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In this paper, we describe an on-going effort called Mars-Lunar Greenhouse (MLGH) which
aims at designing, constructing and testing a semi-closed, poly-cultivation hydroponic system
for food production, air revitalization and water recycling as part of Bioregenerative Life
Support Systems (BLSS) for future planetary outposts. Funded by the NASA Ralph Steckler
Program, our team has designed and constructed a set of four innovative, cylindrical 5.5 m
long by 2.1 m diameter membrane MLGHs with a cable-based hydroponic crop production
system in a controlled environment that exhibits a high degree of future Lunar and/or Mars
mission fidelity. This paper illustrates the research goals and objectives, a summary of the
past research effort during Phase I & II as well as the status of the current research effort,
including 1) evaluate MLGH food production capabilities, 2) evaluate water balance (from
liquid irrigation water, biomass and water vapor), carbon balance (from gaseous carbon
dioxide and biomass) and energy balance (from electrical, heat, light and food calories
produced); 3) provide an analysis of the fertilizer consumption (kg per are per time) and of
the required environmental control (spatial/temporal climate uniformity); 4) develop a model
for crop production simulation and control; 5) develop a solar energy plant lighting-based
power system; 6) develop a Remote Expert Network Decision Systems (RENDSys) and
enhanced telepresence, 7) development of innovative water-cooled Chip-On-Board LED
lighting systems for space-based poly-cultivation systems as well as 8) promote the STEM
education access & outreach. Future effort includes the development and deployment of an
analog Deep Space Habitat (DSH) within the University of Arizona’s Biosphere 2.
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I. Introduction

F

uture human-based exploration of the solar system will require architecting, constructing and deploying outposts
on planetary bodies that last for years. Indeed Mars and Lunar outposts require oxygen generation and atmosphere
revitalization which represent a critical component for sustainable long-term space missions. Whereas initial shorter
duration Lunar missions (~60 day) may rely on meals
supplied from Earth as well as rely on conventional
physico-chemical support systems, Bio-regenerative Life
Support Systems (BLSS) may be necessary for permanent
outposts (e.g. > 6 months). BLSS uses plant-based
biological processes to support the desired number of
astronauts. As a complex, multi-component system,
BLSS include 1) atmosphere revitalization, 2) water
recycling, 3) food production, 4) organic waste recycling
and 5) power generation. Consequently, designing future
planetary outposts (e.g. Moon, Mars) must include a
BLSS component. Over the past few years, the University
of Arizona Controlled Environment Agriculture Center
(UA-CEAC) and the Department of Systems and
Industrial Engineering (UA-SIE) in collaboration with
Sadler Machine Co. (SMC) has proposed and designed a
lunar habitat architecture that can support the
establishment of a lunar outpost (Fig.1, Sadler et. al1,2).
The proposed lunar habitat is equipped with a BLSS
capabilities3,4 which include a set of four inflatable
greenhouse modules conceived to employ higher plants as
a mean to produce a large portion of the daily calories
necessary by four astronauts, while generating oxygen
and recycling water. Based on such vision, the NASA
Ralph Steckler Program funded the development of a
high-fidelity testbed that can test and evaluate critical
BLSS technologies for future long-duration missions.
Indeed, currently in Phase III, the Mars-Lunar
Figure 1: Prototype Inflatable Lunar Outpost. The Greenhouse (MLGH) project is a collaboration between a
top image is a scale model of a habitat design with the U.S-based team comprising UA-CEAC, UA-SIE, SMC
corresponding labels shown in the lower image.
and an international team including Thales-Alenia Space2
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Italia (TAS-I), Aerosekur spa (AS), CNR-Instituto di Biologia Agroalimentare e Forestale (CNR-IBAF), University
of Naples, Federico II, as well as the German Aerospace Agency (DLR). The MLGH project consists of the
development of set of lightweight inflatable membrane structures that provide a structure for a hydroponic polycultivation system for crop production and resource recycling that can be deployed on planetary surfaces (Fig. 2).
Poly-culture or poly-cultivation is the agricultural practice of growing multiple types of plants or crops in the same
area.
According to NASA estimates5, 100% of air revitalization and water recycling can be achieved by means of crop
production system capable of generating 50% of the crew caloric intake (based on a 2000 kcal/day assumption) on an
estimated cultivated area varying between 28 and 40 m2. Consequently, the primary purpose of the MLGH project is
to achieve the NASA estimated target production goals in a semi-closed, full-scale prototype with a high-degree of
mission fidelity, i.e. capable of sustaining the long-term presence of a crew comprising four astronauts on the
Lunar/Mars surface. Additionally, the project aims at characterizing and evaluating the performance of the
components necessary to sustain a BLSS prototype in an automatic fashion (see schematic in Fig. 4). The latter include
1) a composting system, for crew waste and inedible biomass recycling (e.g. Composting-Wick-Evaporator, CWE),
2) a Fresnel-based Solar Concentrator Power System (SCPS) to tap into the solar energy and contribute to the outpost
power balance and 3) an automatized decision support system that can support telepresence, intelligent crop system
operations and monitoring as well as provide diagnostic capabilities. In the reminder of the paper, we summarize the
results of the first two phases of the project, provide an update of the current Phase III status and outline a path forward
for future accomplishments.

II. The MLGH Prototype
The MLGH prototype consitsts ofwater ex four inflatable hydroponic cylindrical units interconnected by a hallway
(Fig. 2, 3). Located at the UA-CEAC campus, the prototype represents a full-scale version of the four greenhouses
embedded in the proposed inflatable lunar outpost (Fig. 1). Each unit exhibits a cylindrical shape of 2.06 m in diameter
and 5.5 m in length. The overall canopy horizontal canopy area is 11 m2 (measured at 1 m height) with a total internal
volume of 21 m3.

Figure 2: Unit #1 in the Martian Lunar Greenhouse Lab. The figure on the left gives and isometric view
of the chamber with the light reflecting cover removed. The right figure gives the head-on view of the
system when it is full of sweet potato vines.
The cropping system is intended to maximize the possible canopy area by enabling filling the chamber both
horizontally and vertically. The latter is accomplished by allowing tall plants to grow on the perimeter walls and
establishing shorter plants on the inner rows of the cable system. Crops are grown in a Cable-Culture system, i.e. a
hydroponic crop production system based on the substrate-less Nutrient Film Technique (NFT) that employs growing
envelopes suspended via cable from each end of the MLGH unit along the longitudinal section. The nutrient solution
is pumped in at the end of the suspended envelopes and flow to the center drain of the recirculating system to be
pushed back to the reservoir. The latter enables plant roots irrigation in a continuous fashion. MLGH utilizes a
hydroponic nutrient system divided two independent systems that can dispense separate nutrient formulas. The latter
are provided with aeration and autonomus monitoring of the pH and electrical conductivity. In the initial version of
the prototype, lighting was provided by a set of six, 1000W High Pressure Sodium (HPS) lamps water jacketed
3
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developed by SCM. Recently, the lighting system has been replaced by a Phillips LED system for power reduction
(see Section IV).

Figure 3: Views of the entire Martian Lunar Greenhouse Lab and the UA Controlled Environment
Agriculture Center. The figure on the left gives an elevated view of the 4-unit system from the front with
Units #1 and #2 on the left and right respectively. The right image is a similar image from the rear of the
lab space.
Environmental conditions including the rate of water condensation are controlled by a central Heating Ventilation
and Air Conditioning (HVAC) system connected to an external power supply and chilled coolant. MLGH data
collection and system control are executed by a Campbell Scientific data logger (CR3000) and desktop computer with
remote access and web-based reporting. Fig. 4 shows the schematic of the MLGH Unit 1 integrated controlled system.

III. Summary Phase I & II Research
A. Goals and Objectives
An ambitious set of goals and objectives have been established to evaluate the performance of the MLGH prototype
within a BLSS framework, including: 1) evaluate food production capabilities, 2) evaluate water balance (from liquid
irrigation water, biomass and water vapor),
carbon balance (from gaseous carbon dioxide
and biomass) and energy balance (from
electrical, heat, light and food calories
produced); 3) provide an analysis of the
fertilizer consumption (kg per are per time) and
of the required environmental control
(spatial/temporal climate uniformity); 4)
develop a model for crop production simulation
and control; 5) develop a solar energy plant
lighting-based power system; 6) develop a
Remote Expert Network Decision Systems
(RENDSys) and enhanced telepresence and 7)
promote the STEM education access &
outreach. Such goals have been driven by the
need to better characterize a BLSS that enable
polycultivation for space deployment while
evaluating resource needed (e.g. energy, Figure 4: A schematic of the controlled environment for crop
nutrients, labor) to achieve sustainable targets (B) production showing the water (C-envelopes, K-Resevouir,
(e.g. food production for 50% caloric intake, air I-Water Supply Tank, M-Injectin Mixing Block, L-Nutrient
revitalization and water recycling). The latter and Acid Supply Tanks, E-Condensation Collection Tank) and
include the ability to develop models for air circulation (A-Chamber Air Exit, D-Condensor, Gprediction and control as well as evaluate the Corculation Fan, H-CO2 Injection Tank) loops and the Data
ability of remotely operating the system. Logging and Control System (F).
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Indeed, future BLSS will require resevouir some form of poly-cultivation to ensure that astronauts have a diverse and
rich diet (e.g. combinations of sweet potatoes, beans, berries, lettuce, potatoes, tomatoes). Thus, one should explore
the trade space to achieve the maximum edible biomass and caloric production while maintaining a diverse set of
crops.
Next we highlight few important results and effort conducted in Phase II.
B. MLGH Food Production Results: Mass, Water, and Energy Balance
During Phase I & II of the project, a number of poly-culture crop production closure experiments have been
conducted at different time scales. Such experiments have been conducted to perform an energy and mass balance
analysis of the MLGH prototype to characterize both resource inputs, i.e. energy mass, labor, and production outputs,
i.e. food, water, and oxygen. In Phase I, the initial goal was to evaluate the ability to 1) test the growing and
environmental control system and 2) Produce the greatest amount of biomass without attempting to maximize the
portion of edible biomass. A set of four test periods, ranging from 8 to 57 days, have been considered in a nine-month
operational period. The poly-cultivating system included sweet potatoes, lettuce and strawberries. The total wet mass
biomass production was in the range 0.05-0.07 kg m-2 day-1. In this phase, the full biomass production potential has
not being achieved, leaving room for an additional potential 33% production. Water balance was not fully closed
during the four trials, but it showed that a potential of 27-30 L/day/person requirement can be met. The plants were
illuminated by HPS with a total of 300-400 µmoles m-2 sec-1 of Photosynthetic Photon Flux (PPF). The biomass
production required a total of 1 kWh for each 20 grams of fresh weight. The experiments required an average of 36
minute/day of labor. The full results are reported in (Sadler et al., 2011)6.
In Phase II, a similar energy and mass balance analysis was performed. A series of experiments considered multiple
crops in sequential and replicated treatments of carbon dioxide concentration (1000 or 2000 ppm). Overall, there were
seven tests of short and long duration with combinations of crops. The latter included Green and Red Oakleaf Lettuce,
Sweet Potatoes, Red Basil, and Strawberries. HPS cooled lamps irradiated the chamber at constant level of 400 µmoles
m-2 sec-1 with a photoperiod of 17 hrs. There was an average biomass production of 60 g m-1 equivalent to 21.9 kg m2
yr-1. The average daily water, generally produced by condensation, was measured to be 22 L/day. Using a daily
measurements of 166 kWh, the amount of energy required to produce the biomass (including thermal and electrical
energy) was estimated to be 8.5 g kWh-1. Additional data collected for amount of needed fertilizer salts and additional
resources, included estimated labor. The full results are reported in (Patterson et al.)7.
C. Crop Production Modeling Effort
To properly evaluate the performance of the MLGH system in poly-cultivation mode, a plant growth model capable
of capturing the transient growing nature of the system as well as to capture the climate micro-variability within the
units was required. In Phase I a taylored Modified Energy
Cascade (MEC) model was developed8. The resulting
Modified MEC (MMEC) which was specifically designed
to capture the inherent variability (i.e. non-uniformity) of
the environmental parameters within the MLGH chamber
driving the model prediction. The MMEC was tested using
plant growth experiments during phase I (Fig. 5).
However, during phase II a series of improvement in
environmental data collection was implemented to
improve the MMEC prediction as reported by Boscheri et
al.9
D.

Decision Support and Telepresence Effort
To support MLGH remote monitoring and operations
as well as decision making, the team has developed a
Figure 5: 3-D Mapping of the PPF distribution for
system called RENDSys, capable of monitoring the
MMEC testing8
MLGH interior and exterior, the environment associated
with the roots and the resource consumption and generation as system level. The computerized platform is also capable
of 1) maintaining a dynamic database for future access, and 2) providing alarm warnings of deviations from set points
in timely fashion, thus resulting in an operational systems with improved management and control capabilities as
reported by Story et al.10
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IV. Phase III Status
Phase III effort continues along the lines developed during the previous phases. Particular emphasis is placed in
three areas, i.e. 1) developing and testing a new set of LED-based devices that promise to have a dramatic impact in
energy consumption while maintaining competitive performances in terms of biomass production with HPS and 2)
continue the development and testing of the Fresnel-based SCPS and 3) deploy a new Outreach Teaching Model
(OTM) at Biosphere for public education and outreach.
A. From HPS to LED: Chip-On-Board LED Lighting System Development and Testing
From the experiments conducted in phase I & II, it has been apparent that to improve the MLGH performances in
a poly-cultivation system and increase energy efficiency, a set of upgrades to the currently existing units were
necessary. Over the past few months our team has been focused on understanding the performance of a LED-based
system versus conventional HPS. More
specifically, a set of energy-efficient
Phillips LED modules (i.e. Phillips
GreenPower LED toplight) were installed
in one of the MLGH units (Fig. 6).
Phillips plant specialists provided the
system with a customized “light recipe”,
designed to account for the light spectrum,
intensity, moments of lighting as well as
uniformity and relative position of the LED
with respect to the canopy. Over a nineweek experiment, Green and Red Oakleaf
Lettuce were grown. The PPF averaged
between 300-400 µmoles m-2 sec-1 which is
comparable to the PPF radiated by HPS.
However, the MLGH module achieved up
to 54 grams/kWh of fresh weight, edible
lettuce. Conversely, in previous experiment
lettuce grown under a high pressure sodium
system which achieved up to 24 grams/kWh
of fresh weight therefore yielding an
Figure 6: Phillips GreenPower LED Toplights operating inside the
average energy savings of 56%.
More recently, our team began working MLGH Unit #1. This system is an air cool array of red and blue
on developing a new LED system called LEDs.
“Chip On Board” (COB) LED lighting system which aims at improving the system efficiency further. More
specifically, using off-the-shelf available COB-LED, we have been designing a new water-cooled lighting system that
can provide the lighting environment required by the MLGH modules for policultivation (Fig. 7).
A COB LED test stand that can run 6 COB-LED units at one time was fabricated to initially monitor the output
and collect data on their lifecycles. In this stand, one runs tests to collect information regarding the type of COB-LED
that promises better performance. Additionally, a set of COB-LEDs have been mounted on the LGH-OTM unit
deployed at the Biosphere 2 (See Fig 7 and 8). Initial estimates show a potential saving of about 60% energy versus
the conventional HPS lighting system in a poly-cultivation setting.
The team is also currently in the process of outfitting one of the MLGH growing modules with a 2-300W LED
system arranged in a configuration as deployed in the LGH OTM module. This system will have the same fertigation
and air circulation system as the module using the Phillips GreenPower LED Toplights. Both growth chambers (Unit
#1 – Phillips Lights, Unit #2 – COB 300W White LEDs) will grow sweet potato vines, Yukon Red potatoes, and Red
and Green Oakleaf Lettuce in identical arrangements with strong similarities to the planting arrangements previously
used. This will allow for a one-to-one comparison of the growth patterns under the two lighting systems. Preliminary
experimentation and historical testing indicate a case for morphological differences between plants grown in the two
systems as well as potential differences in the amount of biomass generated per kWh. An additional interesting
comparison that could be made with these two systems is the difference in the ease of working under they two different
spectrums. While a true psychological experiment is beyond the scope of this project, qualitative observations could
be collected from those working in the chambers on a weekly basis. This could make for an interesting experiment by
a future group of researchers.
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B. Fresnel-based SCPS Development and
Testing
Due to the lack of an atmosphere or a
magnetosphere on the Moon and Mars, the habitat
and greenhouses must be buried inorder to protect
against cosmic rays and mircrometeorites.
However, sunlight is still incident on the surface.
Attempting to further the concept of in-situ
resource utilization for a Martian or Lunar habitat,
our team has been developing and testing a
Fresnel-based Solar Concentration Power System
(SCPS) (Fig. 7). Based on the Japanese Himawari
system (La Foret Engineering Co., LDT), the
system employs a Fresnel lens to split the solar
spectrum in multiple wavelengths across its
longitudinal axis. By properly positioning a set of
fiber optics waveguides, it is possible to collect the
Photosynthetic Actvive Radiation (PAR) portion
of the spectrum and transfer the solar energy
directly to the MLGH units. The system has been
Figure 7: Right: SCPS operating at the UA CEAC campus tested and characterized. Its efficiency varies
to collect solar radiation. Left: The SCPS in maintenance.
between 25% and 30% (Fig. 8)11. Future work on
this system looks at increasing the overall efficiency by increasing energy capture not only in the visible spectrum but
in the IR and UV ranges as well. Incresed efficiency in the visible spectrum would be accomplished by reducing the
losses in the fiberoptic cables. This may require the use of less aged cables with a large singular filament instead of
multiple smaller filaments. Capture of the UV and IR portions of the spectrum could be achived through the use of a
small photovoltaic system and heat exchanger.

Figure 8: PAR collected by the SCPS and transmitted through the fiberoptic cables to the PAR sensor inside
the dark lab (Inside PAR) and PAR incident to the Fresnel lenses (Outside PAR)11
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C. MLGH Outreach and Teaching Module (MLGH OTM) at Biosphere 2
The MLGH OTM is a controlled environment, hydroponic plant production device capable of demonstrating the
concepts of Bioregenerative Life Support components and relating them to Earth’s systems. Whereas the module is
about 12 feet long (2/3 of the MLGH units), its main
purpose is to teach and educate, i.e. demonstrate
methods used in research and how a greenhouse on the
moon or Mars might work, and educate the public on
controlled environment agriculture techniques such as
hydroponic crop production. The MLGH OTM has
been deployed at the Biosphere 2 for public display.
Fig 9 shows the exhibit at the UA-Biosphere 2. The
exhibit is operated by Biosphere 2 volunteer tour
guides with assistance from the MLGH lab manager.
It has 100,000 visitors annually and the tour guides
regularly bring their tours by this exhibit.
The exhibit has recently undergone a facelift and
now includes a model of the habitat as a whole, Figure 9: The Mars Lunar Greenhouse Exhibit at
multiple explanatory videos, a running list of the Biosphere 2 (Oracle, Arizona).
plants in the greenhouse, and several visuals to capture the imagination of the Biosphere 2 visitors. The crops grown
in the MLGH OTM vary from those grown in the MLGH research units. Since the nature of the OTM is to educate
the public, more recognizable crops are typically grown. This includes tomatoes, strawberries, cucumbers, peppers,
sweet potato, and basil.

V. Future Efforts
Many challenges need to be solved before implement a suitable BLSS. The current research is focused on fully
understanding the performance of the MLGH prototype and its optimization for poly-cultivation systems with the goal
of making the system an integral component of a future BLSS. However, the MLGH modules may represent an
integral component of analogs for Deep Space Habitats (DSH).

Figure 10: UA-Biosphere 2 facility (top) with the West
lung at the bottom of the top image and the DSH
placed inside the west lung (bottom)

Figure 11: Rough sketches of the top view of the DSH
in the West Lung of Biosphere 2 (top) and of the view
of visitors to the facility
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Over the past few years, a number of public and private partnerships both in the U.S. and abroad have developed
DSH efforts to support future colonization of the solar system12. NASA’s 2016 budget has allocated $55M for a DSH
with additional funding for supporting a Human Mars Mission.
Whereas most current habitat prototypes are located in remote areas, our goal is to develop an initial DSH analog
leveraging the UA Biosphere 2 (B2) facility. B2, a 3.1 acre mega controlled environments research facility with its
diverse biomes including desert, mangrove and wet land, tropical rainforest (Fig. 10). The facility may serve as
integration hub for DSH analog to perform system level tests and enable maturation and rapid transition of the BLSS
technologies to space prototypes. Our goal is to construct an initial DSH prototype inside the B2 west lung. The DSH
will be constructed according to the inflatable outpost architecture (see Fig. 1). In its first instantiation, it will comprise
one central hub, one MLGH module and one biorecycling module (Fig. 11, 12 and 13).

Figure 12: Rough schematics of the bio-recycle module on the left and a cross section of the central hub
of the habitat on the right

Figure 13: Top left – A rough schematic of the biorecycle module in its collapsed transport
configuration. Top right – A picture of the structure
built for the bio-recycle module in its collapsed
transport configuration. Bottom Right – The same
bio-recylce module structure in its deployed
configuration.
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Upon deployment of the DSH within B2, the enclosed space within the B2 West Lung could be transformed into
a Mars surface-scape, but also become a support facility that could offer exceptional educational outreach for
Biosphere 2 visitors. Indeed, visitors could observe the habitat in a high-fidelity Mars-scape from a protected viewing
booth. The latter would allocate a one-way glass to preserve the Mars experience for the crew occupying the habitat.
Importantly, inside the DSH, the crew, potentially comprising a variety of groups from the aerospace community, may
operate the habitat for days.
Design and development of hardware components comprising the DSH is under way. Fig. 14 (top panel) and 15
shows a schematic of the bio-recycling module in its stowed configuration (top panel) as well as the currently
developed hardware that represents the structure of the module (both folded and unfolded Fig 15 mid and bottom
panels). Fig 14 (bottom panel) shows the schematic of the section of the designed Central Hub Module (CHM). In its
basic configuration, the CHM is a two-story structure with the upper floor used for operating systems, water storage
(radiation protection) and the cupola viewing room. It is conceived to a I-beam with aluminium skin and additional
supporting materials.
Once completed, we will use the prototype habitat as an operational facility to test and evaluate a variety of
operational scenarios involving deploying a crew on Moon and/or Mars for an extended period of time. Ideally crews
would begin occupying the Habitat and research on a variety of items including, as an example 1) food production
and diet 3) in-situ labor and tele-presence 3) dust penetration within the habitat etc. Our team will potentially partner
with other universities and commercial entities (e.g. our partners at Thales-Alenia Space, Italy). Research
opportunities will potentially present themselves as this project progressed and NASA pursues a Human Mission to
Mars and the Moon.
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