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The Centennial Challenges (CC) program, currently part of NASA’s Space Technology Mission Directorate (STMD), is one of the vehicles NASA uses to develop and execute public prize competitions.  Since opening its first challenge in 2005, the CC program has initiated more than 20 challenges in a variety of technology areas.  This paper provides the background, development and execution of the Deep Space Food Challenge as one approach to fulfilling NASA’s Space Policy Directive 1 (“To the Moon, then Mars”). Specifics about the CC program’s accomplishments will also be discussed.
The Deep Space Food Challenge (DSF) was developed in collaboration with the Canadian Space Agency (CSA) to create novel food production technologies with minimal inputs, and maximum safe, nutritious, palatable food outputs for long-duration space missions, which have potential to benefit people on Earth. 
When humans return to the lunar surface in the mid-2020s, the early missions will use prepackaged foods similar to those in use on the International Space Station (ISS) today. However, extending the duration of lunar missions requires reducing resupply dependency on Earth. Testing a sustainable system on the Moon that meets lunar crews’ needs is a fundamental step for lunar sustainability and future Mars exploration. NASA and CSA are focused on how to furnish crew members with a viable food system for long duration space missions that provides all daily nutritional needs through a variety of palatable, safe food with limited resource requirements and no dependency on resupply from Earth; and enables acceptable, safe and quick preparation methods.
On Earth, technology solutions for food systems could also be used to produce nutritional sources for urban and rural environments; potentially leading to a reduced impact on our Earth’s resources.  Challenges, such as the DSF, are an embodiment of NASA’s continuing commitment to technological advancement and innovation through non-traditional programs.

Nomenclature
ATP	=	Authority to Proceed
CC	=	Centennial Challenges
CSA	=	Canadian Space Agency
DPMC	= 	Directorate Program Management Council
DSF	=	Deep Space Food Challenge
EVA	=	Extravehicular Activity
FSC	=	Food Secure Canada
HQ	=	NASA Headquarters
ISS	=	International Space Station
JSC	=	Johnson Space Center
KSC	=	Kennedy Space Center
LEO	=	Low Earth Orbit
MRE	= 	Meals-Ready-to-Eat
MSFC	=	Marshall Space Flight Center
NASA	=	National Aeronautics and Space Administration
PCO	=	Privy Council Office
RFI	=	Request for Information
SME	= 	Subject Matter Experts
STMD	=	Space Technology Mission Directorate
TA	=	Technology Area
USAID	=	United States Agency for International Development
USD	=	United States Dollars
N
I. Introduction
ASA has a long history of and continues to foster space exploration technologies that simultaneously revolutionize life on Earth. Technologies such as GPS, memory foam, firefighting equipment, DustBusters, and Cochlear implants came from the development of products needed for space travel.1 Like most Centennial Challenges, The Deep Space Food Challenge has significant potential to positively impact space and Earth communities. 
People around the world struggle with food scarcity and insecurity. Numerous factors contribute to these issues including steady population growth, rising affluence, public policies, alternative uses of food products, water shortages, global warming, isolation, and soil erosion.2 According to the United States Agency for International Development (USAID), more than 800 million people across the planet go to bed hungry every night.3 Feeding America highlights that food insecurity and hunger are similar concepts but have different definitions: “Hunger refers to a personal, physical sensation of discomfort, while food insecurity refers to a lack of available financial resources for food at the household level.”4
“Food deserts” have been a frequent topic in studies conducted by the United States Department of Agriculture. This term is used to describe regions “where people have limited access to a variety of healthy and affordable food.”5  Extremely rural and urban regions face food scarcity for a variety of reasons including unfavorable proximity to affordable groceries and/or food distributors, expensive shipping, poverty rates, and environmental factors such as extreme weather. Northern Canada is an example of an area that especially faces food scarcity. According to Food Secure Canada (FSC), “Inuit, First Nations, Inuit and Métis adults across the North experience five to six time’s higher levels of food insecurity than the Canadian national average.”6 FSC describes their food issues as multi-faceted and claims that organizations and the government are struggling to successfully eliminate the issues associated with food in the northern regions. Canada’s struggles are just one of the many food scarcity issues around the planet.
Astronauts on long duration space missions and those who live in food deserts face the same dilemma: living in an isolated space where resupplying food is expensive, and the environment is working against you. It’s no secret that space travel requires an enormous budget, and without a sustainable, palatable, nutritious, and safe food system it might be impossible to properly fuel astronauts. The same technology that could be used on a spacecraft headed to Mars could be utilized in isolated areas on Earth. 
[bookmark: _GoBack]Another cross-over between earth and space food needs is the ability to create healthy and delicious food. Some populations who experience food scarcity can also be forced into making unhealthy eating choices because of cost comparison and accessibility.7 Healthy foods are typically more expensive and harder to access making unhealthy options like fast-food more appealing to those who struggle financially or environmentally.8 Food scarcity can cause a significant domino effect in the decline of quality of life (See Figure 1 below).9 
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Figure 1. A Conceptual Framework: Cycle of Food Insecurity & Chronic Disease

  By the same token, if an astronaut does not have access to food that tastes appealing, they may not eat enough, which may result in numerous negative impacts including insufficient nutrition, and a decline in physical and mental well-being. Ultimately, mission success depends on astronaut health and performance, which depends on a safe, nutritious, and acceptable food system. There are many overlapping challenges and consequences related to earth and space food scarcity which exhibits the need for challenges like Deep Space Food.
II. Food Production Needs for Deep Space Exploration
	Julie Robinson, chief scientist for the ISS, in an article for The Atlantic described NASA’s efforts in providing food for the astronauts as something they have spent years perfecting.  “But even though the meals are meant to last, they wouldn’t survive the long journey to Mars”.10  Although most of the food on ISS is shelf stable due to the need for a multi-year room temperature shelf life, some fresh food (apples, oranges, etc.) is provided when cargo missions resupply them, usually every few months.  On a long Mars mission it’s obvious there will be no fresh food resupply. However, even near-term planned lunar missions will not be able to provide fresh food and will rely on prepackaged foods.  Current food production methods require significant support systems and resources that require a lot of mass which makes them ‘expensive.’  If food production systems can be made more resource efficient, then it’s possible to begin testing them on the shorter lunar surface missions so that they can be relied on for long duration lunar and Mars surface missions to improve crew nutrition and reduce resupply cost.  The current method of using stored foods will also not sustain a long-term mission because some of the nutrients in the food degrade over time. Some quality aspects also degrade, which may not provide the enjoyable and desirable experience that is critical for the crew’s physical and mental health11, 12. 
	Because of these requirements, food for long duration missions need integrative, new technology solutions acceptable to the crew.  Potential solutions may include the following types of offerings:  prepackaged foods, bioregenerative foods and automated nutrition.  There are several advantages with prepackaged foods: safety can be determined prior to launch, there is no risk of food scarcity, they minimize crew time for preparation, and they have demonstrated ability to support human health and performance for 6-12 months. However, these foods are resupplied regularly.  Food launched from earth contains 46% water in the system and as life support recycling technologies become more efficient, there is less need for this water.13  For longer duration missions, NASA has a goal to increase the shelf life of these foods up to 5 years and this is likely to require a combination of formulation, processing, packaging, and environment.  A second type of food source, bioregenerative foods, are food sources grown in flight.  Bioregenerative food production is an important part of closing the life support oxygen loop for long term planetary sustainability.  Although significant amounts of water may be used to produce food locally (and the water in the non-edible waste products), the water can be recycled at ~96% recovery.  If food is produced at significant scale, it has the potential to also contribute to carbon dioxide removal and oxygen production, but that is not the focus of this challenge.  These foods also provide: great psychological appeal, higher nutrient density, fresher food quality, variety/customization, and fit the mission goal of self-reliance; however, with this choice comes limits.  Bioregenerative foods have a risk of: food scarcity, microbiological risk, high crew time requirement, infrastructure and a low technology readiness level.14  But, this method is critical to mission self-reliance and the only way to have fresh foods on a mission to Mars.  Finally, customization of foods for astronauts can be found in automated processing such as in 3D food printing systems.  In these systems, different food components can be printed for astronauts to help support personalized nutrition for specific goals such as targeted vitamins and energy requirements.  Ultimately, any food system or combination of systems needs to meet nutritional needs for astronauts, who tend to eat less in spaceflight.15,16 It will also need to integrate within the limited resources available in a crewed mission and/or can be sent ahead of the crew with the known constraints.17
	There are efforts in the area of existing life support systems currently used to demonstrate the potential to grow food crops on ISS, but those are proof of concept and will not be sufficient for long-term deep space exploration or habitation. ISS payloads are small scale, and science focused, and these salad crop demonstrations have had mixed success in spaceflight.18 Although predecessors of future extraterrestrial farms beyond Earth exist, the process is not yet reliable or predictable enough to have earned a place as a critical system in the spacecraft. New technologies will need to be developed to enable long-term, Earth-independent missions, and to address issues such as the volume and water needs of food production.  Investing in food and human systems is one of the best ways to demonstrate that we are working on sustainable, permanent presence on the moon, not just an Apollo redo.  All the technology that will be needed to support a sustainable food production system on the Moon will have direct application to a planetary mission- in fact it will help increase the reliability of this system and decrease the risks for long duration missions to Mars and beyond.
	While providing the appropriate amount of nutrients to the crew is critical, what’s often overlooked in proposed food solutions is the “human factor”. Mission crew are willing to sacrifice in the name of exploration and the overall mission; however, when it comes to food, even “superhuman” crew can only tolerate so much.  There have been several instances from past missions of crew who lost significant weight.19 And while solutions such as algae and bugs have been suggested, there are not only gaps in knowledge in resource and vehicle integration requirements but there are gaps in process and product acceptability. In spaceflight, astronauts may need to be involved in processes we do not experience on Earth. Therefore, the entire process as well as the final product would have to validate as generally acceptable to most people in their kitchens after a long day of work before these would be viable options on an exploration mission. The psychological benefits of interacting with food - whether it’s growing, preparing or consuming it - are invaluable.  Understanding this, acceptability of a food system by crew is a key criteria to be considered in a proposed solution.20
	Food is a critical component in combination with exercise in maintaining crew health during long microgravity transits so that they can safely tolerate entry deceleration loads and be able to independently egress the landing vehicle.  Exercise without sufficient nutrient intake is insufficient and leads to both undesirable bone and muscle loss.  Unlike ISS crews returning to earth, crew landing on distant planets (such as Mars) will not have ground support to help the de-conditioned crew egress the landing vehicle.  It’s also undesirable to wait several days before the crew can readapt to gravity before they are able to egress and descend several meters to the surface.  Similarly on the surface, caloric loads will be higher due to frequent extravehicular activities (EVAs) and sufficient nutrition and exercise is also required to mitigate the risk of injury from fatigue to falls.
	Ultimately, it is important to remember that food is key to mission success, as it impacts all aspects of physiology, and therefore health and performance. A variety of whole foods provide proteins, fats, carbohydrates, and fiber, as well as thousands of bioactive compounds, with impacts on factors that include the microbiome, the immune system, and the brain.21-28 Although vitamin supplementation may have roles in spaceflight, it cannot replace a complete food system for many reasons, reviewed previously.29  
III. Current State of Food Production Technology for Space Flight
	Food and nutrition are key determinants of human exploration mission success. The military has found the key to successful missions is to provide a food system that best supports health and performance. This includes limiting the use of shelf stable meals-ready-to-eat (MREs) to 21 days or less.30  However, the NASA is planning missions that will put the first woman and next man on the moon this decade and will send humans to Mars next decade and it will require more than 21 days of shelf stable foods to achieve this mission. Propulsion capability will need to increase to supply missions as distance from Earth increases and planetary physics makes regular resupply unfeasible. Providing food and nutrition will be a significant challenge.
	The upcoming Orion missions require a 10% reduction in food mass compared with current models. Total food mass for a Mars scenario is constraining. At first thought, one might consider a simple solution of meal replacement with something very dense and/or improving packaging design, increasing fat content or reducing water content, but there are multiple resource integration, shelf stability, nutrition, and acceptability challenges with each of these.  Four crew members would need around 10,500 kg of food with current lightweight, flexible, high-barrier packaging for a 3-year mission.  Any packaging change would need to provide similar or better oxygen and moisture barrier properties, which are important to achieve long duration shelf life.31 Mass reduction strategies must consider long term acceptability, nutrition, and variety. In short, and as highlighted in Figure 2, any space food system must meet basic criteria, reviewed in detail here32
· Safety
· 5-Year Stability
· Acceptability
· Nutrition
· Variety
· Reliability
· Resource Minimization 
· Food Production Hardware & Software
· Usability
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Figure 2. Requirements of a Space Food System

Food technology roadmaps are in development and include food production, including technologies that may emerge from the DSF CC.  Food production is acknowledged as an important area with its inclusion in NASA’s technology taxonomy section TX06.3.5 ‘Food Production, Processing, and Preservation’.33
IV. Crowdsourcing as a Tool for Identifying Technology Solutions
	NASA uses competitions and prizes as one way of helping maintain and advance America's leadership in technology and innovation. Crowdsourcing provides the agency an alternate-but-complementary path to further humankind’s exploration.  Since the time of its inception, this approach, as described by Lee, Fong, Barney and Hawk, has proved the success of the open innovation advantage to solve complex problems integrating large knowledge solutions across disciplines while incorporating diverse ideas and viewpoints.34 Additionally, adding to the evidence stated by Lee, Fong, Barney and Hawk, CC competitions show the significance of knowledge divergence and the power of heterogeneous thinking to find new solutions for technical, innovative challenges for space and earth.  This approach to addressing NASA’s key technology needs is based on the principle that engaging the public can harness capabilities that will increase possibilities of finding open innovative solutions.
	To this day, Centennial Challenges offers incentive prizes to generate revolutionary solutions to technical problems of interest to NASA and the nation. In keeping with the spirit of the Wright brothers, Robert Goddard as well as many other American innovators, Centennial Challenges seeks innovations from diverse, multi-disciplinary and non-traditional sources including individual citizens as well as those in academia, industry, and other government agencies. The Program’s goal is to stimulate research and technology solutions to support NASA missions and inspire new national aerospace capabilities through public prize competitions. 
	Historically, competitions and prizes such as these have always created broader avenues through which to spur innovation from the most seemingly unlikely and humble sources. For example, after laboring for decades to determine the proper measurement of longitude at sea, the British Parliament passed a bill providing compensation for any citizen who could make a breakthrough. Though attempted by mathematicians, astronomers, and veteran navigators, it was an uneducated clock maker living in poverty named John Harrison who won the prize with his invention of the marine chronometer in 1761. In the 1920s, an American hotelier with a passion for aviation, Raymond Orteig, established a $25,000 USD prize for any person who could fly across the Atlantic Ocean. Ultimately, it wasn’t a daredevil stunt pilot or WWI fighter ace that won the Orteig Prize, but a humble mail pilot named Charles Lindberg. 
It was with these historical examples in mind that in 2005, Congress amended the National Aeronautics and Space Act of 1958 to authorize NASA to create challenges such as the CC Program, through which prizes could be awarded to United States citizens or entities who succeeded in meeting the challenge requirements. The challenges selected by the Program are thoroughly deliberated through broad consultations with subject matter experts (SME), both inside and outside the federal government. 
     In the past 15 years, the CC Program has initiated 21 challenges in a variety of technology areas, including: propulsion, robotics, communications and navigation, human health, science instrumentation, nanotech, materials and structures, and aerodynamics. Eighty-eight prizes totaling more than $8.3 million (Fig. 3) have been awarded, and several new companies have been born in the private sector using those technology advancements. While changes made to the Program in the last two years have yielded many measurable positive outcomes, like the significant increase in participation in the challenge competitions (Fig. 4) and increase in prize purse awards (Fig. 5), the Program continues to look for ways to increase the benefits to the Agency and participants. By increasing the collaborations with other government agencies/academia and the public understanding of the Program, NASA expects to continue the improvement of the CC Program and looks forward to great outcomes that will continue to be of benefit to the Agency and the Nation.
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Figure 3. Amount awarded in each Centennial Challenge.
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Figure 4. Challenge participation significantly increased since the program’s beginnings.
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Figure 5.  In recent years, a large amount of the prize purse has been awarded to competitors.

	International teams can participate in the CC competitions granted that the country’s request to participate is accepted by the Program and with the understanding that, because of the Program legal authority, they are not eligible to win prize money. Despite this, the Program has accepted registrations from more than eight countries, and five teams (Japan, Singapore, Spain, European Space Agency/Germany and South Korea) have won top honors in two challenges (3D-Printed Habitat and Space Robotics). After the challenges have been completed, participants are offered information and guidance on opportunities to continue the development of their respective innovations and suggestions on transitions into a NASA Program, increasing the overall benefit to both NASA and the teams themselves. As mentioned earlier, food is a global interest which means crowdsourcing from around the world for the Deep Space Food Challenge will foster diverse perspectives on the best ways to combat food scarcity. 
	In a recent study, Ademir Vrolijk and Zoe Szajnfarber found crowdsourcing to be an invaluable method for Centennial’s 3D Printed-Habitat Challenge.35 The study explained that the formulation of the challenge required the subject matter experts to meticulously identify technology gaps and needs so that the challenge had clear and realistic rules and objectives. Because of NASA, CCP’s, and the SME’s rigorous planning and awareness of crowdsourcing nuances and benefits, the challenge was able to thrive. SME’s and competitors were able to broaden their networks and significantly contribute to NASA and Earth additive construction capabilities. 3D-Habitat competitors continue their success today through things such as securing contracts with NASA and/or developing their own businesses. The same planning and crowdsourcing strategies have been implemented for the Deep Space Food Challenge, hopefully resulting in similar outcomes to the 3D-Habtiat Printed Challenge.
V. Purpose of the Deep Space Food Challenge
	The CC program is one of the vehicles that NASA is using to identify new and innovative solutions to push the technology forward.  In compliment to other agency projects and initiatives, the CC program has undertaken the task of developing and executing a public prize competition that focuses on the technology gaps and opportunities within the current food system. The Deep Space Food Challenge will seek to develop and demonstrate novel technologies, systems or approaches for food production for long duration space exploration missions that also directly benefit Earth.  
A. Challenge Formulation
	The Challenge formulation process began with an assessment of the current state-of-the-art technology. This assessment was informed by interviews with the CC program team, the plant research team at NASA Kennedy Space Center (KSC), and 17 other experts, plus a review of the relevant literature and internal NASA documents. The assessment did not seek to identify all opportunities for technology development, but rather to identify opportunities for a potential challenge that would incentivize industry, academia, non-governmental organizations, and the general public to develop solutions that would benefit NASA and the world.  
	NASA has plans to go to the Moon in the next decade in a way it has never gone before - with innovative new technologies and systems to explore more locations across the surface than was ever thought possible. This time, when NASA goes to the Moon, the goal is to stay, and use what is tested and learned on the Moon to take the next giant leap of sending astronauts to Mars.  The success of these long-term exploration missions will ultimately rely upon life support systems for crew that are Earth-independent, and that will meet all of the crew’s needs without relying upon frequent (or any) resupply missions. Much innovation needs to occur to meet these lofty goals and public prize competitions can play a part. Two such areas include food and water, where opportunities exist for a Centennial Challenge to help fill existing technology gaps. And with the re-energized efforts to return to the Moon in the very near-term, using the lunar surface as a potential “testbed” to develop and test new technologies and systems is a fast-approaching reality.  
	Taking this vision into consideration, the first step in assessing the current state of the technology began with NASA’s expanded Technology Roadmaps (originally developed in 2010, and updated in 2015), which detail its anticipated mission capabilities and associated technology development needs through 2035.36 Within those roadmaps, Technology Area (TA) 6 focuses on human health, life support, and habitation systems. The overarching focus area of TA 6 is described as follows: 
“For future crewed missions beyond low-Earth orbit (LEO) and into the solar system, regular resupply of consumables and emergency or quick-return options will not be feasible, and spacecraft will experience a more challenging radiation environment in deep space than in LEO. Therefore, TA 6 focuses on developing technologies that enable long-duration, deep-space human exploration with minimal resupply consumables and increased independence from Earth, within permissible space radiation exposure limits.”37
 	Additionally, the research mentioned in previous sections of this paper contributed to establishing the role the Challenge will play in meeting the agency’s mission needs.  It was these types of findings from the initial opportunity assessment that were then refined and used to help frame further discussions with a broader range of experts. Thirty-five experts from NASA, industry and academia came together to validate and prioritize the findings from the assessment. The following eight key opportunity areas were identified, and are shown in Table 1.

Table 1. Key Opportunity Areas for a Potential Challenge
	Food Production Efficiency
	· Cost effective
· Energy efficient
· Optimization of height/volume/density, water, nutrients, light

	Growing method and medium
	· Regolith to soil
· Hydroponics
· Alternatives

	Systems integration modeling
	· Modeling ECLSS and air/water/plant integration
· Big data analysis
· Develop models and applications for remote operations

	Plant modification
	· Effectiveness, efficiency
· Engineer plants to fit a given environment
· Plant sensing
· Molecular farming

	Organic waste management
	· Recover nutrients, carbon, and water from inedible biomass

	Food safety
	· Make plants safe for consumption without damaging taste, smell, or appearance
· Ease, scale, effectiveness

	Automation of horticultural processes
	

	Water systems
	· Potential integration with plant food production systems
· Water storage and safety



	The outcomes of these discussions were then used to formulate three potential challenge structures based on researched, vetted, and validated topic areas.  These three potential challenge concepts were designed to offer different levels of flexibility for both NASA and the challenge participants. The goals in offering three options was to provide NASA with maximum flexibility in determining what works best for the Agency’s needs, and provide different on-ramps and off-ramps for teams. In this formulation stage, it is not expected that all three concepts will be launched as a Centennial Challenge; rather it is proposed that one of the concepts will be further researched, vetted, refined, and, potentially launched as a Centennial Challenge
1. Comprehensive Structure - designed in two phases, with the first phase laying the groundwork for the full development of the teams’ solutions in the second phase. Once launched the same teams would continue throughout the entire competition and NASA would commit to launching the entire competition.
2. Staged Structure - designed as a large-scale, staged competition with phases. Each of the phases builds upon the previous phase. This challenge structure could be launched through just the first Phase, through the first and second Phases, or through all three Phases, depending on the appetite of NASA and its allied organizations (however, the first Phase must be launched before the second Phase, etc.). These stages are designed to build upon each other to eventually reach an audacious outcome. Teams can choose to participate in all Phases that are launched or exit or enter at any Phase. The goal of this Challenge is to address a single, primary need for future long-term missions: essential nutrients for the crew that are produced in real-time, reducing the need for stored foods that lose their nutrients over time.
3. Building Blocks Structure - designed as multiple separate challenges that can run simultaneously or one at a time. Although they are designed to be independent of each other (and therefore can be launched in parallel or sequentially and any can be launched with or without the others), they are also designed to complement each other. In this manner, if more than one is launched, the aggregate value will exceed the value of the individual challenges. NASA could decide to launch one or more challenges, and it will not negatively impact the outcome if NASA decides not to launch them all. In addition, teams can choose to participate for one or more challenges.
The next step in moving the potential Challenge from formulation and into the formal development process, was to pull the landscape analysis, research results, and potential Challenge topics and structures into a more detailed written report and charts for consideration by NASA’s Directorate Program Management Council (DPMC) at NASA Headquarters (HQ) in Washington, D.C.  The CC Program Manager and Principal Technologist presented the case for the Challenge including: 
· Why a public prize competition and how it meets NASA’s needs 
· Supporting research and analysis results founded during formulation
· The case for the Moon as a “test bed”
· Proposed Challenge concept and recommended structure  
After consideration and further discussion the Council gave the Authority to Proceed (ATP) to the CC program to further develop the topic and requirements with a staged structure approach.
 B. Challenge Development
 	Once ATP was granted, a core team of SMEs was selected to continue the development of the Challenge, and begin to formulate the Official Challenge Rules.  These SMEs included experts from NASA KSC, NASA JSC, and NASA HQ.  In an effort to gather feedback from the general public and gage interest from potential competitors, the CC program with the support of NASA SMEs core team put together a Request for Information (RFI)38 and supporting draft challenge rules for public consideration.  
	As the Challenge developed, and word about NASA’s intention spread through the RFI, CC program, with the support and coordination of NASA HQ formed an agreement with the Canadian Space Agency (CSA) supported by the Privy Council Office (PCO) to jointly release the Deep Space Food Challenge.   In the same way that international collaborations have been key throughout the history of space exploration, the Deep Space Food Challenge is a collaborative effort between NASA and CSA in support of the space policies of both the United States Government and the Government of Canada.  The Challenge is a prize competition launched in parallel, in Canada by CSA, and in the U.S. by NASA Centennial Challenges Program.  Figure 6 below shows where NASA and CSA are operating independently and where they overlap.  During the development process, NASA and CSA coordinated on the Challenge design and agreed upon the Challenge statement, goals and assessment criteria.  When it comes to executing the challenge, NASA and CSA each manage their own Rules document, applicant guide, prize purse and eligibility criteria.  It’s important to note that CSA has no responsibility in the NASA-led challenge and likewise, NASA has no responsibility in the CSA-led challenge.  
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Figure 6. NASA and CSA’s Parallel Challenges
	
	All interested Teams must select to compete in one of three competitor categories: U.S. Team, Canadian Team, or Other International Team.  Each competitor category has its own set of eligibility criteria to compete and win a prize.  The eligibility criteria, as well as the challenge rules and performance criteria can be found on the Official Challenge Website (deepspacefoodchallenge.org). The remainder of this paper will describe details and structure from the NASA-led Challenge. 
C. Challenge Structure
	The Deep Space Food Challenge is expected to be composed of three phases:
· Phase 1: Design. Requires Teams to design a novel food production technology concept and provide a detailed explanation of how it meets the Challenge goals and performance criteria.
· Phase 2: Kitchen Demonstration. Would require Teams to build a food production technology prototype (equivalent to a TRL 4) and demonstrate the prototype during a Kitchen-Level demonstration at a designated facility. Teams would also provide samples of food outputs (e.g., tangible nutritional products) from the prototype, and may be asked to provide a vision for future commercialization of the technology.
· Phase 3: Full System Demonstration. Would require Teams to build a full-scale food production technology and demonstrate the technology at a designated facility. Teams may be asked to provide a business plan for commercialization of the demonstrated technology.
	The initiation of Phase 2 is contingent on the emergence of promising submissions in Phase 1 that demonstrate a viable approach to achieving the Challenge goals. In Phase 2, Teams would build and demonstrate prototypes of their proposed food production technology. The rules for Phase 2 will be released prior to the opening of Phase 2. The initiation of Phase 3 is contingent upon the outcomes of Phase 2.
D. Challenge Constraints and Assessment Criteria
	Each Team admitted to Phase 1 of the Challenge will generate a robust design for an innovative food production technology that fits within the set of constraints in Table 1 in the rules. Teams will describe the process and all the inputs entering and outputs exiting the food production technology. They will also describe the full operational process including, but not limited to, how many crew members will be needed to operate the system, how the system is operated, and how long the process will take to produce their defined outputs. Since this is a Design Phase, the goal is to give as much freedom to the Teams to bring forward novel and innovative ideas.  But to ensure teams are also considering the environment they are designing for, the following constraints should be considered and taken into account:   Volume, Power, Water, Mass, Data connection, Crew Time and other Operational Constraints.  All of the specifics for these constraints can be found in Table 1 in the rules. 
	Adherence to these constraints is part of the scoring rubric.  However, for Phase 1, it is not scored with points.  Rather it is meant to be considered by the judges to ensure that the teams have designed with the constraints in mind, and that the proposed food production technology, at a minimum, falls within those constraints.  Later demonstration phases will evaluate and score these constraints.
	Teams will be evaluated on two sets of criteria: overall criteria and performance criteria. Overall criteria are meant to assess the overall quality of the design and include: Adherence to Constraints, Design Approach and Innovation, scientific and Technical Merit, Feasibility of Design, and Terrestrial Potential.  
	The Performance criteria (Acceptability, Safety, Resource Inputs and Outputs and Reliability/Stability) will assess the solution’s technical potential, both for the food production technology (as a system) and the resulting food products. More specific details can be found in the Rules document on the challenge website (deepspacefoodchallenge.org). 
E. Prizes 
	NASA will award $25,000 USD to up to 20 top scoring U.S. Teams that achieve a score in five or more of the scoring categories for a total prize purse of $500,000 USD.  Additionally, winning teams will be invited to compete in Phase 2 (should Phase 2 open for competition).  Teams must meet the eligibility requirements for the NASA Prize in order to be eligible to receive a prize from NASA.
	Non-Canadian International teams that meet eligibility requirements for participating in the Challenge can be recognized as Challenge winners.  NASA and CSA will recognize the top 10 scoring International teams.  
VI. Conclusion
For long duration space missions, pushing the limits of current technology will be crucial to mission success.  These innovations can also have positive impacts for food limitations on Earth.  The Deep Space Food Challenge challenges innovators to engage in this journey to improve food systems for new space missions and for food needs around the globe. Phase 1 of the Challenge opened for registration on January 12, 2021 with full and final details on rules, eligibility criteria and prize purse amounts available on the challenge website (deepspacefoodchallenge.org). Teams from around the world are invited to register and participate in designing, and potentially developing and demonstrating novel and innovative systems, technologies and approaches to not only meet the nutritional needs of exploration mission crew, but to also improve the accessibility of food on Earth, in particular, via production directly in urban centers and in remote and harsh environments.  As Phase 1 concludes and announces winners, and the development of a potential Phase 2 is initiated, more information and updates will be provided in future papers as appropriate.
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