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To achieve long endurance human space missions such as a trip to Mars, a fully recycled 

or “closed loop” water system is almost essential. Even for shorter duration missions in Earth 

orbit, lunar orbit, or on the surface of the moon, recovering and recycling water from as many 

sources as possible may prove beneficial. One source of water that has not been exploited to 

date is human solid waste. Herein, a trade study is performed to evaluate the ability of several 

fecal processing technologies to recover >80% of the water content within the waste. Human 

solid waste (feces) contains approximately 75% water by mass, which upon quantification, 

translates to ~170 g of recoverable water per crewmember per day and can scale to values of 

~680 kg for a crew of 4 persons on a 1,000-day long exploration mission. Several fecal 

processing technologies (i.e., steam reforming, vacuum drying, freeze-drying, pyrolysis, 

ultrasonic drying, etc.) are analyzed using an equivalent system mass (ESM) approach to 

assess and compare the estimated cost for recovering fecal water – in terms of mass, power, 

and volume equivalents – against the water recovery mass savings for each technology. Post-

use volume is also used as a secondary metric for comparison to quantify the benefits of 

volume reduction resulting from the fecal drying process. From said analysis, clear patterns 

and benefits emerge that may prove helpful for future fecal processing technology 

development and application to space exploration missions.  

Nomenclature 

AFC = Alternate Fecal Container 

AOWG = Advanced Organic Waste Gasifier 

BVAD = Baseline Values and Assumptions 

  Document 

C = System Cooling Requirement 

Ceq = System Cooling Requirement  

  Equivalency Factor 

CH4 = Methane 

CO = Carbon Monoxide 

CO2 = Carbon Dioxide 

CT = Crew time 

CTeq = Crew time Equivalency Factor 

D = Days 

EMC = Evolvable Mars Campaign 
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ESM = Equivalent System Mass 

EVA = Extravehicular Activities 

H2 = Hydrogen 

ISS = International Space Station 

JSB = Jettison Stowage Bags 

JSC = Johnson Space Center 

M = System Mass 

NASA = National Aeronautics & Space Admin. 

OBF = Odor/Bacteria Filter 

O2 = Oxygen 

P = System Power 

Peq = System Power Equivalency Factor 

PTFE = Polytetrafluoroethylene 

SBIR = Small Business Innovative Research 
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STOOLE = Separation Technology of On-Orbit 

   Liquid and Excrement 

TRL = Technology Readiness Level 

UWMS = Universal Waste Management System 

V = System Volume 

Veq = System Volume Equivalency Factor 

 

I. Introduction & Background 

urrently the International Space Station (ISS) does not recover water from human solid waste (feces), despite it 

containing ~ 75% water by mass1. Instead, feces are merely collected, stored in impermeable containers for short-

term storage (i.e., 1-3 months), and subsequently disposed of in departing logistics vehicles. Quantitatively, this 

untapped water source represents as much as 170 g of recoverable water per crewmember per day, which further 

translates to 0.68 kg per day for a crew of 4 members. Over a 1,000-day long mission, the amount potentially 

recoverable accumulates to 680 kg. Additionally, removing water from feces generates secondary and tertiary benefits 

in that it stabilizes the odiferous product and may reduce the mass and volume associated with fecal waste storage 

during the long mission durations expected for exploration of the Moon and Mars2. Water removal is the first step in 

stabilizing feces, but remains as a critical gap for long duration human planetary missions. Considering these factors, 

NASA solicited the development of various technologies that utilize low temperature (i.e., < 110°C) to recover > 80% 

of water content in feces via Small Business Innovative Research (SBIR) contracts. In this study, developing water 

removal technologies are compared with state-of-the-art ISS and proposed alternative storage technologies. 

A. Fecal Storage Technologies 

1. Baseline Fecal Storage Technology3,4,5 

The Universal Waste Management System (UWMS) is a new toilet and fecal storage technology that serves as the 

baseline for this study5. The UWMS uses a rigid fecal collection canister that stores up to 20 defecations or fecal 

deposits (Fig. 1). With each deposit, feces are collected and sealed within a single-use, hydrophobic, gas-permeable 

Polytetrafluoroethylene (PTFE) bag, along with any toilet paper, wet/dry wipes, or gloves used. The sealed fecal 

collection bag is subsequently placed inside the rigid fecal collection canister of the UWMS. Discarded bags are 

manually compacted or compressed with a “fecal compression plate” between every few defecations. Upon reaching 

its maximum storage capacity, the canister is removed from the UWMS and capped with an odor/bacteria filter (OBF) 

to prevent the release of undesirable fecal-related odors into the cabin during long-term storage. A new fecal canister 

is then installed within the UWMS. The rigid canisters are tapered to permit stacking and subsequent volume reduction 

during launch.  

 
 

 

 

2. UWMS with Fecal Canister Liners 

As an alternative to removing the rigid fecal collection canisters, the rigid fecal collection canister could be fitted 

with replaceable liners. Each liner would store up to 20 defecations. Here, too, each fecal deposit is sealed within a 

single-use, hydrophobic, gas-permeable PTFE bag along with any toilet paper, wet/dry wipes, or gloves used. The 

C 

Figure 1. UWMS rigid canister (left); flexible Alternate Fecal Container (right), Photo credit NASA. 
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discarded bags can be manually compacted or compressed with a fecal compression plate after each defecation. Once 

the fecal canister liners have reached their maximum capacity, the liner would be removed and stored within a Jettison 

Stowage Bag (JSB). Once the JSB has reached its full capacity (e.g., ~16 full fecal liners inside of a single JSB), it 

would be capped with an OBF lid and stowed away for future jettison. The discarded fecal canister liner would then 

be replaced with a fresh one. It should be pointed out that this option is a low technology readiness level (TRL) concept 

and is not a mature technology, which may require significant materials development to create liners that would pass 

all NASA safety requirements.  In particular the ability of the liner to have sufficient levels of containment and odor 

control is not yet developed. The mass and volume of the OBF fitted for the JSB is assumed to scale with the amount 

of full fecal liners (i.e., 16 filled fecal liners with 20 defecations inside of them each).  

3. Alternate Fecal Container 

 Another option, which NASA has been developing to a higher TRL than the liner concept, is an Alternate Fecal 

Container (AFC) comprised of a flexible assembly that allows a compact form for launch (Fig. 1). Once deployed, the 

AFC has the same volume as the UWMS baseline canister6. Each AFC stores up to 20 sealed fecal deposits. The 

discarded bags can be manually compacted or compressed with a compression plate after defecation. Once the AFC 

has reached its maximum capacity, the container is removed and stored long term. Note here that the AFC will be 

capped with the same lid used to cover the original UWMS canisters, which contains an OBF within its assembly. The 

AFC is made of impermeable material, which prevents the escape of any unwanted odors. The discarded AFC is then 

replaced with a new one and mounted back into the UWMS. 

B. Past Fecal Processing Approaches 

1. Vacuum Drying and Freeze Drying7,8,9 

Water removal from feces can be facilitated via vacuum processing applications like vacuum drying and freeze-

drying. Vacuum drying removes water by lowering the pressure and adding heat while maintaining the temperature 

above the water triple point. For this process, the water removal is driven by evaporation. For freeze-drying, which 

also uses a vacuum, the heat of vaporization of the evaporating water cools the feces below the water triple point and 

freezes it, after which the primary moisture removal mechanism is sublimation.  The benefits of vacuum processing 

and freeze-drying are: (1) mass and volume reductions of waste, (2) minimization of volatile compound release, (3) 

inhibition of unwanted chemical and biological reactions within the fecal material, and (4) waste moisture content can 

be recovered with a condenser or cold plate separator and subsequently recycled by the spacecraft wastewater 

processor. However, challenges do exist for this configuration such as the incurred additional fixed mass, volume, and 

power requirements of the dewatering system. 

2. Torrefaction10,11 

Another way of removing water from fecal waste comes in the process of torrefaction. In this methodology, fecal 

material – along with any toilet paper, wet/dry wipes, or gloves used – undergoes a mild pyrolysis12. Temperatures 

above the boiling point of water (i.e., 390°F - 570°F or 200°C - 300°C) and pressures ranging from partial vacuum to 

1 atm are invoked to thermally decompose the waste material, producing char and gases. Produced gases usually 

include water vapor, carbon monoxide (CO), carbon dioxide (CO2), methane (CH4), and a variety of other organic 

gaseous compounds. Water vapor is condensed and separated from the non-condensable gases, which includes carbon-

oxides and limited hydrocarbons. Non-consensable gases are vented overboard or can be stored for further recovery 

processes. Further recovery from these gases is not assumed here since, at a minimum, a cleanup stage would be 

required prior to a Sabatier reactor. Residual char and unprocessed trash are stored. Benefits of this process include: 

(1) fecal waste mass and volume reduction; (2) inhibition of bacterial growth and odor production; (3) generation of 

additional water and the production of potentially useful amounts of gaseous consumables like CO, CO2, and CH4; 

and (4) unlike combustion, torrefaction does not consume oxygen. Challenges to this technology cannot be 

overlooked, however, and include: (1) incurred additional fixed mass, volume, and power requirements, (2) the 

production of toxic gases that will require extra safety features to prevent introduction to the spacecraft cabin, and (3) 

the challenges of char and unprocessed trash residual handling related to particle release. 

3. Steam Reforming13 

Fecal material can also be processed by means of steam reforming. During the steam reforming process, fecal 

material is exposed to high-temperature, oxygenated steam (i.e., > 700°C). The oxygenated steam reacts with the 

hydrocarbons within the fecal material to produce gas-phase CO, CO2, H2, CH4, and O2, and a solid-phase ash product. 

The water that is not consumed in the reaction is recovered with a condenser. The gaseous products, on the other hand, 

are subsequently used to produce additional water and useful methane via Sabatier reactions. Benefits to this approach 

include: (1) a reduction in the mass and volume of fecal material; (2) inhibition of bacterial growth and prevention of 

unwanted odor production via sterilization; and (3) enablement of water recovery and the development of useful 
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gaseous consumables, such as CO, CO2, and CH4. Challenges associated with this approach include: (1) additional 

incurred fixed masses and volumes of the system; (2) hazardous conditions and design challenges produced by the 

high temperature requirements of the steam; (3) elevated system complexity needed to treat gaseous products within 

the Sabatier reactor; (4) production of toxic, potentially-deadly gaseous products that will require extra safety features 

to prevent introduction to the spacecraft cabin; and (5) the challenges of char and unprocessed trash residual handling 

related to particle release. Calculations for this technology were based on an earlier iteration of the Advanced Organic 

Waste Gasifier (AOWG) described below and assumed that an existing spacecraft Sabatier reactor could be used to 

process gases.   

C. On-going Phase II SBIR Fecal Processing Technologies 

1. Separation Technology of On-Orbit Liquid and Excrement (STOOLE) – Vacuum Drying14,15 

 STOOLE is a Phase II Small Business Innovative Research (SBIR) Technology being developed by the Paragon 

Space Development Corporation and invokes a forced evaporation for fecal processing. In operation, the STOOLE 

technology is a standalone subsystem to the UWMS where the canister is easily transferred for processing. In this 

technology, each fecal deposit is sealed inside of a hydrophobic, PTFE bag and placed inside of a modified fecal 

collection canister. Once the canister is at capacity, it is transferred to the STOOLE system. Heated air is pumped 

across the fecal deposits at a temperature of approximately 65°C, driving water evaporation from the fecal deposit. 

An ammonia scrubber provides the initial cleaning step for the water vapor. Then an ionomer membrane serves as the 

second filtration step for the water vapor as the water molecules are transferred from one side of the membrane to the 

other via a partial pressure differential driven by a sweep gas. With the help of a blower, the humidified sweep gas is 

pumped into the cabin air where it will be passively collected by the Temperature and Humidity Control subsystem. 

The STOOLE system is designed to recover >80% of the fecal water content.   

2.     Direct Contact Ultrasonic Dryer16 

 The direct contact ultrasonic dryer is a Phase II SBIR Technology in development by Ultrasonic Technology 

Solutions. The dryer is an adaption of a technology being investigated for clothes drying. Its application to a non-

fabric material like feces has not been previously investigated. As a system, this technology has a projected mass and 

volume of ~ 5 kg and ~ 0.01 m3, and a power and cooling requirement of ~ 0.25 kW; however, since this technology 

is still at a low TRL, further development is required to improve estimates. In this technology, fecal deposits are not 

dried with heat, but at ambient temperatures and pressures through high frequency mechanical vibrations from an 

array of piezoelectric traducers. In operation, after each defecation the fecal deposit bag will be sealed and placed on 

top of a large array of piezoelectric transducers. Once in place, the crewmember will close the lid of the ultrasonic 

dryer – which is also an array of piezoelectric transducers – to uniformly spread the fecal deposit across the inside 

surface of the bag to produce uniform drying and air bubble exclusion. Both sets of piezoelectric transducers pulsate 

the fecal water content through the membrane of the bag and into adjacent mist collection boxes. Once in the collection 

boxes, the mist is harvested for downstream processing in the wastewater processor via a low-pressure air flow. After 

drying, the crewmember will be responsible for removing the dried product and storing the bag. On average, the 

ultrasonic dryer is projected to recover > 80% of the fecal water content.   

 In this design, a smart power amplifier is used to control the power input into the system as well as the duty cycle 

and waveform of the signal. The incorporation of a UV light to disinfect the collected mist is also being investigated. 

This technology is compact, energy efficient, and does not require heat for drying. Potential challenges that are being 

investigated include the vibrational effect it may have on pre-existing architecture with the spacecraft, required time, 

and potential exposure to fecal material by crewmembers.        

3. Advanced Organic Waste Gasifier (AOWG) – Steam Reforming13 

 The AOWG is a Phase II SBIR Technology under development by Pioneer Astronautics that uses steam reforming 

as its main approach for processing waste products. While the AOWG is being developed to treat and reduce a wide 

variety of waste products in a trash-to-gas process, the hardware is applied here specifically for fecal dewatering. In 

its designed use, the AOWG would process a mixed waste stream of trash, feces and possibly other waste products. 

This AOWG system has a mass of ~ 90 kg, a volume of ~ 1 m3, a power requirement of ~ 0.6 kW, and a cooling 

requirement of ~ 1.2 kW. In this technology concept, bagged feces would be fed into a pre-dryer, where most of the 

water is removed, condensed, and recycled by sending it to the steam reformer. Inside the steam reformer, oxygenated 

steam at about 20-25 psia converts organic matter (i.e., fecal material, wipes, etc.) into H2, CO, and CO2 at 700°C - 

800°C. The water rich exhaust is condensed, with a large portion being sent to a water purification unit and the 

remainder being recycled back into the steam reformer to spur future reactions. The dry exhaust gas mixture of CO 

and CO2 flows directly into a Sabatier reactor for methanation. Once inside the Sabatier reactor, a steady stream of H2 

gas reacts with the dry exhaust gas from the stream reforming unit to produce water and CH4. The newly formed water 
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from the Sabatier reactor is condensed and sent to the water purification unit. The CH4 gas could be vented overboard 

if the goal is to reduce spacecraft mass to save propellant. Water within the purification unit is partitioned into two 

fractions with ~ 41% of the water being fed into the electrolyzer and ~ 59% collected as a recovered consumable. 

With the water from the purification unit, the electrolyzer generates O2 for the steam reformer (to oxygenate the steam 

in the reformer unit) and H2 for the Sabatier reactor.  

 On average, the AOWG can recover ~ 52% of the fecal water content, less than the previous two approaches.  

However, to make up for this deficit, the AOWG incorporates additional units - the Sabatier reactor and the 

electrolyzer – that help generate water. As mentioned above, this technology has an added benefit of being able to 

process trash in addition to fecal material; however, it also has the largest spatial footprint (i.e., ~ 5 and  ~ 20 larger 

mass than the STOOLE and the Ultrasonic Dryer Technology, respectively and  ~ 12 and ~ 100 larger volume than 

the STOOLE and the Ultrasonic Dryer Technology, respectively).  

II. Analysis Methodology  

The analysis methodology used in this study, similar to the approach of French, M. et al.2, utilizes a spreadsheet 

analysis tool developed to compare the impact of fecal processing technologies on water recovery and volume 

reduction for various mission durations/scenarios. The tool performs equivalent system mass (ESM) and post-use 

volume calculations for each fecal storage and processing technology to determine the potential ESM and volume 

savings incurred from fecal drying.  

A. Metrics 

The primary metric of comparison used in this trade study is the equivalent system mass (ESM) of each technology. 

The ESM metric combines the impacts of a technology’s mass, volume, power, cooling requirements, and crew time 

into a single equivalent launch mass value17. Mission-dependent equivalency factors taken from the Baseline Values 

and Assumptions Document (BVAD) are used to convert the volume, power, cooling requirements, and maintenance 

times into their respective equivalent launch masses18,19. In this study, crew time for maintenance is not considered, 

simplifying the ESM equation to the form shown in Eq. (1), with variables defined in the Nomenclature section above. 

UWMS toilet hardware is not included in the system mass of each technology. 

 

                                                  𝐸𝑆𝑀 = 𝑀 + (𝑉 × 𝑉𝑒𝑞) + (𝑃 × 𝑃𝑒𝑞) + (𝐶 × 𝐶𝑒𝑞)                                               (1) 

 

Post-use volume, defined as the sum of the fixed technology volume and the volume of stowed exhausted 

consumables, Eq. (2), is used as a secondary metric in this trade study. This metric demonstrates the impact of the 

technologies’ storage and processing capabilities on the amount of habitable volume in the spacecraft. Studies have 

shown that dewatering sewage sludge leads to a significant volume reduction ( > 80%) in residue20,21. Therefore, 

dewatering fecal material during missions can translate to significant habitable volume savings aboard the spacecraft. 

Here, too, the UWMS toilet hardware is not included as part of the fixed volume for each technology. For fecal storage 

technologies, time-dependent post-use volumes are comprised of UWMS fecal collection canisters that are filled with 

exhausted consumables and feces stored in fecal collection bags and topped with an OBF. For processing technologies, 

time dependent post-use volumes are comprised of OBF-sealed flexible jettison stowage bags (JSB) filled with fecal 

canister liners containing exhausted consumables and feces stored in fecal collection bags. 

 

𝑃𝑜𝑠𝑡 𝑈𝑠𝑒 𝑉𝑜𝑙𝑢𝑚𝑒 = 𝑓𝑖𝑥𝑒𝑑 𝑡𝑒𝑐ℎ𝑛𝑜𝑙𝑜𝑔𝑦 𝑣𝑜𝑙𝑢𝑚𝑒 + 𝑡𝑖𝑚𝑒 𝑑𝑒𝑝𝑒𝑛𝑑𝑒𝑛𝑡 𝑐𝑜𝑛𝑠𝑢𝑚𝑎𝑏𝑙𝑒𝑠 𝑣𝑜𝑙𝑢𝑚𝑒             (2) 

B. Assumptions 

Within this study, assumptions are broken down into two categories: general assumptions, and fecal processing 

specific assumptions. General assumptions include: (1) Trash and urine are not considered within the analysis; only 

fecal material and toilet consumables are considered; (2) each crewmember defecates 1.5 times per day on average; 

(3) defecation volume changes upon compression - compressed defecations are 31.4 in3 while uncompressed 

defecations are 80.0 in3 in volume. Assumptions specific to fecal processing include: (1) all recovered consumables 

(i.e., the mass and volume of recovered water) offsets stored launch resources; (2) no water processing penalty is 

imposed on recovered water; (3) the spacecraft carrying the fecal processing technologies in question already contain 

a Sabatier and electrolysis system for O2 and H2O recovery in the steam reformer case − associated hardware masses 

and volumes are scaled from pre-existing hardware to accommodate the increased demand; (4) all fecal processing 
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technologies are assumed to utilize the UWMS with fecal canister liners strategy; (5) technology redundancies are 

included for all processing technologies and are estimated as 2 the mass of the processing equipment.   

C. Missions 

Various mission durations/scenarios were considered in this trade study. For the longest mission duration, a deep-

space mission scenario based on Mars Design Reference Architecture 5 was employed, where a 6-person crew is 

assumed with a crewed duration of 1000 days. A shorter mission duration for a 6-person crew was also studied based 

on an in-orbit one year (365 day) ISS mission. Also included were three missions with a 4-person crew: an Orion 

mission duration (21 days) and two stays of different lengths on the lunar surface (i.e., Artemis Lunar Habitat mission 

(30 days) and a Prolonged Lunar Stay (90 days)22). 

D. Technology Readiness Level (TRL) 

The TRL of each fecal processing technology option is different, with torrefaction and AOWG being the most 

advanced. TRL is a scale used to assess the development of a technology and ranges from 1 (basic principles) to 9 (a 

flight-proven system). NASA’s definition for each TRL can be found in reference [23]. From Pioneer Astronautics’ 

report, the AOWG, which uses a steam reforming approach, is at TRL 4, where their “proof-of-concept” work is being 

developed into a component and/or breadboard within their lab13. On the other hand, given their reporting, the 

ultrasonic dryer and the STOOLE appear to be at TRL 3 and still in the “proof-of-concept” phase14,16. Although not 

expressly stated, the STOOLE technology uses a vacuum pressure with membrane separation to achieve fecal 

dewatering. Lastly, the torrefaction approach is entering into a TRL of 5 where the torrefaction processing unit is 

being optimized for testing with reasonably realistic supporting elements10. The analysis uses the current best estimates 

of technologies, as evidenced in publications or information provided by the developers.  It is recognized that lower 

TRL technologies may incur mass growth as the challenges described above are addressed.  However, the comparative 

ESM analysis is still useful in informing general trends and areas where development efforts of each technology may 

be focused. 

III. Results 

A. ESM Comparison of Fecal Storage and Processing Technologies  

1. Short Mission Durations (21 - 90 days) 

 In general, for mission durations that span 3-4 weeks (i.e., Orion or Artemis 30-day lunar surface habitat), storage 

technologies trade better than their processing technological counterparts (Fig. 2). All of the storage technologies have 

ESM values that are significantly less than any of the processing technologies, suggesting that storage technologies 

are a better choice for fecal waste management for short mission durations. With ESM values ranging from ~ 30 kg 

to ~ 35 kg for Orion and Artemis mission lengths, respectively, UWMS with fecal canister liners and the Alternate 

Fecal Container trade best, assuming they are successfully developed close to the estimated masses. 

 

 
Figure 2. ESM comparisons for Orion (left) and Artemis (right) length mission duration, with new SBIR 

technologies outlined in red. Note: S = Space vacuum, P = Vacuum pump, U = Uncompressed; C = Compressed.  
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These ESM totals, calculated as described in section 

II, include the equivalent mass of all toilet 

consumables but do not include the toilet itself.  

 Another important trend is that processing 

technologies that utilize vacuum pumps (i.e., the 

STOOLE technology, vacuum drying, or freeze 

drying) consistently yield some of the highest ESM 

values, due to the large power and cooling 

requirements associated with vacuum pumps. In fact, 

the use of a vacuum pump nearly doubles a 

technology’s ESM value, as opposed to its space 

vacuum counterpart. This is clearly seen with 

vacuum drying and freeze-drying approaches 

previously considered. Invoking space vacuum 

causes the ESM values for vacuum drying and 

freeze-drying to be on par with values associated 

with the UWMS fecal canister with liners and the 

Alternate Fecal Container as mission durations approach 100 days.  This finding suggests the use of space vacuum, 

when necessary for processing, is more advantageous to ESM savings. Note that air loss is accounted for in this study.   

 For mission durations that span 3 months (i.e., a Prolonged Lunar Habitat stay), fecal processing technologies start 

to trade better than storage technologies (Fig. 3). Torrefaction trades best, with the lowest ESM values (2 – 3 times 

less than the Alternate Fecal Container). This assumes that the challenges with toxic gases and containment can be 

sufficiently addressed without significant mass increases.   

2. Long Mission Durations (365 - 1,000 days) 

 For long-term mission durations that span a year, fecal processing technologies become even more competitive 

compared to storage technologies (Fig. 4). In fact, some have negative ESM values when the water they recover is 

taken into account. Torrefaction continues to trade better than all the storage technologies. However, idealized Steam 

Reforming – with the use of pre-existing spacecraft architecture – emerges with the lowest ESM values due to 

recovered water exceeding the launch and fixed mass of each storage technology. The current large spatial footprint 

of the AOWG, which includes its own Sabatier reactor and electrolyzer, contributes to its higher ESM value and 

overshadows the amount of recovered water. Alternatively, the ultrasonic dryer has the lowest ESM value among the 

newer technologies, presumably due to its current size and large water recovery rate (i.e., >80% water recovery). For 

a 1,000-day mission length, similar trends emerge, with the important exception – storage technologies significantly 

exceed the ESM values of the processing technologies in the “compressed” cases. These findings suggest that for long 

mission durations, processing technologies should be thoroughly considered for fecal waste management and that the 

practice of fecal compression plates should be continued, even when processing feces. Future efforts should include 

the refinement of mass, power, volume estimates to address identified challenges.  

 

 
Figure 4. ESM comparisons for ISS (left) and Mars (right) length mission duration, with new SBIR 

technologies outlined in red. Note: S = Space vacuum, P = Vacuum pump, U = Uncompressed; C = Compressed. 

 

Figure 3. ESM comparison for a Prolonged Lunar 

Habitat Stay, with new SBIR technologies outlined in red. 

Note: S = Space vacuum, P = Vacuum pump, U = 

Uncompressed; C = Compressed. 
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B. Post-use Volume Comparison of Fecal Storage and Processing Technologies  

1. Short Mission Durations (21 - 90 days) 

 Post-use volumes for mission durations that span 21 to 90 days (i.e., Orion, Artemis Hab, or a Prolonged Lunar 

Habitat stay) show that storage technologies are more compact than processing technologies, even at 90-day mission 

duration (Fig. 5-6). In this study, post-use volume is defined as the sum total of the fixed equipment volume of the 

technology and the time-dependent volume of the exhausted consumables/feces stowed away in UWMS fecal canisters 

or JSBs. In general, post-use volume increases with mission duration due to increased fecal deposits over time. 

However, important trends emerge for short-term mission durations. Again, post-use volumes are lowest for the 

storage technologies, with the Alternate Fecal Container producing the lowest post-use volume (i.e., 0.07 m3 and 

0.09 m3 for Orion and Artemis, respectively).  

 

 
Figure 5. Post-use Volume comparisons for Orion (left) and Artemis (right) length mission durations, with new 

SBIR technologies outlined in red. Note: S = Space vacuum, P = Vacuum pump, U = Uncompressed; C = 

Compressed. 

 

 Of all the processing technologies, torrefaction and the 

ultrasonic dyer produce the lowest post-use volume due to 

the significant decrease in stored fecal waste volume after 

processing. Among other benefits, dewatering fecal 

material reduces its volume by removing the volume 

contribution attributed to water20,21. On average, the 

ultrasonic dryer has a post-use volume on par with the 

baseline UWMS fecal storage technology (i.e., 0.36 m3 vs. 

0.34 m3, respectively) for the 90-day mission when fecal 

deposits are compressed after use (Fig. 6). A similar trend 

emerges for the recently updated torrefaction unit (2020) 

when fecal deposits are compressed after use. The 

significant volume savings of the ultrasonic dryer and the 

torrefaction units can be attributed to their high-water 

recovery percentages and/or the thermal decomposition of 

the fecal material. These findings suggest that volume 

reduction due to fecal processing leads to significant 

volume savings that start to approach post-use volumes of 

conventional storage technologies for fecal waste management on the order of a month.  

 Note that the AOWG is omitted from the short-term mission post-use volume discussion because its large fixed-

volume structure produces a post-use volume an order of magnitude greater than the storage and processing technology 

alternatives. Therefore, for short-term mission durations, the AOWG is a poor choice for fecal waste management 

when considering spacecraft volume savings. It is suspected that the same would be true for steam reforming if the 

volume of all support equipment was taken into account. However, other processing technologies, such as the 

ultrasonic dryer or torrefaction, should be considered for fecal waste management, in addition to the AFC storage 

technology, for missions of 3 months or more. 

 

Figure 6. Post-use Volume comparisons for a 

Prolonged Lunar Habitat Stay, with new SBIR 

technologies outlined in red. Note: S = Space vacuum, 

P = Vacuum pump, U = Uncompressed; C = 

Compressed. 
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2. Long Mission Durations (365 - 1,000 days) 

 Some fecal processing technologies have better post-use volumes than storage technologies (Fig. 7) for long 

mission durations. Steam Reforming, with the use of pre-existing spacecraft architecture, has the best post-use volume 

of all the technologies, when fecal deposits are compressed after use, for both one year and Mars mission durations. 

A higher TRL version of Steam Reforming is the AOWG technology. The AOWG becomes more competitive with 

other fecal processing technologies for long mission lengths. The post-use volume of the baseline UWMS canisters 

begins to exceed the post-use volume of the AOWG, despite its large fixed volume. In fact, the AOWG has the second-

best post-use volume for Mars missions. This suggests that, when fecal deposits are compressed after each use, the 

AOWG becomes a more viable option for fecal waste management for long mission durations and surpasses the 

advantageous post-use volumes of all the other processing technologies. Of the storage technologies, the Alternate 

Fecal Container continues to have the lowest post-use volume.  

 

 
Figure 7. Post-use Volume comparisons for ISS (left) and Mars (right) length mission duration with new SBIR 

technologies outline in red. Note: S = Space vacuum, P = Vacuum pump, U = Uncompressed; C = Compressed. 

C. Recovered Water  

Recovered water values were calculated for each SBIR technology and compared to the baseline UWMS storage 

technology (Fig. 8). For each mission duration, recovered water values are calculated as the sum of the water recovered 

from feces and all water generated via the Sabatier reaction (in the AOWG technology only). For all fecal processing 

technologies, recovered water increases with mission duration (indicated by different colors in Fig. 8). Both the 

STOOLE technology and the ultrasonic dryer invoke space vacuum for processing and compress fecal deposits 

between use. Given their water recovery rate estimates (>80%), both the ultrasonic dryer and the STOOLE technology 

produce similar recovered water values. Despite generating water via the Sabatier, the AOWG has lower recovered 

water values due to its low fecal water recovery rate (~52%). The baseline storage technology of the UWMS does not 

recover any water. It should be noted that STOOLE and Ultrasonic are at lower TRL than AOWG, so water recovery 

rates need to be reconsidered as those technologies mature with more test data. 

 

 
Figure 8. Recovered water comparison for each new SBIR technology. 

 

D. Recovered Water – Systems Analysis 

To analyze the effect of each SBIR technology at the spacecraft level, the methods of reference [2] were used. The 

addition of fecal water to the crewmember water balance is scaled with respect to each SBIR technology’s maximum 
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percent water recovery. Within the baseline crewmember water balance, inputs, outputs, and recovered water 

quantities are estimated assuming current ISS or developmental technologies2. The recovered quantities used for latent 

and urine water recovery are assumed to occur at the maximum recovery possible for each technology. For this water 

balance analysis, the following assumptions were made: (1) all water from the CO2 reduction process and all recovered  

wastewater (i.e., hygiene, urine water, flush water) is included; (2) trash water recovery is neglected for each 

technology despite the added benefit of the AOWG to process trash. Spacecraft-specific assumptions include: (1) the 

presence of a 4-member crew, (2) a 1000-day mission length, (3) fecal deposits compressed after each defecation. 

Note that the existence of surplus water depends upon the overall life support system design and water losses. 

 For a 1000-day long mission, the ultrasonic dryer and the STOOLE technology have a similar potable water surplus 

and ESM (Fig. 9). The baseline UWMS-only case has the largest ESM and the lowest surplus of potable water, 

stemming only from the recovered quantities of latent and urine water. The AOWG has the second highest ESM value 

and produces a surplus of potable water that is ~1.4 greater than that produced by the baseline water balance that 

includes the UWMS storage technology. The ultrasonic dryer and the STOOLE technology have the lowest ESM 

values, suggesting that fecal water recovery is beneficial for this length mission and assuming there is a use for the 

sizable surplus of water (i.e., ~1.6 greater than the baseline water balance). However, at the present time, these two 

technologies have a lower TRL than the AOWG and much lower than the UWMS storage option. 

 
Figure 9. Surplus Potable Water vs. ESM for each new SBIR Technology. 

IV. Conclusion and Recommendations 

 This investigation uses two metrics to compare fecal storage and processing technologies for various mission 

durations: equivalent system mass and post-use volume. In general, for short mission durations (i.e., Orion or Artemis), 

storage technologies trade better than processing technologies, with the Alternate Fecal Canister emerging as the 

leading option. For long mission durations (i.e. Mars or ISS), ESMs of storage technologies exceed those of processing 

technologies, suggesting that processing technologies should be considered for fecal waste management in these 

scenarios. Of the SBIR technologies, the ultrasonic dryer currently delivered the lowest ESM values for all mission 

durations and post-use volumes for mission durations up to 1 year. Processing technologies that utilize vacuum pumps 

(i.e., the STOOLE technology) yield higher ESM values due to large power and cooling requirements associated with 

their operation. The highest processing technology in terms of ESM was the AOWG, due to its large fixed mass and 

volume, even though it had the lowest post-use volume for 1,000-day missions.  

 Recovered water amounts and the effect of fecal water recovery on the crewmember water balance were also 

studied. For all fecal processing technologies, recovered water increased with mission duration. Given their water 

recovery rates, the ultrasonic dryer and the STOOLE technology produce similar recovered water values, followed by 

the AOWG.  

 It is crucial to note here that the calculations and conclusions within this analysis are largely based on theoretical 

designs and assumptions for each technology. To increase the depth of this study, crew time should be assessed for 

the different technologies and incorporated into the study. Additional recommendations include: (1) adding in water 

processing penalties associated with the fecal water recovery, since impurities in the recovered water will place an 

increased demand on the pre-existing water processing system; (2) updating the ESM analysis when flight-like system 

data become available for each hardware technology; (3) adjusting the fixed mass and volume estimates when 

redundancy/information becomes available; (4) distinguishing hardware architecture and ESM equivalency factors for 

Mars surface activities, as current Mars mission durations only include ESM equivalency factors for transit; (5) 
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incorporating spares estimates into the study for each mission type; and (6) validating, verifying, and monitoring all 

assumptions as system architectures become more developed and TRLs increase. 
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