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Previous NASA Portable Life Support System (PLSS) designs have been focused on
assisting extravehicular activity (EVA) in low gravity, vacuum environments. Development of
a Mars Exploration Portable Life Support System (MxPLSS) therefore requires modifications
to the baseline PLSS design that accommodate the unique operational conditions
characterizing EVAs on Mars. In our previous study presented at the International
Conference on Environmental Systems (ICES) 2025, paper number ICES-2025-90, a blank
sheet approach pinpointed technologies with the potential to satisfy each major function of the
MXxPLSS. A comprehensive list of equipment was compiled, combinations of technologies were
evaluated and compared, and seven promising schematics were recommended. Out of that
study came a newly developed PLSS sizing tool, the Guided Utility Sizer (GUS), which aided
in the comparison and detailed assessment of proposed architectures. As a continuation of this
effort, enhancements to the GUS tool were made with the goal of confirming the most feasible
schematic to develop into a workable test stand. Broadening and refinement of the tool’s
capabilities were carried out to allow for more sophisticated insight into technology impacts
at the PLSS- and vehicle-level. With the help of an improved down-selection process,
thousands of technology combinations were evaluated and compared in the upgraded tool,
and higher-quality schematic recommendations were made. This paper summarizes the study
approach, schematic selection process, and final assessment that culminated in
recommendations for open loop, semi-open loop, and closed loop PLSS configurations
optimized for nominal Martian environmental conditions at EVA durations of 2, 4, 6, and 8
hours.
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CHXR = condensing heat exchanger PCM = phase change material

CO, = carbon dioxide PLSS = Portable Life Support System
CSSE = Constellation Space Suit Element POR = primary oxygen regulator
EMU = Extravehicular Mobility Unit POV = primary oxygen vessel
ESM = equivalent system mass PTCL = primary thermal control loop
EVA = extravehicular activity RCA = rapid cycle amine
FW = feedwater SG = sweep gas
FY = fiscal year SOR = secondary oxygen regulator
GOX = gaseous oxygen SOV = secondary oxygen vessel
GUS = Guided Utility Sizer SWME = spacesuit water membrane
HFM = hollow fiber membrane evaporator
H,O = water TCC = trace contaminant control
HP = heat pump TRL = technology readiness level
HX = heat exchanger VBA = Visual Basic for Applications
LCVG = liquid cooling ventilation garment VE EC = wvariable emissivity electrochromic
Li-ion = lithium-ion xEMU = Exploration Extravehicular Mobility
LiOH = lithium hydroxide Unit
LOX = liquid oxygen xPLSS = Exploration Portable Life Support
MAIT = Mission Analysis and Integration System
Tool
MxPLSS = Mars Exploration Portable Life

Support System

I. Introduction

HE Mars environment poses unique challenges for PLSS technologies that necessitate modifications to the NASA

baseline exploration PLSS (xPLSS) design. Some of the major challenges regarding extravehicular activities
(EVAs) on Mars include the following:

o  Low atmospheric pressure of ~0.15 psia

e  Gaseous atmosphere with a composition of 95% carbon dioxide

e Storms and seasonal weather changes

e  Mass restrictions due to 0.38 g gravity

These obstacles call for a Mars xPLSS (MxPLSS) architecture that does not rely on venting to vacuum, maintains
reliability in dynamic conditions, and is optimized for mass and volume by incorporating characteristics like
regenerability. Schematic studies such as those for the Space Shuttle program, the Apollo program, and the most recent
Constellation Space Suit Element (CSSE) [1] have historically been used to accomplish this type of curated PLSS
design and have provided guidelines for the MxPLSS roadmap [2]. In congruence with the NASA Moon to Mars [3]
timeline, the Mars Schematic Study was conducted over fiscal year (FY) 2024 and 2025 to direct the MxPLSS
prototype design and fabrication expected to begin in FY26.

In the initial FY24 Mars Schematic Study (detailed in ICES-2025-90 [4]), a blank-sheet approach was carried out
to compile a list of promising technologies that could satisfy one or more of the eight major functions of the PLSS:
oxygen storage and supply, ventilation network, ventilation and thermal loop flow drive, carbon dioxide removal,
humidity removal, thermal control, trace contaminant control, and power/energy storage. Out of that study came the
Guided Utility Sizer (GUS) Excel tool [5] for assessment and comparison of PLSS architectures, which was
successfully used to narrow down and evaluate proposed MxPLSS schematics. While the schematic analysis was
insightful, it had limitations related to simplifications made in the initial version of GUS. The focus of the FY25 study
was thus to improve and enhance the capabilities of the GUS tool to maintain alignment with the state-of-the-art as
well as increase its fidelity for schematic assessment. From April 2025 to September 2025, improvements to GUS
were implemented, and a higher-fidelity down-selection process was subsequently conducted using revised
performance, mass efficiency, and reliability considerations. This paper summarizes the study approach, schematic
selection process, and final assessment that culminated in refined MxPLSS schematic recommendations for open loop,
semi-open loop, and closed loop PLSS configurations. Schematics were evaluated under Mars nominal environmental
conditions and compared based on PLSS- and vehicle-level sizing metrics at 2-, 4-, 6-, and 8-hour EVA times.
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II. Study Approach

In FY25, enhancements to the GUS tool were made with the goal of confirming the most feasible schematic to
develop into a workable test stand. Expansion and refinement of the tool’s capabilities were carried out to allow for
more sophisticated insight into technology impacts at the PLSS- and vehicle-level. With the help of an improved
down-selection process, thousands of technology combinations were evaluated and compared in the upgraded tool,
and higher-quality schematic recommendations were made.

A. GUS Upgrades

At the conclusion of the FY24 study, the GUS tool only had the capability to evaluate mass, volume, power, and
consumables quantities for primary subsystem PLSS technologies. The tool did not consider contributions from
additional utilities such as regulators, ventilation heat exchangers, or back up flow drive components, and it did not
consider mass, volume, power, and consumables quantities for secondary subsystems. In addition to this, the tool did
not evaluate the system-level impacts of selected schematics, such as any additional vehicle capabilities that may be
necessary to support a given PLSS technology. Furthermore, thermal control capabilities for selected schematics were
only capable of being evaluated under steady state conditions, with fixed metabolic rate and environmental parameters
being assumed over the course of an entire EVA. To enhance the fidelity of EVA evaluations and overall viability of
schematics, the following major upgrades to GUS were made:

e Addition of the hollow fiber membrane technology for carbon dioxide and humidity removal, and modifications
to previously existing technologies to maintain relevancy to the state of the art

e Addition of secondary subsystem sizing (treated as open loop) as well as an option to specify open or closed loop
primary subsystem configurations

e Habitat/lander mass and architecture penalties for system-level assessment of schematics, including pre- and post-
EVA consumables calculations

e Enablement of transient heat balance analyses for selected PLSS schematics to increase fidelity of EVA
evaluations in various environments

e Improved tailoring to Mars missions via addition of location-specific Mars environments (not utilized in this
study)

With these improvements, the schematic analyses presented in this work incorporated both primary and secondary
subsystem contributions, as well as system-level assessments of technology impacts on the vehicle level. Different
system architectures could be investigated at different EVA times, and transient analyses allowed for better insight
into technology capabilities and limits. Detailed information on all upgrades made to GUS can be found in the Mars
Schematic Study FY25 final report [6]. Additional information on the GUS tool can be found in the GUS User’s Guide

[7].

B. Schematic Evaluation

For schematic down-selection in the FY24 study, an equivalent system mass (ESM) approach was used to narrow
down technologies based on their individual masses, and the lowest mass options for each major function were paired
together and evaluated in GUS. A major goal of this FY25 study was to improve upon the fidelity of the previous
down-selection process by using GUS to evaluate every possible schematic combination, rather than relying on ESM
predictions for independent technologies. This was achieved with the help of the Mission Analysis and Integration
Tool (MAIT) [8], a MATLAB and Simulink program that combines modular subsystem sizing models to conduct
parametric studies on model inputs. Given a list of input and output variables, MAIT worked in conjunction with the
GUS tool by automatically plugging in technology options for each PLSS major function and extracting calculated
sizing and performance parameters for the combined schematic. The tool was able to cycle through thousands of
schematics at different EVA times, and the results were sorted and postprocessed to determine the lowest PLSS and
vehicle mass options for open and closed loop configurations at each EVA duration. To minimize run times for MAIT
processing, constraints were implemented that allowed the program to skip through incompatible or redundant
schematic pairings. Certain assumptions were also made concerning likely MxPLSS requirements, including an
estimated PLSS mass goal of < 62 kg [6], [9].

The average and maximum metabolic rates for schematic evaluations were assumed to be 350 W (1194 BTU/hr)
and 530 W (1810 BTU/hr), respectively, for the primary subsystem and 295 W (1007 BTU/hr) and 350 W (1194
BTU/hr), respectively, for the secondary subsystem. These values were predicted based on metabolic rate
specifications for the xXEMU [10]. The maximum metabolic rate is used to size the dry mass of thermal control
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technologies or technology components in GUS whose heat rejection capabilities are directly dependent on their size
(e.g., radiators, extra SWME cartridges), while the average metabolic rate is used to size component properties that
are adjustable to fluctuating operating conditions at a fixed unit size (e.g. consumables). Suit pressure was set at 4.3
psia (nominal xXEMU operating pressure) and inner suit temperature was set at 294.3 K (70 F). Some technologies are
expected to operate for longer than the 8-hr EVA duration due to the need for certain suit functions during EVA
preparation and close out. In such cases, an equipment duration defined by EVA time plus pre/post EVA time was
used for component mass balances. Nominal EVA times were set between 2 and 8 hours with 0.5-to-1-hour durations
for emergency operation. Pre- and post-EVA time was assumed to be 2 hours total per EVA. For the vehicle
assessment, 2 hours of emergency EVA operation was assumed across the entire mission. Vehicle assessment
calculations also assumed 2 crew members with a mission duration of 180 days. Number of EVAs was set to 100
scheduled plus 1 contingency, resulting in a recharge duration between EVAs of ~33 hours. For open loop scenarios,
purge O, requirements were set to 2.2 Ib/hr in the primary subsystem and 5.6 Ib/hr in the secondary subsystem.

Relevant Mars environmental variables are detailed in Table 1 [11]. These values represent characteristic nominal
and extreme conditions for Mars as a whole. For schematic down-selection, every schematic combination was
evaluated under Mars nominal

conditions. The vehicle Table 1. Mars environmental properties.

assessment conducted in GUS Surface Sky Atm. Wind Solar
for each schematic combination Environment Temp Temp Pressure Speed Flux

incorporates an ESM analysis in (K) (K) (psia) (m/s) (W/m?)
which  Mars  surface habitat Mars Hot 299.8 | 139.8 0.145 20.12 173.5

infrastructure costs were ;

considered. shown in Table 2 Mars Nominal 212.0 139.8 0.124 10.05 1104

[12]. Additional default global Mars Cold 162.6 139.8 0.087 4.88 59.94

and environmental variables can

be found in the GUS tool [5]. Table 2. Mars habitat infrastructure costs.

Schematics were modeled ig a i Volume Power Cooling
steady state operation, assuming Habitat (kg/m®) | (kg/kW) | (kg/kW)
a fixed environment and fixed

metabolic rate for the full Mars Surface 170 87 146
duration of the EVA.

A mass packaging factor of 2.32 and a volume packaging factor of 2.62 were applied to all schematics to get total
PLSS mass and volume. These packaging factors were estimated by taking the ratio of the total design verification
test mass and volume of the xPLSS [13] to the total mass and volume of the xPLSS components modeled in GUS
(such as the LCVG, RCA, SWME, and other major function technologies, whose mass balances do not account for
any associated valves, sensors, or additional equipment other than those explicitly stated in Section III). For the XEMU,
volume packaging was a bigger priority than mass packaging, which will not be the case for a Mars suit. More realistic
estimates of packaging factors for Mars-specific applications may be closer to those for the Apollo PLSS, whose mass
packaging factor is at a lower value of 1.6 [14]. Refined packaging factor estimates would improve schematic mass
predictions and will be investigated in future work. Packaging factors were not applied for vehicle assessments.

III. Selected MxPLSS Schematics

With the upgrades to GUS in place, a parametric sweep analysis was performed that resulted in PLSS options
optimized for open loop, semi-open loop, and closed loop primary subsystem configurations at 2-, 4-, 6-, and 8-hour
EVA durations. The secondary subsystem configuration is always treated as open loop and is sized to operate for a
duration of 0.5 hours with a 2-hour EVA and 1 hour with 4-, 6-, and 8-hour EVAs. For each case, the lowest mass
options using both gaseous (GOX) and liquid (LOX) oxygen were recommended. A handful of architectures that
optimize vehicle ESM were also considered.

Depending on the schematic, LOX in the primary subsystem may be modeled with a ventilation heat exchanger
and heater for vaporization, whereas in the secondary subsystem, LOX is modeled in conjunction with a super ice
phase change material (PCM) as a vaporizer. GOX in both the primary and secondary subsystems is modeled with a
regulator. Ventilation loop flow drive is always a fan, unless there is already a large O, requirement upsizing the
oxygen subsystem, in which case an ejector trades as a lower mass option. Secondary subsystems all use a sub-cooled
PCM (super ice) for thermal control, unless the primary thermal control device is a radiator, in which case the radiator
is assumed to be used for both primary and secondary thermal control (with extra tubing taken into consideration).
The sub-cooled PCM is a consistently promising option for mass savings in the secondary subsystem, given that the
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amount of phase change material is dependent on EVA duration, which is only 0.5-1 hour in the emergency scenarios
investigated in this study. All recommended schematics use an LCVG for ventilation network, a pump for primary
and secondary thermal loop flow drive, and a solid-state battery for primary and secondary power supply.

A. Open Loop
Open loop schematics are very simple. Given
that the open loop PLSS architecture utilizes a
purge valve to evacuate the ventilation loop
containing  CO,, humidity, and trace
contaminants, the only major functions required
for the PLSS are oxygen storage and supply,
ventilation network, thermal loop flow drive,
thermal control, and power supply. Ventilation
returned from the LCVG is vented to the Mars
atmosphere instead of scrubbed and recycled to
the helmet. The pressure differential between the
oxygen at the regulator and the Mars environment
drives the flow through and out of the suit.
Figures 1 and 2 illustrate the open loop LOX
and GOX schematic options for 2- and 4-hour

EVA times, which feature a SWME + vacuum

pump (VP) for thermal control. Schematics for

the 6- and 8-hour EVA times are virtually
identical but instead use the SWME upsized for

Martian operation. The SWME + VP tends to

trade better than the upsized SWME at shorter

EVA times because the additional battery mass

needed to accommodate the power requirement of

the vacuum pump is less than the extra mass
needed to achieve the system cooling requirement
with a SWME alone. At longer EVA times, the
additional battery mass outweighs the added mass
to the upsized SWME.

Major considerations for these open-loop
schematics include the following:

e  The upsized SWME has been modified with
additional hollow fiber cartridges to account
for the Mars atmosphere. The number of
cartridges vary with the environment/system
cooling requirement.

e The SWME + VP is modeled in GUS based
on several assumptions, one of which is a
fixed power requirement of 75 W, which is
likely an unconservative estimate. The mass
balance for the SWME + VP in GUS has not
yet been supported by experimental data.
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Figure 1. Open loop 2-, 4-hr EVA LOX schematic.
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Figure 2. Open loop 2-, 4-hr EVA GOX schematic.

e The mass of the sub-cooled PCM technology is very sensitive to environmental conditions and may not trade as

well in warmer environments than Mars nominal.

e Open-loop systems may be subject to emissions regulations to ensure atmospheric safety of planet.

B. Semi-Open Loop

Semi-open loop architectures are more conservative than fully open loop systems but still allow for some venting
of consumables from the ventilation loop to the surroundings. The trade-off is that fewer consumables need to be
recharged prior to an EVA, but the PLSS may be heavier due to larger pieces of equipment such as ventilation
scrubbing technologies and flow drivers. The different O, storage techniques for these schematics result in very
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different system architectures for handling CO, and humidity removal as well as trace contaminant control, and each
system architecture poses unique maintenance and reliability considerations.
For semi-open loop LOX cases, the lowest

mass schematics tend to favor a dual cryogenic im0z, | e
scrubber for CO, and humidity removal and Sor] | e
activated charcoal for TCC. The primary LOX

Clean 02 |75 heimet
ventilation | w/ excess
02 vented

€02 Some CO2to
Mars atm

supply in this case is vaporized in the cryogenic 7 7
scrubber. Thermal control is handled by a loxsov
SWME + VP for a 2 hour EVA versus a variable
emissivity electrochromic (VE EC) radiator @
with a SWME attachment as a topping unit for

4, 6, and 8 hour EVAs. Figure 3 illustrates the
semi-open loop LOX schematic using a VE EC
radiator/SWME pair. The topping unit is
necessary in warmer environments where the

proL
pumps

radiator cannot meet system cooling %

requirements on its own. This option trades

better than the SWME by itself at longer EVA A:";VVH:-?FL&— e
durations because water venting by use of the El

SWME is only necessary when cooling poersowce & e EJEIES % ﬂ
requirements cannot be fully met by the Secondary: solid state BATT =

radiator, thus conserving H>O. Still,  Figure 3. Semi-open loop 4-, 6-, 8-hr EVA LOX schematic.
environmental constraints of the radiator must
be taken into consideration. When the VE EC
radiator is used in the primary subsystem, the

sub-cooled PCM typically utilized for thermal ‘T: e
control in the secondary subsystem is now e
replaced by extra tubing that connects the

secondary thermal loop to the primary radiator l I

surface. In other words, the primary subsystem
radiator is employed for both primary and

secondary thermal control.
Semi-open loop GOX cases favor some

Auxiliary 20 cooling | | atcL Fw

Recharge

version of an RCA (assisted by a sweep gas
(SG) or boost compressor) for CO, and
humidity removal with a built-in nanoporous o
silica for TCC. Nanoporous silica is vacuum

T e
T dnayei Iy

regenerable and may have better and more

universal capacity for accumulated

contaminants than activated charcoal [15], but

it requires water to operate. Through integration o Source

with the RCA, metabolic water can be used for Seeonen el e oA [rom |

operation of the nanoporous silica rather than a Figure 4. Semi-open loop 6-, 8-hr EVA GOX schematic.

water tank, lessening the need for additional

equipment mass and consumables. Figure 4

illustrates the semi-open loop GOX schematic using an RCA + SG integrated with nanoporous silica, along with an
upsized SWME for thermal control. Much like the open loop systems, thermal control for the GOX cases is performed
by a SWME + VP at 2- and 4-hour EVA times versus an upsized SWME at 6- and 8-hour EVA times. The sweep gas
enhancement on the RCA, which is assumed to be oxygen, trades better than a boost compressor in both mass and
power savings at EVA durations longer than 2 hours.

All the low mass semi-open loop schematics use an ejector for ventilation flow drive. An ejector is chosen over a
fan because of the tradeoff between the low mass of the ejector itself and the added mass to the oxygen subsystem
from the amount of O; it requires. The cryogenic scrubber and the RCA + SG both necessitate a flow rate of oxygen
that meets or exceeds that required by the ejector, so extra O, tank mass is needed no matter what and the ejector in

6
International Conference on Environmental Systems



turn trades as the lowest mass option. Major considerations for the recommended semi-open loop schematics include

the following:

e The cryogenic scrubber is assumed to partially regenerate during an EVA, thus requiring maintenance post EVA
to remove any remaining frozen water and/or carbon dioxide.

e The sizing calculations for the VE EC radiator and SWME attachment assume it rejects excess heat based on
maximum metabolic rates sustained over the length of the given EVA duration. A transient analysis of this
technology would produce a more accurate mass estimate.

e Even though the emissivity of the VE EC radiator is set to increase or decrease depending on the heat rejection
needs, the radiator would need to be freeze tolerant.

e  The sizing calculations for the VE EC radiator in the secondary subsystem assume it is 10% of the mass of the
primary VE EC radiator. This assumption is intended to account for additional tubing that connects the secondary
thermal loop to the radiator surface.

e Forthe RCA + SG, it is assumed that oxygen from the main vent line can be diverted to the RCA at the prescribed
vent loop flow rate of 6 ACFM. These operational conditions are assumed to be sufficient to allow the RCA to
perform effectively on Mars without the need for additional fans or pumps.

e Data from RCA tests under sweep gas or boost compressor operations was not available for the conditions of
interest, and so several assumptions were made about the efficacy of these vacuum workarounds.

Considerations for the upsized SWME, SWME + VP, and sub-cooled PCM are the same as those listed for the open

loop schematics.

C. Closed Loop
Closed loop architectures are the most resource-conservative option for life support systems. These systems tend
to include heavier equipment that allow streams to be scrubbed and recycled with maximized efficiency. Venting to
surroundings is kept to an absolute minimum; consumables are recycled as often as possible and metabolic waste
products are kept on-board the suit to the extent possible until the equipment can either be recharged or replaced.
Closed loop LOX and GOX technologies are identical aside from their oxygen storage method. Thermal control
is similar to many of the previously discussed cases, with the use of a SWME + VP or an upsized SWME depending
on EVA time. A fan is used for ventilation flow drive, as oxygen venting is not desired. LiOH canisters (which contain
activated charcoal) are used for CO, removal and TCC, but they do not take care of humidity, so a condensing heat
exchanger (CHXR) is employed for H,O
removal. Separate technologies are used for oz e
CO; and H>O removal because units like the
CHXR can condense out water and recycle it
back to the primary thermal control loop
(PTCL), while LiOH canisters can scrub out
and house CO; for the duration of the EVA. In Loxpoy
the semi-open loop schematics, such tasks were

Sec
[Secondary 02 || vehicle
osygen

/ 7 /)
LOX SOV = Clean 02 ventilation
To helmet
/)

Auxiliary H20 cooling | ATCLFW
——— Recharge

Return ventilation

accomplished with an RCA or a dual cryogenic ===
i P — L

scrubber,. both of which vent products to 4 \ JJ
surroundings. ), e B )

Figures 5 and 6 illustrate the LOX and GOX i s S e e g =
schematics using a SWME + VP for thermal e
control. Important differences can be seen in
the oxygen supply and associated structure of B

the CHXR unit. In the LOX system, the CHXR
acts as a triple fluid heat exchanger. First, the

liquid oxygen line “sees” the water loop, oS
allowing the LOX to warm up in preparation Secondary: sold state BATT [ oumean |
for vaporization. In turn, the water loop cools Figure 5. Closed loop 2-, 4-hr EVA LOX schematic.

down, minimizing the power requirement for

the downstream SWME. The cooled water stream also “sees” the ventilation line that is being returned to the helmet.
This exchange is twofold: 1) it removes waste heat in the vent stream that was added by the fans, and 2) it condenses
humidity in the vent loop and adds it into the PTCL, ensuring that the airflow into the helmet is cool and dry (within
relative humidity limits). The freezing of water from the LOX heat exchange is a potential concern in this
configuration, though there are smart design options that can prevent this from occurring [16]. In the GOX system,
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the CHXR 1is a simpler dual fluid heat
exchanger. The water loop only “sees” the
ventilation stream and is sufficiently cool to
condense out humidity and cool the air
returning to the helmet. Note that the GUS
evaluation of these schematics assumes that
water condensed by the CHXR is directed to the
SWME, thus reducing the mass of the SWME
water tank.

Closed loop schematics for the 6- and 8-
hour EVA durations are nearly the same as
those for the 2- and 4-hour EVAs, with the only
difference being the use of a Mars-sized SWME
for primary thermal control rather than the
SWME + VP. Considerations for the upsized
SWME, SWME + VP, and sub-cooled PCM are
the same as those listed for the open loop
schematics.

D. Low Vehicle ESM
PLSS architectures that optimize vehicle
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Figure 6. Closed loop 2-, 4-hr EVA GOX schematic.

impacts were also identified for open, semi-open, and closed loop PLSS configurations. These systems are unique in
that they may yield a higher total PLSS mass relative to the mass-optimized systems, but the vehicle-level impact of
supporting such a suit is minimized. The schematics that came out on top for low vehicle ESM were consistent across

all EVA times.

In all subsystem configurations, LOX was identified as the best option for oxygen storage and supply, along with
a fan for ventilation flow drive and a radiator + heat pump (HP) for thermal control. Favorability towards LOX can
be attributed to the fact that the vehicle assessment currently assumes a tank for storage of LOX in the habitat, which
trades better with respect to equivalent system mass than the water electrolysis oxygen supply from the habitat
assumed for GOX-based PLSS designs. For thermal control, the radiator + HP is a promising technology in that the
heat pump allows system cooling requirements to be met by the radiator no matter the operational environment, so no

topping unit is required. This reduces
consumables, thus reducing the mass that must
be stored on the vehicle. One important
consideration is that the radiator + HP is
currently modeled in GUS assuming fixed
values of mass, volume, and power, so further
testing is needed to get a more realistic estimate
of its requirements for MxPLSS operation.

For the semi-open loop configuration, an
RCA + boost compressor integrated with
nanoporous silica is implemented for CO,
removal, H,O removal, and TCC, not unlike the
GOX options recommended for the mass-
optimized system. Alternatively, the closed
loop architecture replaces LiOH canisters with
the hollow fiber membrane (HFM) technology
for CO; and humidity removal and a separate
activated charcoal unit for TCC. Though it is a
low TRL technology compared to other
recommendations like LiOH or the RCA, the
HFM shows a lot of promise for MxPLSS
application due to its low mass, its
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Figure 7. Closed loop low vehicle ESM schematic.

regenerability, and its non-venting operation. Furthermore, the HFM technology presents as the second lowest mass
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option for CO; removal behind LiOH in the closed loop GOX and LOX PLSS architectures. An illustration of the
closed loop HFM schematic is provided in Figure 7.

E. Summary of Schematic Recommendations

The following tables outline the mass, volume, power, and vehicle ESM requirements for the schematics presented
above. Schematics are sorted by EVA time and are ordered from lowest to highest mass (including packaging). At
shorter EVA times (2 and 4 hours), the lowest mass schematic option is the semi-open loop LOX architecture, which
is paired with a cryogenic scrubber for combined CO; and humidity removal, and either a SWME + VP or VE EC
radiator/SWME attachment for primary thermal control. At longer EVA times (6 and 8 hours), the lowest mass
architecture is closed loop LOX, paired with LiOH and a CHXR for CO; and H,O removal and an upsized SWME for
primary thermal control.

Table 3. 2-hr EVA, 0.5-hr emergency ranked schematic options.

Vehicle
A . Secondary Mass | Volume | Power
Schematic Primary Subsystems T — (kg) (md) W) ]?Eg[
Semi- LOX, ejector + pump, dual LOX + PCM
1 Open cryogenic scrubber, SWME vaporizer, pump, 47.9 0.035 84.8 1657
p + VP, activated charcoal sub-cooled PCM
LOX + vent HX + heater, LO).( *PCM
2 Open mo. SWME + VP vaporizer, pump, 50.1 0.039 143.8 1181
pump, sub-cooled PCM
LOX + PCM
LOX + heater, fan + pump, .
3 | Closed LiOH, CHXR, SWME + VP vaporizer, pump, 50.2 0.041 96.9 1067
sub-cooled PCM
" LOX + vent HX + heater, LOX ~PCM
4 Open diator + HP vaporizer, pump, 62.9 0.035 143.9 723
pump, radiator sub-cooled PCM
GOX + regulator, fan + GOX + regulator,
5 | Closed pump, LiOH, CHXR, pump, sub-cooled 65.7 0.065 96.9 1477
SWME + VP PCM
GOX + regulator,
6 | Open | GOX*regulator,pump, | o ooled | 701 | 0075 | 848 | 2103
SWME + VP
PCM
LOX + heater, fan + vent
.| Semi- | HX+pump, RCA+BC, LOX + PCM
7 Open radiator + HP. nanoporous vaporizer, pump, 71.0 0.040 220.0 323
p o p sub-cooled PCM
silica
Semi- GOX + regulator, ejector + GOX + regulator,
8 Open | PUMP; RCA + BC, SWME + | pump, sub-cooled 73.2 0.069 207.9 1505
P VP, nanoporous silica PCM
LOX + heater, fan + vent LOX + PCM
9" | Closed | HX + pump, HFM, radiator vaporizer, pump, 73.7 0.051 99.7 372
+ HP, activated charcoal sub-cooled PCM
*Low vehicle ESM option
Table 4. 4-hr EVA, 1-hr emergency ranked schematic options.
Vehicle
] . Secondary Mass | Volume | Power
Schematic Primary Subsystems T —— (kg) i) W) ]?Eg[
LOX + PCM
LOX + heater, fan + pump, .
1 | Closed LiOH, CHXR, SWME + VP vaporizer, pump, 62.9 0.053 96.9 1640
sub-cooled PCM
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ot | i Sl Lox o
2 yog » Vb vaporizer, pump, VE | 64.6 | 0.049 | 104 | 2342
Open radiator, SWME topping .
. : EC radiator
unit, activated charcoal
LOX + vent HX + heater, LO).( *PCM
3 Open ump. SWME + VP vaporizer, pump, 69.0 0.056 143.8 2134
pump, sub-cooled PCM
LOX + PCM
4* | Open LO)I(H;: Vigggfér—:hgger’ vaporizer, pump, 77.6 0.048 143.9 1219
pump, sub-cooled PCM
LOX + heater, fan + vent
« | Semi- HX + pump, RCA + BC, LO}.( +PCM
5 Open radiator + HP. nanoporous vaporizer, pump, 79.9 0.048 220.0 367
p o) p sub-cooled PCM
silica
LOX + heater, fan + vent LOX + PCM
6* | Closed | HX + pump, HFM, radiator vaporizer, pump, 83.1 0.059 99.7 411
+ HP, activated charcoal sub-cooled PCM
GOX + regulator, fan + GOX + regulator,
7 | Closed pump, LiOH, CHXR, pump, sub-cooled 854 0.090 96.9 2374
SWME + VP PCM
Semi- GOX + regulator, ejector + GOX + regulator,
8 Open | PUMP RCA + SG, SWME + | pump, sub-cooled 96.5 0.093 86.1 2240
p VP, nanoporous silica PCM
GOX + regulator,
9 | Open | GOXregulatorpump, | o ooled | 1047 | 0120 | 848 | 3933
SWME + VP
PCM
*Low vehicle ESM option
Table 5. 6-hr EVA, 1-hr emergency ranked schematic options.
Vehicle
7 7 Secondary Mass | Volume | Power
Schematic Primary Subsystems o — (kg) ) W) I?Eg[
LOX + heater, fan + pump, LOX + PCM
1 | Closed LiOH, CHXR, SWME, vaporizer, pump, 69.0 0.062 21.9 1951
activated charcoal sub-cooled PCM
Serni- | cryogente scribber, VEEC | LOX*PCM
2 ryog » Vo vaporizer, pump, VE | 76.0 | 0.060 10.4 3155
Open radiator, SWME topping .
. . EC radiator
unit, activated charcoal
LOX + vent HX + heater, LO).( *PCM
3 Open ump. SWME + VP vaporizer, pump, 81.2 0.069 68.8 2827
pump, sub-cooled PCM
LOX + heater, fan + vent
Semi- HX + pump, RCA + BC, LO).( *PCM
4% Open radiator + HP. nanoporous vaporizer, pump, 83.2 0.050 220.0 415
p . porou sub-cooled PCM
silica
LOX +PCM
5% | Open LOX; Verzzgf(;rhﬁalfer’ vaporizer, pump, | 86.6 | 0.056 | 143.9 | 1720
pump, ° sub-cooled PCM
LOX + heater, fan + vent LOX + PCM
6* | Closed | HX + pump, HFM, radiator vaporizer, pump, 86.8 0.062 99.7 453
+ HP, activated charcoal sub-cooled PCM
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GOX + regulator, fan + GOX + regulator,
7 | Closed pump, LiOH, CHXR, pump, sub-cooled 92.2 0.100 21.9 2781
SWME, activated charcoal PCM
Semi- GOX + regulator, ejector + GOX + regulator,
8 pump, RCA + SG, SWME, pump, sub-cooled 103.9 0.103 11.1 2655
Open -
nanoporous silica PCM
GOX + regulator,
9 Open GOX * regulator, pump, pump, sub-cooled 124.7 0.149 9.8 5313
SWME + VP
PCM
*Low vehicle ESM option
Table 6. 8-hr EVA, 1-hr emergency ranked schematic options.
Vehicle
. . Secondary Mass | Volume | Power
Schematic Primary Subsystems Subsystems (kg) (m?) W) I?Egl
LOX + heater, fan + pump, LOX + PCM
1 | Closed LiOH, CHXR, SWME, vaporizer, pump, 74.6 0.067 21.9 2441
activated charcoal sub-cooled PCM
LOX + heater, fan + vent
Semi- | HX + pump, RCA + BC, LOX + PCM
2% Open radiator + HP. nanoporous vaporizer, pump, 86.4 0.052 220.0 466
p o p sub-cooled PCM
silica
ot | ot p Sl Lox o
3 yog . vaporizer, pump, VE 87.4 0.070 10.4 3970
Open radiator, SWME topping .
. : EC radiator
unit, activated charcoal
LOX + heater, fan + vent LOX + PCM
4* | Closed | HX + pump, HFM, radiator vaporizer, pump, 90.5 0.066 99.7 498
+ HP, activated charcoal sub-cooled PCM
LOX + vent HX + heater, LOX +PCM
5 Open ump. SWME vaporizer, pump, 93.0 0.080 68.8 3698
pump, sub-cooled PCM
LOX + PCM
6* | Open LO)E; V‘;’;&gi:ﬁg‘ger’ vaporizer, pump, | 95.6 | 0.064 | 143.9 | 2222
pump, sub-cooled PCM
GOX + regulator, fan + GOX + regulator,
7 | Closed pump, LiOH, CHXR, pump, sub-cooled 98.6 0.107 21.9 3374
SWME, activated charcoal PCM
Semi- GOX + regulator, ejector + GOX + regulator,
8 pump, RCA + SG, SWME, pump, sub-cooled 110.8 0.112 11.1 3264
Open 1
nanoporous silica PCM
GOX + regulator,
9 | Open | OOX1regulatorpump, | | b cooled | 1526 | 0190 | 9.8 6931
SWME + VP PCM

*Low vehicle ESM option

Note that while this study compares the lowest mass options found for open versus semi-open versus closed loop
PLSS configurations, there are schematics that are not the lowest mass option within their own configuration category
that trade better than options that came out on top in the other categories. For instance, Table 6 shows that 8-hour
EVA schematics optimized for vehicle ESM in the semi-open and closed loop configurations trade better than the
option optimized for PLSS mass in the open loop configuration. Additional low mass options in each configuration

category have been taken into consideration and are being investigated in forward work.
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IV. Schematic Assessment and Considerations

Further analysis of the schematics listed in Section III reveal some important considerations and trade-offs. These
involve power and mass considerations concerning the use of the solid-state battery, environmental considerations
concerning the system cooling capabilities of the variable emissivity electrochromic radiator under different operating
conditions, and consumables and safety considerations concerning the use of LOX for oxygen supply in the primary
and secondary PLSS subsystems.

A. Power Considerations

While high power draw technologies like the vacuum pump and boost compressor showed up in the lowest mass
options for several schematics at shorter EVA times, these technologies require heavy components that utilize a large
amount of power and are not particularly efficient. Furthermore, their large power requirements could have a more
significant influence on PLSS mass than has been predicted due to utilization of the solid-state battery.

Modeling of the solid-state battery in GUS is currently based on performance parameters adopted from an
experimental study found in literature which reported an energy density of over 900 W-hr/L (~550 W-hr/kg) for a
lithium metal battery with a silver-carbon composite anode [17]. In comparison, Li-ion liquid batteries like those used
in the XxPLSS have a specific energy estimated at around 100 W-hr/kg. The influence of PLSS power requirement on
battery mass for a battery with such a high specific energy is very low, so technologies with a large power draw like
the vacuum pump or boost compressor do not trade as poorly with the solid-state battery as might be expected with a
different type of battery. Due to the low TRL of the solid-state battery, it is unlikely that the specific energy estimate
currently used in GUS accurately reflects what could be achieved by such a battery operating in a PLSS.

Table 7 compares the mass of Schematic 2 from Table 4 when implementing a SWME versus a SWME + VP for
thermal control and a solid-state versus a Li-ion battery for power supply (90% battery efficiency assumed for both).
For the solid-state battery option, the 75 W increase in power requirement from the vacuum pump technology results
in only 0.55 kg increase in battery mass. The SWME + VP is 0.82 kg lighter than the upsized SWME, so the SWME
+ VP comes out as the lowest mass option when comparing overall PLSS mass. Alternatively, when a Li-ion liquid
battery is used, there exists a 2.94 kg increase in battery mass from the 75 W of power required by the vacuum pump.
The decrease in mass from switching from the upsized SWME to the SWME + VP is no longer substantial enough to
offset the added mass of the battery, and the upsized SWME now comes out ahead for lowest overall PLSS mass.

This comparison

underlines the need to Table 7. Primary subsystem PLSS mass comparison for low and high power draw

further  investigate schematics using solid-state versus Li-ion liquid batteries.

solid-state  batteries LOX + heater, LCVG, fan + pump, LiOH, CHXR

for PLSS-specific 4 hr EVA, 1 hr Solidstate batt Licion Tiauid batt
lication. It also Emergency olid-state battery i-ion liquid battery

appHCAtion. : SWME [ SWME+VP [ SWME [ SWME + VP

brings into question

whether techno]ogies SWME mass, kg 6.04 522 6.04 5.22

like the vacuum pump Battery mass, kg 0.71 1.26 3.84 6.78

and boost compressor -

are really the best Primary PLSS mass 19.8 19.5 22.9 25.1

options to enhance the (no packaging), kg

SWME and RCA for

short EVA durations. Note that mass and power estimates from the GUS tool for SWME and RCA technologies with
add-ons (e.g. vacuum pump, sweep gas, boost compressor) are still developing, given that these technologies were not
originally intended to operate on Mars. Test data with such add-ons under the conditions of interest to support the
calculations are a work in progress. The results shown here suggest a strong possibility that technologies with a lower
power draw may end up trading better in the PLSS overall, despite having slightly higher masses on their own.

B. Environmental Considerations

Several of the semi-open loop LOX schematic recommendations utilize a VE EC radiator for primary thermal
control paired with a SWME attachment as a topping unit, which is intended for warmer environments where the
radiator cannot meet system cooling requirements on its own. This option is promising in that it provides water savings
when compared to the use of an independent upsized SWME. Nevertheless, concern about the feasibility of the VE
EC radiator in warmer environments calls into question whether the use of an upsized SWME would trade better than
the VE EC radiator/SWME pair. Table 8 shows a primary subsystem mass comparison of Schematic 1 from Table 4
using the VE EC radiator/SWME pair versus an upsized SWME in Mars cold, nominal, and hot environments.
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Sizing calculations for the VE EC radiator/SWME topping unit were executed under the assumption that the
maximum metabolic rate capacity was a consistent condition over the entire EVA duration, which is an overprediction
of the performance that would realistically be required. The results in Table 8 show that despite this overestimate,
there are negligible mass differences between the two schematics in Mars cold and nominal environments, and only a
slight favorability towards the upsized SWME schematic of 1.2 kg under the Mars hot condition. Since the VE EC
radiator/SWME pair consumes less water than the upsized SWME in cooler environments, this technology option
does have the potential to trade better depending on environmental conditions and how much of the PLSS exterior can
be occupied by radiator panels. The use of the primary VE EC radiator for secondary subsystem thermal control is
subject to the same environmental constraints, and data from GUS indicates that it would not be feasible under Mars
hot environmental conditions unless another topping unit were added to the secondary thermal loop.

Table 8. Primary subsystem PLSS mass comparison for schematics using an upsized SWME versus a VE
EC radiator with a SWME topping unit in different Mars environments.
LOX, LCVG, ejector + pump, dual cryogenic scrubber,
activated charcoal, solid-state battery

4 hr EVA, 1 hr Mars Cold Mars Nominal Mars Hot
Emergency . VE EC . VE EC . VE EC
[S'Ts;ﬁe]g radiator + [S'Ts;ﬁe]g radiator + g%ii\z/[e}g radiator +
SWME SWME SWME

Primary PLSS Mass
(no packaging), kg
H>O consumption per
EVA, kg

20.0 20.1 20.8 21.3 23.7 24.9

1.59 1.21 1.80 1.66 2.32 2.32

The amount of heat the VE EC radiator can reject is directly dependent on its heat transfer surface area. In the
above analysis, the surface area used is 0.855 m? (approximately 75% of the xPLSS surface area). Further analysis
was conducted in GUS to better understand the VE EC radiator’s heat rejection capabilities with increasing heat
transfer surface area in different Mars environments. Table 9 shows heat rejection capabilities of the VE EC radiator
calculated in GUS under Mars cold, nominal, and hot conditions for radiator surface areas ranging from 0.855 m? to
1.105 m? (75-100% of xPLSS surface area). To remain consistent, these results were recorded at an emissivity of 0.9;
however, the emissivity of the VE EC radiator in the realistic application could be programmed to increase or decrease
based on heat rejection needs.

Table 9. VE EC radiator heat rejection capabilities using different heat transfer surface
areas in different Mars environments.

Syst'em cooling Heat rejection by VE EC radiator (W)
. requirement (W)
Environment 1105 m?
g 2 2 2 .
Average | Maximum | 0.855 m 0.95 m 1.05 m (entire PLSS)
Mars Hot ~400 ~580 59 65 72 76
Mars Nominal ~315 ~495 204 227 251 264
Mars Cold ~280 ~460 244 271 300 315

Results from Table 9 reveal that regardless of radiator surface area, a SWME attachment is always necessary to
reach maximum system cooling requirements; however, it is not always necessary to meet average system cooling
requirements. In Mars cold and nominal environments, an increase in the heat transfer surface area of the radiator
results in a notable increase in heat rejection capability, which would in turn decrease the necessary consumption of
H>O by the SWME. Under Mars hot conditions, the radiator is less efficient and would require most of the heat
rejection to be handled by the SWME attachment, but this warmer condition is a very conservative case (i.e., location
specific and rare). To get a better perspective on the performance of the VE EC radiator under more realistic EVA
conditions, a transient analysis was performed. Figure 8 shows transient heat storage results calculated in GUS for the
primary subsystem of Schematic 1 from Table 4, not including the SWME attachment. The analysis assumes
consistent Mars nominal conditions, but varying metabolic rates based on a standard metabolic profile.
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The far-right column in Figure 8 fime Tsky Tgnd | AtmPressure | Wind Speed Qs in‘: . Qirjinc__ | VFtoGround | VFtoSky | Metabolic Rate H"s"tl:-"n: *
shows that under nominal Minutes K K psia mis Wim2 Wim2 5 = Btu/hr Buu/lb
.. . 00 13982 21204 0.124 10.0584 110411 0.000 05 05 1025 0.00
COIldlthIlS, the VE EC radiator can 120 130.82 212,04 0.124 10.0584 110.411 0.000 05 05 1025 0.00
. . 240 13982 21204 0.124 10,0584 110411 0.000 05 05 1025 0.00
meet SyStem COOllIlg reqU1rementS 36.0 13982 21204 0.124 10,0584 110411 0.000 05 05 1232 0.15
: : 480 13082 21204 0.124 10.0584 110411 0.000 05 05 1332 0.30
and maintain acceptable human heat 60.0 13082 21204 0.124 10,0584 110411 0.000 05 05 1332 0.48
storage limits (Wlthll’l - 1 A 8 and 2 0 72.0 139.82 212.04 0.124 10.0584 110.411 0.000 Un “‘f 1332 0.61
840 13982 21204 0124 10.0584 110411 0.000 05 05 1332 0.7
BTU/hr) for a wide range of 96.0 139.82 21204 0.124 10,0584 110411 0.000 05 05 273 0.00
. . 108.0 13082 21204 0124 10.0584 110411 0.000 05 05 273 -0.03
metabolic rates. The evaluation does 1200 139.82 21204 0.124 10.0584 110411 0.000 05 05 273 -0.05
. 1320 13982 21204 0.124 10,0584 110411 0.000 05 05 273 -0.08
reveal a failure of the technology 1440 13982 21204 0.124 10.0584 110411 0.000 05 05 2493 0.00
. . . : 156.0 13082 21204 0.124 10,0584 110411 0.000 05 05 1332 0.15
fOHOWlng a Splke in metabolic rates 168.0 13082 21204 0.124 10.0584 110411 0.000 05 05 1332 0.30
180.0 13082 21204 0.124 10,0584 110411 0.000 05 05 1332 0.46
to above 2000 BTU/hr for an 1920 13982 21204 0.124 10,0584 110411 0.000 05 05 1332 0.61
extended period at the end of the 4- 2040 13082 21204 0.124 10.0584 110411 0.000 05 05 1332 0.7
L. . 2160 13082 21204 0.124 10,0584 110411 0.000 05 05 2049 178
hour EVA, 1ndlcat1ng that a SWME 2280 139.82 21204 0.124 10.0584 110411 0.000 05 05 2049 2.80
2400 139.82 212.04 0.124 10,0584 110411 0.000 05 05 1025 2.58

topping unit would be necessary to - - -
prevent overheating of the astronaut Figure 8. Transient heat balance evaluation for the primary subsystem

in stretches of higher metabolic rates. of Schematic 1 in Table 4 (LOX/cryogenic scrubber/VE EC radiator),

Still, the overall heat storage output 1Ot including the SWME topping unit.

suggests that the use of the SWME could be limited to a very brief time interval. As a result, the steady-state prediction
of mass for the SWME attachment accompanying the VE EC radiator in this specific case would be an overestimation,
and this technology could be sized down even further. Transient analysis of this schematic including the SWME
topping unit reveals that for the same input conditions, the SWME attachment can meet system cooling requirements
when sized for as low was 30 W of heat rejection. This equates to a total SWME attachment mass of 1.54 kg, compared
to the 4.61 kg that was calculated for this component under the steady state evaluation.

C. Consumables & Safety Considerations

While semi-open loop LOX options with the cryogenic scrubber have the lowest PLSS mass at shorter EVA
durations, they consume the most O». The cryogenic scrubber has a significantly lower mass compared to technologies
like the RCA and LiOH, but it requires a flow rate of ~2.4 1b Oy/hr from the LOX tank. This flow rate requirement is
higher than the flow rate requirement for the helmet, resulting in O» lost to the environment. The impact of this is very
large at a system level, given that the extra LOX required for the PLSS with a cryogenic scrubber must be stored or
somehow generated on the vehicle. This is not to say that competing low PLSS mass schematics do not also have high
vehicle penalties. For instance, the LiOH technology is non-regenerable and requires extra canisters to be stored on
the vehicle for replacement in between EV As, resulting in a relatively high vehicle ESM. Still, the significant oxygen
requirement by the cryogenic scrubber nearly always results in the highest vehicle ESM compared to any other closed-
loop or semi-open loop schematic recommended.

Another important consideration for all the schematics involving LOX, particularly in the secondary subsystem,
is safety. For secondary subsystems, the goal is to make the schematic as simple as possible. These schematics assume
that there is no pump driving the flow of liquid oxygen in the ventilation loop because implementing a pump in the
ventilation loop would add unwanted complexity. Without a pump, an optimistic assumption is that gravity-driven
flow could provide the flow in a Mars environment, where the LOX outlet is at the bottom of the tank and a valve
opens to allow LOX to exit. One of the potential issues with this would be if a crew member was disabled in some
position where the bottom of the tank was not where it should be, though there could be a design where multiple lines
come out of the LOX tank in different positions to ensure flow in the desired direction. Whether this would realistically
work is unclear, and the risk associated with a potential failure is extremely high, as it would cut off oxygen supply to
the astronaut. The use of gaseous oxygen in the PLSS does not present the same risks; however, mass estimates for
the recommended GOX schematics are much higher than those for LOX, and none of them fall within the 62 kg PLSS
mass goal even at a 2-hour EVA duration. Future work will include more testing to further investigate the feasibility
of LOX.

V. Conclusion

This work was conducted as a continuation of the FY24 Mars Schematic Study (ICES-2025-90) to provide further
guidance on the most feasible Mars PLSS schematics to develop into a workable test stand. Conducted from April
2025 to September 2025, upgrades were made to the Guided Utility Sizer (GUS) tool to allow for more sophisticated
insight into technology impacts at the PLSS- and vehicle-level. Using an improved down-selection process, thousands
of technology combinations were evaluated and compared in the upgraded tool, and higher-quality schematic
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recommendations were made for open loop, semi-open loop, and closed loop PLSS configurations at EVA durations
of 2, 4, 6, and 8 hours. The insights provided in this paper will be used moving forward to inform technology
development, testing, detailed sizing analysis, and feasibility studies for MxPLSS prototype design and fabrication.
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