  The OGA team continues to 
closely monitor the recirculation loop pressure. 

C. OGA Cell Stack 
The team continues to closely monitor the cell voltages of the currently installed OGA cell stack, in Hydrogen 

ORU S/N 3, for signs of degradation.  This cell stack has accrued 4.45 years of cumulative electrolysis operation.  The 
predicted life of the Hydrogen ORU is 5 years based upon analysis of the RSA diaphragm wear.  The previously 
installed cell stack, in Hydrogen ORU S/N 2 had failed in 2016, after 5.28 years of cumulative electrolysis operation, 
when Cell 1’s voltage decreased from the nominal 1.51 V in Standby towards the shutdown limit of 1.0 V.  After this 
low voltage failure, the Hydrogen ORU and cell stack were returned to the ground.  Root cause of s/n 2 Hydrogen 
ORU’s cell stack failure was determined to be membrane material thinning due to time under compression membrane 
creep and material loss due to electrolysis chemical degradation3. Cells 1, 2 and 28 were pulled from the cell stack for 
testing, and the cell stack was repaired with three new cells. Ion Exchange Capability (IEC) titration tests on the 
removed Membrane Electrode Assemblies (MEAs) showed chemical degradation indicated by weight loss (20-30%) 
and loss of ion exchange (30-45%). Future cell stacks will be assembled just in time to minimize time under 
compression and built with chemically stabilized Nafion along with additional chemicals to the formulation to 
minimize membrane mass loss during electrolysis. A small, high density foreign particle on top of cell 1’s MEA 
trapped by the supporting expanded wire screen indicated a 50% indentation into MEA as seen in computerized axial 

 
Figure 2. Decrease in OGA Recirculation Loop Pressure (blue line) in 
Standby (1 A current, orange line) 
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tomography (CAT) scan of cell 1 MEA. Prior to the failure, cell 1’s startup and shutdown voltage signatures were out 
of family (slowest to charge and fastest to discharge) from the other cells.  The startup and shutdown voltage signatures 
of each individual cell in the currently installed cell stack, in Hydrogen ORU S/N 3, are being monitored.  In 2018, 
the currently installed S/N 3 Hydrogen ORU’s cell stack cell 1 voltage had exhibited similar behavior to the previously 
installed S/N 2 Hydrogen ORU’s cell stack (fastest cell to discharge).  However, since early 2020, Cell 1 appears to 
be back in family upon cell discharges and reactivations.  The cause of the apparent recovery is unknown.  The team 
continues to monitor the cell stack’s individual cells’ startup and shutdown voltage trends and periodic polarization 
scans to discern cell stack health. 

 

D. OGA Hydrogen Sensors 
Eight previously installed Hydrogen Sensor ORUs (S/Ns 1002, 1006, 1012, 1013, 1010, 1017, 1008 and 1003) all 

exhibited upward sensor drift that required one of the three internal sensors to be inhibited to continue system 
operation. All of these ORUs are suspected of having heightened sensitivity to nitrogen after the system performs 
nitrogen purges at startup and shutdown. In 2012, the vendor implemented a nitrogen sensitivity screening process on 
the sensor die that has ensured any future installed sensor die within new or refurbished ORUs aren’t overly sensitive 
in output response. In addition, NASA has pulled ORUs out of the fleet that have previously exhibited the nitrogen 
sensitivity while installed within the OGA to save cost of sensor die replacement and full protoflight testing versus 
nominal recalibration prior to reflight. All ORUs still active within the fleet have had sufficient, previous on-orbit 
operational experience to provide confidence that these ORUs will not be susceptible to nitrogen exposure sensitivity 
in the future. One of three sensors (H2_7502-1, -2 or -5) can be inhibited per Flight Rule with no limitations on OGA 
operations. If a second sensor within the ORU faults due to reaching a shutdown limit, then the ORU must be declared 
failed and replaced prior to resuming oxygen production. 

On Sept. 1, 2020, 
Hydrogen Sensor ORU S/N 
1003 was installed. 
Following the installation, 
one of the three sensors 
within the ORU (7502-2) had 
a sustained diverging 
increase compared to the 
other two sensors within the 
ORU. After commanding 
OGA to Process, Sensor 
7502-2 output went off-scale 
high, 2026 Pa, as shown in 
Figure 3, and had to be 
inhibited.  The other two 
sensors remained close to 0 
Pa.  Hydrogen Sensor ORU 
S/N 1003 was replaced at the 
end of its calibration life in 
March 2021 and will be 
returned on SpaceX-22 and 
retired from the fleet due to the suspected sensor die nitrogen sensitivity. 

 
Figure 3. One of the Three Sensors (7502-2, Red), in Hydrogen Sensor ORU 
S/N 1003 Going Off-scale High After Installation in Sept. 2020 
 



 
International Conference on Environmental Systems 

 
 

6 

IV. AOGA Proposed Upgrades 
Previous AOGA design and analysis work is described in Reference 1.  In 2020, in an effort to maintain project 

viability and reduce cost, the decision was made to remove the automated nitrogen purging and water flushing 
capability of the recirculation loop. These functions will still be accomplished via manually connected hoses, but the 
need to modify the AOGA software and Process Controller was eliminated.  Key exploration capabilities, including a 
focus on component-level maintenance and cell stack upgrades aimed at improving both shelf and operating life, have 
been retained in the current concept. The proposed AOGA schematic is shown in Figure 4 and the list of proposed 
upgrades is summarized in Table 1.  The system design is similar to the OGA, with the notable differences being that 
the AOGA will incorporate a redesigned cell stack, two independent domes, new hydrogen sensors, redesigned 
ACTEX, and a manual purge and flush capability for the water recirculation loop (as denoted by the “A” and “B” 
connection points).  As previously mentioned in Reference 1, the obsolete systems electronics (Controller and PSM) 
should be redesigned for Exploration, but the Program has decided not to demonstrate upgraded electronics as part of 
AOGA demonstration on ISS. 

 
 

Table 1. Proposed AOGA Upgrades 
Upgrade Reason Description 
Redesign the cell stack Implement corrective action based on 

the cell stack failure investigation to 
mitigate membrane thinning as well 
as implement current industry best-
practices and standards 

Provide better mechanical support 
for the cell membranes, replace the  
obsolete membrane with 
chemically stabilized Nafion 

Replace the single dome 
with two domes 

Reduce logistics resupply 
requirements 

Crew will be able to access and 
maintain the cell stack, RSA and 
other components 

Replace the hydrogen 
sensors 

Reduce crew maintenance time and 
improve reliability 

Replace hydrogen sensors with a 
more reliable technology that 
requires less crew intervention 

 
Figure 4. AOGA Schematic 
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Redesign the recirculation 
loop ACTEX 

Increase installed life and reduce the 
delta pressure 

The existing design is not optimal 
as it was not specifically designed 
for the OGA application 

Manual recirculation loop 
purge and flush 

Reduces contaminants within the 
AOGA recirculation loop that could 
be sent to Sabatier and cleans system 
in preparation for dormancy 

Purge hydrogen from the  
recirculation loop with nitrogen, 
then flush with potable water into 
a Contingency Water Container 
(CWC-I) bag or the ISS 
wastewater bus 

 

A. Cell Stack Redesign 
The redesign of the OGA cell stack initially focused on redesign of the membrane screen support to a finer mesh.  

The creep response of the MEA was expected to be reduced by increasing the number of landings and contact area 
with the membrane.  Data collected for two alternate configurations showed little improvement and potentially a larger 
compression of the MEA during initial assembly compared to the legacy screen design.  As a result, the OGA 
replacement cell stack design will continue to use the legacy screen design and will still incorporate the chemically 
stabilized membrane and chemical degradation mitigator to achieve the design life of five years.  The AOGA cell 
stack design will incorporate the improvements to the membrane for chemical degradation, a porous metal interface 
in place of the legacy screens, and an edge seal gasket to minimize water loss during long term storage. The AOGA 
cell stack design will undergo a series of long duration challenge tests to replicate operation with ISS water chemistry.  
Additional testing will evaluate the effects of microbial levels and how cell stack performance is affected by microbial 
growth during dormancy periods.  Data will be compared to a cell stack operating with purified water to evaluate any 
changes in long term performance and towards developing mitigation strategies to minimize performance loss.  
Another test article will be operated continuously ahead of the AOGA cell stack to document voltage rise, polarization, 
and operating life of the cell stack. 

The drive for these changes started with the return of Hydrogen ORU S/N 2 and cell stack S/N 5 to ground where 
a TT&E was performed, with cells 1 and 2 being removed for analysis.  The TT&E was started in 2017 and concluded 
in 2018.  The membranes of cells 1 and 2 were found to have thinned out to as low as 19 μm or approximately 90% 
thinning of the membrane in some areas where pinch points were located.  In these pinch point regions, cell 1 exhibited 
increased areas of thinning in comparison to cell 2.  The cause of the excessive thinning in cell 1 is believed to be a 
unique compressive loading in comparison to other cells in the stack which resulted in progressively less resistive 
shunt paths and ultimately the low cell voltage failure. 

In 2019, cell stack S/N 5 was rebuilt with new cells 1 and 2 to assess the feasibility of recovering the cell stack for 
future use.  Following the rebuild, cell 28, which previously showed no out of family behavior, started to develop an 
out of family signature that resulted in a short.  A TT&E was conducted on cell 28 to determine the cause of the short 
in cell 28.  The cell stack was rebuilt with a new cell 28 exhibiting no out of family signatures. 

Cell 28 was sectioned in the same regions as cell 1 and 2 for comparison.  An optical montage of the cell 28 
sections was constructed to assess larger cross sections of the membrane.  Cell 28 exhibited similar pinch points of 20 
μm as was seen in cells 1 and 2, but only in the two-phase outlet region.  Pinch points in other regions showed 
thicknesses 3 to 5 times higher than in the two-phase region with the thickest regions being at the water inlet region.  
Additionally, in comparing the optical montages of the 4 regions the two-phase port showed signs of accelerated 
general and localized thinning whereas the other regions exhibited less thinning and more uniform thicknesses across 
the sample.  The cause of the thinning is from chemical degradation of the membrane during operation.  The 
degradation is accelerated in drier conditions and the two-phase region may restrict localized water transport across 
the membrane.  The Nafion membranes used at the time of assembly were more susceptible to this chemical 
degradation and will be replaced with a chemically stabilized Nafion.  In general, the membrane in other regions of 
cell 28 was thicker than compared to cell 1 and 2 which may support the unique compressive loading seen in cell 1.  
Another factor which may have added to the failure is the membrane support screens used on the cathode use narrower 
features than the anode which could have allowed for more creep of the membrane in the cathode direction over time.  
Creep characterization of the membrane material was completed in 2020 by Boeing.  This data was used in conjunction 
with data from previous cell stack TT&E’s to estimate membrane thickness for the fleet cell stack with respect to time 
under compression.10  Creep for the AOGA cell stack is expected to be minimized by the new support structure and 
likely will not be impacted by long term storage. 
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B. Replace the Single Dome with Two Domes 
The legacy OGA design houses all of the hydrogen containing components, including the electrolysis cell stack, 

RSA and associated sensors and valves, within a single vacuum dome referred to as the Hydrogen ORU.  The 
Hydrogen ORU weighs ~300 lb. in its launch configuration and has a high packing efficiency and tight tolerances 
when fitted together with the dome. This precludes maintenance of internal components by the crew.  The Hydrogen 
ORU can only be maintained on the ground since the dome reinstallation requires specialized tooling, precision 
alignment and verification of specification leakages of the two independent seals to space vacuum to ensure proper 
operation on-orbit.  One of the requirements of an Exploration mission is a system design that allows for 
maintainability such that failure of a single component does not require removal and replacement of the whole ORU.  
Therefore, for AOGA, there will be two independent removable domes.  The crew will be able to access the internal 
components in each dome for maintenance. This approach will reduce spares mass and volume. The cell stack will be 
housed in one removable dome with the pressure sensors and PSM interface on the outside for access.  The RSA, 

hydrogen backpressure regulator 
and associated sensors will be 
housed in the other removable 
dome, with the pressure sensors 
mounted externally.  In this 
configuration, the two-phase 
hydrogen/water line that goes 
from the cell stack to the RSA 
will not be enclosed within a 
dome.  This line will contain dual 
seals.  It is anticipated that future 
analysis will determine that this 
inter-dome connection will be a 
safe configuration. 

C.  Replace the Hydrogen 
Sensors 

Previous issues with the 
legacy hydrogen sensors are 
described in Reference 1, and 
current issues are described in 

Section II of this paper. In 2019, the Hydrogen Sensor 
Technology Demonstration (H2ST) Project, which will 
design, build, launch and install replacement hydrogen 
sensors, was initiated. The H2ST flight hardware will be 
built, tested and delivered in 2021.  The H2ST Project has 
completed several milestones, as described in Reference 1.  
The final Phase 3 Safety Review and the Acceptance Review 
is planned for August 2021.  The mechanical, electrical and 
software design is complete.  Components for the 
Engineering Development Unit (EDU) and flight unit have 
been manufactured, and assembly is currently ongoing.  The 
flight unit will undergo acceptance testing, which includes 
proof and leak test, vibration test, thermal cycle test, EMI 
test and functional test. 

The H2ST system schematic is shown in Figure 5 and the 
hardware configuration is shown in Figure 6. The unit will 
contain a four-way valve, a manifold with four hydrogen 

sensor candidates, an orifice and dP sensor to measure flow, power supply electronics, and data acquisition electronics.  
The H2ST will accept product oxygen from the OGA, which will flow past the hydrogen sensor candidates, the orifice 
and dP sensor, and then out to the cabin.  The OGA product oxygen has a variable flow rate, up to 4.5 slpm and dew 
point of up to 85 F.  The oxygen nominally contains a trace amount of hydrogen, less than 0.1%.  Nitrogen will also 
be present during startup.  The orifice and dP sensor will function as a flow meter to verify that the OGA product 

 
Figure 5. H2ST Schematic 
 

 
Figure 6. H2ST Configuration 
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oxygen is flowing through the hydrogen sensors and monitor for leaks.  The manually operated four-way valve will 
allow the periodic introduction of calibration gas through the sensors to perform a drift check.  In this valve state, the 
OGA product oxygen will bypass the hydrogen sensor candidates and flow directly into the cabin.  The calibration 
gas (1% hydrogen/air non-flammable mixture) will be introduced from handheld bottles by the crew through the 
hydrogen sensor candidates every 90 days.  Once the drift check is complete, the crew will return 
the four-way valve back to the process position, allowing the OGA product oxygen to flow through 
the sensors.  Sensor response to the calibration gas will be monitored and trended over time to 
determine the drift rate and sensor robustness in the flight environment. This drift rate will be 
compared to the legacy hydrogen sensors.  H2ST will receive power from a Ku Band Power 
Supply, condition power, route power to the hydrogen sensors and dP sensor, convert the raw 
sensor readings, and send sensor telemetry to the ground via the Domain Adapter Node (DAN) 
and Arcturus system for continuous monitoring and analysis.  Once the flight experiment is 
complete, the sensors will be returned to the ground for additional testing to more thoroughly 
quantify the drift rate and direction. 

The H2ST test stand is currently being assembled.  The test stand will be used to functionally 
test the H2ST engineering design unit (EDU) and the flight unit.  The test stand will precisely mix 
hydrogen and oxygen at mixtures below the lower flammability limit (4%) at flow rates 
representative of the OGA oxygen production rate, up to 4.5 slpm.  The test stand will also 
humidify the oxygen to provide dew points representative of the OGA product oxygen dew point 
(65 – 85 F). 

D. Redesign the Recirculation Loop ACTEX 
A -311 ACTEX deionizing bed, with inlet and outlet hoses, was retrofitted into the ISS OGA recirculation loop in 

2011 to prevent recurrence of the cell stack failure in 20106.  The purpose of the ACTEX is to remove fluoride that is 
released by the cell stack membranes (as part of normal operation) and maintain a desirable pH level in the water 
recirculation loop.  The ACTEX was originally developed for another application and not OGA.  The OGA’s water 
flow rate (nominally 560 lb/hr) through the ACTEX is 34 times higher than recommended by the resin manufacturer. 
As a result, the flow is turbulent rather than laminar, contributing to a high dP.  A high dP (above ~25 psid) may cause 
the pump’s bypass relief valve to open.  It is suspected that the currently installed ACTEX in the ISS OGA has a very 
high dP, causing the pump’s bypass relief valve to open, creating system inefficiency.  The ACTEX has a 1.85 year 
installed life which is less than the 3-year duration of an Exploration mission.  The ACTEX should be replaced with 
a newly designed bed optimized for AOGA and Exploration missions.  Reference 1 describes a previous feasibility 

study named ARMADILLO (AOGA ReMediation, Advanced DeIonization and 
Limited Life Optimization), which was completed in 2019.  The study provided a 
recommendation of several bed configurations to resolve the issues seen with the 
ACTEX.  In 2020, testing was completed using an ACTEX and ARMADILLO 
medium-short cartridge installed in the ground OGA Testbed to characterize the 
dP characteristics of both.  The medium-short cartridge has a 
resin volume greater than 3 times that of ACTEX.  The dP of 
the original DI bed in the OGA Testbed was also 
characterized for comparison.  The original bed was built 

specifically for the OGA Testbed and not flight-like.  This original bed has a much larger resin 
volume than either the ACTEX or ARMADILLO.  With the OGA Testbed’s original deionizing 
bed installed, the pump dP is low and stable: around 4.2 psid in Standby and 4.7 psid in Process.  
With the ACTEX installed in the OGA Testbed (see Figure 7), the pump dP starts at 18.3 psid in 
Standby and continuously increases.  When the system is commanded to Process, the pump dP 
continuously increases at an even faster rate, until the system is shut down after rising above 31 
psid.  Next, with the ARMADILLO medium-short cartridge installed (see Figure 8), the pump 
dP is low and stable: around 6.3 psid in Standby and 7.4 psid in Process.  Finally, the 
ARMADILLO’s dP over a range of OGA water flow rates was characterized, as shown in Figure 
9.  At, the nominal flow rate of 560 lb/hr, the ARMADILLO’s dP is 1.53 psid, which closely 
matches, the theoretical 1.6 psid.  This dP is favorable when compared to the ACTEX’s dP, which 
is ~8 psid.  Table 2 summarizes the results of the dP testing.  The ARMADILLO will greatly 
reduce the recirculation loop dP once installed in the ISS OGA or the AOGA, while providing a 
longer bed life to meet Exploration needs.   

Table 2. Comparison of 
Pump dP in Process 

 dP 
(psid) 

Original DI Bed 4.7 
ACTEX 31+ 
ARMADILLO 7.4 

 

 
Figure 7. 
ACTEX 

 
Figure 8. 
ARMADILLO 
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E. Manual Recirculation Loop Purge 
and Flush 

A new capability to periodically purge 
and flush the recirculation loop water is 
required for AOGA.  Water consumed 
during electrolysis is replaced in a batch 
process from the potable water bus.  Over 
time, the recirculation loop can 
concentrate trace contaminants present in 
the incoming feed water.  The feed water 
is known to contain trace amounts of 
dimethylsilanediol (DMSD), and 
dimethylsulfone (DMSO2).2  Both of these 
compounds have a low affinity for removal 
through the installed ACTEX bed in the 
recirculation loop which allows them to 
slowly concentrate over as long as 12 
months to equilibrium concentrations, as 
confirmed by periodic analysis of OGA 

recirculation loop water.  Twice per year, the crew takes a water sample and returns it to the ground for chemical and 
microbial analysis.  As the DMSD concentration increases the DMSD may deposit onto piping and other system 
components.  DMSO2 is more volatile than DMSD and predominantly leaves the cell stack through the hydrogen 
stream which goes to Sabatier.  DMSO2 is believed to have poisoned the Sabatier catalyst in the past.2  Neither of 
these species have shown a detrimental impact to cell stack on-orbit performance of the OGA.  Further, elemental 
analysis performed during the failure investigations did not show an increased concentration of sulfur or silica 
compounds on the electrode interface or within the membrane. 

Because of the long build up to equilibrium concentrations, periodic flushing of the recirculation loop is going to 
be implemented to maintain low concentrations of these species to protect the redesigned Sabatier and protect the 
AOGA from any undiscovered issues with these elevated concentrations. 

Previously, the AOGA design included an automated purging and flushing of the recirculation loop.  The 
automated purging and flushing required new hardware, including 4 sensors, 1 regulator and 5 new valves.  This new 
hardware would also have driven extensive controller modifications and complex new software logic to control the 
operation.    In 2020, the ISS Program decided to abandon automated purging and flushing and instead make it a 
manual process. 

The purge and flush will now be accomplished using temporarily installed hoses.  First, a nitrogen purge will be 
performed to remove hydrogen from the recirculation loop and minimize risk to the crew while performing the flush.  
The crew will temporarily connect the nitrogen supply at the oxygen outlet 3-way valve to the recirculation loop 
upstream of the cell stack, as indicated by the two “A” connection points on the schematic (Figure 4).  Then the 
existing “Inert Dome” command will be used to introduce nitrogen into the recirculation loop.  Hydrogen in the cell 
stack and RSA will be replaced with nitrogen as the hydrogen gets pushed out of the RSA.  This nitrogen purging 
capability of the recirculation loop also enables safe replacement of hydrogen components by eliminating the risk of 
a hydrogen release near crew members.  Then the crew will temporarily connect the recirculation loop upstream of 
the pump to the wastewater bus or a CWC-I, as shown by the two “B” connection points on the schematic (Figure 4).  
Water will then be flushed out of the recirculation loop using the existing Standby command.  A minimum of 3 volume 
changes of water will be required to significantly reduce the level of  contaminants.  The crew will manually open and 
close valves to control the flush and purge operation.  Although the flight software will not need to be updated, the 
plant model (used for simulations) will need to be updated. 

If the recirculation loop water is flushed directly into the wastewater bus, a potential safety hazard needs to be 
examined.  This has been analyzed by White Sands Test Facility (WSTF).9  The recirculation loop water will contain 
some amount of dissolved hydrogen.  Although the recirculation loop will first be purged with nitrogen before flushing 
the recirculation loop water into the wastewater bus, some amount of hydrogen will remain as a gas in the RSA and 
also dissolved in the water exiting into the wastewater bus.  Water flushed from the recirculation loop will first enter 
the wastewater bus and then go into the Water Processor Assembly (WPA) Wastewater Tank.  The pressure in the 

 
Figure 9. ARMADILLO Flow Rate vs. dP 
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wastewater tank will be around ambient pressure, lower than the OGA’s recirculation loop pressure.  In the wastewater 
tank, some hydrogen will come out of solution.  It is estimated that 0.20 cu-in of hydrogen gas will be present in the 
WPA wastewater tank after the recirculation loop water flush.  It is also known that air is present in the wastewater 
tank, because condensate entering into the wastewater tank is saturated with air and some of this will come out of 
solution.  Several different scenarios were examined, and in all cases, the analysis shows that the hydrogen and air 
mixture that could form in the WPA wastewater tank is below the 4% lower flammability limit.  Therefore, a hazard 
will not exist if the recirculation loop water flush is sent to the wastewater bus and WPA wastewater tank. 

This safing and flushing process is also a key part of establishing a safe storage condition for the AOGA system 
during dormancy periods to protect the cell stack from water loss and microbial issues 
on return to operation.  In order to support an Exploration mission profile, AOGA must 
be put into a dormant configuration, preferably without any required power, for up to 1 
year.  This would be needed when, on a mission to Mars, for example, the crew is on 
the Mars surface. 

V. Future Plans 
The AOGA will be demonstrated on ISS for a minimum of 3 years. The ISS OGA 

will be upgraded to an AOGA configuration with separately launched kits. 
The first kit, which enables the move of the OGS rack from the Node 3 location 

(NOD3A5) to the US Lab (LAB1P1), will be delivered in late 2021. The OGS rack will 
move to the US Lab in early 2022, following an ISS Multiplexer/Demultiplexer (MDM) 
software update.  The Life Support Rack (LSR) is currently in the LAB1P1 location, so 
it will be moved to the NOD3A5 location at the same time.  The OGS rack was 
previously located in the US Lab, from July 2006 to Feb 2010. The LAB1P1 location 
has a modified Z-Panel located within the X3 standoff and requires jumper cables and 
hoses between the Z-Panel and the OGS Rack Interface Panel (RIP). The NOD3A5 
location does not have a Z-Panel and therefore the Node 3 distribution lines are 
connected directly to OGS Rack RIP. The OGS rack fluid, power and data jumpers were 
stowed on ISS after the rack move to NOD3A5. Half of the jumpers were returned to ground since there was no crew 
time available to remove the jumpers from the returning stowage bag.  The jumper cables and hoses returned to ground 
are being refurbished and are manifested on SpaceX-23 (launch scheduled for August 2021). The MTL Supply and 
Return jumpers both need to be backfilled with coolant prior to flight.  Two new power harnesses will also be required 
to support the OGS rack in the US Lab.  Once the OGS rack is moved to the US Lab, it 
can support the H2ST (delivered in late 2021) and Ku Band Power Supply (used to power 
H2ST) and the ARMADILLO (delivered in 2023).  A concept of this initial configuration, 
with H2ST and its Ku Band Power Supply mounted externally is shown in Figure 10. 

The second kit, which will convert OGA to AOGA on orbit, will be delivered 
sometime in the 2023-2024 timeframe. A new OGS left rack door with a 9 inch bumpout 
will be required to support the larger Sabatier 2.0 and new CO2 accumulators when they 
are delivered.  A concept of the final configuration, with the new left side door, is shown 
in Figure 11. 

As mentioned previously, no new OGA controller software will be required to support 
the AOGA configuration. The existing software can support the dual dome configuration 
as well as the manual purge and flush operation.  The AOGA telemetry data will be the 
same as OGA, except a new AOGA_ACTIVE data bit will be incorporated to identify 
when AOGA is installed.  Also, a new vent safing command will be incorporated.  The 
ISS MDM software will be updated to support AOGA. The new MDM software is 
scheduled for uplink in late 2021. 

At this time, it is assumed that the existing Lab port overboard vent valve, in the 
forward endcone, will be viable for use with OGA and AOGA. The element vent valve 
has a known internal leak when the valve is closed to space vacuum that must be 
characterized in advance so that newly made connections for AOGA can be verified as part of moving the rack. In 
addition, the drift of the low pressure sensors within the OGA Hydrogen ORU and AOGA domes must be accurately 
characterized during periodic vent pressure decay response testing to determine if any commanded software offsets 
are required.  NASA is coordinating with European Space Agency (ESA) to utilize the LSR system nitrogen and 

 
Figure 10. Initial OGS 
Rack Configuration 

 
Figure 11. Final OGS 
Rack Configuration 
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pressure sensor to perform this leak characterization. If the element vent valve is not accepted due to uncertainties or 
safety risk, a new valve could be installed that would require a series of Extravehicular Activities (EVA’s) to close 
and later open a manual external valve on the hydrogen non-propulsive vent. 
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