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1. Introduction

1.1. Introduction and Overview

Our greenhouse design concept, DEMETER, is a Deployable Enclosed Martian Environment for
Technology, Eating, and Recreation. DEMETER incorporates ice shielding from the Mars Ice Home habitat
design and will provide sufficient nutritious food for a four-person astronaut crew on a 600-sol surface
mission to Mars. The design has been conducted in five primary phases: determining the nutritional need
of the astronaut crew, selecting a plant-based diet to meet the nutritional need, sizing the greenhouse
architecture to grow the plants, developing the necessary subsystems to support the growth of the plants,
and iteration using the knowledge gained during the prototyping process. The design is an automated
hydroponic growing system which utilizes a cylinder inside a torus. This cylinder stores the system that
dispenses and recycles the water and nutrients. The greenhouse also provides a circular track for exercise
and recreation.

1.2. Purpose, Scope, and Background

The primary purpose of the greenhouse is to feed the crew, but it will also support the effort to create a
closed loop habitat by recycling biomass, energy, water, oxygen (O), and carbon dioxide (CO2) with the
Ice Home. With consideration for future missions, the targeted operating lifespan of DEMETER is 15 Earth
years. This greenhouse will be part of the first effort to establish a human presence on Mars, which has only
been visited by probes and rovers. Similar technologies used in this series of Martian missions will be tested
in cislunar and lunar missions, providing opportunity for improvement and astronaut practice.

1.3. System Overview

The system includes the Martian Environment, the Ice Home, and DEMETER, as illustrated in Figure
1. Water and electricity are generated by the Ice Home, and the human crew provides CO; and liquid waste
in the form of urine. DEMETER will provide food and O to the Ice Home.
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Figure 1: DEMETER system overview map. “Controls” here refers to the compilation ofallrsensors
and actuators, as well as the computers and interface.
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1.4. Needs, Goals, Objectives, and Requirements

1.4.1. NASA Need

In the interest of establishing a human presence in space, NASA seeks to send a human mission to Mars
as early as 2030. In 2017, the Mars Ice Home feasibility study developed the Ice Home, an inflatable habitat
structure designed to house an astronaut crew on Mars. The Ice Home makes use of in situ resource
utilization to fill an inflatable structure with water for radiation shielding and CO- for insulation.

1.4.2. Technical Goal
For the 2019 NASA BIG Idea Challenge, our team presents a design for a greenhouse capable of
producing sufficient food to support an astronaut crew living and working in the Ice Home.

1.4.3. Team Goal
Our goal was to fabricate a proof-of-concept experimental prototype in order to address design and
operational challenges. We met this goal with three experimental prototypes and a gas composition model.

1.4.4. Objectives and Requirements

We determined the objectives and requirements for our greenhouse design from the 2019 BIG Idea
Challenge Competition Basics and the NASA-facilitated Q&A session. The primary objective that guided
our design process was to sustain a four-person crew for a 600-sol mission on Mars, optimized to support
consecutive missions for 15 years.

2. System Description

2.1. System Context

DEMETER will be a Closed Ecological Life Support System unit of a Mars outpost. It will be directly
connected to the Ice Home via airlock to support crew members with all necessary food, a means for daily
engagement, and a space for recreation. DEMETER will draw its power and water through an interface
with the Ice Home. In return, it will offer a means to support and balance Ice Home air composition.

2.2. Basic Assumptions

2.2.1. Inflatable Structure

The greenhouse structure will be inflatable in order to maximize space and reduce payload size. A
toroidal shape, similar to the Ice Home, was chosen for the pressure vessel of our greenhouse for its
complementary deployment methods and stable footprint [1].

2.2.2. Placement and Site Preparation
After landing, the packaged greenhouse will be robotically transported to the deployment site. This site
will have been flattened and cleared of large debris (rocks larger than 4 cm) [1].

2.2.3. Ice Home Capabilities

The Ice Home will have the means to produce 1000 L of water every 10 sols and pump this water to
the greenhouse via the interface. The Ice Home will have a pump that interfaces with the Martian
atmosphere in order to provide initial inflation with CO; for the greenhouse. The Ice Home will transmit
the necessary amount of electric power to the greenhouse via the interface power connection. This amount
is assumed to be a fraction of the total lce Home power supplied by 4 to 5 10kWe kilopower generators [2].
The pressure inside the Ice Home is assumed to be 101 kPa [1].

2.2.4. Resource Margins

A 30% resource margin for water, mass, and peak power consumption will be maintained. The
greenhouse will help maintain many of the Ice Home systems, so we assume it is reasonable for
DEMETER’s peak power demand to be no more than 20 kWe [1].

2.2.5. Cosmic Ray Environment and Radiation Shielding

The greenhouse will employ the same radiation shielding strategy as the Ice Home, with CO- and water
ice membranes built into the inflatable structure. The shielding thicknesses will be designed to reduce
radiation exposure by 50% [3]. The amount of cosmic radiation experienced on Mars varies with location,
so we assumed a landing site of + 30° latitude when considering cosmic radiation and climate conditions.
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2.3. System Phases

2.3.1. Launch, Flight, Entry, Descent, and Landing

The packaging of DEMETER resembles that of the Ice Home. However, instead of tight ribs on the
sides, the membrane will pack tightly on top of the cylinder, and all of the equipment and consumables will
fit inside. The upper and lower structural support pieces will be collapsed into the cylinder and will extend
vertically during deployment. A diagram of the packaging is shown in Figure 2.
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Figure 2: DEMETER packaged schematic.

The entry, descent, and landing (EDL) analysis was modeled using the Space Launch System (SLS)
capabilities and parameters in a dynamics calculation spreadsheet created by aerospace engineer and advisor
Max Fagin. In these simulations, we assumed our package could withstand up to eight times the force of
Earth’s gravity [4, 5, 6]. This assumption is based on the capabilities of the materials used in DEMETER.
For example, containers that hold acid will use a Teflon-lined Kevlar capable of withstanding launch and
operational conditions. A more detailed mass budget is shown in Figure 3. For the purposes of this
simulation, propellant refers to the amount needed when using an unguided landing system plus a 30%
margin.

Engines: 240 kg

@ Propellant: 1673 kg

® Thermal Protection
Shield: 1974 kg

@ Structures & Cargo:
9131 kg

Figure 3: Mass budget for EDL analysis.
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As the vehicle begins its descent into the Martian atmosphere, the entry mass is comprised of all four
components displayed in Figure 3, totaling 13,018 kg. About five seconds before the spacecraft lands, at an
altitude of 800 m, the Thermal Protection Shield is ejected and the engines begin to fire, using up the
propellant. By the time the payload lands on the Martian surface, only the cargo and engines will remain,
for a landing mass of 9371 kg.

2.3.2. Deployment

Deployment will begin with the robotic transport of the packaged greenhouse payload from the landing
site to the deployment site, a pre-cleared site adjacent to the Ice Home. The packaged cylinder will be
placed within 1 m of the end of the Ice Home tunnel interface. The telescoping tunnel will connect the
greenhouse interface ring to the Ice Home, as illustrated in Figure 4. This feature will allow the greenhouse
to be placed in its final position before deployment.
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Figure 4: Initial and final stages of inflation. The telescoping tunnel is shown in red.

After telemetry, sensor data, and visual confirmation via cameras provide evidence of successful
connection, the inflation of the greenhouse will begin. Through the interface, the air compressor inside the
Ice Home will inflate the greenhouse to 101 kPa, equivalent to the Ice Home pressure. With 300 m® of
working space and 407 m® of CO, membrane to inflate, initial inflation will occur over a 52 sol period,
based on our calculations using a scaled scroll air compressor [7]. Throughout inflation, the telescoping Ice
Home interface tunnel will passively contract in increments of 7 cm per sol. The greenhouse’s 416 m® of
ice shielding and 6500 L of working tank volume will take 4225 sols to fill at a pumping and production
rate of 100 L per sol.

We constructed an inflatable prototype to demonstrate the packaging of the membranes and the inflation
of the innermost membrane. This helped us understand the feasibility of the geometry and prompted us to
change our design to package the membranes above the cylinder instead of on the sides. The inflatable
membrane is modeled with a vinyl polymer and the inner cylinder is modeled with high density
polyethylene. This is shown in Figure 5.
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Figure 5: Inflation of the inflatable prototype.

To ensure successful deployment, strain sensors will monitor the greenhouse membranes, flow rate and
pressure sensors will monitor the air and water lines, and cameras will provide visual confirmation of the
deployed state throughout the entire deployment timeline. Automatic systems monitored by ground
operators on Earth will halt or adjust deployment if necessary.

Another deployment prototype was created which addressed the deployment of the plant growing
system. Specific aspects of the prototype require more information about our design. Therefore, information
on this prototype can be found in Section 3.4: Structural Support System.

2.3.3. Deployed State, Outfitting, and Checkout

Before the crew arrives, DEMETER will be completely inflated and the ice shield will be partially
filled. The percentage of the volume partially filled depends on the water extraction rate allowed for the
greenhouse and the order of priority after the human habitation area. The 0.1 m? per sol water production
rate results in a lengthy filling time, as mentioned previously, so the radiation shielding will not be
completed upon the crew’s arrival. However, if the greenhouse could get a higher rate after the priority
areas are filled, this time could be reduced dramatically. In the case of an incomplete shield upon crew
arrival, plants can still be grown safely [8]. Protective equipment, such as EVA suits, may be worn by
astronauts while they work in the greenhouse for additional shielding.

At the time of crew arrival, the water reservoir will contain 6500 L, the greenhouse will be fully inflated
to a diameter of 16.2 m, the plant growing tray structure and related systems will be in place, and the Ice
Home interface airlock will be established and functional. DEMETER will share its atmosphere with the
Ice Home, and the air composition will become human-compatible by the time the crew lands. Diagnostic
tests will ensure proper functionality of all systems. The interior greenhouse temperature will be held just
above 0°C until the crew arrives, when it will be heated to 20°C.

Once the crew has arrived, they will check and maintain all systems. They will then prepare the
hydroponic solution and plant seeds for germination. Until a critical plant mass is reached, the greenhouse
will be ineffective in balancing CO; levels with O, so additional O, will be necessary.

2.3.4. Operations and Maintenance

DEMETER, like the Ice Home, is designed to be a multifunctional Mars habitat component. Though
its primary role is to produce food, it is also designed to serve as a space for recreation and a viable living
area in the event of an emergency Ice Home failure.

Based on plant climate averages, the temperature of the system will be set to 20 + 2°C and the humidity
will be set to 70 + 10 % [9, 10, 11, 12, 13, 14]. The lights, temperature, humidity, air composition (COa,
0, and nitrogen levels), nutrient concentration, pH, flow rate, and reservoir water pumps will be regulated
autonomously unless intervention is necessary. Humans will oversee and control waste and water transfer
and monitor general plant health. We estimate that DEMETER will require up to 21 total person-hours of
labor per week, divided amongst the four crew members. This is based on our experience with our
hydroponic prototype (which we will discuss in section 3.5), visits to local greenhouses, and data from the
Lunar Greenhouse project [15].



Thayer School of Engineering at Dartmouth College

2.4. Interface between Greenhouse and Ice Home

The greenhouse will interface with the Ice Home with a 2 m x 2 m pressure door which will connect to
a telescoping tunnel extending from the Ice Home habitation zone. The greenhouse pressure door is based
on the International Berthing Docking Mechanism (IBDM), which operates on the International Space
Station. This mechanism consists of two components, one active and one passive, and enables robust,
pressurized mechanical connection as well as power, data, air, and water transfer [16]. The interface ring
for the greenhouse will have similar embedded connections as the IBDM with an additional connection for
urine transfer. Mechanically, the greenhouse ring will be the passive component, with the locking
components integrated into the interface on the Ice Home tunnel. To facilitate simple and quick initial
connection of the structures before inflation, the resource connections on the greenhouse interface ring and
complementary Ice Home attachments will be attached via quick connect/disconnect fittings.

In addition to this interface, a secondary exit and entrance to the greenhouse will be available via an
external airlock, located on the opposite side of the torus. We have chosen the NASA Dual-Chamber Hybrid
Inflatable Suitlock conceptual design as an analog, which is expandable and provides both suitlock and
traditional airlock capabilities [17]. This airlock tunnel will be portable and will attach to the greenhouse
with a similar interface as the Ice Home interface. Air, power, and data connections will interface with the
external airlock.

3. Plant Systems Design and Systems Integration
3.1. Crop and Growth System

3.1.1. Crop Selection Based on Nutritional Requirements

Plant selection was dictated primarily by the dietary needs of the crew. This selection was optimized to
include the most nutritionally-dense plants with the shortest growing time, highest edible biomass density
(EBD), and highest harvest index. We assumed each member of the crew will eat a 3000-calorie diet with
60% of calories from carbohydrates, 15-20% from protein, and 20-25% from fat [18].

In total, 90 species of vegetables, grains, fruits, herbs, nuts, and seeds were compared based on the
specified criteria. The ideal growth environment for each plant was considered, and priority was given to
plants that have been suggested for use in closed ecological systems such as Bios-3 [14, 19]. Our final plant
selection includes kale, soybeans, sweet potatoes, potatoes, strawberries, broccoli, wheat, and chufa. The
relative amounts of these plants were optimized to create a diet that meets the daily proximate and caloric
requirements of the crew. This diet dictated the required growing area for each plant and the required size
of the greenhouse. The nutritional content for a daily diet is shown in Table 1.

During preliminary analysis, we also identified daily requirements for thirty vitamins and minerals, but
consultation with a nutritionist encouraged us to introduce a multivitamin to support these additional dietary
needs. To supplement our plant selection and multivitamin, we compiled a list of optional herbs and spices
that the crew can grow to personalize their diets. This list includes garlic, basil, tarragon, mint, rosemary,
thyme, oregano, nasturtium, onion, flax seed, chia seed, sunflower seeds, and sesame seeds.

Table 1: Nutrition Content of Each Plant

Plant Amount Energy Protein Fat Carbohydrate
(g/sol) (cal/sol) (g/sol) (g/sol) (g/sol)
Kale [20] 2200 770 64 33 97
Soybeans [21] 330 1472 117 70 99
Sweet Potato [22] 1824 1568 29 1 367
Potato [23] 630 485 13 1 110
Strawberries [24] 110 35 1 0 8
Broccoli [25] 390 133 11 1 26
Wheat [26] 1175 3982 161 29 835
Chufa [14] 876 4158 70 197 526
Total 7535 12,603 466 332 2068
Required (Crew) |  ------ 12,000 450 267 1800
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3.2. Growth Time, Harvest Cycles, and Efficiencies
After finalizing our plant selection, we developed suggestions for optimal cultivars based on growth
time, harvest time, and yield. We also devised an optimal surface area distribution for plant growth, as
shown in Table 2.
Table 2: Key Parameters for Selected Crops

Cultivar Growth Time  Yield Surface Area Vertical Space Volume EBD

(sol) (g/plant) (m?) (m) (m®) (g/m?)

Fz%l,ezs, 29y | Premier 120 800 4.6 0.42 19 49,600
g’g’]bea” thegller’s 94 33 11.6 0.42 49 2050
[Ssvxc]eet Potato Ti-155 130 1790 8.1 0.6 49 28,640
F:?zt?t:s%] Denali 114 3990 8.1 0.6 49 9980
i | Femal 120 10023 v
[B;?fég]" Imperial 90 650 19 0.6 12 4060
\[’;’Q,egg] Perigee 80 - 35.1 0.42 147 1740
[Clzlffgg] Alboraia 80 - 20.3 06 122 2250

3.3. Growth Media

We researched and compared soil, aeroponic, and hydroponic growth mediums for the greenhouse.
Much of this work included visits to local greenhouses and consultations with experts and professionals.
After comparing each system’s design parameters, the most important being safety, reliability, and energy
usage minimization, we chose the Nutrient Film Technique (NFT) hydroponic system. Hydroponic systems
have the advantage of greater yield than soil; for example, strawberries have a smaller growing area, lower
water usage, and 17% increase in yield when grown hydroponically versus grown in soil [36].

3.4. Structural Support System

3.4.1. Structural Design Overview

The overall structure of DEMETER closely resembles that of the Ice Home; this allows the two
structures to be developed concurrently, reducing development costs and timelines. After an independent
analysis of shapes including cylinder, torus, and dome, we selected the toroidal layout for its efficient
volume, stable footprint, and ease of deployment. The size of the structure was scaled according to the
volumetric needs of the plant growth, and was constrained by limits on the package size.

We designed modular hydroponic growing trays and calculated the yield of a growing tray for each
plant variety. These trays have a rectangular base with trapezoidal sides to allow for tight packing. They
are arranged radially around the central cylinder. We used an optimization algorithm to meet the caloric
and proximate needs of the crew while minimizing the growing area and keeping at least one stack of each
plant variety. This achieved a balance of plants that provides a diverse and nutritious diet. These trays are
illustrated in Figure 6.

This hydroponic system was designed with deployment and harvesting in mind. The top covers of the
hydroponic growing trays can be removed for plant harvest and tray storage, and a tower of hydroponic
growing trays - from now on referred to as a “stack” - can compress together. This allows the trays to fold
tightly against the central cylinder during transport. The stacks are shown in Figure 6.
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Figure 6: A single tray without end caps (left), a stack without plants (center), and with plants (right).

Early on in our design process, we wanted to ensure that the dimensions of the trays were realistic and
comfortable for astronaut operation. To help us visualize the space, we made a full scale chalk outline of
the circular growing area and took note of the vertical height of the inner cylinder. This exercise, and several
trips to local greenhouses, helped us determine the appropriate dimensions and spacing of the trays that
human crew members will interact with. We found that humans can comfortably work with a removable
tray cover that is 0.75 m long. The crew will need to remove the tray covers and transport them as part of
harvesting activities, so we designed the 1.5 m trays to have two tray covers, each 0.75 m long. We also
determined that 1.5 m is a comfortable width for the circular track around the growing space.

The central cylinder will also house storage for surplus harvested crops, including a freezer for the kale,
broccoli and strawberries. The other crops can use non-refrigerated containers. Additionally, a small stack
will hold the herbs and edible flowers previously mentioned, as well as a few extra trays for the nursery.

In our initial proposal, our design featured an inner cylinder height of 2.5 m. During our feedback call
with the BIG Idea Challenge judges, we were encouraged to revisit the vertical space requirements of our
chosen plant varieties. After further research and discussion, we increased our cylinder height to 3 m to
give the plants more vertical space. The spacing between trays is now equal to the vertical space requirement
of each plant variety, given in Table 2 in Section 3.2. The nursery trays require less vertical space, with
0.15 m of spacing between each tray. Figure 7 shows the greenhouse with updated overall dimensions.
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Figure 7: Major dimensions of DEMETER in meters.
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3.4.2. Stack Deployment Prototype

To better understand the deployment of the hydroponic growing system, we developed several
iterations of a subscale prototype. The first version of this prototype was made entirely with plywood and
featured a cylindrical glide track. Based on how this prototype worked, insight from CAD modeling, and
consultation with Dartmouth’s resident machine shop experts, we made many changes for the second
iteration, shown in Figure 8. This new version featured hinges that allow the trays to fold upward during
packaging and unfold to a predetermined angle. We designed custom hinges that stop the trays at the correct
angle. Sliders allow the trays to translate vertically into their final positions. This vertical motion is
accomplished with a system of pulleys and cables that pull the sliders along a glide track. The prototyping
process informed the decision to use a glide track and the decision to change the design of the trays to
include a more flexible end cap. We switched from a cylindrical glide track to a T-slot bar system with a
slider to reduce friction.

To minimize bending and stress in the long trays, cables will also support the far ends of the top trays.
Because the trays are only 1.5 m long and the cylinder is 3 m tall, the bottommost trays do not need to move
- they can be packaged in their final position and remain there. Therefore, only the top half of the stack
needs to be translated vertically. This translation will be achieved by the lowering of a counter-weight from
a high location. This will raise the trays to their final positions, and the lower trays will be pulled up by
tension in the cables connected to the trays above them.

Figure 8: Deployment prototype in three configurations: packaged (left), partially deployed (center),
and fully deployed (right). The top shows the CAD model, the bottom shows the physical version [40].
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These prototypes are Y scale except for some pieces which were made larger for ease of manufacturing.
Specifically, the hinges and sliding mechanism are oversized for the % scale; in the full-scale design, they
can be much smaller compared to the tray size. Additionally, the prototype stack contains only five trays,
while the number of trays in a full-size stack ranges from nine to thirteen.

3.5. Water and Nutrient Delivery System

The NFT hydroponic system delivers nutrients to the plants via a thin film of water that flows at a
constant rate over the tips of the plant roots. This is accomplished with a system of growing trays connected
to a reservoir filled with a water-nutrient solution. The trays are angled to ensure steady, gravity-driven
flow over the plant roots. Once the water has flowed through the system, it is collected in a reservoir at the
bottom of the greenhouse. After the bottom reservoir is filled, water will be pumped 5 m upward back into
the upper reservoir. The water in the bottom reservoir will be aerated, enriched with nutrients, and sanitized
prior to pumping to the top reservoir. These systems are demonstrated in Figure 9.

The plants we selected for the greenhouse all grow well in a hydroponic system when supplied with a
Hoagland nutrient solution, which is composed of the ideal amounts of nitrogen, potassium, phosphorus,
and other elements essential for plant growth [30, 38, 41]. This allowed us to more fully integrate the
nutrient delivery and water delivery systems without concern for specialized solutions for each plant
variety. Two tanks are required, one with a water temperature between 15.6 - 18.3°C for strawberries, kale,
soybean, potato, and broccoli, and another tank with a water temperature between 21.1 - 23.9°C for sweet
potato, wheat, and chufa [10, 42, 43]. The electrical conductivity (EC) of the warm tank should be 1.25
dS/m and the EC of the cold tank should be 2.1 dS/m [44, 45, 46, 47, 48, 49, 50]. In order to maintain a
healthy EC, the water-nutrient solution can be periodically directed through salt filters to remove excess
salts. These excess salts will be stored until the end of the mission, when they can be returned to earth in
the return vehicle.
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Figure 9: Section view showing water and nutrient delivery system [51].
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Given that most of the research has been done for systems on Earth, we used the equations in Table 3
to convert Earth parameters to parameters usable on Mars. The variables remain the same except for those
which depend on gravitational acceleration.

Table 3: Parameter Conversions from Earth to Mars

Variable Earth Mars
NFT System Angle (6) 0, 0,, = asin ((g‘g—e> ¢ sin(@e))
m
Pump Power (P) Ppump earth Ppump Mars = Fpump Earth
Gravity (g) Je 9m = 0.378g,
Height of Cylinder (h) he hy, = h,
Density (p) Pwater Earth Pwater Mars = Pwater Earth
ViSCOSity (ﬂ) Uwater Earth Uwater Mars = Hwater Earth
g
Flow Rate (Q) Qrareh Qmars = Qrartn * g—e
m

Standard NFT conventions indicate a flow rate of 1 L/min is suitable for each of our plant varieties
[52]. To determine our final tray dimensions and angles, a simulation was created using an array of tray
widths and a uniform flow scenario. For the plants with smaller trays, this led to an Earth angle of 0.88°.
Wheat, chufa, potatoes and sweet potatoes have a larger tray, and the angle for those trays is 0.64°. We then
related these angles to Mars, using the equations in Table 3 in order to achieve the same flow rate. All of
the small trays require an angle of 2.31°, while the larger ones require an angle of 1.69°.

The stacks are connected so that the water-nutrient solution can flow through multiple trays as it moves
from the top reservoir, through the plant roots, and into the bottom reservoir. This design allows for non-
continuous pumping, which reduces energy costs and allows for nondisruptive pump maintenance. The
total volume of water that passes through the system in one sol will be 35,448 L. Each reservoir is divided
into a cold tank and a warm tank, and the total working volume is split between the two tanks, with roughly
three-quarters of the volume circulating between the cold tanks and a quarter of the volume circulating
between the warm tanks. The reservoirs each have a very large capacity of 19,200 L.

In the feedback call with the BIG Idea Challenge judges, we were encouraged to reconsider the
necessity of filling such a large reservoir for daily operation. After research and consideration, we have
chosen to maintain the large reservoir size, but only partially fill it during normal operation. One of the
motivations for designing such a large reservoir was to allow pumping to be done in bulk. In the event of a
pump failure, a larger reservoir allows the water to be pumped manually by an astronaut only twice per sol,
while smaller reservoirs require more continuous pumping. Additionally, large water tanks can decrease
the risk of nutrient over-saturation or dilution for hydroponic systems. The cold tank will be filled to 3138
L and the warm tank to 1292 L. We decided that pumping should take no more than 12 hours per sol, and
from this decision we found new pumps more suitable to the adjusted volumes and pumping frequencies.
We have chosen to implement two Alpine EcoSphere PUR4100 pumps, which each allow for a maximum
flow rate of about 28 L/min [53]. With the adjusted water volume, these pumps now refill the tanks eight
times per sol. The schedule for pumping is shown in Figure 10.

11
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Figure 10: Pumping schedule and tank volumes for a typical sol.

3.5.1. Hydroponic Prototype

In order to study the operational ease of the system, we fabricated an NFT hydroponic prototype
geometrically similar to our design. The prototype frame and trays were constructed out of PVC piping.
The trays are approximately 1 m long (%: scale) due to space limitations. A ten-gallon, light-proof plastic
storage container held the NFT aerator, pump, and General Hydroponics FloraSeries nutrient solution. From
the storage container, the nutrient solution is pumped to the top tray, where it flows downwards through the
other trays before returning to the storage container. Red and blue LED light strips were adhered to the
bottom of each tray, illuminating the tray below. A fan provides circulation, and the system is covered by
a reflective and insulative sheet.

Initially, six strawberry starter plants were placed in a single tray. These plants struggled in part due to
algae growth caused by light leakage into the root chamber. Additionally, when we measured the
photosynthetically active radiation (PAR) of the LED strips that we ordered, we found they did not provide
the intensity that our design intended. After replacing all but one of the strawberry plants, we augmented
the strip lighting with LED bulbs to provide a PAR level of 300. Opaque tape was also applied to any gaps
in the assembly to reduce light exposure on the roots. This setup has been successful, with steady vegetative
growth since the modification, shown in Figure 11. The prototype verified the Earth ground testability of
our design, as we were able to use the angle conversions we calculated to build the proper tray angles.

In a test of the durability of our system, the plants went without nutrients and water during a 30-hour
period following a power outage at our facility. Once the nutrient solution flow was restored, the plants
were able to fully recover, demonstrating the resilience of our hydroponic system.

Figure 11: The hydroponic growing prototype a few days after planting (left), and with fruit-bearing
strawberries (right).

12



Thayer School of Engineering at Dartmouth College

3.6. Microbiome Description

The plants will be fed a careful balance of nutrients, so microbes won't be necessary to fix nitrogen or
perform other functions for the plants. The nutrient solution will be cleaned periodically with UV treatment
as a preventive measure to avoid potential algae and bacteria growth or plant disease. These choices were
based on general hydroponic practices found in literature review as well as interviews with professors at
Dartmouth College [54].

3.7. Environmental Requirements
Root temperature, nutrient solution pH, and lighting cycles are the most important environmental
requirements for plants, detailed in Table 4. We found the overall humidity should be 60-80% for healthy
plant transpiration and the ambient temperature of the greenhouse should stay within 18-22 °C [55].
Table 4: Hydroponic Specifications for Selected Crops
Kale Soybean | Sweet Potato Strawberry, Broccoli | Wheat Chufa

Potato
[10, 44, 56] [45, 57, 58] [10, 46, 59][10, 46, 47] [12, 48] |[10, 28, 46][13, 49, 60][14, 50, 61]

(Ff,%‘;”emp 15.6-18.3 | 17.8-26.7 | 21.1-29.4 | 15.6-18.3 | 7.8-18.3 | 15.6-18.3 | 15-30 | 22.2-27.8
E’hh)"t"pe“"d 16 12 24 24 12 16 24 12
pH 6-7.5 52-7 4-6 457 | 5565 65 6-6.5 6.3-7

3.7.1. Gas Composition Model
To better understand the feasibility and behavior of our system, we decided to use a computational
model. We partnered with SIMOC, a Scalable, Interactive Model of an Off-world Community. SIMOC is
a high-fidelity agent-based model (ABM) capable of simulating closed-loop systems like that of the Ice
Home and DEMETER. ABMs comprise programmable entities meant to interact and exchange different
currencies in a given environment. In this case currencies are solids like edible biomass, liquids like water,
gases like CO», and energy. The simulation can be viewed through the live action feed, an example of
which is shown in Figure 12. The non-linear biomass production feature in SIMOC has been verified
against data from various experimental studies on our plant varieties, including data from the Lunar
Greenhouse [13, 62, 63, 64, 65, 66, 67, 68]. While the input parameters do not perfectly match the
parameters of our system, the model can be adjusted to more accurately model DEMETER.

ATMOSPHERIC LEVELS ooo GREENHOUSE 000 ENERGY
Species: SOYBEAN 0.04%
Species: WHEAT 0.05%
20.974% 0.060% . o
02 (0-100%) €03 (0-3%) Species: STRAWBERRY 0.05%
Species: SWEET_POTATO 0.05%

n Species: WHITE_POTATO 0.03%
L 78.821% ‘ 0.001%

N2 (0-100%) Hp (0-1%) Solid Nitrogen: 100.0009 kg

Solid Phosphorus: 100.0002 kg
n n Solid Potassium: 100.0005 kg
0.000% 0.144% Solid Waste: 0.0000 kg

CHy (0-1%) H20 Vapor (0-100%) Produced ~ Consumed

Figure 12: An example of a SIMOC simulation live action feed.

At the present time, SIMOC is incapable of performing high-fidelity analyses of gas exchange in a
closed system. We developed our own computational model in STELLA to understand the carbon, oxygen
and water exchange in the greenhouse. This enabled us to model the conditions of DEMETER, especially
the ramp-up period of the crop growth from day 0 of the mission to day 100. During this period, our model
revealed that CO; in the greenhouse is initially too high for healthy human activity, so supplemental O, will
be necessary until the greenhouse reaches steady-state production. Once steady-state has been reached, the
system will trend toward higher O levels, and supplemental CO, from the Martian atmosphere will be
required. The STELLA system map for the carbon budget is shown in Figure 13.
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Figure 13: System map of carbon budget for DEMETER. The black lines indicate connections or
dependencies, the green arrows indicate rates of change, the boxes or stocks represent carbon
accumulations, and the red graphs display the carbon levels in each stock over time.

The gas composition model also provides insight into the balance of humidity and transpiration in the
greenhouse, providing critical values for dehumidification, air transfer between the greenhouse and Ice
Home structures, and required water supply. For example, in order to maintain a relative humidity of 80%
within the greenhouse, a dehumidification rate of 0.44 liters per minute is required. The schedule for air
transfer between structures is critical for various aspects of the systems design, including humidity and air
composition. Using STELLA, we determined that one hour of isolation for every three hours of transfer
suited the humidity and air composition cycling.

Figure 14 shows the relationships between sub-models and the organization of the full model. The
carbon cycle is represented in green, the oxygen cycle in red, the water cycle in blue, and energy allocation
in yellow. In this fully integrated STELLA model, inputs are connected across models. While this model
will require additional validation with experimental studies, it provides a first-order understanding of the
interaction of the systems in DEMETER.
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3.8. Lighting System

Given low insolation levels and the potential for dust storms, artificial lighting is required. Like the
other automated aspects of our design, the lighting timer can be manually overridden. To decrease energy
usage, we give the astronauts the option of turning the lights off on particularly sunny days. A first-order
analysis suggests the intensity of the LEDs along a strip can vary as a function of distance from the inner
cylinder, where the trays experience maximum light closest to the cylinder. Therefore LEDs could be
dimmed toward that end of the tray. However, we considered the most conservative option with the lights
following a schedule that only considers artificial lighting at maximum intensity, found in Table 5.

Table 5: Lighting Schedule for One Sol (Orange Indicates Lights on for That Plant)
Hour
112]3|4]|5|6|7[8]9/10{11|12|13|14|15|16|17|18]|19|20|21|22|23|24

Plant Type

Kale — 300 PAR
Soybeans — 815 PAR
Sweet Potato — 360 PAR
Potato — 244 PAR
Strawberry — 500 PAR
Broccoli — 400 PAR
Wheat — 666 PAR
Chufa—391 PAR

DEMETER utilizes red and blue LED light strips (90% 660 nm red and 10% 470 nm blue) attached
along the undersides of each tray as the primary lighting source [69]. The topmost trays will receive lighting
from LEDs mounted to the underside of a tray which does not hold any plants. This will allow for
customizable PAR settings for peak yield. In addition, white light will provide lighting while crew members
occupy the greenhouse. Trays will be made of highly reflective material to maximize photosynthetic photon
flux density. Partitions, such as curtains, could be used to accommodate each plant’s photoperiods.

The Big Idea Challenge judges encouraged our team to revisit our lighting energy calculations, as they
seemed too low for our growing area. We performed new calculations using power consumption and PAR
output from the datasheets for the Apache Tech AT200 Red/White LED system. With an input power of
230 W, the Apache AT200 produces an average PAR of 861 over a 0.84 m? area [70]. Scaling this power
consumption to our area, lighting schedule, and PAR requirements yields a peak power consumption of
14.3 kW for lighting.

These calculations are based on the 2014 efficiency of the Apache LED system. The U.S. Energy
Information Administration estimates LED efficiency to increase by a factor of 1.6 by 2030, which will
reduce the hourly lighting power demand to a peak of 8.9 kW [71]. Factoring in a 30% resource safety
margin results in an 11.6 kW peak power demand for the LED lighting system.

The primary concern of using LEDs is their lifetime, as excessive heat can cause damage to the
hardware. The water on the opposite side of the trays will provide convective heat transfer away from the
lights to cool the system. We also recommend having triple the amount of individual LEDs per strip than
is necessary, and only supplying power to a third of them. Then, if an individual LED fails, the other LEDs
on the strip can be turned on, eliminating the need to replace the entire strip.

3.9. Maintenance, Automation, and Growth Cycle Control

Unless manual adjustment is required, sensors and actuators controlled by a computer in the greenhouse
will regulate variables such as nutrient level, pH, and lighting. The trays will be cleaned after they are
emptied with each harvest. After harvesting, the inedible biomass will be collected, pulped, and leached of
nutrients. Urine from the Ice Home will be transferred to the greenhouse regularly where it will be treated
to recover phosphates and other nutrients. The nutrients from both recovery processes will be integrated
back into the nutrient supply. Consultation with hydroponics experts encouraged us to use the remaining
plant fibers to make a growing substrate material, which will be used in the plant cups to help support the
root structure.
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To optimize growing space and food production, we developed a schedule of nursery and regular tray
durations for each plant. The nursery section allows for crops to begin growing in a smaller volume with
an expedited growing process. For example, kale will spend 24 sols in the nursery before being moved into
regular trays. Then it will grow for 96 sols, with harvesting occurring over the last 10 sols. Schedules for
the other crops follow this format, shown in Table 6.

Table 6: Nursery and Tray Growth Times for Each Plant Variety
Kale | Soybean | Sweet Potato | Potato | Strawberry | Broccoli | Wheat | Chufa

Time in Nursery (sols) | 24 24 24 24 0 30 28 28
Time in Trays (sols) 96 66 106 90 120 60 52 52

4. Design Trades

4.1. Operational Life

DEMETER is designed for a 15 Earth-year operational life, excluding autonomous inflation and setup
prior to astronaut arrival. By utilizing nutrient recycling technologies and in situ resources, DEMETER will
be capable of feeding the crew with minimal resupply. An initial consumable mass of 695 kg of nutrient
salts, 190 kg of acid, and 26 kg of seeds is needed for the first crewed mission. For all following missions,
a resupply of approximately 347 kg of nutrient salts, 190 kg acid, and 26 kg of seeds will be required [72].
The mass of the nutrient salt resupply could be reduced with improved nutrient recycling procedures.

4.2. Applicable Martian Latitudes
The Ice Home ConOps delineates feasible landing latitudes of 30° above and below the equator [3].
DEMETER will be adjoined to the Ice Home and will be able to withstand the conditions at any latitude.

4.3. Crew Operational Environment: Internal Pressure and Temperature
To maximize human comfort and to reduce airlock requirements, the internal pressure of the
greenhouse will be the same as the Ice Home, 101 kPa. The internal temperature will be 20 + 2°C.

4.4. Membrane Structure of the Water Ice Cells

DEMETER will adopt the Ice Home radiation shielding concept scaled to fit the dimensions of the
greenhouse. The shielding will consist of 28 vertically-arranged water ice cells with internal pressure of
20.68 kPa, each 2 m thick to reduce the radiation exposure by more than 50% [3]. Insulating CO- cells will
fill the gaps between the ice cells, as shown in Figure 15. The translucency of the ice cells is not essential
to the function of the greenhouse, and natural light will be a supplement to the artificial lighting.

./ Ice Cell
CO;
- Cel

Ice
Home
Interface

Figure 15: Top view of DEMETER showing membrane structure and overall layout.
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4.5. Materials and Fabrication

The membrane material is Mylar. The top and bottom structural support pieces are aluminum, along
with parts of the airlock interface tunnel between the greenhouse and Ice Home. These pieces are similar
to the Ice Home’s concept, so development will be cost-effective. The cylinder, trays, and lids will be
custom-made from high density polyethylene and simple to manufacture. The irrigation piping is polyvinyl
chloride (PVC), with rubber piping between trays. Teflon tanks will store acid for pH regulation.

4.6. Environmental Considerations

In the Martian region where the greenhouse will be deployed, surface temperatures range from -120°C
to 30°C [73]. Initial thermal analyses for both ideal and extreme temperature showed that the heat loads
from LED lighting, pumps, and other electronic equipment, with the thermal mass of the water tanks,
balance with the heat loss through the greenhouse membrane to different steady state values. Minimal
heating and cooling will be required to maintain an ideal temperature range of 18-22°C and
dehumidification will be necessary to maintain a relative humidity range of 60-80%. The greenhouse
environmental control system will include a central air handler to heat, cool, and remove moisture from the
air, as well as a passive humidity control system to collect excess water vapor as it condenses on the cooler
inner membrane. Because humidity will likely need the most regulation, we have several low-energy
solutions to maintain it. One option would be to use the cold Martian atmosphere as a heat sink, which can
then be used to condense water out of the air through specific sized tubing. We also recommend looking
into hydrogels as a method for dehumidifying. They could be kept in an air-tight container until
dehumidification is needed, and then opened to the greenhouse atmosphere. Recovering clean water
requires relatively little energy, and certain hydrogels can be used for cooling and energy production under
the right circumstances [74]. From our estimates, the energy associated with recovering the water from the
hydrogels is approximately 0.4 kW on average [75].

Continuous air transfer between the Ice Home and greenhouse via the Ice Home interface will help
maintain the O, and CO; balance. The optimal greenhouse CO, concentration is 1000 PPM [76]. We found
that the large amount of crops will take in more CO, than the four-person crew produces, necessitating a
supplementary CO; source for the greenhouse. This CO- can be sourced from the Martian atmosphere.

4.7. Sensors

To maintain air quality, sensors around the greenhouse will monitor temperature, humidity, O level,
CO; level, and volatile organic compounds (VOC) level. To maintain an optimal environment for plants,
sensors will monitor the temperature, pH, EC, O level, and nutrient levels in the hydroponic solution. Flow
rate meters for each stack and volume sensors for each tank will monitor the total balance of water in the
system. To maintain the structure, sensors will monitor the pressure and temperature of the water ice and
CO2 membranes. Each sensor will be connected to the computer located inside the inner cylinder of the
greenhouse, which will control actuators based on sensor input and serve as an interface for the crew. A
full list of sensors and actuators can be found in Table 7.
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Table 7: Sensors and Actuators

Category Purpose Sensors Actuators
Thermal Air temperature Thermometer Air handler
Humidity control Hygrometer Dehumidifier, mister, air exchanger, fans
Air Quality | Gas composition | VOC, CO; and O .
. Fans, air exchanger, alarm
maintenance Sensors
Water temperature Thermometers Heater coils

Nutrient management | Nutrient sensors | Valve! to dispense, stirrer, computer display

pH management pH sensor Acid dispenser, stirrer, computer display
EC management EC sensor Computer display/alert
Hydroponic O, management O, meter? Aerators, stirrer
Maintenance .
Volume management | Volume sensor Pump
Water sterilization Timer for UV UV lights®, switch

Nutrient sensor

N U FEE T for leached waste

Computer display, pulper

Flowrate management | Flowrate meters® Open/close valve
Structural Membrane pressure Strain gauge Computer display/alert
Support | Membrane temperature | Thermocouple Computer display/alert
(E2 [T Interface management oLt Open/close valve
Interface commands

!Nominal Plastic Solenoid Valve - 12V - 1/2" [77]
2Grove-Gas Sensor [78]

3EcoPlus® Eco Air Pumps [79]

*Alpine Eco-Sphere PUR4100 [46]

SLifegard® Aquatics Aquastep Pro UV Sterilizer [80]
®*OMEGA™ FTB600B Series [81]

5. Day in the Life

Astronauts require a minimum of 2 hours of exercise per day. In order to fulfill this requirement, they
can use the greenhouse as an exercise track and jog around the plants while breathing refreshing oxygen.
The central cylinder duals as a storage space for acid and nutrient tanks, food storage, and a space for social
activity and leisure. Table 8 describes a general day in which the astronauts are harvesting every sol.

19



Thayer School of Engineering at Dartmouth College

Table 8: Schedule for a Sol

Time Event Time Event
01:00-01:30| Nutrient Replenishment, UV On 13:00-14:00 | Lunch***
01:30-01:55 Warm Water Pump On 13:00-13:30 | Nutrient Replenishment, UV On
02:00-03:00| Cold Water Pump On 13:30-13:55| Warm Water Pump On
04:00-04:30| Nutrient Replenishment, UV On 14:00-15:00 | Cold Water Pump On
04:30-04:55 Warm Water Pump On 16:00-16:30 | Nutrient Replenishment, UV On
05:00-06:00 | Cold Water Pump On 16:30-16:55| Warm Water Pump On
05:00-05:30| Two People, Harvest for the Day 17:00-18:00 | Cold Water Pump On
06:00-07:00| Cooking* 18:00-19:00| Cooking
07:00-08:00| Breakfast 19:00-20:00 | Dinner
07:00-07:30| Nutrient Replenishment, UV On 19:00-19:30 | Nutrient Replenishment, UV On
07:30-07:55| Warm Water Pump On 19:30-19:55| Warm Water Pump On
08:00-09:00| Cold Water Pump On 20:00-21:00 [ Cold Water Pump On
08:00-09:00 | Two People, All Plant Maintenance** [ 22:00-22:30 | Nutrient Replenishment, UV On
10:00-10:30| Nutrient Replenishment, UV On 22:30-22:55 Warm Water Pump On
10:30-10:55| Warm Water Pump On 23:00-24:00 [ Cold Water Pump On
11:00-12:00| Cold Water Pump On 24:00-24:10 [ Warm Water Pump On
12:00-13:00| Cooking 24:10-24:30 [ Cold Water Pump On
* The one hour specified is reserved for any high-energy cooking such as stove-top or oven cooking.
Energy-efficient slow-cookers require power for long periods so we have not budgeted for them.
**For instance, to replace and clean trays, visually inspect plants, germinate seeds.
***We recommend not cooking during peak power demand. Currently, that is from 09:00-12:00.

Figure 16 shows two crew members maintaining the plants inside the greenhouse in a cross section
view. A portable step-stool will allow the crew members to easily reach the highest trays in the stacks for
harvesting and maintenance. This can be housed inside the cylinder when not in use. A table surrounds the
perimeter of the track, recessed into the empty space created by the curvature of the torus. This can be used
to put the plants on while harvesting and cleaning trays.
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Figure 16: Two crew members maintaining the plants in DEMETER [51].
6. Technical Resource Estimates
6.1. Energy Schedule

We developed a power demand schedule, graphed in Figure 17, which shows that the peak power
demand of the greenhouse is approximately 20.5 kW if we were to launch with today’s technologies,
maintaining the 30% resource margin. However, based on the projected increase in efficiency of LEDs and
other technologies, our calculations show that the peak demand will be approximately 13.5 kW, with an
average demand just under 13.3 kW [82]. The values in the graph represent the sum of the power required
for lighting, pumping, the freezer, and the sensors and actuators listed in Table 7, Section 4.7.

Power Demand (kW)

Total Power Demand Over One Sol

——Present Technology (+30%) ——Future Technology (+30%)

12 16 20 24
Time (Hours)

Figure 17: The total hourly power consumption of DEMETER with present-day LED efficiencies and

projected LED efficiencies. Each line incorporates a 30% margin.
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6.2. Mass Estimate
The total mass of the greenhouse after landing is 9131 kg. The mass of the structural elements is 7954
kg. The nutrient salts and acid contribute 876 kg [72]. A full list of the components and their masses is
available in Table 9.
Table 9: Mass Estimates for the Components of DEMETER

Other Equipment and Consumables Estimated Mass (kg)

Computer 20.0
Cups 0.1

Nutrients 694.0

Acid for pH 182.0
Acid for Recycling 6.0
Seeds 255
Containers 2.0
Freezer 30.0

CAD Model* 7954.0
Sensors Total 7.6

Actuators Total 209.4

Total Mass 9130.6

*Includes cylinder, trays, pipes, flooring, interface rings, membranes, tables, acid tanks, nutrient tanks

6.3. Economic Analysis

We performed a first-order analysis comparing the mass required for DEMETER with the mass
required to bring prepackaged food. If fresh food is not grown, each crew member would need 1.8 kg of
prepackaged food per sol, totaling to 4320 kg over a 600 sol mission [83]. The mass of the DEMETER
payload is 9131 kg and the consumable mass required for each mission cycle is approximately 1000 kg.
Although DEMETER has a larger initial mass, the long-term cost analysis shows economic benefits to
having a Martian greenhouse.

After four noncontinuous missions, the difference between the masses of the prepackaged option and
DEMETER is approximately 4429 kg, in favor of DEMETER. However, if missions were made continuous,
the DEMETER option becomes advantageous at the third mission mark. Here, we make the distinction that
noncontinuous missions have an initial 100-sol startup period while crops are still in their growth stages
and cannot be harvested, so prepackaged food will be necessary. If missions are continuous, crops grown
by the previous mission can be used to support the next mission, and not as much prepackaged food is
needed. In either case, this mass difference only increases with each additional mission. Mass savings result
in cost savings, as each kilogram of mass costs approximately $81,400 [84, 85]. Figure 18 shows the total
mass and cost of each scenario over a 15-year operation period.

There are also psychological benefits associated with having fresh food and a space to relax in filled
with plants. The crew would gain additional psychological benefits from tending plants and cooking fresh
meals together.
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Total Cost and Mass vs Mission Number
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Figure 18: Economic comparison of three scenarios: send prepackaged food with the astronauts, send
DEMETER and run missions continuously, and send DEMETER and run missions noncontinuously.

7. Failure Modes Summary

Taking into consideration the possibility of full system failure, we recommend sending additional
prepackaged food on the first mission. If the entire system does fail, the crew can subsist on a lower calorie
diet for the rest of the mission. From then on, the first mission’s level of success can inform the number of
prepackaged meals needed for future missions. Regular inspections will be required throughout the mission,
as shown in Figure 19.

tm—

Figure 19: A crew member preforming a scheduled inspection of the system component [51].

Table 10 contains a summary of all the failure modes referenced throughout this paper, as well as some
additional considerations. The control method gives preventative measures to avoid the failures, as well as
plans of action in case failure does occur.
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Table 10: Failure Modes Summary

Subsystem Failure Mode Cause Control Method
Power supply failure; short- Redundant network logic; hand-
) Loss of power S ) :
Fluid circuit in network; valve failure controlled valves and pumps
Network Residue build-up Saturated nutrient solution, Regular flushes, scheduled visual
prevents actuation stagnant fluid, air intake inspection of components
Puncture or abrasion on Triplicated pressure sensors in each
Depressurization | membrane, damaged inflation | cell, control inflation components,
component allowing back flow | cell layout to prevent severe failure
Membranes . . i )
Incomplete inflation Section fall_s to u_nfold, inflation Careful design, testing
line failure
Misshapen Fatigue, stress Testing
Complete Mechanical failure of Test for max strain on ring, auto
disconnection attachment ring shutoff when disconnection detected
Interface Severing of Failure of connector, failure of |Strain relief in harnesses, proper size
ring piping or ducting, strain on of tubing, wires, ducts, secure
connection line(s) .
electrical harness connectors, auto shutoff
Thermal Power loss to Disconnection of power lines Design system to retain heat, require
Control thermal control - o P ' 'minimal heating to mitigate effect of
failure within heat exchangers i
System system thermal control system failure
Wilt or Environmental issues stressing | Examination of the root system, use
discoloration the plants UVs to sterilize solution
Fruit and flower Internal plant stress, Lower plant density, more CO,, and
drop environmental issues cultivars less prone to drop
Nutrient solution flood, Scheduled visual inspection, flush
. Root suffocation | decomposed organic matter in and scrub trays, sensor control,
Plant Life . .
solution, slow flow rates, algae lower plant density
. Fe: pH running high; Check pH and add acid/base
Nutrient L . . . .
deficiencies Mg: h!gh K up_ta_ke, solution, check nutrient _so_lutlon
Ca: high humidity levels, regulate humidity
. Failure of climate control Design system to be self-sufficient,
Gas imbalance e ;
systems minimize adjustments

8. Recommendations for Future Work

Based on the provided economic analysis, we recommend continuous missions, which would minimize
the need for the ramping periods of plant growing. Additionally, we suggest maximizing the number of
missions total for the same purpose. Like the Ice Home we recommend sending larger power and water
recovery systems [3].

Give the energy findings, we highly suggest putting more resources towards increasing LED
efficiencies, especially optimized for plant wavelengths. Though NASA and other agencies have been
working on this for many years, we also suggest taking the cultivars we have specified and maximizing
their edible biomass density through genetic modification and/or selective breeding, as this could
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potentially decrease system requirements by a significant margin. A more detailed analysis to optimize
LED intensity along the trays would also be of benefit.
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Figure 20: DEMETER, three-quarter cross-section [51].

25



Thayer School of Engineering at Dartmouth College

Appendix: References

[1]
[2]
[3]

[4]
[5]

[6]

[7]

[8]
[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Competition Basics. Big Idea Challenge, NASA. Retrieved from bigidea.nianet.org/competition-
basics/.

FAQ. Big Idea Challenge, NASA. Retrieved from bigidea.nianet.org/faqs/.

NASA Langley Research Center. (2017). Ice Home Mars Habitat Concept of Operations
(ConOps). Retrieved from bigidea.nianet.org/wp-content/uploads/2018/07/lceDome-ConOps-
2017-12-21v-reduced.pdf.

N. Barlow, Mars: An Introduction to its Interior, Surface and Atmosphere. Cambridge Planetary
Science, 2009.

P. O.Jarvinen and R. H. Adams, “The aerodynamic characteristics of large angled cones with
retrorockets,” NASA, Liquid Rocket Research and Technology Code RPL, Tech. Rep., Feb.
1970.

C. Justus, A. Duvall, and V. Keller, “Atmospheric Models for Mars Aerocapture,” in 41st
AIAA/ASME/SAE/ASEE Joint Propulsion Conference &amp; Exhibit. American Institute of
Aeronautics and Astronautics, 2005.

Squared, A. (2018, April 19). Air Squared Awarded Contract to Develop Scroll Compressor in
NASA MOXIE Demonstration Unit for Mars 2020 Mission. Retrieved from
https://airsquared.com/news/scroll-compressor-jpl-mars-2020/.

Arena, C., De Micco, V., Macaeva, E., & Quintens, R. (2014). Space radiation effects on plant
and mammalian cells. Acta Astronautica, 104(1), 419-431.

Mattson, N. (2016 October). Growing Hydroponic Leafy Greens. Sparta, MI: Great American
Media Services & Greenhouse Product News. https://gpnmag.com/article/growing-hydroponic-
leafy-greens/.

Maynard, D.N. & Hochmuth, G.J. (2006). Knott's Handbook for Vegetable Growers: Fifth
Edition. 1-621. 10.1002/9780470121474.

Lee, S. K., Sohn, E. Y., Hamayun, M., Yoon, J. Y., & Lee, I. J. (2010). Effect of silicon on
growth and salinity stress of soybean plant grown under hydroponic system. Agroforestry
systems, 80(3), 333-340.

Udagawa, Y., Ito, T., & Gomi, K. (1991). Effects of root temperature on the absorption of water
and mineral nutrients by strawberry plants ‘Reiko’ grown hydroponically. Journal of the Japanese
Society for Horticultural Science, 59(4), 711-717.

Guedira, M., McCluskey, P. J., MacRitchie, F., & Paulsen, G. M. (2002). Composition and
quality of wheat grown under different shoot and root temperatures during maturation. Cereal
chemistry, 79(3), 397-403.

Gitelson, J. ., & Lisovsky, G. M. (2003). Man-made closed ecological systems (Vol. 9). CRC
Press.

Patterson, R. L., Giacomelli, G. A., Hernandez, E., Yanes, M., & Jensen, T. (2014, July). Poly-
Culture Food Production and Air Revitalization Mass and Energy Balances Measured in a Semi-
Closed Lunar Greenhouse Prototype (LGH). 44th International Conference on Environmental
Systems.

European Space Agency. (n.d.). International Berthing Docking Mechanism (Tech.). Retrieved
January 2, 2019, from European Space Agency website:
http://wsn.spaceflight.esa.int/docs/Factsheets/27 IBDM.pdf.

Howe, A. S., Kennedy, K., Guirgis, P., Trevino, R., Boyle, R., Lynch, A., Liolios, S., et al.
(2011). A Dual-Chamber Hybrid Inflatable Suitlock (DCIS) for Planetary Surfaces or Deep
Space. 41st International Conference on Environmental Systems. doi:10.2514/6.2011-5064.
Washington State University. (2018). Nutrition Basics. Retrieved September 30, 2018, from
mynutrition.wsu.edu/nutrition-basics.

Salisbury, F. B., Gitelson, J. I., & Lisovsky, G. M. (1997). Bios-3: Siberian experiments in
bioregenerative life support. BioScience, 47(9), 575-585.

26


http://bigidea.nianet.org/competition-basics/
http://bigidea.nianet.org/competition-basics/
http://bigidea.nianet.org/competition-basics/
http://bigidea.nianet.org/wp-content/uploads/2018/07/IceDome-ConOps-2017-12-21v-reduced.pdf
http://bigidea.nianet.org/wp-content/uploads/2018/07/IceDome-ConOps-2017-12-21v-reduced.pdf
https://airsquared.com/news/scroll-compressor-jpl-mars-2020/
https://gpnmag.com/article/growing-hydroponic-leafy-greens/
https://gpnmag.com/article/growing-hydroponic-leafy-greens/
http://mynutrition.wsu.edu/nutrition-basics

Thayer School of Engineering at Dartmouth College

[20]
[21]

[22]

[23]
[24]
[25]
[26]

[27]

[28]
[29]

[30]

[31]

[32]
[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]
[41]

United States Department of Agriculture. (2018, April). Kale, raw. Retrieved January 2, 2019,
from National Nutrient Database for Standard Reference Legacy Release.

United States Department of Agriculture. (2018, April). Soybeans, green, raw. Retrieved January
2, 2019, from National Nutrient Database for Standard Reference Legacy Release.

United States Department of Agriculture. (2018, April). Sweet potato, raw, unprepared (Includes
foods for USDA's Food Distribution Program). Retrieved January 2, 2019, from National
Nutrient Database for Standard Reference Legacy Release.

United States Department of Agriculture. (2018, April). Potatoes, flesh and skin, raw. Retrieved
January 2, 2019, from National Nutrient Database for Standard Reference Legacy Release.
United States Department of Agriculture. (2018, April). Strawberries, raw. Retrieved January 2,
2019, from National Nutrient Database for Standard Reference Legacy Release.

United States Department of Agriculture. (2018, April). Broccoli, raw. Retrieved January 2, 2019,
from National Nutrient Database for Standard Reference Legacy Release.

Cruthirds, J. E. (2003). Mathematical Modeling of Food Supply for Long Term Space Missions
Using Advanced Life Support.

Metallo, R. M., Kopsell, D. A., Sams, C. E., & Bumgarner, N. R. (2018). Influence of blue/red vs.
white LED light treatments on biomass, shoot morphology, and quality parameters of
hydroponically grown kale. Scientia Horticulturae, 235, 189-197.

Wortman, S. E. (2015). Crop physiological response to nutrient solution electrical conductivity
and pH in an ebb-and-flow hydroponic system. Scientia Horticulturae, 194, 34-42.

University of lllinois at Urbana-Champaign. (2018). lllinois Vegetable Garden Guide. Retrieved
January 2, 2019, from https://extension.illinois.edu/vegguide/step02.cfm.

Wheeler, R. M., Mackowiak, C. L., Stutte, G. W., Sager, J. C., Yorio, N. C., Ruffe, L. M., Corey,
K. A, etal. (1996). NASA's biomass production chamber: a testbed for bioregenerative life
support studies. Advances in Space Research, 18(4-5), 215-224.

Loretan, P. A., Hill, W. A., Bonsi, C. K., Morris, C. E., Lu, J. Y., Ogbuehi, C. R. A., & Mortley,
D. G. (1990). Sweet potato for closed ecological life support systems using the nutrient film
technique. https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/19910022468.pdf.

Wheeler, R. M., Hinkle, C. R., Mackowiak, C. L., Sager, J. C., & Knott, W. M. (1990). Potato
growth and yield using nutrient film technique (NFT). American Potato Journal, 67(3), 177-187.
Hay, R. K. M. (1995). Harvest index: a review of its use in plant breeding and crop physiology.
Annals of applied biology, 126(1), 197-216.

Cantliffe, D. J., Castellanos, J. Z., & Paranjpe, A. V. (2007). Yield and quality of greenhouse-
grown strawberries as affected by nitrogen level in coco coir and pine bark media. In Proc. Fla.
State Hort. Soc (Vol. 120, pp. 157-161).

No Soil Solutions. (2018, November 25). How To Grow Hydroponic Strawberries. Retrieved
January 2, 2019, from http://www.nosoilsolutions.com/how-to-grow-hydroponic-strawberries/.
Treftz, Chenin and Stanley T. Omaye. (2015), Comparison Between Hydroponic and Soil
Systems for Growing Strawberries in a Greenhouse. International Journal of Agriculture
Extension, 195-200. Retrieved from naes.agnt.unr.edu/PMS/Pubs/309_2017_03.pdf.

O’Connell, S., & Tate, R. (2017). Winter Broccoli and Cauliflower under Organic High Tunnels
in a Humid, Subtropical Climate. HortScience, 52(11), 1511-1517.

Nkoa, R., Desjardins, Y., Tremblay, N., Querrec, L., Baana, M., & Nkoa, B. (2003). A
mathematical model for nitrogen demand quantification and a link to broccoli (Brassica oleracea
var. italica) glutamine synthetase activity. Plant Science, 165(3), 483-496.

Pascual-Seva, N., San Bautista, A., Lopez-Galarza, S. V., Maroto, J. V., & Pascual, B. (2013).
‘Alboraia’ and ‘Bonrepos’: The First Registered Chufa (Cyperus esculentus L. var. sativus
Boeck.) Cultivars. HortScience, 48(3), 386-389.

McMaster-Carr. 3D CAD Library. Retrieved March 27 2019, from https://www.mcmaster.com/
Royal Society of Chemistry. Nutrient Solutions. Retrieved from www.rsc.org/learn-
chemistry/content/filerepository/CMP/00/001/134/Nutrient%20Solutions.pdf.

27


https://ndb.nal.usda.gov/ndb/foods/show/11507?fgcd=&manu=&format=&count=&max=25&offset=&sort=default&order=asc&qlookup=sweet+potato+raw&ds=&qt=&qp=&qa=&qn=&q=&ing=
https://ndb.nal.usda.gov/ndb/foods/show/11507?fgcd=&manu=&format=&count=&max=25&offset=&sort=default&order=asc&qlookup=sweet+potato+raw&ds=&qt=&qp=&qa=&qn=&q=&ing=
https://ndb.nal.usda.gov/ndb/foods/show/11352?fgcd=&manu=&format=&count=&max=25&offset=&sort=default&order=asc&qlookup=potato+raw&ds=&qt=&qp=&qa=&qn=&q=&ing=
https://ndb.nal.usda.gov/ndb/foods/show/09316?fgcd=&manu=&format=&count=&max=25&offset=&sort=default&order=asc&qlookup=strawberries+raw&ds=&qt=&qp=&qa=&qn=&q=&ing=
https://ndb.nal.usda.gov/ndb/foods/show/09316?fgcd=&manu=&format=&count=&max=25&offset=&sort=default&order=asc&qlookup=strawberries+raw&ds=&qt=&qp=&qa=&qn=&q=&ing=
https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/19910022468.pdf
http://naes.agnt.unr.edu/PMS/Pubs/309_2017_03.pdf
https://www.mcmaster.com/
http://www.rsc.org/learn-chemistry/content/filerepository/CMP/00/001/134/Nutrient%20Solutions.pdf
http://www.rsc.org/learn-chemistry/content/filerepository/CMP/00/001/134/Nutrient%20Solutions.pdf

Thayer School of Engineering at Dartmouth College

[42]

[43]
[44]

[45]

[46]
[47]
[48]

[49]

[50]

[51]
[52]
[53]
[54]

[55]

[56]
[57]

[58]

[59]

[60]

[61]

Pascual, Bernardo J., Vicente Maroto, Salvador Lopez-Galarza, Alberto Sanbautista, and José
Alagarda (2000). Chufa: An Unconventional Crop. Studies Related to Applications and
Cultivation. Economic Botany, 439-448.

Saveer Biotech Limited. Research Greenhouse - Wheat. Retrieved from
www.saveer.com/research-greenhouse-wheat.html.

Schuch, U. K. Specialty Crop Production Practices for Beginning Farmers in Arizona and the
Southwest.

Lee, S. K., Sohn, E. Y., Hamayun, M., Yoon, J. Y., & Lee, I. J. (2010). Effect of silicon on
growth and salinity stress of soybean plant grown under hydroponic system. Agroforestry
systems, 80(3), 333-340.

Home Hydro Systems. (2018). Vegetable Requirements. Retrieved January 2, 2019, from
http://www.homehydrosystems.com/ph_tds_ppm/ph_vegetables_page.html.

NASA Ames Research Center. (1994, June). Growth of Potatoes for CELSS. Retrived January 2
2019 from https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/19950005536.pdf.

Home Hydro Systems. (2018). Fruit Requirements. Retrieved January 2, 2019, from
http://www.homehydrosystems.com/ph_tds_ppm/ph_fruit_page.html.

NASA Kennedy Space Center. (1989, September). Continuous Hydroponic Wheat Production
using a Recirculating System. Retrived January 2 2019 from
https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/19900009537.pdf.

Pascual-Seva, Nuria & , B.Pascual & Bautista, A & Lopez-Galarza, S & Maroto, J.V.. (2013).
Furrow-irrigated chufa crops in Valencia (Spain). I: Productive response to two irrigation
strategies. Spanish Journal of Agricultural Research. 11. 258-267. 10.5424/sjar/2013111-3385.
Farfan, J. (2018). Human test dummy / Maniqui Articulado 1:1 [SOLIDWORKS Model].
Retrieved from https://grabcad.com/library/human-test-dummy-maniqui-articulado-1-1-1.
Cooper, A. J. (1996). The ABC of NFT: Nutrient film technique: The worlds first method of crop
production without a solid rooting medium. Narrabeen, N.S.W.: Casper Publications.

The Pond Outlet. Eco Sphere Pumps - Alpine. (2019). www.thepondoutlet.com/eco-sphere-
pumps.

Toshiki, Asao. Hydroponics: a Standard Methodology for Plant Biological Researches. InTech,
2012, pp. 13-15.

Wollaeger, H., Runkle, E., Michigan State University Extension, & MSU Department of
Horticulture. (2018, October 02). Why should greenhouse growers pay attention to vapor-
pressure deficit and not relative humidity? Retrieved from
www.canr.msu.edu/news/why_should_greenhouse_growers_pay_attention_to_vapor_pressure_d
eficit_and_n.

Rich, M. 1. (2018). GARDENING: Hydroponics - learn the "amazing art" of growing (3rd ed.).
Harper, J. E., & Nicholas, J. C. (1976). Control of nutrient solution pH with an ion exchange
system: effect on soybean nodulation. Physiologia plantarum, 38(1), 24-28.

Hamwieh, A., Tuyen, D. D., Cong, H., Benitez, E. R., Takahashi, R., & Xu, D. H. (2011).
Identification and validation of a major QTL for salt tolerance in soybean. Euphytica, 179(3),
451-459.

W.A. Hill, D.G. Mortley, C.L. MacKowiak, P.A. Loretan, T.W. Tibbitts, R.M. Wheeler, C.K.
Bonsi, C.E. Morris,Growing root, tuber and nut crops hydroponically for CELSS, Advances in
Space Research, Volume 12, Issue 5, 1992, Pages 125-131, ISSN 0273-1177,
https://doi.org/10.1016/0273-1177(92)90018-S.

Hawkins, HJ. & George, E. Plant and Soil (1997) 196: 143.
https://doi.org/10.1023/A:1004271417469.

E.S. Shklavtsova, S.A. Ushakova, V.N. Shikhov, O.V. Anishchenko, Effects of mineral nutrition
conditions on heat tolerance of chufa (Cyperus esculentus L.) plant communities to super optimal
air temperatures in the BTLSS, Advances in Space Research, Volume 54, Issue 6, 2014, Pages
1135-1145, ISSN 0273-1177, https://doi.org/10.1016/j.asr.2014.05.031.

28


https://www.saveer.com/research-greenhouse-wheat.html
https://grabcad.com/library/human-test-dummy-maniqui-articulado-1-1-1
http://www.thepondoutlet.com/eco-sphere-pumps
http://www.thepondoutlet.com/eco-sphere-pumps
http://www.canr.msu.edu/news/why_should_greenhouse_growers_pay_attention_to_vapor_pressure_deficit_and_n
http://www.canr.msu.edu/news/why_should_greenhouse_growers_pay_attention_to_vapor_pressure_deficit_and_n
https://doi.org/10.1016/0273-1177(92)90018-S

Thayer School of Engineering at Dartmouth College

[62]

[63]
[64]
[65]

[66]

[67]

[68]
[69]
[70]

[71]

[72]

[73]

[74]

[78]

[76]

[77]
[78]

[79]

[80]

[81]

Sonsteby, A., & Heide, O. M. (2008). Temperature responses, flowering and fruit yield of the
June-bearing strawberry cultivars Florence, Frida and Korona. Scientia horticulturae, 119(1), 49-
54.

Bourke, R.M., (1985). Influence of nitrogen and potassium fertilizer on growth of sweet potato
(Ipomoea batatas) in Papua New Guinea. Field Crops Res., 12: 363-375.

OLIVEIRA, C. A. D. S. (2000). Potato crop growth as affected by nitrogen and plant density.
Pesquisa Agropecuria Brasileira, 35(5), 940-950.

Berczi, A., Olah, Z., & Erdei, L. (1983). Nutrition of winter wheat during the life cycle. I. Yield
and accumulation of dry matter and minerals. Physiologia Plantarum, 58(1), 124-130.

Nkoa, R., Desjardins, Y., Tremblay, N., Querrec, L., Baana, M., & Nkoa, B. (2003). A
mathematical model for nitrogen demand quantification and a link to broccoli (Brassica oleracea
var. italica) glutamine synthetase activity. Plant Science, 165(3), 483-496.

Malek, R. M., Mondal, M. M. A., Ismail, M. R., Rafii, M. Y., Berahim, Z. (2012, April).
Physiology of Seed Yield in Soybean: Growth and Dry Matter Production. African Journal of
Biotechnology Vol. 11(30), pp. 7643-7649.

Staats, K, et al. (2019), An agent-based model for high-fidelity ECLSS and bioregenerative
simulation, 49th International Conference on Environmental Systems.

Massa, G. D., Kim, H. H., Wheeler, R. M., & Mitchell, C. A. (2008). Plant productivity in
response to LED lighting. HortScience, 43(7), 1951-1956.

Apache Tech. (2014). Apache Tech AT200 Lamp Specifications. Retrieved from
https://growershouse.com/images/PDFs/Apache_SpecsheetATWR23W.pdf.pdf

U.S. Energy Information Administration. (2014, March 19). U.S. Energy Information
Administration - EIA - Independent Statistics and Analysis. Retrieved March 25, 2019, from
https://www.eia.gov/todayinenergy/detail.php?id=15471

Lunn, G., Stutte, G., Spencer, L., Hummerick, M., Wong, L., & Wheeler, R. (2017, July).
Recovery of nutrients from inedible biomass of tomato and pepper to recycle fertilizer. 47th
International Conference on Environmental Systems.

NASA. Mars Facts. Retrieved from
https://mars.nasa.gov/allaboutmars/facts/#?c=theplanet&s=temperature.

Hurley, B. (2018, September 06). How to Harness Humidity: Hydrogel Keeps Rooms Cool,
Powers Small Devices. Retrieved March 25, 2019, from
https://www.techbriefs.com/component/content/article/tb/stories/blog/29131

Matsumoto, K., Sakikawa, N., & Miyata, T. (2018). Thermo-responsive gels that absorb moisture
and ooze water. Nature Communications, 9(1). Retrieved April 5, 2019 from
https://phys.org/news/2018-11-temperature-responsive-gel-absorbs-moisture.htmi

Blom, T., Straver, W., Ingratta, F., Khosla, S., & Brown, W. (2009, August). Carbon Dioxide in
Greenhouses. Retrieved January 3, 2019, from
http://www.omafra.gov.on.ca/english/crops/facts/00-077.html.

Adafruit Industries. Plastic Water Solenoid Valve, 12V, 1/2, Nominal, Product ID: 9977, 2019,
Retrieved December 2018 from www.adafruit.com/product/997.

SEEED Studio. Grove - Gas Sensor(O:). SEEED Studio - The loT Hardware Enabler, 2018,
Retrieved December 2018 from wiki.seeedstudio.com/Grove-Gas_Sensor-O2/#specification.
Hawthorne Gardening Company. EcoPlus® Eco Air Pumps. Wholesale Garden Supplies from
Hawthorne Gardening Company, 2018, Retrieved December 2018 from
www.hawthornegc.com/shop/product/ecoplus-eco-air-pumps?categoryld=water-aeration.
Lifegard Aquatics. Lifegard Aquatics Aquastep Pro 15 Watt UV Sterilizer. Marineandreef.com,
2018, Retrieved December 2018 from
www.marineandreef.com/Lifegard_Aquastep_Pro_15 Watt UV_Sterilizer_p/rrl31132.htm.
OMEGA Engineering. All Plastic Flow Sensors for Low to Medium Flows. Omega
Engineering, 2018, Retrieved December 2018 from www.omega.com/pptst/FTB600.html.

29


https://www.eia.gov/todayinenergy/detail.php?id=15471
https://mars.nasa.gov/allaboutmars/facts/#?c=theplanet&s=temperature
https://www.techbriefs.com/component/content/article/tb/stories/blog/29131
https://phys.org/news/2018-11-temperature-responsive-gel-absorbs-moisture.html
http://www.omafra.gov.on.ca/english/crops/facts/00-077.html

Thayer School of Engineering at Dartmouth College

[82]

[83]
[84]

[85]

Penning, J., Stober, K., Taylor, V., Yamada, M. (2016). Energy Savings Forecast of Solid-State
Lighting in General Illumination Applications. 80.
https://www.energy.gov/sites/prod/files/2016/09/f33/energysavingsforecast16_2.pdf

Cooper, M., Douglas, G., Percnonok, M.. Developing the NASA Food System for Long-Duration
Missions. Journal of Food Science, Volume 76, Number 2, 2011, Pages R40-R48.

Howell, E. (2018, April 8). Delta IV Heavy: Powerful Launch Vehicle. Space. Retrieved
February 27, 2019, from https://www.space.com/40360-delta-iv-heavy.html

Dunbar, B. (2019). Countdown 101: Delta IV. Retrieved March 16, 2019, from
https://www.nasa.gov/mission_pages/launch/delta_IV_count_101_prt.htm

30



