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Plant growth systems are a critical component of a comprehensive Bioregenerative Life
Support System (BLiSS) for long-duration human space exploration missions. Previous BLiSS
technology development and crop selection have primarily focused on optimization of edible
biomass and caloric content. In light of advances in horticulture, human space flight science,
technology and nutritional science, these systems can benefit from reexamination. A holistic
approach to designing plant growth systems and crop selection for human exploration missions
must address how to influence long-term crew health, morale, and performance through
multiple modalities. The greenhouse design concept for SIRONA: Sustainable Integration of
Regenerative OQuter-space Nature and Agriculture is presented. SIRONA is a food production,
preparation, and preservation facility that includes: Integrated Multi-Trophic Aquaponics
(IMTA), Controlled Environment Agriculture (CEA) systems, automation technologies, food
preparation/preservation concepts as well as integration of crew recreation, access to nature,
and horticulture therapy. This food production facility has the capability to produce a wide
variety of food sources including land crops, algae, aquatic crops and aquatic animals (fish,
crustaceans, and mollusks), all of which provide additional health benefits beyond fulfilling
basic nutritional needs. SIRONA uses an innovative holistic design approach to integrate the
following living systems: astronauts, plants, animals and microbes. Additionally, an updated
food selection framework is presented that integrates an expanded set of evaluation criteria
including nutritional, medicinal, and psychological value of edible living systems.

Nomenclature
BLiSS = Bioregenerative Life Support Systems (the i indicates access to nature is a primary function)
CEA = Controlled Environment Agriculture
CM = Crew Member
CY = Composite Yield
DLI = Daily Light Integral
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HI = Harvest Index

HPI = Human-Plant Interaction

IMTA = Integrated Multi-Trophic Aquaponics

PAR = Photosynthetically Active Radiation (umol/m2/s)

SIRONA = Sustainable Integration of Regenerative Outer-space Nature and Agriculture

VPD = Vapor Pressure Deficit

I. Introduction

ASA has been exploring sustainable, regenerative food systems for space exploration missions since the 1950s1

However, to date, most of this research has focused on one specific technology area, system, or method instead
of designing a fully integrated food production system (i.e., greenhouse) that includes post-harvest processing, a
galley/dining system, and basic life support functions *? SIRONA (Sustainable Integration of Regenerative Outer-space
Nature and Agriculture) is a proposed greenhouse design that fulfills both basic life support needs (food, air revitalization,
waste and water processing), while also ensuring that the crew is healthy, happy, and surrounded by familiar Earth-like
conditions. The integrated biological systems that are included in SIRONA are modeled after ecologically-robust Earth
agricultural systems modified to meet mission-specific challenges. The specific needs SIRONA aims to fulfill include
basic life support, enhanced diet, socialization, and the physiological and psychological benefits gained from interaction
with nature. Multiple studies suggest tangible benefits of gardening for humans#* These benefits range from cognitive
improvement to increased social cohesion. There are measurable physiological effects, such as reduced cortisol levels
and stress, that contribute to a healthy immune system ! Furthermore, living systems with higher diversity are more
resilient in novel conditions and provide more services for humans. In addition to providing nutrition, phytochemicals
found in crops treat and prevent medical issues such as radiative damage and micronutrient deficiencies, which astronauts
are more likely to experience during long-duration missions. The SIRONA design draws from ecologically-robust
agricultural systems that emphasize diversity as a significant contributing factor to increasing human benefits and overall
system stability; this is demonstrated in the life support capacity, rich nutrient profile, multi-functionality of yields and
enhanced astronaut well-being.

SIRONA provides comprehensive care of humans on Mars through 1) the careful selection of nutrient sources
from multiple climate zones and 2) horticultural therapy, which is implemented by promoting passive and active
Human-Plant Interaction (HPI). The well-being of astronauts is further enhanced by encouraging activities such as
exercise, socialization, and meal preparation in the multi-purpose open space; this space allows the crew to participate in
recreation and exercises while surrounded by plants. SIRONA is outfitted with automation technologies and horticulture
decision support tools (AgQ, the Brain, and a Remotely Operated Gardening Rover) that help reduce work load and
optimize the benefits of horticulture therapy. Gardening tasks that are not time sensitive are assigned when the crew
member can benefit the most from taking a restorative break from non-critical stressful tasks.

I1. Context and Assumptions

The STIRONA analytical work® was first carried out as part of the 2019 NASA BIG (Breakthrough, Innovative,
and Game-changing) Idea Challenge ” which sought innovations from university teams for the design, deployment,
and sustainable operation of a Mars greenhouse. Proposed designs were required to provision a crew of four during a
600-day mission on an early Mars outpost consisting of two structures: a crew habitat and a greenhouse, both of which
utilized the same Mars Ice Home as the primary structure. The Mars Ice Home, a concept previously designed through
a collaboration between NASA Langley Research Center, Space Exploration Architecture, and Clouds Architecture
Office, is a two-story inflatable torus surrounded by a 2m-thick layer of water ice that shields the interior from Galactic
Cosmic Rays (GCR) 1% The STRONA primary shell structure (comprised of an identical Ice Home inflatable shell) is
outfitted with additional secondary internal structures and growth systems to create the greenhouse. The same goal of
reducing GCR radiation is applicable here, as the crew will be spending a significant amount of time in the greenhouse
working, eating, and recreating. The SIRONA greenhouse attaches to the Ice Home—i.e., crew habitat—via a pressurized
tunnel with an airlock at each end. The water (in situ production of 100kg/day) and power (40kW provided by the
Kilopower system) sources and interfaces for the greenhouse are similar to that of the Ice Home and were prescribed by
the NASA BIG Idea Challenge.

Launch and Entry, Descent, and Landing (EDL) parameters were also derived from the conceptual design of the Ice
Home. The stowed configuration fits in the 8m-diameter cargo-shroud of the Space Launch System vehicle. SIRONA
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can be packaged and stowed within the volume and dimension constraints of the EDL aeroshell. As with the Ice
Home deployment after landing, the SIRONA package will be transported to the Mars deployment location via robotic
transporters already presentl? The crew is estimated to arrive about 26 months after the launch of the SIRONA package.

ITI. Design Considerations

This study proposes a complete integration of biological components such that the astronauts, plants, and symbionts
(aquatic life, algae, and microbes) remain healthy throughout the entirety of a 600-day mission. Components and
technologies are carefully chosen to optimize benefit-to-mass ratios. To support the goal of creating a robust system
less prone to failure in a novel, high-risk environment, each element carries out multiple functions and each function
is provided by multiple elements (a concept that draws from the stacking functions principle from permaculture).
The nature of a regenerative system calls for a design that can continuously process inputs and outputs from various
subsystems. The system must be able to produce and/or recycle a portion of food, oxygen, carbon dioxide, greywater,
and blackwater as generated by crew members and crops.

A. Design Philosophy

The SIRONA design focuses on creating a highly integrated living system that is resilient, robust, and regenerative.
This goal is achieved by drawing upon a unique approach that embraces the concept that the synergistic integration
of all organisms is crucial to the well-being of the whole living system. The SIRONA greenhouse integrates proven
concepts from the following design methodologies and technologies: permaculture, biophilia, biomimicry, Controlled
Environment Agriculture (CEA), vertical farming, and human centered design.

A major goal of this design is to maximize the use cases within the greenhouse volume to improve the habitability
and human factors of the outpost beyond satisfying basic nutritional needs. Such use cases include relaxation, recreation,
sensory stimulation, meal preparation, and supplemental Bioregenerative Life Support Systems (BLiSS) (e.g., food
production, waste management, water reclamation, air revitalization, and access to nature). BLiSS is a specific acronym
that embraces the concept that nature improves the health and well-being of the crew, and is a critical function of a
bioregenerative life support system 1" It has been said that “Nature is BLiSS,” (Hava, 2016) which embodies the
intangible benefits of integrating nature into the habitat 1% Previous BLSS (the acronym without the i) designs focused
on crew survival as their primary function; however, a BLiSS design such as that implemented in SIRONA provides
support to the additional vital functions of keeping all of the living systems healthy and happy. To fulfill this architectural
vision, the layout is designed to mimic the familiarity of Earth parks or gardens that promote well-being, crew cohesion,
relaxation, and recreation 1*

Additionally, SIRONA can be used as an emergency secondary habitat in case of catastrophic failure of the Mars Ice
Home primary living quarters. SIRONA includes all of the subsystems necessary to function as a habitat, including a
bathroom, kitchen, and emergency deployable sleeping quarters that are stowed during normal greenhouse operations.
The Ice Home and SIRONA are connected by a pressurized tunnel and airlocks, allowing the two systems to operate
independently. Integration of this functionality into the SIRONA system again demonstrates resiliency even under
critically dangerous circumstances.

B. Diet Considerations

The total estimated caloric requirements for this mission are approximately seven million calories. Given the
prescribed size of the greenhouse, power constraints, and the current state of lighting technology, it is realistic to assume
that the mission involves periodic resupplies of high-calorie staple foods from Earth. The role of SIRONA is to provide
supplemental fresh crops and seafood that enhance the micro-nutrient profile, palatability, and psychological attributes
of the crew’s diet.

The concept of “food as medicine” and the use of functional foods are adopted to guide crop selection. The crops
grown on Mars play a critical role in providing micronutrients that address both the physiological deterioration of crew
during long-duration spaceflight and the degradation of nutrients in foods stored for long periods. For example, vitamins
D and K are key to counteracting the loss of bone mass: > Antioxidants such as selenium, Vitamin E, and carotenoids
(e.g., zeaxanthin, b-carotene, lutein, and lycopene) may help to mitigate the effects of space radiation''® Certain spices
and herbs long used in numerous cultures’ traditional medicines have been clinically shown to have measurable positive
effects on health/' in addition to livening up otherwise bland dishes.

Palatability is a key design driver because it can override all other attributes in influencing food consumption. Thus,
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a menu is required that not only supplies necessary nutrients but also is highly palatable over the full duration of a Mars
exploration space mission. To this end, the design adopts aspects of highly e ective techniques utilized by professional
chefs in ne dining. Raw ingredients and cooking tools are chosen that create contrasting avors and textures on the
plate. To encourage the crew to engage with and be provoked by their meals, the selection of exotic crops is balanced
with fruits and vegetables familiar to a Western éfet.

C. Crop Integrated Value

A diverse roster of crops provides nutritional, medical, and psychological bene ts to the crew. The SIRONA crop
complement was determined through an assessment of functions each plant performs. Rather than exporting the standard
Earth agricultural de nition of yield as biomass per ar&dhe novel metric Composite Yield{) is used to guide the
crop selection process. In the SIRONA systéll,is the weighted value of all plant functions summed over the percent
of usable biomass (i.€l, HI). By this de nition, the system favors those plants with the greatest number of functions
and highest harvest indekl( = %ﬁ (i.e., high-scoring crops). This equation is exible and may be adjusted
based on mission constraints and priorities by adding, subtracting, or otherwise manipulating the relative weight of
each function in the numerator. Selection of robust, high value crops usif@vtiheetric thus re ects the emphasis on
optimizing the crop complement for complex and diverse gains. Equation 1 represents this novel metric.

I

i Vi
1 HI @

In the above formulay; = f0; 1gis a single plant function, and | is the harvest index such that t8 for each crop
is the sum of functions per usable harvestable mass. In this design, three primary crop functions in the numerator were
used to evaluate each crop: nutrition, psychological bene t, and medicinal value. Table 1 provides details of each crop.

Cy=

Table 1. Crop Complement Overview

Crop Z?g BIiEc()jrlr:);is Key Nutrients Key Functions
m? kalyr Vit=Vitamin; Min=Mineral Diet‘ Psych‘ Med
Zone 1 Keyhole Wicking Beds
Lettuce 0.64 30.66 Vit (C), Min (Mn, K, Cu, Fe), ber
Spinach 1.096 29.2 Vit (A, B, E, K), Min (Mn, Mg, Fe, Cu), folate
Kale 1.965 30.66 Vit (A, B, K), folate, protein,
ber, a-linolenic acid, lutein, zeaxanthin
Ground 0.496 0.477 Vit (A, C), Min (Fe, Ca, P), X X
cherry niacin, thiamin, ribo avin
Sorrel 1.381 15.33 Vit (C), Min (P, Fe), ber, oxalic acid, avonoids| x X X
Green onion 0.165 4.928 Vit (B, C), quercetin, ber X
Bok choy 0.834 21.921 Vit (A, V) X
Carrot 1.464 39.986 | Vit (K), ber, lutein, a- andb-carotene, lycopene x X
Radish 0.294 9.837 Vit (A, B, K), Min (P), folate, protein, X
a-linolenic acid, lutein, zeaxanthin, ber
Potato 3.229 1241 Vit (B6, C, K), Min (Mn, P), niacin X
Zone 2 Ebb and Flow Beds
Strawberry 2.48 130.448 Vit (C), Min (P), folic acid, ber X X
Tomato 3.626 229.95 Vit (A, C), lycopene, luteina- andb-carotene X
Pepper 1.665 90.52 Vit (A, C, E, K), ber X
Ginger 0.52 6.921 gingerol X X
Continued on next page
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Table 1 continued from previous page
Crop Z?g Blfg;:;is Key Nutrients Key Functions
m? kalyr Vit=Vitamin; Min=Mineral Diet| Psych Med
Turmeric 0.52 4.55 curcumin X X
Aloe 0.26 0.139 Vit (C), anthraquinones X
Marigolds 0.52 0.064 calendulin, linolenic acid, carotenoids X X X
Banana 2 48.48 Min (P), carbohydrates, ber X X
Oca 3.229 43.913 antioxidants, starch, ber X
Cilantro 0.52 5.2 lutein, zeaxanthinh-carotene X X
Chamomile 0.74 0.37 terpenoids, avonoids X X
Basil 0.52 12.199 Vit (A, K), Min (Mn, Mg) X X
Mint 0.39 1.685 Vit (C), rosmarinic acid X X X
Zone 2 Wicking Bed
Nasturtium 0.52 1.596 Vit (C), Min (Fe) X
Mashua 1.614 21.956 antioxidants, starch, ber
Sweet potato 6.961 131.4 Vit (A, C), Min (Ca, K)
Zone 2 Biowick
Dwarf lemon 1 45 Vit (C), Min (K) X X X
Barbados cherry| 3 39.6 Vit (A, C), niacin X X X
Dwarf kumquat 1 45 Vit (C), ber X X X
Dwarf plum 3 110.1 Vit (C), zeaxanthin X X X
Passion fruit 3 64 Vit (A, C), ber, b-carotene X X X
Kiwi 3 68.1 Vit (C, K), Min (Ca), ber X X
Crop Sub-totals| 51.65 1715.39 Avg. Edible Biomass Density (kg/ft 3.21
Spirulina N/A 3.65 Vit (B), Min (Ca, K, Mg, Fe), X
dry mass niacin, amino acids
Duckweed N/A 3.37 protein, antioxidants X
Watercress N/A 2.56 Vit (C, K), carotenoids X
Sacred lotus N/A 8.27 avonoids, glucosides, triterpenes X
Crop Sub-totals| N/A 14.21 Avg. Edible Biomass Density (kg/ft 0.61
Tilapia N/A 36.31 Protein X X
Jade perch N/A 54.46 Protein, omega-3 fatty acids X X
Barramundi N/A 54.46 Protein, omega-3 fatty acids X X
Prawn N/A 10.14 Protein X X
Cray sh N/A 24.31 Protein X X
Mussel N/A 17.64 Protein X X
Sii?{gg:s N/A 197.32 Avg. Edible Seafood Biomass Density (kghm26.93

Total Edible Biomass (kg/yr): 1926.91

Avg. Daily (kg/CM-d): 1.32
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D. Food Processing Considerations

Post-harvest processing is another factor that guides crop selection. Previous studies estimate that roughly 5 CM-h/d
of active crew time is dedicated to meal preparation and cleanup in a hybrid bulk-commodity, salad-crop food system
with an additional 90 minutes per CM-d for consumptf8rGiven the fresh food grown and the processing equipment
included in SIRONA, crew time is expected to increase to 6-9 CM-h/d to accommodate post-harvest processing (not
including crop tending) and cooking beyond simple rehydration and heating. While some of the highly perishable crops
(e.g., salad crops) must be eaten fresh, other selected crops are amenable to long-term storage or preservation in order to
compensate for seasonal variations in abundance and scarcity. Inedible plant and sh matter can be incorporated into
other stages of the bioregenerative loop, such as serving as sh food in the aquaponics system.

IV. SIRONA Detailed Design Concept

A. Greenhouse Architecture

On Earth, technology and site-speci ¢ methods facilitate food production for nutrition and environmental habitability
across vastly di erent ecosystems. Of the many food production approaches, the least resource- and time-intensive
systems are agroecosystems, which provide nutrition under even extreme conditions by making use of evolved plant
adaptations and mimicry of community-level biological proceg$é=or the mission at hand, the same principles
important for stable agroecological systems on Earth (e.g., redundancy, reduction of resource waste, crop’@iversity)
are employed to improve e ciency of both biological and mechanical components. SIRONA is a BLiSS created to
optimize system productivity of crops and crew members by mimicking terrestrial agroecological systems with use of
permaculture principles and methods.

A key principle in both permaculture and agroecological farming is the importance of perennial plants for stability
and resource e ciency of the whole system. Fruit trees, for example, produce edible yields annually for years while
simultaneously improving soil stability, habitat, and resource availability for other plants in a terrestrial ecdsystem.
This concept is implemented in SIRONA by utilizing fruit trees to passively process grey and blackwater via the Biowick.
Described in detail in section 1V.C.4, the Biowick safely processes human waste to maximize nutrient reclamation
while minimizing the risk of exposing edible plant parts to pathogens. This system function, along with high-quality,
composite yield of fruit trees, suggests that an adapted food #reitimprove the long-term bene ts and yields of
SIRONA.

To account for time delays associated with perennial crops, successional planting of annuals provides quick and
continuous fresh food while trees mature (acting as a carborréiak)l develop fruits in the initial phases of the mission.
Individual trees can be transported at approximately age two years to further mature during the cold-temperature transit.
Winter simulation through refrigeration during transit induces maturity and fruit production upon planting in SIRONA.
Staging and intercropping annuals and perennials creates an arti cial ecosystem analogous to agroecosystems, complete
with successional resource management and growth media remediation.

B. System Overview

The land crops, trees, algae, aquatic animals, and aquatic crops all produce edible biomass for the crew members
(Figure 1 and 2). The biodigester processes all of the kitchen's grey and blackwater, as well as inedible biomass
produced by the greenhouse that is not used for other purposes such as creating growth media or sh food. The grey and
blackwater from the bathroom (i.e., from human output streams) is used as fertilizer for the Biowick; also, it can handle
any over ow from the wicking beds. Bidirectional plumbing between the Biowick and biodigester mitigates the risk of
over ow from either, as both are capable of processing grey and blackwater from any source. In the case that both
systems are over capacity, the Ice Home waste system serves as the backup over ow system. Furthermore, both the
Biowick and biodigester are capable of treating human waste safely through bioremediation and temperature treatment;
see Risk Reduction section for more details.

The rst- oor keyhole wicking bed is irrigated with IMTA pond water that fertilizes the crops with nutrients from
the sh. Pond water is pumped up to the second- oor mussel tank before it is used to irrigate the wicking beds and ebb
and ow beds. After irrigating the beds, the water returns to the mussel tank prior to cycling back to the pond via a
waterfall that drives a water wheel, both of which serve the function of aerating the water to increase the dissolved
oxygen levels. The IMTA water is also used to provide nutrients to the algae photobioreactors. Second- oor systems are
interdependent, with various water pumps and a water wheel to facilitate moving the water to and from the pond located
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