52nd International Conference on Environmental Systems	ICES-2023-[insert submission number here, remove brackets]
16-20 July 2023, Calgary, Canada


Considerations For Waste-to-Base Future Research Paths
Steve Sepka[footnoteRef:1]  [1:  Physical Scientist, Bioengineering Branch, MS 239-131, NASA Ames Research Center] 

NASA Ames Research Center, USA
Andrew Shapiro[footnoteRef:2] [2:  JPL Manager of Technology Formulation for the Space Technology Office.] 

Jet Propulsion Laboratory, Pasadena, CA, 91109, USA
Michael Ewert[footnoteRef:3] [3:  SE&I Lead, Advanced Exploration Systems Logistics Reduction Project, Crew & Thermal Systems Div. NASA JSC] 

NASA Johnson Space Center, Houston, TX, 77058, USA
and
Jeff Lee[footnoteRef:4] [4:  Lead Researcher (Retired), Bioengineering Branch, MS 239-15, NASA ARC.] 

NASA Ames Research Center, USA
Developing innovative technologies to reprocess low value waste into high value base products will enable a new “Waste-to-Base” (WtB) capability that can spawn a new approach to mission design. Systems engineers and mission architects will work together under a new paradigm in logistics planning. Equipment, components, packaging, storage, and structures will be understood not only by functional requirements, but also in terms of useful lifetimes and materials of construction. The advent of a new technical discipline - reprocess engineering - will grow from the intersection between chemical, mechanical, and systems engineering, mission design, and logistics planning. A crowdsourcing approach was employed to gather low TRL concepts into workable solutions for issues in trash management, CO2 processing, foam re-processing, and fecal processing. The results of the crowdsourcing activities are summarized along with a roadmap for future technology development work.
Nomenclature
WtB	=	waste to base
j	=	waypoint index
I. Introduction
A
 thousand day mission to Mars with a crew of four will generate a significant amount of waste [1], [2]. Developing innovative technologies to reprocess low value waste into high value base products will enable a new “Waste-to-Base” (WtB) capability that can spawn a new approach to mission design. Systems engineers and mission architects will work together under a new paradigm in logistics planning. Equipment, components, packaging, storage, and structures will need to be understood not only in terms of functional requirements, but also in terms of useful lifetimes and materials of construction. The advent of a new technical discipline - reprocess engineering - will grow from the intersection between chemical, mechanical, and systems engineering, mission design, and logistics planning.
Consider a human spaceflight mission to Mars. At launch, the foam packing used for cushioning cargo becomes useless when in space. During the mission trash is produced from a variety of sources such as food containers, leftover drinks and foodstuff, used hygiene items, soiled clothes, washcloths, tissues, and human metabolic waste. Mechanical parts will break and systems will become functionally obsolete. These items - once useful and now useless – become a burden to the flight. With a WtB capability useless trash is processed back into useful products. WtB enables trash to be processed into a compact, non-toxic storable polymer that can be used as base materials for 3D printers to make replacement parts, structures, and tools. The polymer can also be processed as augmented radiation shielding tiles during the flight to Mars. When the spacecraft approaches Mars, the tiles could then be processed into fuel such as methane or be taken as propellant for hybrid, pulse plasma, or resistojet thrusters.  Having the polymers used as fuel also has the advantage of reducing spacecraft dead mass when the fuel is spent.  This reprocessing of trash, waste, and discards is played out many times during the flight to Mars and return to Earth.  Upon approaching Earth, some of the transport vehicle can be processed as the journey nears its end of life. Crew cabin privacy walls, storage containers, surplus supplies, and radiation tiles that were once necessary during the flight but that are no longer needed are reprocessed into structural supports and into additional propellant for spacecraft maneuvers and reentry.
Crowsource Approach
A crowdsourcing approach was employed to gather low TRL concepts into workable solutions for issues in trash management, CO2 processing, foam re-processing, and fecal processing. Any salvaged material is a bonus for the mission rather than having it discarded. There is not yet any standard capability to reprocess many of these materials, although repurposing for in-space manufacturing is being explored. 
To host crowdsourcing activities, NASA Open Innovation Services 2 (NOIS2) contracts were released under NASA’s Space Technology Mission Directorate NASA Tournament Lab. These contracts were announced in June of 2020 and enabled 19 companies to compete using NASA’s crowdsourcing toolkit. The toolkit allows for an expanded set of crowdsourcing tools that includes prize competitions, freelance and micro-task projects, and additional crowd-based methods. The ‘Waste to Base Materials Challenge: Sustainable Reprocessing in Space’ was one of these contracts awarded to find innovative ways to convert waste into base materials during future manned Mars transit missions and Lunar and Mars surface operations. HeroX was the company selected for the WtB opportunity and managed the competition.
The project synopsis provided by NASA for the competition was as follows: “A new mission architecture that addresses sustainability as a core principle will naturally lead to the question of what to do with all the trash and waste that is generated during a mission to Mars? The answer to dealing with all this “dead mass” is to reprocess waste into useful products, such as replacement parts, structures, shielding, and propellant thereby reducing the initial launch mass and thus saving billions of dollars in launch costs.”

II. Crowdsource Challenge Guidelines
The WtB challenge consisted of four categories. They are trash, fecal waste, foam packaging, and CO2 processing. Submissions were gathered from participants world-wide, and here is the solicitation from each category.
1. Trash
Trash consists of food, drink pouches, wet wipes, cotton clothes and towels, hygiene products, plastics and ziplock bags, velcro, and nitrile gloves.  These items are primarily composed of carbon, hydrogen, oxygen, and small amounts of nitrogen.  Water is also often present, and its recovery is valuable.  In fact, water is already recovered from humidity condensate and urine on the International Space Station.

We are interested in processes that can recover water.  We are also interested in ways to convert dry trash into materials that can become the base material for making new things, like feedstock for 3-D printing of broken or needed components, such as gears, elastomers, gaskets, storage containers, tools, etc.  Keep in mind that a spacecraft has limited volume and no gravity, so any process that converts dry trash into reusable base materials must meet constraints around volume, mass, power consumption, waste heat, and the avoidance of highly reactive or hazardous reagents.  Outgassing is a particular concern.  Common recycling approaches that shred mixed waste and then separate different components for material-specific reprocessing are not currently practical onboard, but process modifications might change that.  Novel approaches to recycling are of interest, as are approaches that might start with a new base material for clothing and packaging.  In the case of proposing new base materials, remember that the required performance properties of a polymer used to make gears or tools are likely very different from those used to make clothes or storage containers.
Fecal Waste
Fecal waste needs to be made biologically safe, is composed generally of the same elements as trash, and has significant amounts of water.  
In addition to water, fecal waste is rich in microbes.  We want to recover the water, and we are also interested in processes that can harness the microbial activity inherent in this waste stream.  Urine falls in this waste category too.  What are the possible uses for the brine and salts left after water removal?
Foam Packing
Foam packing is used to protect items from the force of high acceleration during launch.  After launch the foam is not needed, and it takes up valuable open volume in the spacecraft.  Most foam used for this purpose is ZOTEK, Plastazote, or a similar highly-crosslinked material, which can be difficult to reprocess.  These are lightweight, high-performance materials that are easily fabricated into complex shapes.  They are made without chemical blowing agents and are top-rated for both flame and outgassing performance.
Although space missions currently use ZOTEK or Plastazote, other new foams can be proposed if they meet the needed performance specifications (launch, landing, and fire resistance requirements), and if a compelling case can be made for how they contribute to the spacecraft’s integrated materials lifecycle.  For example, if a foam can be processed into feedstock for 3-D printers, that would be a tremendous advantage since the feedstock would occupy significantly less volume than the foam, and feedstock for 3-D printers wouldn’t need to be carried onboard separately.  Another approach would be to consider the lifecycle of foam usage in a mission.  For example, after launch, foam is then compacted into radiation shields and stored for use on storm shelters during Mars transit.  Upon arrival at Mars, foam is re-transformed into packing foam to protect delicate instruments sent to the Mars surface, and foam is also converted into propellant for the Mars descent vehicle.  On the return trip to Earth, the remaining foam is used as propellant for ion thrusters and as gas for resisto-jet thrusters for spacecraft maneuvering.
Carbon Dioxide (CO2) Processing
CO2 is exhaled by astronauts and then extracted from the air.  The Environmental Control and Life Support System then processes the CO2, with the addition of hydrogen, to recover oxygen while producing by-product hydrocarbons like methane, ethylene, and acetylene.  These hydrocarbons are currently vented to space, but they also are potential resources.
How can we extract value from those hydrocarbons? We are interested in processes that convert them into propellants, usable materials, or starting materials for other onboard processes.’
III. Summary of Awarded Concepts
A list of the awards is given in Table 1. 

Table 1. Listed of Awarded Submissions
	Category
	Submission Name

	Trash
	Make – Break - Make Again - Plastic Recycling.

	Trash
	Supercritical Fluid Carbon Dioxide Washing Machine.

	[bookmark: _heading=h.4d34og8]Trash*
	Nibbler: Tomorrow’s Objects with Today’s Trash.

	Trash
	Fashion Your Feast: Clothing as Growing Medium.

	Trash
	Tracer-Based-Sorting for Maximum Water Reuse.

	[bookmark: _heading=h.17dp8vu]Trash*
	3-D print with polymers, metals, ceramics, and ice.

	Fecal
	Toilet to table.  Mechanizing Natural Recycling.

	Fecal
	💩🍄🌾 Poop-Mushroom-Plant Cycle.

	[bookmark: _heading=h.3rdcrjn]Fecal*
	Better Tomorrow - No Waste in Space.

	Fecal
	Biota Chamber: Fecal Waste Converter.

	Fecal
	Alkaline Hydrolysis: Biowaste Become Inert Liquid.

	Fecal
	Slingin’ Space Sludge!

	Fecal
	Fire Under Water.

	Fecal
	What ! Fecal Waste Can be Used in this Way?

	Foam *
	InnoPacking: Innovative Knitted Payload Packing.

	Foam
	Packing Material Recycling.

	Foam
	Recycling of Packing Foam, Urine for Hydroponics.

	Foam
	Creating Building Materials from Trash.

	Foam
	Orbeez In Orbit - Recover Water, Shock Protection.

	Foam
	Using PEEK as Alternative Foam Packaging Material

	CO2
	Algae Oxygen Generator Mushrooms and Panels.

	CO2
	Let's Get It Done CO2 Processing.



IV. Conclusion
A conclusion section is not required, though it is preferred. Although a conclusion may review the main points of the paper, do not replicate the abstract as the conclusion. A conclusion might elaborate on the importance of the work or suggest applications and extensions. Note that the conclusion section is the last section of the paper that should be numbered. The appendix (if present), acknowledgment, and references should be listed without numbers.
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