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Mars Oxygen 
ISRU Experiment

M i EOperations summary
× 16 O2-producing runs on Mars

× 122 g O2 produced in 1213 minutes operation (average 6.1 g/hr)

× MOXIE mission ended programmatically as of  Sept. 30, 2023 
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Mars Oxygen 
ISRU Experiment

M i EAccomplishments
× Demonstrated

× Operation over full range of environmental conditions (P, T, dust)
× Tolerance to SOE heat-cool cycles without significant degradation
× High production rate, 2x requirement (12 g/hr O2)
× High O2 purity
× Constant voltage mode
× Constant pressure mode
× Low pressure operation
× High fidelity predictive performance model
× Excellent agreement with lab results

× Determined
× Lead resistances and other unknowns
× Inlet tube warming
× Dust penetration is negligible with baffle alone
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M i EThe path to full-scale
× System level

× Operate continuously for over a year 
× Improved sensing & control
× Lower resistance dust filtering

× Scaled-up SOE
× Produce >200x more oxygen
× Curtail heat loss with a better oven, heat exchange 

between inlet & outlet gas

× Scaled-up compressor
× Dramatically reduce compression power with low 

density operation, controlled inlet temperature
× Larger, lower speed for power efficiency

× Operations options
× Constant voltage to safely maximize O2 production
× Fixed current, system design to constant production
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A 60-cell stack developed by OxEon 
Energy offers 30x the active area of the 

MOXIE stack
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M i EWhy operate at fixed stack voltage?

Kinetic factors

Cell-to-cell variation

Optimal operating voltage

Nominal operating margin 
in Current Mode

Response to coking

Coking threshold
SAE
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M i E

If iASR = 1.5

Operating voltage

Coking threshold

Variable production rate at fixed voltage

If IASR = 1.0

Operating voltage

Coking threshold



Mars Oxygen 
ISRU Experiment

M i EOperation at low pressure
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Inlet pressure was 10.5 mbar(top point) to 6 
mbar (bottom point)

No-load power @ vacuum – too high!
(Comparable to electrochemical power)



Mars Oxygen 
ISRU Experiment

M i EAvoiding dust with a simple baffle
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Mars Oxygen 
ISRU Experiment

M i ELonger-term applications
× Evolution to co-electrolysis for fuel & oxidizer

× Follow by methanation reactor or Fischer-Tropsch for liquid/solid fuels

× Custom applications (e.g. habitat or pressurized rover
oxygen replenishment)

× CO fuels (e.g. for hopper)

× Energy storage?



Mars Oxygen 
ISRU Experiment

M i EWhat’s next for MOXIE? 
 A proposal from Jim Cutts, JPL

TEST FLIGHTS AND ALTITUDE CONTROL DEMONSTRATION OF A PROTOTYPE VENUS 
AEROBOT 
Jacob Izraelevitz1, Michael Pauken1, Siddharth Krishnamoorthy1, Ashish Goel1, Carolina Aiazzi1, Blair Emanuel1, 
Gerald Walsh1, Leonard Dorsky1, Stacy Weinstein-Weiss1, Alex Austin1, Kevin Baines1, Paul K. Byrne3, James Cutts1, 
Caleb Turner2, Carlos Quintana2, Kevin Carlson2, Tim Lachenmeier2, and Jeffery Hall1.  
1NASA Jet Propulsion Laboratory, California Institute of Technology (4800 Oak Grove Drive, Pasadena, CA 91109)  
2Near Space Corporation (5755 Long Prairie Road Tillamook, OR 97141)  
3Washington University in St. Louis (1 Brookings Dr, St. Louis, MO 63130) 
 
Introduction:  The clouds of Venus offer a unique extra-
terrestrial environment: ample sunlight, Earth-like tem-
peratures and pressures, and strong zonal winds that can 
carry an in situ aerial platform around the planet in just a 
few Earth days. This cloud layer is key to moderating the 
solar radiative balance of the planet, the transport of ma-
terials between the atmosphere and the ground, and the 
interactions (physical, chemical, and possibly biological) 
between atmospheric constituents. The two VeGa balloon 
flights in 1985 [1], launched by the Soviet Union, suc-
cessfully flew in the Venus clouds using superpressure 
balloons, which nominally have a relatively fixed buoy-
ancy and provide access to only a single altitude. 
 
JPL is pursuing the technologies required to design a 
buoyant “aerobot” (aerial robotic balloon), with a lifetime 
of months, to perform targeted science in the Venus 
clouds (Figure 1). Because of the extremely strong and 
consistent zonal winds on Venus, any aerobot is expected 
to circumnavigate the planet passively every 5 to 7 Earth-
days. In contrast to its VeGa predecessors, the JPL aero-
bot is a controllable variable-altitude balloon [2]—provid-
ing access to a broad altitude range over the course of the 
flight, and a consequently increased science return [3].  
 

This science return advantage has been well received by 
the Venus community. In preparation for the 2023–2032 
Planetary Science and Astrobiology Decadal Survey, 
NASA commissioned two mission studies that elected to 
utilize a variable-altitude aerobot for Venus: a many-asset 
Venus Flagship Mission (VFM) [4] and an aerial platform 
with orbiter mission under New Frontiers [5].  
 
Objective: The objective of this work is to develop the 
variable-altitude Venus technology for a competed-mis-
sion aerobot [6], see accompanying Phantom abstract [7]. 
The architecture consists of two balloons: an outer, met-
allized Teflon-coated unpressurized balloon (which pro-
tects against sulfuric acid aerosols and sunlight), and an 
inner Vectran-reinforced pressurized balloon that serves 
acts as a helium reservoir. Transferring helium between 
the inner and outer balloons modulates the buoyancy and 
altitude.  For Venus, an aerobot of 12–15 m diameter [8] 
is necessary for a carrying capacity of 100–200 kg, con-
sistent with a major scientific investigation of and from 
the cloud layer, with a 10 km-wide altitude-control capa-
bility nominally from 52 km to 62 km. 
 

 
Figure 1: Prototype one-third-scale Venus aerobot in flight above the Blackrock desert, Nevada. The aerobot includes 
a metalized-Teflon outer envelope and an internal helium reservoir. 
 

2279.pdf54th Lunar and Planetary Science Conference 2023 (LPI Contrib. No. 2806)

J. Izraeleitz et al, Test Flights… of a Prototype Venus Aerobot, LPSC 2023
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M i ESponsors and Partners

× Supported by HEOMD and STMD

× Mars 2020 Project managed by SMD
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M i E

Backup
More MOXIE
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× A scale model of an In Situ 
Resource Utilization (ISRU) 
plant for a human mission.

× Makes 6-12 g of O2 per hour 
from atmospheric CO2

× Like a small tree, or ~50% of 
what a person breathes

× Limited by available  power to 
~1:200 full scale production

Jet Propulsion Laboratory
California Institute of Technology

J. Mellstrom , Project Manager
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Perseverance
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800oC

Nickel catalyst

800oC
–

Voltage
       +

SOE: CO2 à CO + O
SOFC: CO + O à CO2

The Solid OXide Electrolysis (SOXE) cell
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M i EGeneral architecture
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Mars Oxygen 
ISRU Experiment

M i EPutting it together
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M i EWhat makes this hard? Uncertainties affecting 
efficiency and safely.

(Notional 
uncertainty)
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Going To Mars!
Safe arrival on Mars: February 18, 2021
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M i EOperation summary
× 7 oxygen-producing runs in CY’21 (starting April 20)

× General demonstration of capabilities
× Operation over full range of environmental conditions

× 5 oxygen-production runs in CY’22
× Demonstrating safer, more capable modes of operation (Voltage Mode)
× Probing performance limits (high production rate)
× Targeting specific unknown characteristics (O2 purity, lead resistance updates)

× 4 oxygen-production runs in CY’23
× Demonstration that MOXIE still meets purity and production requirements after >10 

cycles on Mars
× Validation of pressure control and low pressure operation à first morning run.
× Demonstration of maximum oxygen production rate allowed by current supply (12 

g/hr) – over twice the initial requirement

× MOXIE mission was ended as of Sept. 30, 2023 
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M i EO2 production in our first run
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M i ERecord production in our 15th run

12 g/hr!

Requirement: 6 g/hr
Goal: 8 g/hr
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M i ERobustness (iASR)
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(Lines are guides to the eye, not fits)

Typical operating margin: 1.1 Ω-cm2

?

?
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M i EO2 Purity
× Essentially 100% as long as there is an anode (O2) overpressure

OC13 result
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M i EStack voltage control: FSOC-09
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Supply voltage

Carbon threshold

Voltage at terminals

Voltage applied to stack

Voltage drop across leads (offset by 8.5V)

Oxygen threshold

MOXIE controls this

It should control this

, I = 2A initially
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M i EMOXIE compressor recorded by SCAM mic
× Intended as diagnostic of compressor changes

× Also useful as probe of acoustic transmission on Mars

Credit: Sam Hoffman
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Supercam microphone spectrograms (courtesy Chide et al.)
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M i EA useful frequency comb?

3000 RPM 3500 RPM

OC10 (sol 81) ~ 0522 LST
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M i EWhat have we learned about MOXIE?

× With careful operation, MOXIE is surprisingly robust against thermal cycling, dust, 
changes in atmospheric density and temperature

× A few simple changes will greatly improve power efficiency to ~90%:
× Operation at much lower cathode pressure
× A well-insulated surrounding oven
× Heat exchange from gas input to gas output

× A few more will greatly improve autonomy and safety
× Separate voltage sense wires (instead of sensing through power wires)
× An accurate flow meter and composition sensor
× A capable processor with dynamically tunable control algorithms
× Materials improvements to enhance resistance to carbon deposition

× Dust mitigation will be straightforward
× Dust is not well entrained in the air and won’t go around corners!

× Models show full system < 1000 kg and <25 kW including liquefaction

28
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M i ELaboratory operations
× Pre-validate Mars operations 

× Develop and test techniques for safer, more efficient operation on Mars

× Perform experiments that can’t be done on Mars (e.g. long lifetime tests)

× Explore new technologies, subsystems, and configurations
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The MOXIE engineering  model (EM) is 
packaged like the FM, with minor 
differences in fabrication.

The MOXIE FlatSat (FS) is an open 
assembly using the same subsystem 
components as the EM. 
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M i ELaboratory activities
× Accomplishments included:

× Compressor power characterization vs outlet pressure
× Low cathode pressure operation for power efficiency
× Cathode pressure (P4) feedback operation for safety and stability
× Lead resistance measurement and validation of “thermal sweep” technique

× Recent developments:
× Remote operation capability (for long-duration tests)
× Flight electronics emulator running flight software with commercial modules 

(to buffer against future board failures and provide more testing flexibility)
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M i EWhere to find MOXIE data


