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The cultivation of higher plants occupies an essential role within bio-regenerative life support
systems. It contributes to all major functional aspects by closing the different loops in a
habitat like food production, CO, reduction, O, production, waste recycling and water
management. Fresh crops are also expected to have a positive impact on crew psychological
health. Plant material was first launched into orbit on unmanned vehicles as early as the
1960s. Since then, more than a dozen different plant cultivation experiments have been flown
on crewed vehicles beginning with the launch of Oasis 1, in 1971. Continuous subsystem
improvements and increasing knowledge of plant response to the spaceflight environment
has led to the design of VEGGIE and the Advanced Plant Habitat, the latest in the series of
plant growth chambers. The paper reviews the different designs and technological solutions
implemented in higher plant flight experiments. They are analyzed with respect to their
functional (e.g. illumination source, grow medium), operational (e.g. illumination period, air
temperature) and performance parameters (e.g. growth area, biomass output per square
meter). Using these analyses a comprehensive comparison is compiled to illustrate the
development trends of controlled environment agriculture technologies in bio-regenerative
life support systems, enabling future human long-duration missions into the solar system.

. Introduction

HERE has been a consistent effort ambit to grow higher plants and assess the effect of the spaceflight

environment upon them. These efforts have includedflyee experiments short duration crewed missions
(e.g. Shuttle, Shenzhdu} aswell as those typidly of longer duration conducted in Salyut, Mir and the Inter
national Space StatiofiSSY. In particular, plant growth experiments have been an important part of each space
station program since their incorporation into the Soviet/Russian Salyut liyghsplce statiorEarly on orbit
production systemwere quite exploratory in nature in that they focused oriuhgamental investigations related to
the effect of the spaceflight environment on plant groarthechnology development associated withvjatimg an
appropriately controlled environment on orbit.

1. Plant Growth Chambers in Space

A. Classification

Plant cultivation flight experiments are usually small chamiteasare not an active part of tHdée support
system They aretypically utilized to sudy plant behavior and development under reduced gravity and in closed
environmentsOther summaries of plant growth chambbeve beerpublishedin recent yeafs*. However,the
bulk of these publicationare not upto-date and therefore do not contamformation about the latest chambers.
Although HaeuplikMeusburgeret al.(2014)provides an extensive list of small plant growth facilities, ondglect
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numberwere described in detalkor the present papehe authordiavecollected informatiorfrom a large number
of publications, reports and personal communicati@ondensedsummaries have been compiled fach plant
growth chamberand classified with respect to tlspace statioror spacecraft on which thewtilized. Figure 1
providesan overviewof the plant growth chambers described in the following subchaptih®ugh not explicitly
mentioned as a category, the authors are aware of the experimehistedrorboard Skylah **and Shenzhou
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Figure 1. Overview of plant growth chambers in space.

B. Salyut Space Stations

The Soviet Salyustationswere the first crewed space stations and were the predecessors of the Matafuace
and the ISS. The firgacility, Salyut 1 was launched iA971. The Sguz 11 crew spent 23 days dmardSalyut 1
and performed several experiments including the Oasis 1 plant growth sydtema series of technical problems
and failuresthe Salyut program continued with Salyut& between 1974 ah1977. Salyut 3 and 5 were militar
missions, also known as Almaz. Adiugh continuous improvements were implementhd, basic desigof the
stationsremained the sam&alyut 6 (19771982) and 7 (182-1987)incorporated several design improvemeetsg.
an additional docking port for Progress resupply vessa#its)ing forlonger utilizationand extended crestays

1. The Oasis Series

The first Soviet Unionflight experiment was the Oasis
plant growth system. It was part of the Salyut 1 mission in 19
During the missiorBrassica capital Linum usitatissimunand
Allium porrumwere grown in the eight cultivation slaté Oasis
1. Fluorescent lamps provided the necessary illumination. Of
1 wasthe first in a number o$uccessful Oasiserieschambers.
Oasis 1M an upgraded version of Oasiswas operated onja—
Salyut 4. Problemsvith the water metering system were solve
and a new nutrient delivery system wagized. Oasis 1AM was
the next plant growth system of the Oasis family aad flown
on Salyut 6. The illumination system was modularized
facilitate maintenance. Furtinemore, the waténg system was
modified. Oasis 1A was installed in the Salyut 7 statindwas Figure 2. Oasis 1 as exhibited in the Memorlal
the last of the Oasis experiments. Compared to its predesgsMuseum of Astronautics in Moscow™*
Oasis 1A was capable pfoviding increased aeration to the root zdrgrther enhancements wennade to the grow
chamber The new system allowed the nesmentof plants for better illumination, ventilation and gas excharfide
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2. Vazon

Vazon is another plant growth system of the Soviet Union. Its first flight was on Soyuz 12 in 1973. Unlike Oasis,
Vazon had no separate lighting systetlumination was provided by the lighting system of the spacecFat.
system was designed to grow bulbous plaxeszon was modified several times and was also operated onboard
Salyut 6, Salyut 7 and the Mir spastatiorf.

3. Malachite

Malachite, flown on Salyut 6, was the first experiment specifically designed to investigate the psychological
benefitsof crewinteraction withplants.From that perspectiverchids werghe chosen crop anglere grown in four
Malachite planting boxes. The system was equipped with an ion exchange resin, water supply and an illumination
systenf.

4. Svetoblok

Svetoblok on Salyut 7, was the firgblant growthsystem capable of growing plants in a sterile environment.
According to Porterfield, et al. (2003), this advantage led to the first successful flowering of plants grown in space
during a 65day experiment. However, no viable seedwe produced. Updated v&ons of Svetoblok were also
flown on the Mir space statiort

5. Phyton

The success of Svetoblddd to theinitiation of the Phyton project, which had the goal to undertake seed to seed
cultivation. The system consisted of five removable glass cybridewhich the plants were grown. Phyton also had
an automated seed sowing apparatus, a ventilation system including bacterial filters and a separate illumination
source.?The Phyton plant growth system was used to conduct the first seed to seed psmdedarasrg a mission on
Salyut 7.

C. Mir Space Station

The Russian Mir space station was designed based on the experience gained with the Salyut stations. The first
module was launched in February 1986. A number of additional modulemtKkvant 2, Kristall, Spektr, etc.)
were attached during theubsequenyears. The Mir station was nearly permanentlyabited except for short
periods in 1986 and 198atil the departure of SoytEM 29 on the 28 of August in 1999. The Mir space station
was used for &arge numbeof scientific experiments. The start of the Shulflie Program, a cooperation agreement
between the US and Russia, in 1994 set the basis for the buildingi8&the

1. SVET

The Russians continued their biegenerative life suppb system (BLSS) research efforts on the Mir space
station with the SVET space greenhouse. The first SVET experiment conducted in collaboration with Bulgaria was
launched on the 3'of May in 1990. The module successfully docked to the Mir station ohdhef June and was
subsequently installed inside the Kristall (Kvant 3) module. SVET was initiated on'thef 36ne with a number of
system tests that proved the functionality of the systéfn

SVET consisted of a plant chamber with a grow areappfoximately 0.1 m?, a light and ventilator unit, an air
supply system, a water supply system, power supply and a control unit. The plant chamber was outfitted with a
removable root module in which the plants were cultivated. lllumination was providd® Isynall fluorescent
lamps. The ventilator was mounted close to the lamps to provide proper cooling and an air flux up to 0.3 m/s. The
main purpose of the air supply system was the provision of oxygen to the plant roots. Furthermore, inside the plant
chamler, a sensor package was used to measure several environmental parameters. The system was capable of
observing the air temperature in the lower compartment, the air temperature within the plant canopy, the humidity
and the illumination duration. Sensorsrwe pl aced within the growth medium (
temperature and moisture levels. The SVET space greenhouse was designed to be an automated system, thus it was
the first plant flight experiment to utilize its own microprocessor. Thegusor was capable of receiving data from
environmental sensors and controlling the illumination system, the ventilation and a compréssor

The first plants were grown in a &y experiment in the summer of 1990. Radish and Chinese cabbage were
selected for this experiment. Compared to ground experiments, different moisture values inside the substrate were
measured due to the absence of dyaWuring the experiment plant samples were taken and brought back to Earth
together with the crops harvested on the last day. According to Ivanova (1993), the plants had a healthy appearance,
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but were stunted compared to the control plants grown on.Hdréhleaves had a characteristic dark green color and
a rough surface. The arrangement of the leaves was normal.

2. SVEFGEMS

The ShuttleMir Program, a cooperation between Russia and the United States of America, started in 1994 and
encompassed a number afoperative missions on the Space Shuttle and the Mir space station. In 1995 the Space
Shuttle successfully docked to the Mir station. During this mission the SVET space greenhouse was reinitiated as
part of the Shuttldir Program. Some of the old equipmt was updated and new systems provided by the
Americans were added to SVET. The new equipment consisted of an Environmental Measurement System (EMS)
and a Gas Exchange Monitoring System (GEMS), leading to the name-SEMB for the new systeth

The EMSreplaced the old sensor package and provided new sensors for monitoring air and soil conditions, leaf
temperature, irradiance and oxygen. The new system also greatly increased the number of sensors, e.g. from two root
moisture sensors to 16. Furthermohes gathered data was sent to Earth daily, which enhanced the data quantity and
quality. For the GEMS, the original sole air stream for cooling the lamps and providing gas exchange for the plants
was divided into two separate air streams. This was achieygqultting the plants of each root module into a
transparent bag with separate air amd outlets. GEMS was able to analyze the air entering and exiting the plant
bags for its absolute and differential £&nhd HO levels as well as absolute and differehfiressures. GEMS was
utilized to measure the photosynthesis and transpiration rate of the plant canopy under microgravity, which was
calculated from differential CQand HO measurements. Therefore GEMS had an increased capability compared to
the first measurements in space using chlorella and duckweed. The high amount of data and the increasing
complexity of the control mechanisms required a new control system, which was implemented on an IBM
notebook™*8,

Between 1995 and 1997 several experiments suifferdwarf wheat were conducted and the SVET greenhouse
received small design updates with each subsequent experiment. During the first experiments in 1995, several system
failures occurred. On the T50f August, three lamp sets failed. On the next dhg, control unit started to
malfunction and failed completely in the beginning of September. On September"ttiee fans failed while the
lamps were powered on, leading to a significant temperature increase in the plant chamb&t3G5Most of te
failures were addressed with updates for the 1996/97 experithéfitsAnother finding during the 191997
experiments led to the conclusion, that high levels of ethylene led to aborted seed production in wheat. As a result all
subsequent plant experémts included ethylene filters and trace contaminant céhtrol

According to Ivanova (1998) and Salisbury (2003), the results of the 1996/97 experiments were better than
expected. The produced biomass was much higher than expected and the plant heal#ilyespt health, was
much better than in any previous experiment. The leaves had a healthy green color and 280 wheat heads were
produced. However, none of them contained any seeds. It was assumed, that pollen was either not formed or not
released.

D. Space Shuttle

The Space Shuttle was an Americarusable crewed spacecraft. The first orbital test flight was conducted in
1981 and regular operations began in 1982. Until 2011, 135 missions, divided between the five orbiters Atlantis,
Endeavour, Columbia, @Henger and Discovery, were launched until the Shuttle was decommissioned in 2011. For
many years the Space Shuttle program was the backbone of the American human space flight program. The Space
Shuttles played a key role in the assembly of the ISS anthity other scientific space missions (e.g. Hubble Space
Telescope, Spacelab). During several missions a number of plant growth chambers of different designs were
operated onboard.

1. Plant Growth Unit (PGU)

The Space Shuttle Program was the first oppostuioit American BLSS researchers to perform regular flight
experiments. The Plant Growth Unit (PGU) was the first experiment and was flown e8 BTI®82. The system
was designed to study seedling growth and lignification. The dimensions of the PGUIlwamex536 cm x 27 cm
and fit into a middeck locker. One PGU consisted of six Plant Growth Chambers (PGC) and systems supporting
plant growth. Three fluorescent lamps provided the necessary illumination. The lighting system was controlled by a
timer. Furthemore, the environment could be regulated by fans and a heater. The PGU system was used for
experiments over the next 15 yafs
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2. Plant Growth Facility (PGF)

In 1997 the Plant Growth Facility (PGF) had its first flight on SBI’'S The PGRvasan updatedGU with the
same dimensions, but enhanced equipment. The output of the lighting system was greatly improved7som 50
pmol/(m2s) to 220umol/(m2s). Further enhancements were made to the air management system, which was now
capable of controllingwumidty, CO, and temperature. An ethylene filter was also instalfédThe PGU and PGF
were also used to investigate plant reproduction in microgravity during the CHROMEX experiments that showed
that CQ enrichment and adequate ventilation were required for ensuring normal seed production in microgravity.
This work led to the notion that secondary effects of microgravity can significantly affect normal plant
developmertt.

3. Astroculture (ASC)

The Astrocultue series was another plant growth chamber designad
for the Space Shuttle. Its first flight (ASD was on STSO0 in 1992,
followed by continuous updates acdrresponding qualification flights
(STS57,-60, -63, -73, -89, -95). At one time an ASC chamber wa
also operated on board the Mir space statiime first three ASC
experiments were designed to perform system tests and verifica
ASC-1 tested the utrient and water delivery subsyst€m’. An LED
lighting subsystem was added to the system for the -AS
experimer® and a temperature and humidity control subsystem
ASC-3* 3% Further subsystems (pH control subsystem, nutrient c«
position control subsystem and GQand atmospheric contaminar
control subsystems) were continuously added to the system. The 1
experiment was designed to fit into a middeck logk#DL) and had a
cultivation area of 177 cm?. A shebeight of 23 cm was avalite, Figyre 3. ASC-8 flight hardware
while 4.5 cmof height was reserved for the root zone. The lajnstalled in a middeck locker®.
experi ment with the Astroculture™ system was perfor me
ASC-8, as shown ifrigure3, conssted of a temperature and humidity control system, a LED lighting system, a fluid
delivery controlsystemand an ethylene scrubber unit. The experiment grew roses and investigated the effects of
microgravity on the production of essential ils

4. Plant Generic Bioprocessing Apparatus (PGBA)

TV CAMERA PGC LAMP

LAMP BALLAST

PLANT GROWTH
CHAMBER (PGC)

ETHYLENE REMOVAL

COZ REMOVAL — —4Kf—— CONNECTORS
CIRCUIT

HUMIDITY CONTROL BREAKERS

RESERVOIR
PGC AFT SUPPORT — LCD TOUCH
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The Plant Generic Bioprocessing Apparatus
(PGBA) was derived from the Generic
Bioprocessing Apparatus (GBAJThe GBAflew
on several Spac8huttle missions (S50, -54,

-57, -60, -62, -63, -69 and-73). Consequently,

the design of the experiment was already partly
flight verified. The first flight of a PGBA was on
STS77 in 1996. Similar t o
PGBA was designed to fit intowb middeck

lockers. A containment structure, a plant growth
chamber, a thermakontrol system and an
electrical sibsystem were part of the PGBA.
p Figure4 shows an explded assembly drawing of
A the PGBA with all its major pasthighlighted™.

P The PGBA was operated during three Space
Shuttle missions (ST%7, STS83, STS94) with
durations of 4, 10 and 16 daysspectivel§. In
2002 thePGBA was also used for experiments
onboad ISS during Epedition 52

PGC FORWARD 'SUPP()RTl — HEAT EXCHANGER
—— HUMIDITY CONTROL

Figure 4. Exploded assembly drawing of the PGBA™.

E. International Space Station
The ISS is the largest mamade laboratory so far constructed in Earth orbit. With its first plans dating back to
the American Space Station Freedom (SSF) and the proposed Russiustitionthe assembly of the ISS began
with the launch of the Russian Zarya module in 1998. Over the following years a large number of assembly flights
from all ISS partners (USA, Russia, Europe, Japan and Canada) subsequently built up the station to its current
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configuration. Since November "2 2000, the ISS has bee
permanently inhabited by multiational crews. The ISS has uniq
capabilities for a wide range of experiments (e.g. life scieng
material physics). With expected operation until at least 2020aal
high probability of another extension period until 2024, the ISS se
as a testbed for future human space exploration missions into the
System.

1. AdvancedAstroculture (ADVASC)

The Advanced AstroculturADVASC) experiment was the first
plant growth chamber flown on the ISS. The design izdbam the
original Astroculture flown several times on the Space Shuttl
However, ADVASC has twice the sfze ADVASC is able to
autonomously provide stable environmental conditions for pl
cultivation under microgravity. Due tibs increasd size, ADVASC
requiredtwo singlemiddecklockers inserts whicleould be installed
into an EXPRESS Rack.

One insertcontainsall support systems, lower insert shown iFigure 5. Advanced Astroculture ISS
Figure5, while the other contains the plant growth chamber, top inPlant growth chamber®*

in Figure 5. Like other flight experiments, the ADVASC has all subsystems to support plant development: a plant

growth chamber, a light control module, a temperature and humidity control unit, a fluid nutrient deliveny aydt
chamber atmospheric contfol During the ADVASG1 experiment (2001), a seémseed experiment with

Arabidopsis Thalianavas performed. Several seeds were gatliér@tiese I generation seeds were used for the
ADVASC-2 (2001/2002experimentto investigate whether they are able to complete another full life cycle under
microgravity and how the genegere affected. At the end of the experimeBi® generation seeds were gathered.
ADVASC-3 (2002) was the first experiment to grow soybean plantsaoesplhe goal was to complete a full life
cycle and to investigate the produced seeds. After 95 ddyd life cycle was completed. Analyses of the produced

seeds showed that the seadsehealthy and the germination rate was comparable to commezeiddis terrestrial
agriculturé®.

2. Biomass Production SystdBPS)

The Biomass Production System (BPS) was a plant gro "
cha_mber operqted on the ISS in 2002 durmg Exped|t_|9n 4.1t BociMas. -5 5 Pl Goovli Chambeds
designed tovalidate subsystems under orbital conditions. T\ > P
experiments were carriemut during this mission, the \ 3 T
Technology ValidationTest (TVT) and the Photosynthesi ! % |
Experiment and System Testing and Operation (PES” . %
experiments. PESTO demonstrated that plants grown in spac )
not differ from ground controls when the secondary effects of 1CDDiplay .~
spaceflight environment are mitigated. iflence was identical
rates of photosynthesis and transpiration that were corrobor
with identical biomass between spaceflight and ground con
plant$? %% The system was first designed to fit into the Shut
Middeck and the SpaceHab Module, but iaer adapted for
installation into an EXPRESS Rack to be able to fly to the I¢
The BPS contained four individual plant growth chambers. E: PR
chamber had its own independent control system for temperawu <,
humidity, lighting and C@ An active nutrient delivery system Figure 6. Design of the BPS including four
was also part of the experimefihe overall BPS had a depth cindividual plant growth chambers®.

52 c¢m, a width of 46 cm and a height of 55 cm. The total mass was 54.4Tkg total grow area was 1040 cm?
divided equally among the four chambers with each 260 cmz2. Theysteins and technologies validated with the

BPS were later used within the Plant Research Unit (BRU)
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3. Lada

The Lada greenhouse is a plant growth system developed for the ISS and flown %h 2h&Xystem partly
reused equipment from the SVEFEMS experiment. The subsystems of Lada are spread amongst four modules: the
control and display moduld=igure 7 upper center), two growth moduleBidure 7 left and right) and a water tank
(Figure 7 bottom center). The modules were built to biadted to the cabin wall of the Russian Zvezda Module.
The two growth modules could be controlled independently and consisted of a light bank, a leaf chamber and a root
modulé®. The light bank could be outfitted either with fluorescent ldfhpsLEDS™. A sensor tree mounted at the
light bank is capable of measuring air temperature and light spectrum at three different levels. The leaf chamber is 25
cm high, but could be replaced by chambers of differc—*
height to support different crops. The chamber svalle
covered with a reflective film to increase plar
illumination. The root module is 9 cm deep and holds t
substrate for the roots. Several sensors are placed ir
this module to investigate the behavior of thé ant s
zone. Six moisture probes and four micro tensiomet
were arranged in three levels to gather dateossthe
whole root zone. Ftinermore, two wick moisture probe:
and four Q sensorsvere placed in the root module.

During the first oporbit experiment Mizuna plants
were grown in Lada’'s gro
cm. For the first time in oorbit greenhouse module
researchthe psychological effects of the interactio *®
between the crew and plants were investigdteBome Figure 7. Lada; control and display module (upper
reactions of the ISS crew e consumption of spacecenter), growth modules (left and right), water tank
grown plants are cited by Bingham (2003). From 2003(bottom center)*.
2005, genetically modified dwarf pea plants wgrewn
during five experiments with Lada. These experimel
investigated morphological and genetic parameters ¢
several generations of space grown plEntsADA was %
also used to develop the hazard analysis and critical cor -
point (HACCP) plan for vgetable production uni

of 20

e

4. European Modular Cultivation System (EMCS)

The European Modular Cultivation System (EMCS
was launched on ST®1 in July 2008°. EMCS was
installed orboard the 1SS within the US Destiny modfle
In April 2008 the experiment was moved to the Europe
Columbus Modul¥. The EMCS contains two rotors tc:
apply different levels of gravity (0.001 g to 2.0 g) to tt
contaned experiment containers (EC), deigure 8. Each
rotor can hold up to four ECs. They also provide a sim,
life support system, reservoirs, lamps and a video can
system for experiments. One EC is 60 mm high, 60 r
wide and 160 mm long with an internal volume of 0.t
liters®. The EMCS was used to carry out differel
European plant growth and plant physiology experime
(e.g. GRAVI, GENARA, MULTIGEN and TROPf. It
was also utilized by the Japanese Aerospace ExploraFigure 8. EMCS in EXPRESS Rack 3 |n5|de ESA
Agency (JAXAf®. The EMCS was designed to conduColumbus Module (since April 2008)"".
plant research and other biological experiments in space. The size of the EC and the whole experiment setup did not
allow the growth of vegetables other plants for food production.

L3 st s essrrssrestr It et o
:

1Y
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5. Plant Experiment Unit (PEU)

The Japanese Plant Experiment Unit (PEU) is an experin
container to be mounted within the Cell Biology Experiment Facil
(CBEF) inside the Kibdaboratorymodule of the ISSEach PEU is 95
mm high, 240 mm wide and 170 mm deep and consists of a |
lighting system with red and blue LEDs, growth chamberan
automated watering system and a CCD caniBna chamber provides
growth space up to 48 mm height, 56 mm width and 46 mm depth
Figure 9. The lower part of the chamber is reserved for the gro\
medium (rock wool) which is fed by an integrated water lin€2009,
eight PEUs were launched with ST88 and implemented into the
CBEF. The experiment was calledesp Seed and had the purpose
grow Arabidopsis from seed to seed under different conditions.
plants were grown for 62 days inside the PEU mounted in the &BE

6. Advanced Biological Research System (ABRS)

The Advanced Biological Research System (ABR&s launched
in 2009 on STS.29. Similar to its predecessors, ABR@&sdesigned Figure 9. Onboard model of the PEU
to fit into a singlemiddeck lockers displayed iffigure10. The main Plant growth chamber. (1) Stainless steel
parts of ABRS are two Experimental Research Chambers (BR&s)cover plate with 24 holes; (2) IR-target
provide a controlled environment for experiments with planilate; (3) Polyvinyl alcohol sponge™.
microbes and other smalpacimens. EaclERC has a
growarea of 268 cm? with up to 5 cm height for the ro
zone and 19 cm for the shoot zone. The chambers
outfitted with a LED light module, which consists of 30
LEDs mainly red and blue, but also with some white a MTL Connectors
green LEDs. The spectrpeaks are at 470 nm and at 6€ pata connector
nm. An environmental control panel is part of each ER B
The panel enables the control of temperature, relai
humidity and CQ level. A filter system is used to cleal
the incoming air. Furthermore, a filtration module alov
the removal of volatile organic compounds (VOCs). O
of the two ERCs is outfitted with a novel Gree
Fluorescent Protein (GFP) Imaging System (GIS). Tl
system is designed to investigate organisms w S
modified GFP reporter geriés One of the first
experiments conducted within the ABRS was tt
investigation of the Transgenic ArabidopsiSene
Expression System (TAGES)*.

Air Filter Cartridges
=

=sPower Switch

.
~ Power Connector

e Latch Guard

Figure 10. Advanced Biological Research System
(ABRS) overview™.

7. VEGGIE

TheVEGGIEFood Production System i s NASA’' s wasldueckedin ac hi e v e

early 2014. VEGGIE is the first system designed for food production rather than plant experiments under
microgravity. A deployable design allows VEGGIE to be stowed to 10% of its nominal deployed volume. In
collapsed configuration, six VEGGIE units che stored in a single middeck locker. Each unit consists of three
major subsystems, the lighting subsystem, the bellows enclosure and the root mat and provides 0.17 m2 grow area
with a variable height of 5 to 45 cm. A customized LED panel with red, bidegeeen LEDs is used as the lighting
subsystem. The panel is able to provide mihi@n 300umol/(m2 s) of illumination to the plants. The bellows
enclosure separates the plant environment from the cabin to provide contafomém plants and to maintai

elevated humidity. The enclosure is supported by a foldable structure, which allows adjustment of the distance
between the lighting subsystem and the root mat while maintaining containment. The root mat serves as a passive
nutrient delivery system, whictequires only a small amount of crewtime to be supplied with water and nutrient
solutior™”. Several different growth media have been investigat€dand in the end specially developed rooting
pillows were selected. Crops produced by the VEGGIE syshathlse used as supplemental food for the ISS crew.

Achieving this objective is challenging and requires
The project team developed a HACCP plan, based on the plans tested with Lada, to mieimgkeahconsuming
8
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produced vegetables. The selected sanitizer demonstrated functionality and applicability during a test campaign at
NASA' s Desert Research and Technology Studies (DRATS).
the Habitat @monstration Unit (HDU) Pressurized Excursion Module (PE3deFigure 11. After a 28 day growth

cycle the harvested lettuce plants were sanitized and more than 9%H# microbial load was removed. The

microbial load of the produce was well within the NASA standards

Figure 11. VEGGIE prototype during ground tests (left); NASA astronaut Steve Swanson next to
VEGGIE after the deployment on-board ISS (right)®®.

F. Additional Systems and Design

Besides the aforementioned plant growth system, a number of concepts were never realized or are still in an early
design and concept phase. Brief descriptions of some of these facilit@®waded in the subsequent paragraphs.

The Vitacycle is a Russian plant growth chamber concept with a novel approach for the arrangement of the
growth area. The design incorporates a convex growth area combined with a conveyor, which leads to a savings in
occupied volume compared to a standard flat growth area. Prototypes of the chamber were built and tested in
advance of a proposed utilization in the Russian compartment of th&®4SBhe concept was also part of the
Russian Mars508,

The Salad Machineoncept was initially invest andfurthet debejopeASA’ s
over the following yeaf$ ®. The objective of the Salad Machine was to design and construct a salad vegetable
production unit for Space Station Freedom (SSF). fifeeluction unit was planned to occupy a standard rack and
provide around 5% of the total caloric intake of the crew. Later the design was adapted to match the requirements of
the ISS.

The Plant Research Unit (PRU) was supposed to fly to ISS in its esmtg.\twasthe direct predecessor of the
BPS. The PRU was designed as a closed system to generate a reliable plant growth environment. Although extensive
effort was put into the design of the PR(, the program was canceled in 2605

The Portable Asbculture Chamber (PASC) was a planned follovto the ADVASC. Although it did not fly,
the PASC was designed for installation within an IS®RESSrack. Compared to its predecess®ASC planned
to r\%guce complexity by utilizing ISS ambient air anduded four transparent sidesgermit easy viewing by the
cre

Astro Garden (later termed Education Payload Operati¢tisC Plant Growth Chambers) was developed as an
educational tool and hobby garden for on orbit plant growth. The unsophistgatachtus which flew to the ISS on
STS118 in 2007 required no supplemental power and utilized existing ISS light sources forgrowth

CPBF (Commercial Plant Biotechnology Facility), although never flown was a quad middeck locker based
system with a grovit area of 0.2 fa It was being developed to provide a facility for lelegm scientific and
commercial plant trials onboard the fSS

The NASA Advanced Plant Habitat (APH) & planned four middeck locker plant growth system being
developedht the Kennedy Space Centercooperation with ORBITEC. The APH is based upon some of the design
heritage of the CPBF. The project is divided into several phases with the final goal to dep¥PRESSrack
based plant growth chamber with 0.2 t8%m? production area onto the 18S°.

Smaltscale plant growth hardware has also flown on Shenzhou. In particular, the DLR developed Science in
Microgravity Box (SIMBOX) flew on a late 2011 Shenzhou flight and within it contained 17 differemhédtical

9
International Conference on Environmental Systems



experiments in collaboration between German and Chineserchses. Included were a number of plant seedling
under LED illuminatiof,

I11. Comparative Analysis
A. Overview

Analyses and comparisons of the plant growth chambers described in the previous chapéseatedpin the
following section. Over the last few decades the size and shape of space plant growth chambers have changed and
the technologies implemented into the different subsystems were developed further. Since 1970, 21 plant growth
chamber designs eve used to perform over 50 different plant cultivation experimé&ingsire 12 shows a timeline
indicating the timeframe in which each of the systems were utilized.

Table 1 summarizes the key data of flown plant growth chambers described above. They are sorted
chronologically. The key data includes the spacecraftvbich the chamber was operated, the platform for the
experiment design (e.g. Middeck Locker (MDL)), the growth area, and details about the nutrient delivery system
(NDS), the illumination system (ILS) and the atmosphere management system (AMS).

Oasis series
| M 1AM 1A
Vazon
Malachite
SalyL‘It Svetoblok
Phyton
SVET
Mir SVET GEMS
PGU
— Astroculture
STS PGF
PGB:\
PGBA
: 8PS
Adv_g Astroculture
F Lada
Iss{ = i e ——d— oo
EMCS
. ]
ABRS
VEGGIE
1970 19.80 1990 20.00 2010 2020
Figure 12. Timeline of plant growth chambers flown or proposed to fly in space.
Table 1. Summary of key plant growth chamber data.
. Platform | Growth
ff:‘fie' Lglﬁh ©.q. Area NDS ILS AMS
MDL) (m?)
Two compart Fluorescent n.a.
. Wall ment NDS lamps, 5668
Oasis 1 Salyut 1 1971 mounted 0.001 (Waterandion {pmol / ( m?
exchange resin)
wall Fibrous ion Fluorescent n.a.
Oasis 1M | Salyut 4 1974 0.010| exchange lamps, 5668
mounted .
medium pmol / (. m?
10
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Space- First Platform | Growth
craft Launch (e.g. Area NDS ILS AMS
MDL) (m?)
_ Wall Cloth ion n.a. n.a.
Oasis 1AM | Salyut 6 1977 mounted 0.010 exchange
medium
- wall Included root 170350 Ventilation
Oasis 1A |Salyut 7 1982 mounted 0.010|zone aeration |pmo |l / ( m?2
system
Cloth sack filled | Cabin light Cabin air
Vazon S?Iy'.”'t 6, 1973 Wwall n.a.| with ion ’
7; Mir mounted :
exchange resin
- wall Ion.exchange Separate lightindg n.a.
Malachite |Salyut 6 1973 mounted n.a.|resin, water system
supply
Wall Agar based ND Cabin light, later| Sterile
Svetoblok |Salyut 7 1982 n.a.| later also other |fluorescent environment
mounted .
media lamps
wall 1.5 % agar Separate lighting Ventilation incl.
Phyton Salyut7 | 1982 | O ted n.a.| nutrient medium | system Bacterial filters
wall Zeolite based |12x fluorescent |Ventilation
SVET Mir 1990 0.100| Balkanin lamps
mounted
substrate
Zeolite based ion Fluorescent Controlled
exchange lamps, 300 environment
SVET- Mir 1995 Wall 0.100| medium,root g mo | / ( m?photosynthesis
GEMS mounted zonemoisture and transpiratio
controllable measurements
Various NDS 3x15W Optional active
used fluorescent air exchange
PGU STS 1982 |MDL 0.0 lamps, 5675 system
pmol / (. m?
Saturated foam |Fluorescent Humidity, CG,
PGE STS 1997 |MDL 0.055| OF agar lamps,> 220 and terpperature
g mo | / ( m?control; ethyleng
filter
Poroustubes LED (RB); 300 |Humidity, CQ,
ASC STS 1992 |MDL 0.021) with matrix g mol / ( m?2temperature ang
trace gas contrg
Agar or Fluorescent Humidity, CO,,
aggregte that | lamps: >350 temperature ang
provide nutrientsfy mo | / ( m?2trace gas
PGBA STS 1996 |2x MDL 0.075 control,
photosynthesis
and transpiratio
measurements
Porous tube LED (RB); 410 |Humidity, CQ,
ADVASC |1SS 2001 | 2x MDL 0.052 based NDS M mol / ( m?temperature ang
trace gas contrg
Particulate Fluorescent Humidity, CO,,
BPS 1SS 2002 |EXPRESS 0.104 matrix with lamps, 350 temperature anq
porous tubes g mol / ( m?trace gas
control,
11

International Conference on Environmental Systems



Space- First Platform | Growth
craft Launch (e.g. Area NDS ILS AMS
MDL) (m?)
photosynthesis
and transpiratio
measurements
Similar to SVET | Fluorescent Humidity, CO,,
Lada 1SS 2002 |n.a. 0.09 lamps; 250 temperature ang
g mol / ( m¥trace gasontrol
0.077| Customizable |LED (RW) Gas supply unit
(8 pressure contro
EMCS ISS 2006 | 4x MDL chambers unit, ethylene
) removal unit
0.027| Rock wool LED (RB): 110 |Humidity and
PEU 1SS 2009 |n.a. (10 M mol / ( m2temperature
chambers control
)
Customizable |LED (RGBW): |Humidity, CQ,
ABRS  |ISS 2009 |MDL 0.053 300 umo | temperaiure ang
trace gas contrg
Passive NDS, |LED (RGB),> [|none; cabin
rooting pillows, {300 p mo I[|AMS
VEGGIE |ISS 2014 |MDL 0.170| manual water
and nutrient
supply
B. Comparison of growth area and volume
As evident inFigure 13, the 10 - °
total available growth area pel -
cultivation system has 2 1 !
constantly increal with time 0.8
Spacebased plant production |
systems have been considerab )
volume constrained. Although 0.6 —
. Growth
larger scale production would blArea(mz) 05 -
preferred, smalscale systems -2
have been suitable tdate; as Q% =T a
focus has rested more ol 03 -t o
fundamental dence related to o ¢
the effect of the spaceflight 02 7 R = m ':‘ w o
environment on plant 0.1 — l@lm .l".a i .: <
physiological functions and on L ¢ eweee o ? * s ;
the development of reliable on 1970 1980 1990 2000 2010 2020
orbit controlled environment
facilities. Although much Launch Date

remains to be determinedFigure 13. Comparison of space plant growth chamber growth area between
sufficient understanding now1970 and 2020. Green dots represent flown systems while red dots represent

exists in both Hese areas that currently planned systems. The right-most data point represents the

shift to the credible goal of nen expected plant growth area of a full ISS rack-based plant growth system.
negligiblefresh food supplementation on orbit. The launch of VEGGIE and later the APH will start to provide more
relevant biomass outputs but a marked increase in output would be possible with thprderntlf a full ISS rack
based system. Such a production system/salad machine would be possible of providing approximéatefy 1 m
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production area whigltas demonstrated igure13, would provide a significant increase in capability amdinitial

step towards a relevant BLSS.
Not only is the overall size of the %

growth area inside space plant grow! o ABRS: 22%
chambers increasing by building large

systems, buso isthe relative growth "

volume. Figure 14 shows acomparison
of the relative growth volume for a

° PGF: 18%

-
%]
X

© Peu-15% ® pGea: 14%
number of plant growth chambers. Not $14%

that Figure 14 only shows flown plant

N
Q
X

© ADVASC: 10%
® BPS: 8%

Relative Growth Volume

growth chamberdlesigned to fitinto
standrdized experiment carriex (e.qg.
MDL, doubleMDL). As evident from ® ASC:6%

Figure 14, ABRS has the highest 5%
efficiency in terms of usable volume o

the growth chamber compardd the 0%
volume of the carrier which was
enabled by Dp-going technology
improvements (e.g. LED systemahpd
miniaturization

0 0,025 0,05 0,075 0,1 0,125
Available Carrier Volume (m?)

Figure 14. Comparison of relative growth volume.

C. Crop analysis

0,15

A broad variety of crops were grown in space utilizing the aforementioned plant cultivation syBadues?
shows several plant species and in which system they were grate2 focuses on dtlle crops. The total number
of cultivated plant species tagher. The last column (other nedlible plants) represents plants likeabidopsis
Thaliang roses, etcMost of the candidate crops recommended for plant cultivation on future human space
explaration mission® havestill not beencultivated in space plant growth chambers. There are various reasons (e.g.

plant requirements, chamber dimensions)

Table 2: Plants grown in space using plant growth chambers, with a focus on edible crops

Barley

Brassica rapa
Chinese Cabbage
Corn

Dwarf pea
Lactuca sativa
Lentil

Lepidium

Pea

Radish

Snow pea
Soybean

Spinach

Sweet Wormwood
Swiss chard

Wheat (Triticum aestivum)

Other non-edible plants

< |Linum usitatissimum

x |Allium porrum
x |Brassica capitala

Oasis

Vazon

Malachite

x

Svetoblok

Phyton

SVET X X

SVET-
GEMS

PGU

PGF X

ASC

PGBA X | X
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IV. Summary

The paper reviews eorbit plant growth chambers and numerous of their relevant characteristics. The list of
facilities gives an overview about the development of plant cultivation systems in space over the last 40 years. It also
showsconcepts and designs of growth systems never operated in space and of systems currently under development.
The evolution of available growth area per system is presented together with an analysis of relative growth volumes.
The paper also gives an extemsisummary of technologies used for the illumination subsystem, the atmosphere
management and the nutrient delivery system together with an overview of crop plants grown in space.
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