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Plant cultivation in large-scale closed environments is challenging and several key
technologies necessary for space-based plant production are not yet space-qualified or
remain in early stages of development. The Horizon2020 EDEN ISS project aims at
development and demonstration of higher plant cultivation technologies, suitable for near
term deployment on the International Space Station (ISS) and from a long-term perspective,
within Moon and Mars habitats. The EDEN ISS consortium, as part of the performed
activities, has designed a plant cultivation system to have form, fit and function of a
European Drawer Rack 2 (EDR Il) payload, with a modularity that would allow its
incremental installation in the 1SS homonymous rack, occupying from one-quarter rack to
the full system. The design phase is toward conclusion, and the system will be developed and
tested in a laboratory environment as well as at the highly-isolated German Antarctic
Neumayer Station Ill, in a container-sized test facility to provide realistic mass flow
relationships and interaction with a crewed environment. This paper describes the goals and
system general design status of EDEN ISS ISPR plant growth facility.

Nomenclature

DLR = German Aerospace Center

EDR = European Drawer Rack

El = Experimental Insert

ISPR = International Standard Payload Rack
ISS = International Space Station

TASI = Thales Alenia Space ltalia

I. Introduction

ood production in spacis a critical elements for supporting a sustainable human exploration activity beyond

Low Earth Orbit.The use of higher plastbased system® achieve this objective &f great interest, given the
multiple additional benefits carried along the use of theseadgenerative technologies, such as contribute to air
revitalization and water processjrag well as bringingsychological benefit to the crewhe goal of the BEN ISS
Horizon2020 project is to advance controlled environment agriculture technologies beyond thefstegart
through demonstration in laboratory and analog environnidr@ main task of Thales Alenia Space It4llaASI)
within the consortiumed by the DLR Institute of Space Systems in Bremisnto developa racklike facility
targeting at shoitermsafe food productioand operatiomn-board the International Space Station (1S8)the next
step to past and currently-@nbit operated systefhée.g. NASA Veggie) The facility, called EDEN ISS ISPR, will
first be tested in th& ASI Recyclabtechnological area in Turin. The ISRRII be then shipped to Bremen for
integration in amobile containesized greenhouse test facilityr integrated testing and subsequent shipment in
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2017 to the German Neumayer lll station in Antarctica. The station is operated by the Alfred Wegintr &mst

has unique capabilities and infrastructure for testing plant cultivation under extreme environmental and logistical
conditions. The containesized system will host also a much bigger greenhouse facilisy, FEG (Future
Exploration Greenhouseluilt under the responsibility of the other EDEN ISS project partwéts DLR
coordination which will provide yeairound fresh food supplementation for the Neumayer Station Il crew.

In September 2015, the EDEN ISS project partgatbered at th®LR Institute of Space Systems in Bremen,
Germany to conduct a design workshop for the Antarctic greenBgestsm DL R’ s Concurrent Engin
(CEF), a design laboratory, was utilized for two weeks to generate the preliminary design of tleetesoifécility
(MTF). The EDEN ISS poject work plan andstatus the CE study organizatioms well as theMTF preliminary
designaredescribed section by section in great detaBamsey et all2016. Thecited paper includes a description
of the logstics and operations of the facility, as well as an illustration of the preliminary system budgets.

This paper givea quickoverviewof the MTF preliminary configuration, focusing thenttwe preliminary design
of theEDEN ISS ISPRwhichis being developd as a potential payload for the European Drawer Rack Il (EDR
EDR Il will be flown to the ISS in 201and will provide interfaces for multiple experimental inserts (EIs)
Following the description of the overall design, the diffemurtisystemsf the facility will be explained in great
detail. The paper concludes with an illustration of the preliminary system butigeteuld be recalled that this
represents the facility design at the completion of the CE study and that, as with any designtpeodesign will
still evolve over the course of its development.

I1. Mobile Test Facility General Overview

The EDEN ISSMTF is being designed to provide fresh produce for overwintering crews at the Neumayer Il
Antarctic stationas well ago advance the readiness of a number of plant growth technologies (indloeisPR
plant cultivation system demonstrator) and operational procedures. The MTbeniticated approximately 200 m
southfrom the Neumayer Station IAntarctic research dian, seeFigurel.
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Figure 1. Area map of the Neumayer 111 station, including the proposed position of the EDEN ISS greenhouse

The actual MTF consists of two 20 foot high cube containers, which will be placed on top of an external
platform. The MTF is subdivided into three distinct sections, as shotigime2:
1 Cold porch: a small room providing storage auting as auffer to preventthe entry of cold aimto the
plant cultivation and main working areaten the main entrance door of the facility is utilized.
1 Service Section: houses the primary control, air management, thermal camdirolitrient delivery systems
of the MTFas well as the ISPR plant growth demonstrator
1 Future Exploration Greenhouse (FEG): the main plant growth area of the ddmgisting ofmultilevel
plant growth racks operating in a precisely controlled environment.
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Figure 2. Overview of the EDEN ISS MTF main elements.

Most of the subsystems are housed in a rack system #hen§outkfacing side of the Service Section, see
Figure 3. It was decided to place the ISPR as close to the cold porch as possible, since there are res interfac
between the ISPR and the FEG, as opposed to the other subsystems which do interface with the FEG.
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Figure 3. Service Section cut view with ISPR — South side

I11. ISPR Cultivation System Preliminary Design Overview

The main objetive of the laboratory and Antarctica ISPR system demonstration is to advance the TRL of the plant
growth facility technologies, in view of a near term experiment on the ISS. The facility shall represent an increment
with respect to current flight capalvidis represented by the NASA Veggie system, mainly in terms of:
1 Higher available growth surface (6150 nf range)
1 Longer production cycle possible by complete nutrient solution circulation (and not only watering of
substrate with slow releagertilization)
1 Robust and reliable safe and high quality food production (while Veggie control capability may be
considered limited)
91 Taller crop can be accommodated (up to 60 cm available for tall growth chamber shoot zone)
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In order to target a feasible ISS exploitation scenario, the system is being designed as an EDR Il payload (see Figure
4). EDR 1l is a European rack, capable of hosting up to three expenmem!]a'sl(EIs) EDEN ISS ISPR will be
modular and capable of operating either:
1 as a single El, ¥ rack, to test critical subsystems (i.e.
nutrient delivery system) g
1 as a single El, % rack, to test a complete system with one
growth chamber (of incrementedmplexity)
1 as multiple Els, % or full rack, with up to threesso
independently controlled growth chambers (note that the
current design baselines two growth chambers)

Figure5 is an image of the CAD model of tieDEN ISS ISPR b
system preliminary concepf\s can beseen, it isclearly designed as
precursor of ISS European Drawer Rack EDR Il plant growth
payload

The lower section of the rack is dedicatedh® interfaces (power,

data and cooling water) with the Mobile Test Facility. Above thFc
section are placed the interfaces between the rack and the
growth facility, exactly as for EDR Il Els interface panels. In the
central portion of the system, tli@llowing payloaddrawers are accommodated (see dedicated sections for more
details):

1 Power, Command and Data Handling Module

1 Nutrient Storage and Distribution Module

1 Growth chamber Modules (1 for short plants, 1 for taller plants), including each chedetieated air

management systems, root modules and crop st volumes
1 Hlumination Modules (one for each growth chamber)

Figure 4. EDR Il Experimental Inserts
(Els) available volume

In the top portion of the rack, a panel for manual monitoring and control of some of the&mygKunctional
parameters will bboused, together with a storage drawer.
The ISPR subsystems preliminary design is detailed in the following sections.
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Figure 5. EDEN ISS ISPR cultivation system concept.
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A. ISPR Structure Subsystem

A general overview of the main structenedated aspects is providedRigure 6
The main ISPR structure is composed from Bosch Rexroth aluminum profiles to _
implementation of multiple configurations in the rack development process, while limieng
unit mass. This flexibility has been required by the necessity of the system of being use
research and development tool. Removable aluminum panels enclose the profiles fr
order to provide a barrier to the MTF environment while allowing easessibility for
maintenance activities.
The structure is sized to be close to an ISS International Standard Payload Rack. Fr
front, the rack presents a structure extremely common to the ISS rack also from the
point of view.

B. ISPR lllumination Subsystem
The ISPR illumination systemelies on water cooled LEDsSThe LED panel preliminary
specifications are the following:
1 The light sources will be controllable via an IP based control protouet
Ethernet cable. Each wavelength in the light source can be controlled individuiuy.
1 The light spectrum will have the following composition:
0 15% blue (406600nm)
0o 10% green (50800nm)
0 75% red (606700nm)
0 2% farred (700750nm)
1 Each light source wilhave a temperature sensor and over temperature protection.
1 The light sources will be water cooled with water at 20°C.

91 The light distribution pattern will be designed to create the best uniformity 15 cm above the plant tray.

Figure 6. ISPR
structure.

The illumination modulgreliminarydrawing is given irFigure?.
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Figure 7: lllumination module preliminary representation, including interfaces to growth chamber (GC)

RAIL

C. Atmosphere Management Subsystem and Thermal Control Subsystem
Each growth volume will have andependent air management system. The air management system will include:
1 Temperature and humidity control system (THC)
1 Major constituents control system (MCCS)amaging the environmental pressure, as well aard CQ
concentration
1 Trace contaminants and microbiological control system (TCCS), removing organic gaseous contaminants
(i.e. ethylene) as well as filtering out microbes and viruses.

The air management system has been preliminary designed in order to be easily accessible and maintainable. Further
upgrade of the selected technologies is also possible in this way. The overall system preliminary block diagram is
reported inFigure8.
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Figure 8: Overall air management system conceptual block diagram

Temperature and humidity control

The air extracted from the shemtne volume is cooled by a therrmatectric cooler (TEC, using Peltier effect) to

remove sensible heat loads as well as latent heat loads through condensation of water vapor. The water vapor is then
collected by gravity in @ustomdesignedecipient, and then pumped through a-UKED based disinfection system

to the DI water reservoir within the Nutrient Storage Module. The TEC is an air to water heat exchanger, and the
heat collected at the water side is removed byolingwaterloop.

Majorc onst icontrat nt s
For oxygen and carbon dioxide concentration control, a -epem loop strategy is implemented. In normal
operations the shoabne air is circulated in a closed loop until thec®@ncentrationrisesto a certain theshold (i.e.
not acceptable fire risk)Then air is exchanged with the MTF by eleetalvesto equalize @ concentration and
reach back normal levels. G@ added as needed via a dedicated 500go@ie.

Trace contaminants and microbiological cohtro
After passing through the THC elements, air passes throughpemOn2embrane for filtering of bacteria, viruses and
particulate. An additional passive filter for organic contaminants removal is then placed downstream, prior to the
reintroduction of theiawithin the growth chamber sheabne volume.
Given the periodic air exchanges between the MTF crewed environment and thest®uoblume (as per semi
open loop strategy described above), the following precautions for limiting cross contaminatiorbeesve
implemented:
1 Air collected from the MTF is introduced downstream the THC and upstream the TCCS (so no energy is
wasted to cool/dehumidify air already at lower temperature and humidity)
1 Air rejected to the MTF is first processed through both TEC aB@9 (to reduce system water loss and
avoid rejection of contaminants to the outer environment)

D. Nutrient Delivery Subsystem
The Nutrient Delivery SysteniNDS) is divided among multiple modules (ISPR drawers):
1 The nutrient storage and distribution modulafger, containing the reservoirs (stock solutions, acid/base,
DI water, nutrient solution), the delivery pumps and the ©¥ondensate bactericidal system
1 The root module within each growth chamber module/drawer, containing the growth substrate, itercontain
and the sensors and actuators needed to guarantee appropriate distribution of water and nutrient solution
within the different area of the substrate.
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CENTRALIZED NUTRIENT STORAGE AND ROOT MODULE
MIXING SYSTEM (WITHIN GROWTH CHAMBER MODULE)
CONC. B
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Figure 9: Nutrient storage and distribution module/drawer (left); root module (right)

The NDS block diagram is reported kingure 10. Either DI water or nutrient solution can be delivered to the root
modules. The block diagram is explad as follows.
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E add valves fo use one
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WATER RECOVERY solution A NUTRIENT STORAGE & NUTRIENT
SYSTEM MIXING SYSTEM DISTRIBUTION SYSTEM

Figure 10: Nutrient Delivery System Conceptual Block Diagram

Nutrient storage and distribution

DI water is used in case of salt accumulation within the root module (EC increment within the substrate or porous
elements cleaning to prevent clogging). The DI water pH will be monitored and controlled by acid/base injection.
The nutrient solution EC and pH will be monitored and controlled by water or stock solution (from dedicated
reservoirs) injection. Injection wibe allowed by LabVIEW® controlled piston pumps. Concentrated solution tanks
will be flexible, replaceable (selbcking QD), stored dry and filled with water only before use. Water and nutrient
reservoirs current balne solution is a bellow tanl& solution for preparatiomf concentratautrient solution from

dry nutrients possibly compatible with a microgravity environment will be tested.

Water recovery

Condensate recovered from the THC will be disinfected with W¥Ds and then passed through a meanker
contactor (gas trap) to separate the air from the water flow.
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Root module

Particular attention is given to the root module. Porous stainless steel plates are used for nutrient solution distribution
and reclamation (in case of over watering) throughoulttiple (4) substrate pillows. The plates are passivated to
favor priming of the pores. Substrate moisture, EC and temperature are monitored via sensors connected to a
common data downlink port. Three moisture sensors per pillow will be Thedsubstrat pillows reusability will be
investigated (at least two growth cycles), as welprper maintenance procedures developed for the Neumayer
testing phase to be applicable to operation on ESSwill be monitored powering only one sensor each time, to
prevent interference.

Electrovalves (or pneumatic valves), connected to a common power bus, regulate the water flow (with a single
outlet and inlet per each root module) through the multiple porous plates.

E. Command and Data Handling Subsystem
The Command rad Data Handling (C&DH) System is housed in the Power, Command and Data Handling
module/drawerKigurell).

NI COMPACT DAQ

RELAIS CHAMBER 1

RELAIS CHAMBER 2 NI ADDITIONAL

BOARDS

Figure 11: Power, Command and Data Handling module/drawer

The general conceptual schematic of the C&DH system is givieigime12. Data are collected from the P/L drawer
sensors into a NI Compact DAQ (cDAQ) board via dedicated I/0 modules. Commands are generated by feedback
control implemented within the cDAQ controlleand transferred to power relays via internal Digital Output (DO)
modules. The different programs can be loaded onto the cDAQ board vigxtaeckal signal, generated by a
LabVIEW based computer and transmitted by LAN interface. The same interfaced utdemetry downlink.

C&DH ! NDS I THC TCCs LIGHT AMS @
: s EC sTemp (++) *Moisture (++) | *Temp (++) *Smoke «Temp 02 (++) z
I pH  slevel (++) *Pwater(++) : *RH (++) *Health *C0O2 (++) g
EXTERNAL TO RACK SYSTEM : ____________ -_p _ai[ _____ 1 *Ptot “w
PROGRAMMAEBLE DAQ AND CONTROL BOARD
*ANALOG INPUT (Current 0-24mA, Voltage 0-10VDC) Real-Time | Reconfigurable
*Thermistor/thermocouple INPUT Controller
*DIGITAL INPUT (if any) . T
«DIGITAL OUTPUT (for relays on/off control) _-'_"— 1
*PID controllers (e.g. for heat exchangers)
Design Choices:

= GRAPHICAL USER INTERFACE
(visualization of all
monitored parameters)

+ PROGRAM WRITING,
LOADING AND UPDATE

sCompatible with main external C&DH solution
*Preference on Nl equipment (i.e. Compact DAQ) ‘

« DATA DOWNLOAD AND NDS THC TCCS LIGHT AMS 8
STORAGE *Pumps (mix, deliver, *CHX pump *E-valves *Arrays on/off (+) *E-valves § E

* ALARM IDENTIFICATION air, recover) *CHX power *Arrays intensity (++) *Fan 53
*E-valves *Heater mE

m

~UVC «Fan/s o

Figure 12: Command and Data Handling system conceptual schematic
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F. Power Distribution and Control Subsystem

ICES-2016-351

Figure13reports thePower Distribution and Control System conceptual schematic

Power will be delivered from the MTF to the ISPR 280 VAC, 10 A electrical IF (230 VAC connectorplug -
charactestics to be identified by DLR230VAC to 24VDC conversionwill be providedwithin the ISPR volume,

under the responsibility of TASDLR shall provide AC/DC converters models eventually useth&+EG, in an

effort to increase commongl and have comon spare parts.

The power will be then distributed to the different utilities via the commanded relays placed in the Command and
Data Handling module/draweFigure11).

Moreover, manual override of key utilities (i.e. illumination, irrigation) on/off conditions will be possible, especially

to favor maintenance.

POWER

Manual override (with LED to indicate
override) of automated system for:
*General switch

sFertigation timer (incl. on/off)
elllumination timer (incl. on/off)
*Chamber Temperature set-point (?)
Air loop on/off (for chamber
maintenance)

EXTERNAL TO RACK SYSTEM

Visualization of main parameters
*Growth Chambers :

* temperature, RH

* 02,C02 levels (TBC)

* Light ON/OFF

* NDS ON/OFF
eAlarm (only LED or ID code)

*Safety measures for maintenance

¢ Conversion to rack utilities
power requirements {24VDC,
12VDC, 220VAC)

* Safetyrelays to prevent
over-current

* Single manual switch for
each rack unit

Internal control relays panel
connected to:

sInternal C&DH board (Digital
Output module)

*Manual override module:

BB B B R AR

Srenic bues LCD nodule
130 0 64 data matein

!

Figure 13: Power Distribution and Control System conceptual schematic

G. Overall system budgets
During the CEstudy the overall system budgets (mass, electrical energy and power, data generation, water usage,
nutrient usage and biomass producliamre tracked for all domains. The following sections show the estimates of
the ISPR systm mass and powedsudgets as of the end of the studfese valuegre preliminary and will likely
change over the course of the project. Final system budgets will be published later in the project.

Table 1: ISPR system mass and power preliminary budgets

Peak Power Peak Power

Mass Peak power day - nominal | night - nominal

mode mode

ISPR test facility 335 kg 1124 W 1124 W 470 W

SJEELTES, ERSITELIES, 146 kg n.a. n.a. n.a.
tools

TOTAL 481 kg 1124 W 1124 W 470 W

IV. ISPR Preliminary Crop Selection

The limitationson crop cultivation,in terms of available cultivation aewithin the ISPR and thelimited
Antarctic campaign duratiomequire selecing only a number of cropsuggested for space life support systems
Researchers from Wageningen University andsddech (WUR), experts in terrestrial greenhouse cultivation
developed arop selection methodologyHowever, also peculiar interests thie project partners wemnsidered
based on spaeaelated experiments heritag@nalogy with current NASA Veggitesting as well as Italian heritage
of Rucola ororbit testing) The result is the following crop list:

1 Dwarf Tomato (cultivar 201-P81M, F1 1202 oF12414)
1 Rucula (cultivatedgultivar to be selectgd
1 Chinese cabbage Tokyo Bekana
1 Outredgeous lettuce
9
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The selected crops will be grown in climate rooms at Wageningen University starting in early 2016. Initially,
growth experiments will be conducted in order to define the optimal light recipes (spectral quality, light intensity and
duration), as well as toptimize water and nutrient use. Afterwards specific experiments will be performed under
similar conditions (size and constraints) as in the ISPR in order to test the cultivation and management of
(combinations of) crops. The main features of the expetsnaill entail the determination of light recipes,
optimizing CQ dosage in accordance to plant growth rates, and relative humidity and temperature in relation to the
light system being used. I/O fl@Nenergy and mass) will be monitored throughout theegrpents. A monitoring
protocol will be defined to determine whether the crops grow as desired.

V. Summary and Next Steps

This paper summarizes the results of design workshop conducted to generate the preliminary design of the
EDEN ISSISPRtest facility. The design is already advanced to a stasrensubsystem developers can start with
the detailed design. Theare still some open issues remaining, especially regarding the hardware and software
interfaces. Only a few subsystems, mainlyethutrient delivery systemare still in a very early desigstage The
overall system architecture and subsystem allocation within the facility are fixed. The described key values (e.g.
mass, powel) however, are still preliminary. Concrete values for ¢hgmrameters will be available once the
hardware development phase is over or only when the first overall system test are performed.

EDEN ISS is well undeway and within the scheduled timeframe. The first phase of the project, the design
phasewas concluded with the Critical Design Review in March 2016. The following 18 months until September
2017 are devoted to the hardware development, integration and testing.

The assemblyintegrationand testingyf the subsystems is supposed to be finished in s@dg. From there on
the EDEN ISS team has a couple of months for subsystems and overall system tests. The mobile test facility is
scheduled for shipping to Antarctica in October 2017.
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