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Abstract  
 

In order to carry long-term manned space exploration, closed-loop life support systems are 

developed at ESA to enable recycling of wastes into oxygen and food. These systems involve 

the use of regenerative processes. Two studies are presented in this framework.  

The first one concerns the development of an experiment to be flown onboard the 

International Space Station. It aims to assess the space environment effects on a micro-

organism involved in an oxygen recycling process of a life support system, as well as in the 

food chain. It also aims to assess relevant technologies to maintain the culture and monitor 

measurements, which has not yet been done for a space application. It features as well an 

educational part to teach a group of European students about life support systems. The 

steps to reach the final design are presented, on both technical and procedural points of 

view. A set of requirements is being defined, and a first draft design is presented for a 

feasibility study. It involves a hardware description of a photobioreactor together with its 

flight support equipment, and an associated flight procedure. It is evaluated considering 

constraints imposed by the Science, the crew availabilities, the resources for implementation 

and potential interfaces, the safety aspects. Knowledge of such constraints is continuously 

updated through frequent meetings with each of the parties involved.  A set of three papers 

has been written in the frame of this preparation. After approval of the mission feasibility, 

contact is undergone with a contracting company to develop a deepened comprehensive 

preliminary experiment design. Its status follows imposed requirements, advices, and is 

closely followed up. It is presented up to Preliminary Design Review level. The assessed 

design at the Review’s output still requires a short size and mass shrinking for 

implementation due to Soyuz module transportation constraints, and would then be ready 

for manufacturing and testing.  

The second study regards the case of lunar life support systems for manned exploration. It is 

envisaged in the long term to have a permanent outpost at the South Pole of the Moon, 

where settlers will be supported by greenhouse cultures. A precursor unmanned mission 

known as MoonNEXT is to be flown in the next few years to investigate a potential landing 

site. It will feature a small coupled bacterial system on top of a Lander as a lunar life support 

experiment. In both cases of greenhouse and small experiment, knowledge of the available 

light at the landing site is crucial to size the system. A numerical tool to assess available light 

at potential landing sites is asked to be developed. It is programmed with Excel and its Visual 

Basic coding possibility. The model has two inputs: a date and a lunar site among four 

possible, selected based on previous studies. It first calculated the solar flux reaching the 

Moon at the given date using orbital dynamics. It then considers the topography 

surrounding the selected site and assesses if it is susceptible to hide the solar disk. This step 

is based on a comparison between a solar elevation model (built for the occasion) and a 

terrain elevation model (using available data). A comparative study of available illumination 

impact on life support systems is then performed for a small experiment and a greenhouse 

case, and design solutions are suggested to size those systems at best. The tool’s interface is 

interactive, adaptive (possibility to extend the model to other sites) and fully ready for use. It 

will support mission scenario design for the phase B of the MoonNEXT project. 
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Glossary 
 

ESA: European Space Agency  

ECLS: Environmental Control and Life Support (ESA team) 

 ATV: Automated Transfer Vehicle (ESA) 

 Photobioreactor: Stirred, enlightened and sensor-equipped tank for micro-organisms culture  

Inoculum: high-concentrated extract of specie to be injected in a culture reactor.  

LOC: Level Of Containment. This is an index of how many sealed housings envelope a 

chemical or a specie, its nature driving the index. The index is assessed by toxicologists 

depending on the eventual hazard engendered by the presence of the chemical / specie. For 

instance, toxicity hazard level 1 asks for 2 levels of containment: at any time during the 

experiment, the chemical has to be confined within 2 layers. A single layer can include 

several pieces of hardware.  

SCK: Belgian research center, LARISS partner.  

Thyristor: semiconductor based on four layers (pnpn) acting as a switch  

EMC: Electro-Magnetic Compatibility  

EAC: European Astronaut Center, located in Koln, Germany  

DEM: Digital Elevation Model 
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Introduction: On the concepts of Life Support  
 

Manned exploration is today a core program of space agencies worldwide. Reasons are 

numerous: science and technical breakthroughs, international political visibility, will of 

discovery… Sending human beings to space is arguably more complex and challenging than 

purely automated missions. Conditions required to keep humans alive are globally more 

demanding than for electronics, in the sense that they produce additional wastes, and need 

supplies that are not available in space (air and food), unlike electricity is for electronics 

(indirectly from solar energy).  

This is where the area of life support begins. It is a dedicated field aiming to provide the 

most efficient management of human inputs and outputs, in a closed environment: we 

generally talk about “closed-loop system”. An ideal life support system (LSS) would be able 

to recycle wastes into air and food supply, making humans fully autonomous from any 

external source (unavailable in space).  

Today, the main operating LSS is on the International Space Station (ISS). It is a physico-

chemical system able to recycle practically all the air and 45% of the water. Food has to be 

provided from ground, and wastes are ejected: the nitrogen and carbon cycles are open. In 

order to perform manned missions for long durations and distances, as foreseen by 

exploration programs, there is an unavoidable need for autonomous LSS. In this framework, 

the Environmenal Control and life Support Team (ECLS) at the European Space Agency is 

designing a biological Life Support System (LSS) project: the MELiSSA loop. This system aims 

to be completely regenerative. It is under development and several preparatory projects are 

run in order to enhance and improve it. It is based on a series of compartments forming a 

loop, inspired by a real natural process that happens in a lake, which is engineered in 

subsystems.  

The loop being developed is pictured in figure 1. The waste generated by the crew is sent to 

a bacterium in compartment I that will undergo anaerobic fermentation (without oxygen nor 

light), degrading the fibres, sending carbon dioxide to compartment IVa and freeing volatile 

fatty acids, minerals and ammonia. Those will feed a micro-organism in compartment II that 

will release carbon dioxide to compartment IVa, and send remaining ammonia and minerals 

to compartment III. The bacterium in compartment II is edible and its exceed which is not 

necessary to the loop’s balance is to be cooked by the crew.  In compartment III, a micro-

organism will use part of the oxygen produced by the higher plants in compartment IVb to 

transform the ammonia coming from compartment II into nitrates, and will send it to those 

higher plants. Carbon dioxide coming from the crew and compartments I and II is 

photosynthesized by an algae in compartment IVa which converts it in oxygen. This alga is 

edible and very nutritive. The higher plants of compartment IVb finally provide the crew with 

food and water. Their non edible parts are sent to compartment I for degradation. Physico-

chemical processes are acting as well during interaction between the compartments. Each of 

them is to be highly monitored. A MELiSSA pilot plant, which is the first prototype of the 

loop, has been inaugurated this year in Barcelona.  
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Although MELiSSA is designed for long-term space exploration, the technology developed in 

this purpose has also found spin-off ground applications. For instance, in the field of water 

treatment, several European cities such as Rome and Barcelona use MELiSSA systems in 

industrial plants to fix the treating biomass and therefore increase the volume of water 

treated per day.  

The present work will assess two studies driven by subprojects in the MELiSSA framework. 

The first regards the development and implementation of an experiment onboard the 

International Space Station, whose goals are related to a space test on the micro-organism 

foreseen for compartment IVa. The second one is related to a lunar application of LSS, and 

investigates availabilities of light on candidate sites for future missions. 

 

 

 

Figure 1 – MELISSA Loop (ESA ECLS Christophe Lasseur) 
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Part A – LARISS Experiment  
 

A-1 Background  

The International Space Station is a space-based, permanently manned platform following a 

Low Earth Orbit (LEO) around the Earth. It hosts several laboratories distributed in between 

the national segments: Russian Service Module Zvezda, American lab Destiny, Japanese Kibo 

and European lab Columbus. Top-level science is performed there, through series of 

experiments regularly uploaded by Soyuz, Progress, Shuttle and potentially the Automated 

Transfer Vehicle (ATV). The international scientific community finds there a place to study 

the behavior of systems of any kind exposed to a micro-gravity and radiation-loaded 

environment.  

An experiment has first been proposed in this framework to the initiative of the ESA ECLS 

team, as part of an Announcement of Opportunity. Later on, private communications 

between astronaut Frank de Winne and Christophe Lasseur (ESA ECLS) reached a common 

agreement for the development of an experiment in partnership with ESA Education team, 

which would be inspired from the one proposed in the first time. It is to be flown during part 

of the astronaut’s mission on Increment 19 of the ISS planning, which corresponds to June to 

October 2009. This project is motivated by scientific, technical and educational goals.  

 

A-1-1 Scientific motivations  

The micro-organism Arthrospira spirulina platensis (to be abbreviated in Arthrospira) is a 

strong candidate for compartment IVa of the MELiSSA loop. It is so-called blue - green algae 

that convert carbon dioxide to purely breathable oxygen through the process of 

photosynthesis (which requires a light input). Furthermore, it is edible and has a high 

nutritional value. Past studies of micro-organisms in space demonstrating notorious 

behavior changes compare to ground1, effects of space environment (micro-gravity and 

radiation) on this specie have to be determined in order to select it and monitor it for a 

space application. Reasonably exploitable scientific results require a significant time spent in 

the space environment, as well as a minimum of statistics. The experiment will then be 

tailored to last as long as possible.  

From these objectives arose the experiment’s acronym for Long-term cultivation of 

ARthrospira in the International Space Station: LARISS. 

 

A-1-2 Technical motivations  

Culture of micro-organisms such as Arthrospira obeys to specific requirements in term of 

environmental control (temperature, light, medium, stirring) that can be fulfilled using 

dedicated photobioreactors. Such a reactor for Arthrospira has already been designed for 

the ground2, but its spin-off to space raises new constraints and new challenges, which are 

                                                           
1
 Clement, Slenzka, 2006 

2
 Cognes, 2003 
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due to the absence of gravity that complicates for instance liquid management, or liquid 

pressure equilibrium. For these reasons, a suitable design of a space photobioreactor has to 

be assessed and will benefit future projects. 

A-1-3 Educational motivations  

Popularization of knowledge in space science and life support is widely supported by ESA 

and the astronaut Frank de Winne, who will perform the experiment onboard ISS. A pool of 

universities from ESA member states will be proposed to participate into a contest in which 

they will be the “ground test” for LARISS. Students will be challenged to perform the same 

experiment, following a list of pre-established requirements and a simple protocol. They 

should get as close as possible to the space experiment’s setup. The idea is to be the ground 

check of it, while students will learn about space technology in the meantime. Several 

complexity levels are envisaged depending on the student’s age range: 10-12 years old 

(online game), 15-17 years old (simple experiment), 18-20 years old (advanced experiment).  

The specific needs to the experiment for the educational side are the visual aspects. The 

design should be appealing, and compliant with the possibility of taping. A dedicated crew 

procedure will be followed to take both pictures and video recording of the experimenting 

astronaut, emphasizing on the differences encountered in micro-gravity environment. Data 

downlink is also requested for students to compare their results.  

 

A-2 Towards the model  
 

A-2-1 Setting the requirements  

The design is a balance that should ideally answer to the science and education needs while 

respecting integration constraints onboard and during transport, as well as cost and 

timeline. The very first step to take is then to define “crystal clear” requirements, setting a 

baseline from which the overall designed will be derived.  

A-2-1-1 Science  

Scientific requirements are specifically related to Arthrospira culture method and analysis. 

Therefore, they are inferred from an elegant ground study2 where Arthrospira is cultivated in 

a cylindrical photobioreactor divided in 2 parts: a liquid compartment, which features the 

specie, and a gas compartment where the oxygen is released and which is probed. In the 

liquid compartment, Arthrospira is in a feeding solution known as “Zarrouk” medium (see 

Appendix A for composition). This solution contains a dissolved 𝐶𝑂2 form (𝐻𝐶𝑂3
−

 ion), from 

which it photosynthesizes. Both compartments are separated by a hydrophobic membrane. 

It has been determined experimentally in which conditions the specie performs in its 

maximal efficiency, and in which range of physical parameters (temperature, pressure, 

loads) is it safe to operate the photobioreactor3.  

                                                           
2
 Cognes, 2003 

3
 Morin, Coste, Farges, 2008 
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The way the scientists want to analyze the specie drives the protocol to follow for sensing 

and sampling. A major study concerns the growth kinetics, which asks for:  

- A long runtime span, which sets conditions on the way of culturing. In continuous mode, a 

same original culture is continuously fed with medium in input and sampled at the output; 

this implies an efficient automated control loop with a pump and is not suitable for a stand-

alone case where simplicity and clarity of the design should prevail. In batch mode, an 

inoculum is injected together with a feeding medium, and stays untouched until the end of 

the culture; the inconvenient resides in the small time lapse of a run, which cannot be 

considered for a long-term study. Finally, in fed-batch mode, an inoculum is injected 

together with its feeding medium. At the end of the growth phase, prior to an extinction 

phase due to the overwhelming number of algae respective to the available resources, 90% 

of the tank is taken out and sampled in a specific way. The tank is refilled with fresh medium, 

feeding the micro-organisms in the remaining 10%, and a “new batch” starts. This way is the 

most suitable as it enables to follow the same “root” culture, enabling to track genetic shift 

and to make use of the long term envisaged. For Arthrospira, the end of growth phase is 

estimated at about 300h of culture time. Therefore, this is where each batch will be 

terminated, the sampling performed and the medium replenished. On the overall 4 months 

allocated for the experiment, this enables to perform a series of 9 batches.  

- Continuous monitoring of pressure in both liquid and gas compartments, to assess oxygen 

production.  

- Continuous monitoring of the biomass concentration. This is achieved by measuring the 

optical density of the liquid part, which is directly correlated to the concentration of the 

specie in the medium.  

Other studies concern the genomics (gene expression) and proteomics (proteins analysis) of 

Arthrospira. They can only be performed directly on the algae, and therefore require a 

download of samples to the ground. This implies that samples taken at the end of each 

batch have to be stored in such a way that they do not risk undergoing any evolution: in the 

cold, at a maximum of -20°C. 

Those studies (whose description is out of the scope of the present work) require 3 different 

types of samples. First, a dry biomass that has to be filtrated from the medium and then 

“fixed” with a specific solution: RNA-later II. This fixative, whose exact composition is 

patented, prohibits any evolution/degradation of the micro-organism with time. Then, a raw 

sample of medium and biomass is taken straight from the batch. Those 2 kinds of samples 

are obtained at the end of each batch and cold-stowed. Finally, a sample of fresh living 

Arthrospira from the last batch, that has to be kept at +4°C.  

Comfortable statistics analysis asks for the presence of 3 photobioreactors running the 

experiment in parallel. A comprehensive description of the detailed scientific requirements 

has been reported in a dedicated ESR document3.  

                                                           
3
 Morin, Coste, Farges, 2008 
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A-2-1-2 System  

System requirements are relevant to the experiment hardware and necessary inspired from 

the scientific requirements.  

It has to be mentioned that, along with the hardware, the protocol to handle this reactor 

significantly differs from ground study. Columbus standards feature rules to handle 

pressurized payloads. Those rules impose limitations on micro-gravity disturbance that can 

come from a stirring rotor, but also on Electro-Magnetic Compatibility (EMC) with the 

laboratory, on allowed oxygen storage, on specific mounting and interfacing of the payload 

on a rack or a Velcro. Availability of supporting facilities, as well as their distance with 

respect to the payload, can substantially affect the nature of the flight support equipment 

and thereof the procedures. 

For a close follow-up of the experiment, parameters of temperature, pressure and optical 

density have to be downlinked to the ground about once a week. A comprehensive 

description of the detailed system requirements has been reported in a dedicated SRD 

document (System Requirements Document4). 

 

A-2-2 Experiment design  

 

A-2-2-1 Draft version  

A general design of the experiment has first been suggested on agreement with the 

scientists and the ECLS team. The main purpose of it is to draw guidelines for the Contractor, 

the Belgian aerospace company Verhaert, to best figure out how the project is intended to 

be run. Final design (which will be presented later on), manufacturing and testing are mainly 

handled by the Contractor, with support and coordination from ESA ECLS.  

Several interfaces with ISS facilities have been comprehensively investigated for LARISS. A 

dedicated experiment support facility can usually provide power and thermal regulation. ESA 

policy is to make maximum use of the Columbus facilities, such as Biolab which allows a fully 

automated handling of samples5. However, using a facility imposes 2 main constraints:  

- Comply with mechanical, electrical, thermal interfaces to the facility by constructing a 

dedicated experiment container  

- Compete with other experiments willing to benefit from the facility  

These constraints being too stringent during the design time, it has been considered that 

LARISS will be run as a stand-alone experiment: independently from a facility, attached in 

Columbus. At this stage, it was still undetermined how will the power be supplied and the 

data downlinked.  

                                                           
4
 Morin, Coste, 2008 

5
 Biolab Team, 2006 
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However, we did know the following details about transportation: the experiment will be 

launched from Baikonur, Kazakhstan, with the Soyuz 19S (June 2009) and return with the 

same vehicle (October 2009), as planned in the agreement between ESA and Starsem. This 

information drives the boundary conditions of the experiment, with respect to what it is 

possible to prepare on site before the launch on a late-access basis, as well as mass, volume, 

power and thermal control availabilities during upload and download of the experiment.  

This draft version has been drawn with Google Sketchup 3D software tool. This software can 

be assimilated to a simplified version of professional CAD tools such as CATIA. Its user-

friendly interface makes it the perfect candidate for time-saving draft drawings. 

 

 

 

 

Figure 2 - Photobioreactor 

 

The reactor itself is cylinder-shaped. Its diameter is 5.7cm and height is 2 cm. Its lower part 

on figure 2 corresponds to the liquid compartment (please note that it is presented this way 

as an analogy to ground reactors, however in space the micro-gravity environment allows to 

have liquid and gas compartment in any orientation). The liquid compartment volume is 

50ml, while the gas compartment (upper part) is 25ml. Both compartments are separated by 

a hydrophobic membrane, whose pores are 0.2μm wide, in direct contact with both phases. 

As the name can tell, it does not allow liquid to flow through. The liquid compartment 
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features a mechanical stirring system connecting down the tank to a rotor. The reason for 

stirring is to enhance light homogenization in the culture, allowing all algae to benefit from 

the same light input and photosynthesize in a similar fashion.  

Sampling at the end of each batch will be performed using a 45ml syringe (i.e. 90% of the 

culture) through a specific output. Refill of fresh medium will be done the same way through 

a specific input. However, inflow and outflow of liquid in the closed system imposed by the 

micro-gravity environment imply pressure variation in the system. For this reason, the 

bottom of the liquid compartment is a piston that dynamically responds to inflow and 

outflow, and compensates for the volume variation. A stop-bar forbids the piston to go 

further than 90% of the volume. The piston is independent from the rotor, to avoid 

vibrations that could introduce leaks. To protect the membrane from pressure fluctuations 

during liquid exchanges, a sintered glass piece is housed on top of it, on the liquid side. 

The liquid compartment is surrounded by an 8 white Light Emitting Diodes (LED’s) setup 

providing homogeneous lighting to the culture. The selected LED’s (from the Nichia brand) 

emit in a suitable wavelength range with a peak around 450 nm, coinciding with the 440 nm 

absorption peak exhibited by Arthrospira. The liquid input features one valve and one 

microbial filter (not shown here). The filter prevents any micro-organism that could have 

developed on the fresh medium syringe to contaminate the experiment. The liquid output 

features a valve as well for safety reason.  

The gas compartment is connected to a pressure sensor, valve and oxygen absorber. Below 

the reactor and rotor is pictured the circuit board, handling sensors, LED’s, rotor, and 

communication with downlink interface (undetermined). The circuitry presented here is not 

exhaustive. Temperature, illumination, vibration, acceleration sensors are not represented 

as they precise location still was under consideration. 

 

Figure 3 - Oxygen absorber concept 
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Gas pressure is continuously sensed. Arthrospira produces pure oxygen, which quantity is 

inferred from the pressure of the gas compartment. Nominal pressure there is 1 bar 

(atmospheric), which gradually increases as the micro-organism grows and 

photosynthesizes. When 1.5 bars are reached, a valve opens and let the oxygen flow to an 

absorber. At this point in time, it has been assumed that a direct venting in the cabin would 

have been prohibited for safety reasons as it is usually the case, despite we know the 

released gas is entirely breathable. The absorber is made of solid copper fixing down the gas 

through oxidation: 𝑶𝟐+𝟐𝑪𝒖→𝟐𝑪𝒖𝑶. LARISS is foreseen to feature 3 reactors for statistical 

purposes. The absorbers are dimensioned for the experiment, knowing that we expect a 

1.5g oxygen production for each reactor for the whole 4-months expected experiment 

length. 

 

 

Figure 4 - Biomass concentration sensor 

In order to follow the biomass growth, optical density of the liquid is measured. The relevant 

sensor is provisory an annex to the main reactor. There, a LED emits flashes through a 

definite portion of liquid (1 cm optical length) that are measured by a photodetector on the 

opposite side. Optical density is a direct function of the biomass concentration (transmitted 

light intensity decreasing with the concentration), and thus a very good indicator. The LED is 

chosen so that its light does not interfere with the lighting system. 
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Figure 5 - Sampling volumes for one reactor 

 

Figure 5 gives a first idea of some flight support equipment volumes for size comparison. The 

represented set is relevant to one reactor and excludes syringes. The transparent blue boxes 

represent the containers to sample 10ml of medium + biomass and keep it in cold stowage. 

To counter the random behavior of liquid in a micro-gravity environment, an extendable bag 

is fitted in to ensure optimal filling. The white discs are filtering devices. The input features a 

septum. As a sampling syringe enters it, biomass is filtered in glass fibers whereas medium is 

flowing away from the bottom, to a waste bag to which the filter is clipped for this 

procedure. In a similar fashion, a fixative syringe is then inputted to the filter, delivering a 

small dose to fix the micro-organism. The green cylinder represents the total amount of 

waste for a reactor, for the whole experiment’s length.  

Figure 6 illustrates an injection example and enables to figure out the estimated syringe size 

with respect to the photobioreactor. 
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Figure 6 - Fresh medium refill 

The other purpose of such drawings was to establish a volume breakdown estimation, and 

to have an idea of the size of each element respective to each other. This estimation can be 

found in appendix B.  

The main issues regarding this draft version are the following:  

- Pressure exerted from the syringe endangers Arthrospira’s sensibility to underpressure 

(risk of implosion)  

- Pressure, temperature, illumination sensors location are undetermined  

- Such an “annex” volume for optical density measurement is not suitable. As it is an 

irregularity in the liquid compartment volume, biomass will tend to remain there and the 

measurement will then not be representative of the global concentration  

- Oxygen absorber details are undetermined  

- Electronics size is approximated and depends on available power interface  

- Mass breakdown is not confirmed and we do not know if it fits Soyuz upload constraints. 

Volume seems also critical for the same reason.  

- There is no proper consideration of the levels of containment (LOC).  
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A-2-2-2 Latest design  

 
We present here the latest version of the design. As an introductory note, one must know 

that the long path from the conceptual idea to the concrete design is a highly iterative 

process where trial-and-error is dominating. As previously mentioned, constraints originally 

fixed by the requirements meet the ones of technical feasibility, crew operability, availability 

of onboard resources, safety, schedule and budget. Compromises have to be done at every 

step in order to satisfy all project participants, and numerous “dead ends” were 

encountered before reaching the current status.  

 

Circumstances and driving factors  

This paragraph presents interfacing solutions that have been sorted out after investigation. 

Flight is scheduled in the same way as previously precised: June to October 2009, with a 

Soyuz. The limit mass for upload in a Soyuz is 10kg. Temperature ranges between 18 to 25°C. 

The experiment is to be performed by Frank de Winne during his free time / eventual 

educational or science crew time allocation. LARISS will be a stand-alone, fixed to Columbus 

with Velcro. 

Several options were considered for the power supply of the experiment. An embedded 

battery would not be suitable for a 4-months duration, and moreover causes safety issues 

with respect to the solution it is made off. It then requires an external plug. Power could 

have been provided from a facility’s external plug such as Biolab or EDR (European Drawer 

Rack), but this would have necessitated a constant 4-months switch on of those. The 

remaining option is to use the power directly given from the Columbus Standard Utilization 

Panel. It however provides a 120V supply and needs a converter, LARISS being able to accept 

no more than 32V as will be presented later on. A so-called “cobalt brick converter”, which 

can downsize the supply to 16V, will be requested.  

Downlink of data has to be performed from a crew laptop in Columbus. A laptop software is 

foreseen as well, for the astronaut to check the main parameters and therefore the “health” 

of the experiment. Biolab laptop is likely to be the best candidate for this. Downlink can 

occur through the same laptop. Cold storage of samples will occur in the MELFI facility 

(Minus Eighty Laboratory Freezer for Iss). It is basically a temperature-controlled rack that 

can host payloads/samples in 2 stages: one stage is at -80°C, the other one is at -26°C. We 

are interested in the second one to keep the cells frozen. At such a temperature, they die 

but their interesting compounds (proteins and ribonucleic acid) are intact and retrievable.  

 

Core unit  

It has been conceived to fit all 3 reactors in a single core unit that will provide common 

functionalities to all, namely thermal control and LOC. Other functions are individually 

implemented for each reactor (sensing, data handling, illumination, stirring, sampling 

interface). The flight support equipment for sampling will be presented in the next section. 

Drawings are courtesy of Verhaert company (the Contractor). 
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Figure 7 - Core unit (Verhaert) 

The reactors themselves are pictured on figure 7 as being below the yellow cylinders and in 

between the blue bars, to which are attached the LED’s. The most striking difference 

compared to the draft design is the voluminous system of cylinders and handle toping each 

reactor, which is needed to deal with pressure drops while sampling. It will be described 

later on in this section. One can notice for the moment the housing concept, all reactors 

being embedded in a transparent polycarbonate chamber. This is to satisfy the visual 

criterion requested for educational concerns together with LOC issues. The protruded ports 

at the base of the unit are syringe interfaces. There is one per reactor, which serves equally 

as input and output. 
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Figure 8 - Reactor cutaway view (Verhaert) 

Figure 8 presents a cut view of a single reactor. As it can be seen, it follows the same 

concept as for the draft design. The gas compartment is here pictured below the liquid one. 

It does not need visibility and is therefore embedded in the baseplate. The piston is part of 

the pressure handling system described below. 

 

Figure 9 - Spring system for pressure handling while sampling (left: before extraction / right: after extraction) 
(Verhaert) 
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It has been demonstrated in laboratory (SCK) that Arthrospira is very sensitive to 

underpressure but reasonably resistant to overpressure. This means that it cannot tolerate 

the underpressure created by a pumping syringe, as it was foreseen in the draft version. The 

mechanism to avoid this underpressure is detailed in figure 9. As the astronaut rotates the 

handle, the nut rotates and translates the screw which will push the piston down to extract 

the liquid from the input/output port, where an empty syringe is connected. Rotation of the 

screw is prevented by a ring with a flat plane. Due to the small diameter of the needle in 

output that limits the flow, the piston cannot move as down as the handle is rotated and an 

overpressure is created in liquid. This overpressure is damped by the spring which will 

compress up. It is sized such that this pressure difference can never exceed +0.5 bars. It 

might not seem common sense that such a process can actually fill a syringe with a very 

small input diameter (0.6mm) but preliminary laboratory tests showed a 0.07 bar applied 

pressure on the piston is sufficient to perform a syringe fill. During refill, the piston is pushed 

up and the spring compressed. The handle should then be rotated in the opposite way to 

relax the spring. 

 

 

Figure 10 - Syringe input/output port (Verhaert) 

Each reactor is connected to a syringe port for sampling, pictured above in figure 10. Liquid 

path is redlined. At the end of a batch, an empty syringe is clipped to the port with a 

bayonet-like coupling. The needle is guided through a septum. Once the valve is opened, the 

handle is rotated and the liquid extracted. Then, the valve is closed, the syringe taken away 

for sample separation, and a syringe full of fresh medium is brought to the port. Once the 

valve opened, the astronaut pushes the syringe’s plunger to inflow the medium in the 

remaining 5ml of culture. 
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Figure 11 - Core unit cutaway view 

 

In a micro-gravity environment, there is no convection, and therefore heat transfer between 

LARISS and the exterior occurs by radiation. Dissipation produced by the motor, friction, 

sensors, LED, electronics is high and cannot be removed by radiation only. Moreover, 

Columbus ambient temperature can be modulated by the crew between 18 and 30°C. To 

face high internal temperatures and eventual temperature gradients, the experiment needs 

an active thermal control. Temperature sensors are placed at the top and the bottom of 

each liquid compartment. Their value is averaged and compared to a setpoint of 36°C. 

Regulation is performed through the combined use of a thermostat and Peltier elements. 

Such components are based on the principle of thermo-electric effect: an applied current 

induces a heat transfer between 2 junctions of the component. They are then used as a heat 

sink for cooling.  

Pressure sensors are located in both liquid and gas compartments. Optical density setup is 

tricky, the draft version option being unsuitable due to biomass accumulation not being 

representative of the global concentration. It is therefore envisaged to have the emitting 

LED and the photodetector on the side of the reactor, not in contact with the liquid, and to 

place a mirror on the bottom side of the piston (figure 12). The mirror reflects back the LED 

light (at 750nm, i.e. not perturbing the experiment) to the photodetector. It is arranged that 

the optical path is 1cm for optimal results (recommended by scientists’ experience). 
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Figure 12 - Simplified optical density sensor concept 

The launch is a critical part regarding the mechanical resistance of the experiments which 

shall perfectly withstand the high loads involved. For this reason, an acceleration sensor and 

a vibration sensor will be attached to the side of the core unit and eventually link a potential 

failure to high acceleration/vibration values.  

To investigate the radiation levels to which Arthrospira will be exposed to, and eventually 

correlate them to further analysis of the samples, dosimeters are placed on the bottom of 

the core unit. They consist in thermo-luminescent pill-like elements, in which incoming 

ionizing radiation will create electron-hole pairs. They will be retrieved to ground together 

with the samples at the end of the experiment. Such elements, when heated, will have 

electrons recombining with holes, and the extra energy will be emitted as light. The amount 

of light is then directly correlated to the total radiation dose observed by the dosimeter. 

It has been assessed in collaboration with safety engineers that the released amount of 

oxygen for the whole experiment (4.5g) is first of all very hazardous to store with respect to 

flammability risks, and then is negligible enough to allow a venting into the cabin. Therefore, 

there is no absorber in the design. When the pressure will reach 1.5 bars in the gas 

compartment, a solenoid valve (active component) will open up and evacuate the oxygen to 

a temporary storage area. The solenoid valve is backed-up by 2 mechanical relief valves 

(passive components) for redundancy, as the pressure measurement in the gas 

compartment is critical for the experiment and the valve a key component. From the 

temporary storage area, the oxygen will pass by a filter, to prevent anything else 

(unexpected produced substance) to exit the core unit. It will then reach an air mixer, to be 

finally vented to the cabin.  

 

Flight Support Equipment  

Syringes are 45ml sized. While not used for sampling, they are capped and housed next to 

the core unit in a bag. Sampling process involves liquid extraction (with empty syringe) and 

medium injection (with full syringe). Therefore, all syringes are uploaded as full of fresh 

medium. The core unit is uploaded with a culture extract inside at ambient temperature in 
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Soyuz, in the dark. At start of the experiment, a different fresh medium syringe is used to fill 

each reactor and then those become empty. They will be reused at the end of the batch for 

liquid extraction. Once samples have been separated in the right places, syringes can be 

trashed, and the procedure starts again. Having 9 batches conducted in 3 reactors, a total of 

27 syringes are needed.  

After liquid extraction, the filled syringe has to separate its content between 2 sorts of 

samples. In the first place, 10ml are injected into a vial. Such vials are similar to the ones 

presented in the draft version: septum input, extendable bag. Preliminary housed in a bag 

with the syringes, they are stored in MELFI facility after filling. They are brought back to 

ground in the end. One sample per batch is needed, which requires then 27 vials. 

 

 
Figure 13 - Filter assembly 

The next step concerns the filtration of 30ml of liquid in order to retain the biomass only. 

The relevant equipment is a custom-made filter assembly (figure 13). On this hardware, the 

syringe (still containing 35ml of medium and biomass) is clipped to a filter similar to the one 

presented in the draft version. However, the filter assembly incorporates a 3-way valve on 

the output of the filter. One end goes to a clip specific for a waste bag, the other end to a 

clip specific for a fixative syringe. First, the valve orientates the output to the waste bag, and 

30ml are filtered (the waste bag is a 30ml dedicated one for each filtering, unlike the draft 

version one; it follows the same design concept as the 10ml vials). The valve is then turned 

to the fixative end, where a 5ml syringe is connected. Its plunger is pushed, “evacuating” 

back the few remaining medium from the filter to the sampling syringe, and in the meantime 

fixing the biomass which stays on the filter. This process is referred as “backflushing” and 

common in ground filtering procedures. All accessories are then disconnected from the 

filter, and sampling syringe, fixative syringe, waste bag are trashed. The 3-way valve is kept. 

The filter is stowed in MELFI. 27 fixatives syringes and waste bags are needed for this 

operation.  

Liquid extraction and medium refill will be done at the core unit, but sample handling will be 

performed for safety reasons in an onboard glovebox, such as the proposed Portable 

GloveBox pictures below. The astronaut has to insert all the flight support equipment 

needed inside, and can manipulate through gloves inserting the box at the big depicted 

orifices. 
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Figure 14 - Portable Glove Box (ESA) 

Electronics  

The board is located at the base of the core unit, between the baseplate, rotors and 
dosimeters area. Each reactor features its own independent control system for:  
 

- Temperature: using a differential amplifier to compare the measured value with 
respect to a setpoint  
- Pressure: sensors are based on a Wheatstone bridge (4-resistors setup, giving a 
voltage difference as any resistance changes due to external pressure). They input to 
a hysteresis comparator, which drives the valve according to a pre-defined voltage 
range (i.e. pressure range)  
- Illumination: a current source constantly supplies the LED setup  
- Optical density: setup evoked above  
- Stirrer motor: it does not feature an active control of the speed but a simple 
on/off. Its nominal fixed speed is 120 rpm (revolutions per minute), which is meant 
to gradually decrease as the culture grow and the liquid’s viscosity rises. A 
calculation has been performed in order to see if the absence of active control does 
not lead the stirring speed to a critically low value for the experiment, and can be 
found in Appendix C.  

 

These systems are connected to a dedicated housekeeping interface per reactor, which 

collects the raw data and samples it (converts the signals from analog to digital). All those 

blocks (control systems, housekeeping interfaces) are then handled by a single micro-

processor with embedded software. It collects the housekeeping data, communicates with 

the external software, and can perform health checks of the components. Data is stored in a 

flash memory. The micro-processor interfaces with the laptop via a RS-232 port. There, a 

software is run from a USB stick (for virus-safety reasons and potential incompatibility with 

onboard software it is not directly installed on the laptop). This software is kept simple as it 

mainly displays the parameters for the astronaut to check, it enables to save the data in a 
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file for downlink through the laptop, but it does not allow any interaction with the 

experiment (i.e. change a setpoint in case of problem).  

 
Due to some uncertainties remaining for some time on the power supply source, the very 

first input of the electronics features a dc/dc converter that can handle a source up to 32V 

and down-convert it to 15V, which is the nominal voltage assessed for LARISS. From this 

voltage rail are derived sub-buses, for instance 5V for the housekeeping interface. The 

experiment being a stand-alone, bonding will be arranged through a dedicated wire with the 

power cable joining the core unit electronics to Columbus.  

Space radiation can create effects such as latch-ups on silicon power supply rails: a thyristor 

is triggered after breaking of bonds and creation of a pnpn structure, which can drive a 

power surge. Latch-up detectors have been implemented in the circuit, which controls 

power delivery, and can drive a stop/reset in case of surge. Such effects can as well damage 

pn-junctions of the LED, and thus eventually decrease the light intensity. The 

implementation of a light sensor at the right place – inside the liquid chamber – being far 

from trivial, this issue is difficult to track. Radiation doses encountered by the LED can be at 

least inferred from dosimeters retrieval.  

 

Crew procedures  

The right maneuvers to be accomplished by the astronaut during the flight have been 

evaluated, and can be found in Appendix D. They feature an educational procedure, agreed 

with ESA education that involves photography and video-shooting of the crew member 

running the experiment / performing sampling actions. 

  

A-3 Project conduction  
This section concerns the first steps performed (to which I participated) for the project to be 

rightly conducted from cradle to flight.  

 

A-3-1 Roles and tasks distribution / manpower breakdown  

The assigned project team is leaded by ESA ECLS and involves an international group of non-

ESA scientists participating in MELiSSA activities. Those are in charge of the scientific aspects, 

proposal, providing inputs to reports, experiment monitoring and data analysis. Support is 

provided from ESA ECLS for all matters. ESA HSF (Human Space Flight) drives the integration. 

The sponsor is the Belgian Space Organization Belspo. Subsequently, the Contractor is the 

Belgian industry Verhaert. 
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A-3-2 Feasibility study  

In the framework of an Announcement of Opportunity (AO) in 2004, a proposal to study the 

effects of the space environment on Arthrospira has been submitted by ESA ECLS to ESA 

Science. It has been peer-reviewed by a group of experts which accepted the proposal and 

allow the project to be in the line for an ISS flight. A launch opportunity has been given in 

December 2007 to participate in Frank de Winne’s mission (2009). The proposed experiment 

has then be inspired by the one submitted in the AO. It has to be mentioned that at the 

stage of proposal, mainly the goals of the experiment are known and no design has been 

undertaken.  

In the first place, a summary of these goals, rough requirements, and estimated planning, 

had to be submitted to the ESA ISS Science coordinator. Meetings have then been arranged 

with ESA payload integration to precise the scope of the project and define steps towards a 

feasibility assessment.  

The following documents were prepared and delivered.  

Statement of Work (SoW)6: Defines a project management approach with respect to reviews, 
development definition and project control. It sets guidelines to the Contractor regarding 
the work to achieve. It precises the commitments to be respected for each phase of the 
project, and the relevant documents to be produced afterwards.  
 
Project Plan7: Complements the project management approach with schedule, manpower 
assignment and financial aspects. It presents the foreseen payload and its preliminary 
assessed subsystems with materials, mass and volume budgets, and payload operations. It is 
first based on a draft design.  
 
Experiment Scientific Requirements3: The purpose of this document is to give the most 
detailed description of the scientific protocol and of each single parameter at every phase 
(temperature, pressure, volume, chemical composition…). It also recommends specific use of 
hardware. This is inspired by the scientific needs described in the AO proposal, re-arranged 
in the scope of the present experiment.  
 
System Requirements Document4: In view of the requirements imposed by the science, this 
document derives the implied requirements on the hardware covering thermal, EMC, 
electrical, structural, interface, reliability aspects. Gantt chart: This is a chart detailing the 
phases and sub-phases of the project with their own timeframe, represented as a colored 
line on a time axis.  
 
Safety forms: Basic information on the experiment’s chemicals and micro-organisms, along 
with conditions for the procedure, had to be delivered for a safety assessment.  
 
Once these documents have been reviewed by ESA payload integration and implementation, 
a kick-off meeting is arranged to formally start the development and involve Contractor 
activities. 
 
                                                           
6
 Lasseur, 2008 

7
 Coste, 2008 

3
 Morin, Coste, Farges, 2008 

4
 Morin, Coste, 2008 
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A-3-3 Preliminary Design Review (PDR)  

 

A-3-3-1 Procedure  

It has to be mentioned that a classic approach of the PDR had to be adapted to the project 
constraints, which mainly regard time issues. The general review objective is to assess the 
design developed by the Contractor, in making sure that:  
 

- it complies with the scientific, system, educational requirements  
- it is practically feasible in the given timeframe  

 
The review can be split in 3 phases. During the preparation phase, a set of documents 
defined by the ESA project manager has to be produced by the Contractor and ESA project 
members. This set, which is described in the forthcoming section, is to give a detailed insight 
in all aspects of the project (technical and managerial). It is handed in at a specified date.  
 
In the next phase, a list of ESA experts established by the ESA project manager will review 
the documents. Those experts are commonly referred as “panel members”. Fields 
represented in the panel are : Structure, Thermal, Power / EMC (Electro-Magnetic 
Compatibility), Columbus Interface Facilities, ISS Implementation, ECLS, PA (Product 
Assurance) and Safety, Science, Operations, AIT (Assembly, Integration and Testing), 
Education.  
 
Documents are distributed individually to the panel members, which will write comments 
depending on the member’s own expertise. These comments are generally referred as RID 
(Review Item Discrepancy), for their primary function being to notice a discrepancy between 
the requirements and the design. The reviewer’s own advice on the design with respect to 
its experience is the other type of RID. Once all panel members filled in their RID, those are 
sent to the Contractor. It then has some time before the review meeting to evaluate the 
relevance of those comments, find answers and eventually adapt its design in compliance, 
with assistance of ESA project members. This phase terminates with a so-called “collocation 
meeting”, to which the panel members and the Contractor participate. There, the Contractor 
presents its latest design to the board. Afterwards, it goes through the list of all RID, trying to 
close as many of them as possible through a discussion with the panel. “To close” a RID 
means that the point is clarified on both sides and that eventually a definite action will be 
undertaken to solve the problem if needed. Subsequently to the meeting is issued a panel 
report, which summarizes RID statistics and critical issues at this point.  
 
The last phase consists in a board meeting. A board of executives has been composed, which 
features 2 persons from the hierarchy relevant to the ESA project manager, and 2 persons 
from Implementation and Operations. Extra attendants are as well welcomed as 
“observers”, such as the delegate from the funding government. The panel report serves as 
a first input to this exclusive meeting. Based on this, the board engages a discussion 
involving together technical and programmatic concerns, in order to sort out the conclusions 
of the PDR and to take decisions on the continuation of the project.  
 
Following the PDR, the Contractor is able to complete its design, carry on breadboard 
manufacturing and testing, and prepare for the Critical Design Review (CDR). 
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A-3-3-2 PDR set of documents (issued by the Contractor)  

Interface Control Document: specifies all important information related to the devices to 
which the experiment interfaces: structure, electrical, data handling, microgravity 
disturbance… In our case, operational interfaces are Columbus SUP for power, Biolab laptop 
for data management (software) and downlink, MELFI for samples stowage. The payload is 
also mechanically interfacing with Columbus during the run and Soyuz for up and download.  
 
Declared Process List: Inventory of all industrial processes intended to use for manufacturing 
the hardware, with a relevant label, criticality assessment and supplier reference. Examples 
of such processes are milling, coating, drilling…  
 
Declared Mechanical Parts: Follows the same idea as the former document, but concerns all 
passive mechanical hardware pieces, such as screws, discs, springs…  
 
Declared Materials List: Presents all materials to be used, precising their chemical nature, 
supplier, corresponding subsystem, compliance with standards and selection criteria related 
to their outgassing, offgassing, flammability, corrosion capabilities.  
 
Deliverable Item List: Describes the complete equipment set that has to be delivered. On one 
hand lies the model content. It defines the number and types of models that have to be 
built, and for which purpose. On the other hand lie the Ground Support Equipment and 
Flight Support Equipment. Both concern accessories that will be required to ensure safe 
transportation and handling of the experiment, and are therefore packaging items. Finally, a 
list of all documents to be handed in is provided.  
 
Product Assurance Plan: it categorizes the payload, depending on its hardware and 
procedure, in specific standards from which will be derived the quality of components to be 
used, the reliability, safety aspects, maintainability of the experiment, process controls.  
 
Design and Development Plan: Presents the team, introduces the overall design plan as well 
as assembly, integration and testing philosophy.  
 
Fracture Control Plan: Identifies and classifies hazards related to mechanical fragility, 
establishes a control procedure to track them and defines selection criteria on relevant 
parts.  
 
Verification Plan: Specifies the test plan, the model level of each test, and the test means 
intended.  
 
Configuration and Documentation Management Plan: States the labeling / reference system 
of hardware parts, documentation and software, along with the corresponding policy 
behind.  
 
Inspection Plan: Defines when in the project development will be the mandatory inspection 
points and key inspection points, with the rationale for it.  
 
Design Report: Fully detailed description of the design at its latest status, at subsystem level, 
with explicit drawings. Description of the complete operations procedure from launch to 
return. Engineering budgets estimations are mentioned. This is the key document to 
understand the experiment. 
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Electrical Design Description and Analysis Report: Fully detailed description of the electronics 
hardware, with principles, components used, foreseen integration, safety aspects (is the 
component off-the-shelf, has it already flown i.e. is it space-qualified). Hardware covered is 
the sensors, environmental control loops, stirrer motor, housekeeping data interface, 
microprocessor, interface electronics, power conditioning. Fully detailed description of the 
softwares: the one embedded in the microcontroller, the one installed on the laptop. 
Interfaces, grounding/bonding philosophy, EMC analysis are comprehensively covered as 
well.  
 
Inputs for Experiment Specifications: The experiment being launched from Baikonur and 
being transported by Soyuz, Russians require a brief description of the experiment and its 
technical requirements with respect to the hardware, the support facilities, the ground 
processing, the transport vehicle and the ISS modules. This is the scope of this document.  
 
Inputs for Equipment Specifications: In the same fashion as the previously cited document, 
this one addresses to the Russians the requirements related to EMC, environmental 
resistance, stability, safety, reliability, packing and handling, ground equipment, verification, 
and intellectual property.  
 
Structural Analysis Report: Presents the results of computer simulations of exerted forces 
(various load factors depending on the axis, inspired from launch data) on various hardware 
parts, in order to determine factors of safety. Leak tightness of critical parts is also assessed, 
with various fixing hardware (bolts and rings).  
 
Thermal Analysis Report: Presents the results of computer simulations of the thermal 
environment, assuming thermal conductivity of several parts, selecting an efficient nodal 
distribution, and computing worst-case scenarios (in hot and cold cases). Such an analysis 
revealed the need for Peltier elements.  
 
Maintainability Assessment: Discusses the compliance of LARISS design with requirements 
on maintainability of the experiment.  
 
Outline Installation Drawings: Presents the arrangement of the different units with respect 
to each other, with the relevant sizing.  
 
Payload Specifications: Summarizes the requirements imposed to the Contractor by the ESR, 
SRD and SoW.  
 
All those documents refer to a list of Applicable Documents pre-defined by ESA project 
members, which are mainly ESA standards regarding for instance the use of small payloads 
in Columbus. 
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A-3-4 Safety procedure  

All along the project development, safety assessments are performed by specialists in order 

to check that the design and operations procedure complies with the safety standards at 

every step (upload, Columbus occupation, crew handling, download).  

LARISS payload, despite being transferred by Soyuz through Baikonur spaceport and being 

operated in Columbus by a European astronaut, has been considered under US allocation. 

This means that a safety assessment has to be done by NASA regarding bio-safety levels and 

toxicity hazard due to the strains, materials, chemicals, samples handling. Dedicated forms 

have to be provided to them: an Inflight Bio-hazardous materials Approval Form, a Sample 

Material list. Those mainly describe the strains, the medium and the fixative composition. 

NASA experts give a feedback in form of a Hazardous Material Summary Table, and a letter 

stating the toxicity / bio-safety levels with respect to each critical element. Those levels are 

of high importance as the levels of containment are directly based on them. In turn, the LOC 

drive the hardware design. These documents serve as well as inputs to the ESA internal 

safety reviews.  

3 safety reviews take place at key moments during the project (subsequent design 

achievement, testing…). For each of these reviews, a Flight Safety Data Package is prepared. 

It consists of a single document which summarizes the experiment’s hardware arrangement 

and operations procedure, pointing out the safety critical issues and explaining how they are 

countered. Due to time constraints, our first assessment was a Safety Technical Interchange 

Meeting. It will be followed by a Flight Safety Review (FSR) phase 0/I. We will then have a 

FSR phase II and at the end of design/testing an FSR phase III. The fundamental difference 

between each phase – and thus each Flight Safety Data Package provided – is the expected 

level of details, the last review comprehensively covering all design aspects.  

 
Examples of problems that especially raise attention among safety experts:  
 

- high concentration of oxygen in the same place: risk of flammability if close to “hot 
 spots”  

- protection of sharp edges and syringes top: risk of puncturing  
- identification of “hot spots” due to the thermal regulation, to tailor the crew 

 procedures  
- any hardware that has not flew on a previous mission must undergo space-
qualification through extensive testing  
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A-4 Conclusion  
 
A life support experiment design has been produced and assessed for integration in the ISS. 

However, transportation constraints (upload and download) set by the Soyuz capsule equally 

compete with ISS restrictions. It turned out that the assessed design was too big and heavy 

for a Soyuz flight. A compromise has been decided on the number of reactors by cutting 2 of 

them. This creates a loss on statistics and leads to the impossibility of backup. However, it 

enables to save greatly on mass and volume, especially with respect to the flight support 

equipment. For instance, each reactor needing a set of 27 syringes of 45ml each, 54 of these 

syringes are then discarded.  Moreover, the last safety assessment performed showed that 

the micro-organism and the medium need only one level of containment, whereas the 

fixative needs 2. The fixative being handled only out of the core unit, several protections can 

be removed on this unit, which has been preliminary designed on a 2-LOC basis. At this 

stage, such modifications are still possible as no manufacturing has been started and the 

Contractor ensures that is has no impact on the schedule.  

The final design will be built in 3 models. First, an engineering model, featuring all functions, 

that will undergo extensive testing in August-September 2008. This testing will be performed 

at the Contractor’s warehouse for technical concerns, at the scientists’ laboratory (SCK) for 

science concerns, and at the Columbus user support facility for all interfaces aspects. Then, a 

training model will be built. It will not be functional and will feature only the human 

interfaces for crew training at the European Astronaut Center in Koeln, Germany in October 

2008. Finally, a flight model will be built, the one that will be sent to ISS in June 2009.  
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Part B – Moon Illumination Investigation Tool  

 

B-1 Context  
 
36 years after the last lunar manned mission, the Moon becomes again a major target not 

only for the science community but for politicians. Official plans have been announced to set 

in a long-term a manned settlement, as a first step for human Solar System exploration. Such 

an ambitious project asks for the development of a tailored LSS for a planetary application. 

This design is being extensively carried out at ESA under the MELiSSA project. It has already 

been presented that this type of system involves biological photosynthesis, a process which 

is fully dependent on the light input. It is therefore a crucial issue to have a knowledge of the 

amount of light which would be available at the considered lunar site.  

 
The very small axial tilt of the Moon (5°) together with its specific synchronous rotation 

about the Earth have led people to envisage for a long time the existence of so-called “peaks 

of eternal light” at the lunar poles: summits in polar highlands that would be permanently in 

sunlight. Mapping performed in 1995 by the NASA mission Clementine as well as ground-

based radar probing revealed, in the highly mountainous polar regions, the existence of 

crater rims that are lit by the Sun for a very large portion of the lunar day. Rims are both 

high, which diminishes the topographical shadowing by surrounding relief, and fairly flat, 

which allows them to be swept by the Sun rays almost continuously as the Sun is lowly 

elevated at the poles. Imaging analysis proved such structures to be most prominent at the 

South Pole8.  

The interest of such regions is twofold. On a technical point of view, it would enable a 

basement to be almost continuously powered and a LSS to be simultaneously active, 

opposed to an equatorial settlement that would undergo 14 days of light and 14 days or 

darkness, the lunar period being about 28 days. Then on a scientific point of view, the low 

Sun elevation in those regions implies that craters are constantly in darkness, and would 

have therefore kept water traces. Hence, crater rims of lunar South Pole are the targeted 

landing sites for exploration.  

ESA is currently preparing a lunar mission to the South Pole, called MoonNEXT. It will feature 

a Lander and a Rover, each equipped with relevant subsystems and instruments for static 

and mobile in-situ analysis. As part of the “exploration preparation” objective of the 

mission9, the Lander is due to feature a life support experiment referred as FEMME10
 (First 

Extra-Terrestrial Man-Made Ecosystem). It aims to demonstrate the functionality of a 

simplified LSS (coupling of 2 cultures in their 𝑂2/𝐶𝑂2 phases) with culture inhibition and re-

activation at landing, in a lunar environment. It will be located on top of the Lander. 

Although its design is quite advanced, its completion is pending on the light input knowledge 

                                                           
8
 Kruijff, 2007 

9
 MoonNEXT Team, 2008 
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to size appropriate filtering for the bacteria, be aware of darkness length that is critical to 

the experiment’s survival, and size the thermal control as solar heat will have to be rejected. 

 
The present work will then assess the availability of light at selected sites and at equator for 

comparison, in the short-term case of MoonNEXT and in a long-term case of a large LSS with 

greenhouse. The parameter that we are interested in is the solar flux, i.e. the amount of 

watts available per square meter.  

 

B-2 Model structure  
 
It is proposed ideally a computer model which would enable the user to know the solar flux 

at a selected location at a given date. This flux would then be inputted into the LSS, leading 

to growth of selected species depending on light availability. Figure 15 gives a block diagram 

of the model. 

 
 

Figure 15 - Illumination model overview 

The steps are detailed in the forthcoming sections. The model will be built in Excel, as this 

software can handle all calculations involved, and as it allows building an efficient interactive 

graphical user interface supporting the Visual Basic language.  
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B-3 Solar flux reaching the Moon  
 

The solar flux value in space corresponds to an initial irradiance at the Sun’s surface which 

has been attenuated with increasing distance to the surface. We consider as a first 

assumption that on a flat plane perpendicular to the sunrays at the distance Sun-Moon, the 

solar flux value would be the same that we could find at any given un-shadowed point on 

the lunar surface. This distance changing along the year, we have to take into account orbital 

mechanics of the body. 

We take a second assumption, that in term of solar flux decrease with distance, the Earth-

Moon distance (384 401 km) is negligible compared to the Sun-Moon distance (149 598 000 
km), which is anyway averaged with respect to the Moon’s orbit around the Earth. To assess 

the flux on a flat plane which would be in place of the Moon, we can therefore assume that 

this flat plane would be at the Earth’s place. We then have to consider terrestrial orbital 

mechanics instead of a combination of lunar (around the Earth) and terrestrial (around the 

Sun).  

We assume that the Earth observes a Keplerian orbit around the Sun, and hence use Kepler’s 

laws to find its distance to the Sun along the year. It can be shown that11: 

 

𝐸 − 𝑒𝑠𝑖𝑛𝐸 =  𝑡 − 𝑡𝑝  
µ𝑠

𝑎3
            (1) 

 
With  E: eccentric anomaly  

e: Earth eccentricity = 0.0167  
t: selected date in days  
tp: Earth perigee date in days, averaged at the 4th

 of January (day 4)  
μS: Heliocentric gravitational constant = 1.327 x 1020 m3s-2 
a : semi-major axis of the Earth: 149,597,887 km  

 
In the Excel model, a date is entered in day, month, and year. A first IF loop converts the 

month letters into numbers, then a second IF loop gives the day number in the year 

depending on the month and the day of the month. The right-hand side of equation (1) is 

then known and the left-hand side has to be solved for E. This is achieved through the Goal 

Seek function, which is used when one knows the output value of a formula (i.e. right-hand 

side) but not the selected input value needed to determine the result. It varies this input in a 

specific cell until reaching the desired result.  

Once E is known, the distance r to the Sun is retrieved from:  

 
𝑟 = 𝑎 1 − 𝑒𝑐𝑜𝑠𝐸                (2) 

 
We then infer the relevant solar flux: 
                                                           
11

 Fortescue, Stark, Swinerd, 2003 
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𝑄 =  𝐸𝑠𝑢𝑛

𝑅𝑠𝑢𝑛
2

𝑟2
               (3) 

 
With  ESun: surface irradiance of the Sun = 6.29×107 W.m-2  

RSun: solar radius = 6.955×108 

 
This result is valid only under the aforementioned assumptions, plus the one of a steady light 

flow from the Sun. However, the solar flux varies with the solar cycle. To take this effect into 

account, we look at measurements of the total solar irradiance taken above Earth’s 

atmosphere, averaged over many years by the SMM mission12
 (note: colors on figure 16 are 

relative to the original paper discussion and are no part of our study). 

 

 
 

Figure 16 - Total solar irradiance variation with the solar cycle (Frohlich, 2006) 

Apart from clearly posing the evidence of an about 11-year solar cycle, figure 16 enlightens 

that the maximum flux variation of the averaged measurements (black line) is ±0.5 W.m-2
 

around a central 1366 W.m-2 value, meaning a 1 W.m-2 difference between (averaged) solar 

minimum and maximum. Such a difference will be reflected as well after the use of a filter 

lowering the flux (in case of a non-wavelength-selective filter). Typical lighting conditions for 

lettuces in a greenhouse are 100 W.m
-2, and 352 W.m

-2 for wheat13. To take into account in 

the model a ±0.5 W.m-2 difference is not significantly relevant for those high plants. 

However, in the case of bacterial cultures such as the ones involved in the FEMME 

experiment10, the lighting conditions are of the order of 10 W.m-2. If lighting reaches the 

threshold of 5 W.m-2, the photosynthetic organism can switch to respiration i.e. 
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 Frohlich, 2006 
13

 Foucault, 2008 
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 Paille, 1998 



36 

 

consumption of oxygen and expulsion of carbon dioxide, breaking the balance in the 

experiment’s coupling. The assessment of a ±0.5 W.m-2 difference in the flux is 

therefore significant for the micro-organism case. A slight defect in the thermal 

control system associated to a disregard of the solar cycle variation could jeopardize 

the system. 

Based on the above plot, it has been considered a simple solar cycle function divided in 4 

phases of 2.75 years: a minimum, a rising ramp, a maximum, a falling ramp. It is considered 

as well that a solar cycle minimum started in 2004, so a rough flux variation can be predicted 

for the forthcoming years. 

In the Excel model, a table of this simple solar cycle function is made. We then use the 

LOOKUP function to look for the date given in input by the user with a corresponding value 

in the solar cycle function. If the date belongs to a solar maximum, a +0.5 Wm
-2

 will be 

applied. If it belongs to a solar minimum, a -0.5 Wm
-2

 will be applied. If it belongs to a ramp, 

the factor will depend on the year’s position on this ramp, and ranges between these 

extreme values. 

 

B-4 Location dependency  
 

B-4-1 Equator  

 
An equatorial landing site is not envisaged but calculation is asked by Christophe Lasseur for 

as a comparison with a southern polar site. As there is no rationale for a specific site, it will 

be considered in this section the case of the sub-Earth point for commodity reasons 

explained later. The Moon is actually undergoing a libration process14, which makes it slightly 

oscillate in longitude and latitude compared to a perfectly-circular orbit Moon. This makes 

the sub-Earth point potentially oscillate to a maximum of 8° in longitude and 6.5° in latitude. 

This excursion phenomenon is not susceptible to significantly influence the solar flux 

intensity variation. It will not be taken into account during this study.  

 
The equatorial lunar day is roughly a cycle of 14 terrestrial days of light and 14 terrestrial 

days of darkness, the sidereal (fixed star to fixed star) period being 27.32 days. In order to 

know whether the selected date belongs to a light or darkness period, we use tables from 

the US Naval Observatory (USNO)15
 that predict the fraction of Moon illuminated, as seen 

from the Earth, for the forthcoming years for each day of the year. When 50% of the Moon is 

visible from the Earth, we see a vertically cut half-Moon and therefore the sub-Earth point is 

entering a phase of light or darkness depending on the orbital position with respect to the 

Sun. The idea is to consider that in a cycle from 50% to 50% illumination passing by 100%, 

the sub-Earth point is in sunlight, while on the 50% to 50% cycle passing by 0% it is in 

                                                           
14

 www.en.wikipedia.org/wiki/Libration 
15

 http://aa.usno.navy.mil 

http://www.en.wikipedia.org/wiki/Libration
http://aa.usno.navy.mil
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darkness. One can wonder if the libration process could affect the moment when the real 

sub-Earth point is at sunrise or sunset. The USNO data are given with an increment of about 

10%, which can cover an excursion of about 18°, making it accurate enough for our model.  

We report in an Excel table all starting and ending dates of each cycle for the coming years, 

as predicted by the USNO table. We then use IF and AND loops to check to which cycle does 

the inputted date belongs to. Either “day” or “night” is returned by a cell or “wrong year” if 

the entered year is not part of the available tables. If “day” is returned, then the solar flux at 

the sub-Earth point at the given date is straight the one calculated through the model 

explained in section B-3. 

Topographical constraints could hide the Sun at dusk or dawn. Simple calculations can show 

that this is not much of concern. The lunar synodic (new moon to new moon) period being 

29.53 days, the light period at equator for a perfectly smooth sphere in place of the Moon 

would be 14.765 days. Thereof, for an observer on the Moon, the Sun moves in the sky at 

the speed of: 

180

14.765

°

𝑑𝑎𝑦
= 12.19

°

𝑑𝑎𝑦
= 0.5

°

𝑟
                (4) 

The Moon axis is tilted by 1.54° to the ecliptic pole, i.e. its equator is tilted by 1.54° to the 

sub-solar latitude. For the observer on the Moon, the Sun follows then a path very close to 

the vertical.  

The apparent diameter of the Sun as seen on the Moon is: 

𝑡𝑎𝑛
2𝑅𝑠𝑢𝑛

𝑑𝑆𝑀
≅

2𝑅𝑠𝑢𝑛

𝑑𝑆𝑀
=

2 × 6.955 × 108

149598 × 106
= 9.298 × 10−3 𝑟𝑎𝑑 = 0.533 °             (5) 

 

With  RSun: solar radius                            
dSM: Sun-Moon distance  
and the tangent approximation due to dSM <<< RSun  

 
 

For the observer, it then takes one hour to see the Sun rising/setting at the horizon. The 

surroundings need to be significantly high in order to block the sunlight for a few hours at 

dusk or dawn compared to a smooth sphere case. For instance, in order to block some 

benign 6 hours of light, a mountain 1000m away from the site needs to have an apparent 

angle of 3°, i.e. being 2997m high. Such relief is unlikely to be encountered on the equatorial 

region considered. Altimetry measurements performed by the Clementine spacecraft16 

(figure 17) show relatively small altitude gradients at the sub-Earth point (which happens to 

be on a plain), of the order of 1500m maximum. This can not in any way compromise the 

design, which will still benefit for at least 13 days of light. 

 

                                                           
16

 Fessler, Spudis, 1994 
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Figure 17 - Lunar altimetry for Earth-facing side (NASA) 

B-4-2 South Pole sites  

The search for the best landing site, which would offer a combination of high light 
availability and landing easiness, is a still ongoing research field. The major constraint of such 
studies is the lack of precise information. No dedicated mission had focused on the South 
Pole, and all available data sums up in:  
 

- imaging passes from Clementine, covering 2 months of the lunar winter, with 
different resolution due to the increased spacecraft distance related to its orbit (best 
resolution being 50m x 50m)  
- ground-based radar mapping, with 40m x 40m resolution  

 

Unlike equatorial areas, the South Pole relief proves to be very irregular and sharp, with 

deep craters and high rims and peaks. The difficulty of the illumination analysis resides in a 

correct determination of the landing areas topography. The Sun being at very low elevation, 

neighboring relief casts shadows along the Sun’s path at horizon. Hence, the complexity of 

the relief makes the illumination analysis a “map works” discarding an orbital mechanics 

approach that would infer when is a given location on the pole enlightened.  

This type of work has been performed in several institutes and leaded to numerous 

publications17,18. It consists first in building an image database of the South Pole and then 

look for the most illuminated pixels along the lunar day. After having found the best area, 

this one is computer-modeled in 3 dimensions with a DEM approach (Digital Elevation 

                                                           
17,18

 Fincannon, 2007; Fincannon, 2008 
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Model). Building a relevant DEM highly depends on the quality of the original pictures, and 

on assumptions related to the relief nature (boulders, steps…) and elevation. Afterwards, 

one simulates the course of the Sun around the modeled terrain for various conditions. 

A literature review has been performed of both imaging analysis and DEM 

approaches8,17,18,19. Three candidate sites have been selected out of them for consideration 

in this work based on crosschecking of their high light availability: 

Table 1 - Select sites for best illumination 

Site Latitude (°) Longitude (°) Height (km) 

A1 89.8S 213E 1.9 
B 89.4S 233E 1.9 
C 88.9S 129E 2.2 

 

Work has been recently undergone18
 at NASA Glenn Research Center to determine the 

illumination fraction at various sites along the lunar day, based on a DEM derived from a 

2006 radar interferometry. This model coincides with recently published Kaguya/Selene 

data21
 (JAXA mission). Contact has been undertaken with James Fincannon to have the data 

for the selected sites available for computation in our Excel model. The data provides the 

fraction of Sun seen from a site as a function of the solar sub-longitude, i.e. along its course. 

This fraction is inferred from the horizon terrain elevation given by the model and the 

simulated worst-case Sun elevation (both provided). This worst case being representative of 

a single day in the year, the data has to be adapted to our model which intends to solve for 

all year days. This implies to develop an own solar elevation model. 

It has to be determined in what fashion does the Sun rise and fall with respect to the 

horizon, for the course of one lunar year. First of all, we find the boundary limits through the 

following orbit analysis. The lunar orbit is inclined by 5.145° to the ecliptic plane. Moreover, 

the lunar rotation axis is not perpendicular to the orbit plane, so that the lunar equator is 

inclined by 6.688° from it. Finally, the Moon is undergoing a precession movement followed 

simultaneously by the rotation axis and the orbit plane, at the same rate, but with a 180° 

phase. As a consequence, the lunar equator observes a 1.543° tilt with respect to the 

ecliptic, and so does a plane surface located on the South Pole. Along the course of a lunar 

year, an observer at the South Pole will therefore observe a ±1.543° variation in the Sun 

elevation at the horizon.  

A lunar year is composed of 12 lunar days. Out of them, we know the mean solar elevation 

value for 4: 1 come from the solar elevation data for the worst case lunar day given by Mr. 

Fincannon, and 3 come from the overall Clementine observation period. Knowing these 4 

points and the boundaries, a function of the solar elevation along the year is approximated, 

and this approximation is inputted into the FindGraph software. Based on a given data set, 

this software enables to find the function that fits it the best among several fitting 
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 Kruijff, 2007; Fincannon, 2007; Fincannon, 2008; Garrick-Bethell et al, 2005; Bussey et al, 2005 
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techniques: polynomial, exponential, rational, Fourier, linear regression. It turns out that in 

our case, the best fit is given through a Fourier approximation based on 7 harmonics. Below 

can be found the function and the relevant plot. 

𝑌=0.014391773 + 0.17359742 𝑐(0.27318197𝑋) + 0.024744727 𝑠𝑖𝑛(0.27318197𝑋) −    

1.591527 𝑐(0.54636394𝑋) − 0.44412227 𝑠𝑖𝑛(0.54636394𝑋) –  

0.12692438 𝑐(0.81954591𝑋) − 0.052336426 𝑠𝑖𝑛(0.81954591𝑋) + 

0.014454557 𝑐(1.0927279𝑋) + 0.012702519 𝑠𝑖𝑛(1.0927279𝑋) − 

0.051052318 𝑐(1.3659098𝑋) − 0.03629982 𝑠𝑖𝑛(1.3659098𝑋) + 

0.092291774 𝑐(1.6390918 𝑋) + 0.10570993 𝑠𝑖𝑛(1.6390918 𝑋) + 

0.023757387 𝑐(1.9122738 𝑋)   (6) 

 

 
Figure 18 - Fit of the solar elevation mean variation over 2 lunar years 

 

In the above plot, the crosses are the original data set, and the thick green line is the Fourier 

fit. The standard deviation is 0.112, ensuring a significant level of confidence on the function. 

The next step is to consider the worst case solar elevation data for each of the selected sites, 

and to average it per terrestrial day (i.e. an increment of 12° solar sub-longitude). A table of 

the mean yearly solar elevation is separately established from the aforementioned function 

on a terrestrial day basis. From this on, a factor is applied to the worst case elevation, which 

is specific to each day of the terrestrial year and which is inferred from the function. This is 

done because during a single day, despite being at a polar location, the solar elevation is 

significantly varying.  
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Now that a complete solar elevation model is tabulated, it is to be compared with the terrain 

elevation. This data has been provided as a function of the solar sub-longitude, and is 

therefore averaged at terrestrial day level following the same process as for the worst case 

solar elevation. Once this is done, we calculate the fraction of the solar disk eventually 

hidden by the terrain on any given day with the following method22. 

 

Figure 19 - Fraction of solar disk above terrain 

aperture: aperture angle corresponding to the radius of the apparent Sun: 0.25° = 0.00436 

rads elevcenter: elevation of the center of the apparent Sun with respect to the 

corresponding terrain at specific time: difference between solar elevation and terrain 

elevation, calculated in rads.  

𝛼 =
(𝑎𝑝𝑒𝑟𝑡𝑢𝑟𝑒 −𝑒𝑙𝑒𝑣𝑐𝑒𝑛𝑡𝑒𝑟 )

2 𝑎𝑝𝑒𝑟𝑡𝑢𝑟𝑒
        (7) 

𝛾 = acos(1 − 2𝛼)         (8) 

𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = 1 −
𝛾

𝜋
+

(1 − 2𝛼)2𝑡𝑎𝑛𝛾

𝜋
           (9) 

The computed fraction, given in percent of solar disk above the horizon, is then multiplied by 

the solar flux calculated beforehand (section B-3) at the corresponding date to obtain the 

actual solar flux reaching the selected site. 

 

Note: when the entire solar disk is above the terrain, the acos calculation returns an error, 

the angle being above 1. This is handled in the software through an ISNUMBER function, that 

is parametered to return a fraction of 100% if the calculation result is not a number (i.e. is an 

error).  
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B-5 Life support systems concerns  
This section presents how results from the model run are related to LSS applications. Below 

is summarized information relative to each site considered in the study. The solar flux 

extreme range gives the lowest value encountered when Sun is obstructed, and then the 

range for a fully visible solar disk. 

Table 2 – Model results 

 Site A1 Site B Site C Equator 

Maximum 
dark period 

2 terrestrial 
days 

2 terrestrial 
days 

4 terrestrial 
days 

15 terrestrial 
days 

Solar flux 
extreme range 

0.01 / 1325.40 
– 1418 Wm-2 

0.01 / 1325.40 
– 1418 Wm-2 

0.01 / 1325.40 
– 1418 Wm-2 

0 / 1325.40 – 
1418 Wm-2 

 

The range of extreme flux values is the same for all sites, as all sites have the ability to see a 

full Sun at both apogee and perigee. However, table 2 does not consider how much darkness 

can be encountered in total for each site. After several runs of the model, it turns out that 

site A1 is the most illuminated. We can however notice that the choice of a landing site also 

highly depends on the flatness, lack of slopes and boulders at the site. If further studies 

show that site A1 can be disregarded for this reason, sites B and C still present a comfortable 

light availability (depending on the period). 

B-5-1 Bioreactor  

The bioreactor case refers to the situation of a small closed system such as the one involved 

in the FEMME experiment. Such a system, if landed on a flat surface, would have the culture 

normal to the sunrays direction (the Sun elevation being continuously low), and would 

therefore benefit from the calculated amount of light.  

If we consider that the bacterial strains involved in a bioreactor have similar culture 

conditions to Arthrospira, i.e. a 10 W/m² continuous light, the solar flux input should then be 

shuttered by 1408 W/m² in the brightest case, or increased by 10 W/m² during dark periods 

if we want permanent O2 production. In darkness, such a micro-organism switches from 

photosynthesis to respiration. It then produces CO2, and would compete with the coupled 

specie in the case of a setup like FEMME. It has to be assessed if a 2-days darkness period 

threatens the setup up to non-recovery.  

It is however unsure whether the Lander accommodating the experiment will land on a flat 

surface. In case it lands on a slope, the culture would observe an angle to the sunrays, 

diminishing the light exposure compared to a “flat” landing case. In order to prevent this 

problem, a 3-axis stabilized setup is suggested to house the experiment. 
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Figure 20 – 3-axis stabilization 

Following this concept, each side of the experiment (central cube in figure 20) is connected 

to a node. Each node joints 2 circles and can translate about each circle. There are a total of 

3 circles on 3 perpendicular axes, enabling the experiment to rotate in any dimension. A 

weight (small cube below on figure 20) is attached to pull the experiment down to the 

Moon, in the direction of the gravity vector, leaving the experiment’s sides normal to the 

sunrays direction.  

B-5-2 Greenhouse  

Culturing of higher plants in a greenhouse can roughly be assimilated to having an array of 

species arranged on a flat plane at the lunar surface. The Sun being very lowly elevated at 

the South Pole, the solar flux reaching a square meter on the surface there will be 

significantly lower than if we were considering a surface perpendicular to the sunrays (as 

precedently) or if the Sun was elevated at zenith. The decrease in intensity follows the 

Lambert cosine law. 

 

Figure 21 – Illustration of Lambert cosine law 

The solar flux reaching the culture is given by:  

𝐼=I0 cos𝛼          (10) 

Where  I0 is the intensity calculated by the model at the given site for the given date  

𝛼 is the angle between the normal vector to the culture and the direction of the Sun. 
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This law is implemented in the model under the name of the “Greenhouse” function. The 

alpha angle is calculated as (𝜋/2  −𝑠𝑜𝑙𝑎𝑟 𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛 (𝑟𝑎𝑑𝑠). The solar flux calculation 

already taking into account potential terrain elevation shadowing, it is assumed being equal 

to I0.  

Following those calculations, the following table gives the solar flux range expected for a 

south polar surface culture. 

Table 3 – Solar flux on a plane polar area in Wm
-2 

Site A1 Site B Site C Equator 

0.02 – 43.69 0.01 - 53.71 0.00 – 63.71 0.00 - 1418 
 

We consider the cases of lettuce and wheat culture. Light conditions for such cultures are 

given in the literature in mol (photons) per square meter per second. Light reactions of 

photosynthesis are related to excitation of electrons by incident photons, this irradiance unit 

is attractive for growth modeling. We however need to comply it with our W/m² reference. 

Several conversion factors have been suggested in the literature with W/m² (PAR): 

Photosynthetically Active Radiation. These try to best establish a correspondence between a 

photon count and the different photosynthetic activity of them (a green light photon being 

less active than a blue one). Although there is no unique conversion, we opted in this study 

for the following conversion rate23: 1 mol (photons) ≡ 0.22 x 106
 J. This rate has been used 

for several works in ESA Life Support Team.  

Based on this, the table below summarizes disparities between nominal light culture 

conditions and availabilities at given sites. The “cut range” means the extreme values that 

one must subtract or add to the available solar flux in order to have a constant flux on the 

culture which would the one recommended by the nominal value13. This is done to guide the 

future filtration envisaged. 

Table 4 – Solar flux in Wm
-2

 to be added/subtracted for 2 culture types 

Culture Nominal 
value 

Site A1 cut 
range 

Site B cut 
range 

Site C cut 
range 

Equator cut 
range 

Lettuce 
germination 

54 +54 / +10.3 +54 / +0.3 +54 / -9.7 +54 / -1364 

Lettuce 
growth 

100 +100 / +56.3 +100 / +46.3 +100 / +36.3 +100 / -1318 

Wheat 352 +352 / +308 +352 / 
+298.3 

+352 / 
+288.3 

+352 / -1066 
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It has to be mentioned that the values listed in table 4 consider only the case of raw sunlight 

reaching the culture and disregard any light propagation effects in the greenhouse, as well 

as any 3-dimensional consideration of the culture. They serve the only purpose of orienting 

the filtration. 

It can be seen from table 4 that the available direct sunlight on a greenhouse is strongly 

attenuated by the Lambert cosine law and that extra light has to be added in most cases. 

The sunlight would become the least significant light source and therefore the choice of a 

South Pole site for illumination reasons loses all its interest. A way to make it through the 

tremendous irradiance decrease due to the Sun’s low elevation is to use the fairly simple 

setup of a rotating mirror as in the example below. 

 

 

Figure 22 – Illustration of rotating mirror for greenhouse culture 

A well-tuned mirror (i.e. with accurate angle with respect to the culture and the Sun) reflects 

back all sunlight on the culture, as if the culture was normal to the rays, restoring the strong 

irradiance lost during the light “spread” over the lunar surface. A rotor can easily be 

parametered to follow the solar sub-longitude, and compensate for the Sun’s elevation 

amplitude variations. The mirror’s surface can be adequately coated to filter the desired 

light range.  

It can be generally noticed that for all LSS cases considered, the flux amplitude can strongly 

vary, which is especially true for a long-term mission that would encompass worse-case days 

(darkest periods due to very low solar elevation with respect to the surroundings). Culturing 

often asks for a continuous light input, therefore the filtration should ideally be modulated 

depending on the input. This one could be predicted with the present model, and serve as a 

basis for an “adaptive filtering”. Following such an approach, it is suggested the use of 

opacity-changing materials24. Those consist in a WO3 / NiO coupling, whose structural 

arrangement changes as a response to an applied tension. This practically results in a glass 

whose transparency is a function of this applied tension. Knowing the light patterns from the 

model, a voltage generator could then be programmed to deliver the right tension at the 

right time, following the Sun’s course, adapting in real-time the glass properties.  

                                                           
24
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B-6 Software design  
An appealing name had to be chosen for the numerical tool. MIRACLE has been selected, 

being the acronym for Moon Illumination Rapid Analysis for Characterization of Life support 

Experiments.  

The Excel file is split in 7 worksheets, supported by a Visual Basic coding in the VBA (Visual 

Basic for Applications) command window.  

The first worksheet in the workbook is the graphical user interface. 

 

Figure 23 – Screenshot of MIRACLE graphical user interface 

On the left-hand side is featured the “Day Module”. At its top is a table where the user 

inputs a date, from the 24th of August 2008 to the 31st of December 2020 (limits of the 

model). It is easy to handle the data as cycles starting from the worst-case lunar day, with 

solar elevation varying on and on with the estimated function. The time reference for the 

model then starts from a worst-case lunar day. It has been assumed that previous years data 

is of no interest, so the start is in 2008, the 24th of August corresponding to the worst case. It 

has also been assumed that 2020 is a reasonable upper limit to consider future mission 

design, the model ends then on the 31st of this year.  
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Below the date table is a frame picturing the Moon’s near side, with a zoom on the 

Shackleton crater area of the South Pole. An active button is featured at the location of each 

site considered in the study, with a different color for each. Once the user clicks on a button, 

the solar flux calculated at the inputted date at the selected site is returned in a box below 

the frame. At start of the model, no box is apparent. They appear once relevant button is 

clicked. After this, each box automatically adjusts its value if the user decides to change the 

date. Each box is connected to a dedicated worksheet returning the flux for each site. As it 

can be seen on the example in figure X, the equatorial box returns “night” if the date 

corresponds to a darkness period.  

On the right-hand side is featured the “Plot Module”. At its top is a table where the user 

inputs the start and the end of a period, for instance of a potential mission. Below is a chart 

prepared to plot the evolution of the solar flux for the selected time range, as a function of 

the terrestrial days from the model reference time (worst-case 2008 lunar day). Below the 

chart are 4 toggle buttons, each one for a site, following the same color code as in the left-

hand frame. When a button is clicked, the data for the corresponding site is displayed. When 

it is unclicked, the data is not shown. The interest of such buttons is to enable the user to 

compare profiles between sites: one, two, three or four at once. When a button is clicked, it 

looks like being pushed. This can be seen in the example of figure X, where “Site A1” and 

“Equator” button are clicked, and relevant data is compared in the chart.  

The main specificity of this chart is that it has been designed to be “dynamic”: whether the 

user selects a 3-days or a 10-years period, both axis will automatically adjust to fit the plot 

the best, showing only the specified range with best visibility on flux variations. This is 

achieved by assigning an OFFSET function to each axis, instead of a data range. This function 

looks for the inputted date, returns the corresponding range, and adjusts it with respect to a 

reference cell – to which it is offset. The data is preliminary sorted and fitted for 

convenience with the function’s logic.  

At the bottom of the Plot Module stands another toggle button: the “Greenhouse” function. 

When pushed, it applies the Lambert cosine law to the selected date range and sites, to 

simulate the solar flux that would reach a 2-dimensional surface lying on the site. The 

dynamic chart adapts to the much lower flux scale involved.  

All interactive components of the interface are ruled by a substantial Visual Basic code ran 

“in the background”.  

Following worksheets are:  

- “Solar flux”: calculates the flux along a terrestrial year following the method 
developed in B-3.  
- “Time converter”: translates the time inputted by the user in any of the MIRACLE 
tables into the reference time selected for the model through numerous IF loops. 
Relates it to the corresponding worksheet and returns desired result in the case of 
the Day Module. Gives a relevant time reference input for the Plot Module.  
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- “Site A1”, “Site B”, “Site C”: computes the Sun’s illumination fraction for each site 

following the method described in B-4-2. Houses the array for the Greenhouse 

function.  

- “Equator”: references the day and night period for each lunar day up to 2020, 

complies it to terrestrial days, returns the corresponding flux – or “night”.  

- “Appendix”: hosts the data set used for the solar elevation mean variation Fourier 

fit, and assesses the terrestrial day corresponding to the worst-case solar elevation 

at lunar South Pole for each year covered by the model.  

The worksheets are highly interconnected.  

An interesting phenomenon can be noticed from the Plot Module. 

 

 

Figure 24 - Flux at various sites for a surface normal to the sunrays direction 
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Figure 25 – Same flux as figure 24 but for a flat surface on the lunar pole 

 

On figure 24, the flux is shown for sites A1, B and C for a point object or a surface always 

normal to the sunrays direction. In this case, the solar elevation variation does not influence 

the flux as long as it is fully above the terrain. This is noticed on the plot, the flux being 

absolutely the same for each site when terrain is not obtruding.  

On figure 25, the same situation is represented but considering a flat surface on each site. In 

this case, the flux being a function of the solar elevation whatever the horizon (following 

Lambert cosine law), we denote a sinusoidal-like pattern for the flux variation, as for the Sun 

elevation, instead of a straight line when the terrain is un-obtruded. Moreover, it can be 

noticed that this pattern has the same period for each site, but different phase and 

amplitude. Site A1 is the closest to the South Pole, the amplitude variation is therefore the 

smallest. Site B is further away, but still close to A1: its amplitude rises, its phase slowly 

shifts. As can be seen from the coordinates in table 1, site C is the furthest: its amplitude is 

the biggest (as it goes away from the Pole), and its phase is significantly shifted with respect 

to A1 and B. Being not close to those sites, it will not “see” sunrise and sunset at the same 

time as them. 
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B-7 Conclusion  
 

A numerical tool called MIRACLE that I have fully developed is to identify the light availability 

at selected lunar sites. Each site has been selected by crosschecking with literature and 

expert advice. The model is based on orbital dynamics to assess global flux values and on 

DEM data to go to local values. The subsequent available flux imposes design constraints on 

life support systems. The model features a user-friendly dynamic interface. It is mission-

design oriented, in the sense that one can test several optional dates among a large range 

depending on the needs, and returns an accurate enough result for system-level study. It is 

also adaptable: from the roots of the code and the worksheets functions can be 

implemented new sites arising from new DEM or data from recent mission (Smart-1, 

Kaguya). Life support concerns can be extended by implementing a radiation diffusion 

model24
 into a bioreactor (or a greenhouse) with associated growth kinetics. Such effects due 

to Earthshine are evoked in a discussion in Appendix G. It can be noticed that as it is, the 

model is suitable for power system design and thermal control design, as no specific lunar 

tool has been built yet for those disciplines and MIRACLE is the only one of its kind. Albedo 

effects of the lunar regolith could also be considered as an improvement.  

The MIRACLE tool has been presented at the Lunar and Planetary Landers Payload Workshop 

held at ESTEC in June 2008. Members of the MoonNEXT team attended as well a final 

presentation of this tool held in August 2008 and decided to use it during Phase B of 

MoonNEXT development, starting in September 2008, for preliminary mission scenario 

design. The tool will be extended with new site data. 
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Appendix A: Zarrouk medium 
 

 

  g/L 

 Vt milieu 1 L 

Solution {1} 80% de Vt 

K2HPO4 0.5 

NaHCO3 16.8 

Na2CO3 0 

Vf 800 mL 

Solution {2} 20% Vt 

NaCl 1 

CaCl2 0.03 

K2SO4 1 

MgSO4, 7H2O 0.08 

NaNO3 2.5 

EDTA 0.08 

FeSO4, 7H2O 0.01 

Vf 200 mL 

Solution {3} 1ml/Litre final 

MnCl2, 4H2O 0.23 

ZnSO4, 7H2O 0.11 

CuSO4, 5H2O 0.03 

Vf 1 mL 

 pH 8.3 

 
Cogne, G., Lehmann, B., Dussap, C.G., Gros, J.B. (2003). Uptake of macrominerals and trace 

elements by the cyanobacterium Spirulina platensis (Arthrospira platensis PCC 8005) under 
photoautotrophic conditions: culture medium optimization. Biotechnol. Bioeng., 81, 
588-593. 
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Appendix B: Draft design mass and volume breakdown  
Mass estimate:  
The mass estimate is based on the following assumptions .  
 
Upload  
Min 3 bioreactors (weight TBC)  
Electronics : 500g per bioreactor  
Container : about 1.5kg each  
For 1 bioreactor (50 ml), 9 consecutive batches  
50 ml within the first batch  
8 syringes containing 50ml medium for refill  
= min 450 ml medium per bioreactor  
For samples  
5ml per sample fixative  
9 syringes containing 5ml fixative refill  
= min 45 ml medium per bioreactor  
 
Total (min):  
3*bioreactors weight + 3*500g + 3*1500g + 3*450g+ 3*45g  
Upload mass is estimated about 8kg.  
 
Download  
We assume that the hardware is not brought back.  
Samples (per bioreactor)  
Final fresh sample from last batch ~ 5ml 15g  
Medium + biomass samples (frozen) ~ 10ml*9 = 90 ml 270g  
Fixed biomass samples ~ 5ml * 9 = 45 ml 135g  
biomass ~ 180-360 mg  
 
Total (min) : 15g +270g+135g  
Download mass is estimated about 0.42kg.  
 
Dimensions:  

Photobioreactor  
Considering :  
50ml liquid compartment  
25ml gas compartment  
LED belt  
Inner sensors  
Rotor  
Circuit board  
Piston and handling mechanism  
13.3L  
Fresh medium  
3 units * 9 batches * 45ml = 1215ml  
Syringes option  
45ml syringes in fitting box  
Upload : 3 units * 9 open syringes = 3 units * (9*734ml) = 19.818 
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Waste  
3 units * 9 batches * 35ml = 945ml + packaging = ~1.08L  
Filters for biomass filtering  
On the basis of 9 Whatman filters GF/F in a box : 240ml * 3 units = 720ml  
Samples medium + biomass  
Samples medium + biomass : 3 units * 9 vials = 20.5*7*9 cm3= 1291.5ml  
Fixative  
1 syringe with 15ml fixative : 27.7ml  
If each is used per batch series, we need 9 : 249.3ml 
Last sample  
3 units * 5ml + packaging = 100ml  
Overall packaging  
All equipment (~37L) + 2cm thick package = 44.74L  
The hardware volume is roughly estimated to 44.74 L for upload and 1L for download.  
Download package :  
Frozen samples and filters (2L) + packaging (2cm foam thickness) = ~ 4.1L  
Living samples (100ml ?) + packaging (2cm foam thickness) = ~ 300ml 
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Appendix C: Stirrer speed reduction due to increase in viscosity  
 

It has to be demonstrated if the stirrer speed is significantly slowed down due to the 
increase of the biomass concentration, and therefore the viscosity of the liquid. The solution 
presented here is an approximation based on several assumptions. A more precise answer 
would require computational fluid dynamics tools.  
 
The shear stress on the stirrer is expressed as follows25: 
 

𝜏 =
𝐹

𝐴
= 𝜂. 𝛾       (1) 

 
With  F : force exerted by the liquid on the stirrer  

A : area of the stirrer  
 : viscosity  
𝛾: shear rate  

 
We will consider here the average shear rate:  
 

𝛾𝑎𝑣 = 𝐾. 𝑁        (2) 
 
With  K : specific factor depending on the stirrer nature  

N : rotational speed  
 
In the first place, we calculate the force exerted on the stirrer.  
 

𝐹=.𝜂.𝐾.𝑁           (3) 
 
A: we assume a rectangle-shaped stirrer  2 cm wide and 0.5 cm high. Its area is then 1cm2 = 
1.10-4 m2 

 

𝜂: laboratory experience considers the viscosity to have increased by 3 at the end of a batch. 
The liquid’s viscosity at beginning of batch is assumed to be the same of water. We then 
have  
 

𝜂 = 3×𝜂𝑤𝑎𝑡𝑒𝑟 = 3×8.94×10-4 = 2.682×10-3 𝑁.𝑠.m-2         (4) 
 
K: the stirrer is considered as a paddle, the relevant coefficient is 10  
 
N: the nominal stirring speed applied by the rotor is 120rpm = 2 revolutions per second  
 
Subsequently:     F = 5.364 x 10-6

 N          (5)  
 
Now, we calculate what would be the force without the liquid resistance.  
 

F0 = m.a          (6) 
 
m: mass of the stirrer, assumed to be 1g = 10-3

 kg 
 
                                                           
25

 Demain and Davis, Manual of Industrial Microbiology and Biotechnology, 2
nd

 edition, ASM press 
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a: acceleration of the stirrer. We use the software G-force / RPM Calculator26
 to convert our 

rotational 120rpm speed into g-force (not to be mistaken for grams), and then into 
acceleration units.  
 

120 𝑟𝑝𝑚 = 0.16𝑔𝑓𝑜𝑟𝑐𝑒 = 0.16×9.8 (𝑚.s-2) = 1.568 𝑚.s-2          (7) 
 
Hence,      F0 = 1.568 x 10-3

 N        (8)  
 
We subtract the force applied by the liquid to this value in order to find out how much is the 
rotational speed reduced.  
 

𝐹0−𝐹 = 1.562×10-3𝑁 = 𝑚.𝑎        (9) 
 

𝑎 =
1.562 × 10−3𝑁

10−3𝑔
= 1.562 𝑚. 𝑠−2          (10) 

 
Using the G-force / RPM tool:  
 

1.562 m.s-2
 = 0.159 gforce = 118 rpm 

 
A 2rpm stirring speed diminution is considered to have a negligible impact on the light 
homogenization on Arthrospira. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                           
26

 Michigan State University, https://www.msu.edu/~venkata1/gforce.htm 

https://www.msu.edu/~venkata1/gforce.htm
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Appendix D: Crew procedures 
 

Operations Scheduled date of action Crew member 

Operation 1 – Unpacking 
1. 

Upon arrival on ISS as early 
as possible 

Frank de Winne estimated 
time: 10 minutes 

 
Operation 2 – Experiment 
Start  
2. Insert in the glovebox: 
main unit, 3 syringes of 
fresh medium  
3. Fix 2 syringes so that 
only one moves freely  
4. Close the glovebox  
5. Clip the floating syringe 
to an adapter on the 
input/output of one 
reactor. The needle went 
through the septum  
6. Turn the unit’s handle in 
order to inject 45ml of 
fresh medium in the 
reactor  
7. Unclip the syringe and fix 
it  
8. Repeat the procedure 
for the other 2 units with 
the other 2 syringes. The 3 
syringes become now 
empty and will be reused 
later on  
9. Take everything out of 
the glovebox  
10. Fix the experiment at 
dedicated location in 
Columbus, house the 
syringes  
11. Connect the main unit 
to a cobalt brick converter  
12. Connect the cobalt 
brick converter to the 
Columbus SUP  
13. Plug the memory stick 
to Biolab laptop  
14. Install the software  
15. Connect the main unit 
to the laptop  
16. Switch on the main unit  
17. Establish a countdown 
to the end of the first batch  

 

As early as possible Frank de Winne estimated 
time: 30 minutes 
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Operation 3 – Downlink 
It is performed using the 
appropriate software 
function on the laptop 

Once a day Frank de Winne estimated 
time: 10 minutes 

Operation 4 – Sampling / 
Refilling 1 

 
18. Switch off and unplug 
the main unit  
19. Carry to the glovebox : 
main unit, 3 syringes of 
fresh medium, 3 empty 
syringes, 3 filters, 3 10ml 
vials, 1 15ml fixative 
syringe, the waste bin, 
colour markers  
20. Fix the syringes  
21. Close the glovebox  
22. Clip an empty syringe 
to an adapter on the I/O of 
one reactor  
23. Turn the unit’s handle 
in order to retrieve 45ml 
into the syringe  
24. Unclip the syringe, 
mark it accordingly to the 
reactor and the batch 
number, fix it  
25. Clip a fresh medium 
syringe to the same 
adapter  
26. Turn the unit’s handle 
in order to inject 45ml of 
fresh medium  
27. Unclip the syringe and 
fix it  
28. Repeat the procedure 
for the other 2 units, with 
the remaining fresh 
medium and empty 
syringes  
29. Insert one of the newly 
filled syringe into a 10ml 
vial  
30. Inject 10ml and remove 
the syringe  
31. Mark the vial 
accordingly to the reactor 
and batch number  
32. Clip a filter to the waste 
bin  

300h (±6h) after start Frank de Winne estimated 
time: 40 minutes 
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33. Insert the same syringe 
into the filter  
34. Filter 30ml  
35. Remove the syringe 
and unclip the filter  
36. Mark the filter 
accordingly to the reactor 
and batch number  
37. Insert the syringe into 
the waste bin  
38. Trash the remaining 
5ml and remove the 
syringe  
39. Repeat the procedure 
for the 2 other newly filled 
syringes  
40. Take all the equipment 
out of the glovebox  
41. Return the main unit 
and syringes to their 
nominal location  
42. Plug the main unit, 
switch it on and establish a 
countdown to the next 
batch  
43. Insert the newly filled 
filters and vials in the -
26dgC Melfi compartment, 
on appropriate trays  
 

 

Operation 5 – Downlink 
44. It is performed using the 
appropriate software on the 
laptop 

Once a day Frank de Winne  
Estimated time: 10 minutes 

Operation 6 – Sampling / 
Refilling 2 
45. Repeat actions 18 to 43 

300h (±6h) after operation 4 Frank de Winne  
Estimated time: 40 minutes 

Operation 7 – Downlink 
46. It is performed using the 
appropriate software in the 
laptop 

Once a day Frank de Winne  
Estimated time: 10 minutes 

Operation 8 – Sampling / 
Refilling 3  
47. Repeat actions 18 to 43 

300h (±6h) after operation 6 Frank de Winne  
Estimated time: 40 minutes 

Operation 9 – Downlink 
48. It is performed using the 
appropriate software in the 
laptop 

Once a day Frank de Winne  
Estimated time: 10 minutes 

Operation 10 – 
Sampling/Refilling 4, photo 

 

300h (±6h) after operation 8 Frank de Winne  
Estimated time: 40 minutes 
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49. Insert the Compact 
Flash Card in the Nikon D1X  
50. Hand in the camera to 
a second crew member  
51. Repeat actions 18 to 40  
52. Take 3 pictures of the 
floating astronaut carrying 
the main unit  
53. Take 3 close-ups of the 
main unit with the text “ISS 
Education Fund” visible  
54. Take 3 pictures of the 
astronaut with the 
equipment, thumbs-up  
55. Take 3 pictures using 
the astronaut’s own artistic 
skills  
56. Take 3 panoramic view 
of all hardware, with the 
experiment running, and 
the astronaut  
57. Take 3 pictures of the 
reactors inside the main 
unit  
58. Retrieve the Compact 
Flash Card and store it in 
the return container  
 

 

Second crew member 
Estimated time: 20 minutes 

Operation 11 – Downlink 
59. It is performed using the 
appropriate software in the 
laptop 

Once a day Frank de Winne  
Estimated time: 10 minutes 

Operation 12 – 
Sampling/Refilling 5 
60. Repeat actions 18 to 43 

300h (±6h) after operation 
10 

Frank de Winne  
Estimated time: 40 minutes 

Operation 13 – Downlink 
61. It is performed using the 
appropriate software in the 
laptop 

Once a day Frank de Winne  
Estimated time: 10 minutes 

Operation 14 – 
Sampling/Refilling 6 
62. Repeat actions 18 to 43 

300h (±6h) after operation 
12 

Frank de Winne  
Estimated time: 40 minutes 

Operation 15 – Downlink Once a day Frank de Winne  
Estimated time: 10 minutes 

Operation 16 – Refilling 7, 
video 

 

300h (±6h) after operation 
14 

Frank de Winne  
Estimated time: 40 minutes 
 
Second crew member 
Estimated time: 20 minutes 
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64. Insert the Digital Video 
Tape in the Sony DCR-
PD150P video camera  
65. Hand in the video 
camera to a second crew 
member  
66. Repeat actions 18 to 40  
67. Record 15min of 
closeout operations of the 
astronaut performing refill 
and sampling. The 
astronaut should not be 
disturbed while 
proceeding: no “scene” 
shall be repeated in case of 
bad-looking video footage  
68. Retrieve the Digital 
Video Tape and store it in 
the return container  
 

 
 

Operation 17 – Downlink 
69. It is performed using the 
appropriate software in the 
laptop 

Once a day Frank de Winne 
Estimated time: 10 minutes 

Operation 18 – 
Sampling/Refilling 8 
70. Repeat actions 18 to 43 

300h (±6h) after operation 
16 

Frank de Winne 
Estimated time: 40 minutes 

Operation 19 – Downlink 
71. It is performed using the 
appropriate software in the 
laptop 

Once a day Frank de Winne 
Estimated time: 10 minutes 

Operation 20 – Sampling 9, 
last batch 

 
72. Repeat actions 18 to 37  
73. Instead of trashing the 
5ml remaining from the 
45ml extract, insert the 
syringe in a 5ml vial  
74. Mark the vial 
accordingly to the reactor  
75. Repeat the procedure 
for the 2 other newly filled 
syringes  
76. Take all the equipment 
out of the glovebox  
77. Return the main unit 
and syringes to their 

300h (±6h) after operation 
18 

Frank de Winne 
Estimated time: 40 minutes 
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nominal location  
78. Insert the newly filled 
filters and 10 ml vials in the 
-26dgC Melfi 
compartment, on 
appropriate trays, and 
store the 5ml vials at 
+4dgC in TBD facility  
 

 

Operation 21- Pre-download 
79. Store the PCMs at TBD 
dgC in TBD facility for TBD 
hours 
80. Pack all the samples (vials 
and filters), and radiation 
dosimeters 
81. Wrap with PCMs 
82. Store in Soyuz 
 

 Frank de Winne 
Estimated time: TBD 
minutes 
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Appendix E: Project Plan 
 

 

 

 

Integrated Project Plan 

and preliminary design description 

 

LARISS 

 

 

Note: This document describes the Integrated Project Plan 

and preliminary design description for the LARISS experiment. Since this 

document has been prepared before the kick off of the project, many 

unknowns still remain in the document. This concerns for example 

chosen materials, drawings that are not exactly up to date or things that 

at this moment simply are not known yet. The unknowns are usually 

indicated with TBD, TBC or XX. 

 

Jean-Dominique Coste 

TEC-MCT 

1st of April 2008 

 

 

 

Ref: TEC-MCT/2008/3625/IN/CL  
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LARISS Integrated Project Plan 
This document describes the integrated project plan of the LARISS experiment. 

The overall LARISS experiment hardware is produced by Verhaert (Belgian aerospace 

industry), following the design by the LARISS project team. No experiment hardware is 

produced in house. 

The experiment container might be produced by related industry in case of use of an existing 

specific facility.  

Fact sheet of the experiment 
Fact sheet of LARISS can be found in the annex of this document.  

Schedule, phases and key milestones 

Schedule 

The current schedule with project phases and milestones is reflected in the Gantt chart of 

the project that can be found in the annex of this document. 

Project Phases 

Project phases (for the complete project cycle) include: 

 Start up phase 

 Hardware development phase (subdivided in the generally known, A, B, C, D) 

 Operations phase (Phase E) 

 Data Processing phase 
 

Start up phase 

The UNICEF WASH project aims to promote new environmental methods for under-

developed countries, as well as popularizing knowledge of the relevant issues and solutions. 

The MELiSSA system is a closed-loop life support system developed by ESA and various 

science partners (SCK●CEN, UBP…) for water purification, oxygen and food production based 

on waste recycling by bacteria for long term manned space flight. However, the 

development of MELiSSA has supported several ground spin-off applications and is related 

to WASH through the development of recycling processes and systems for Africa (for 

instance, an isolated village in Tchad can be assimilated to a closed-loop system).  

The final application of the MELiSSA system for space flight asks for a space environment 

test of the bacteria which are the key components in each loop compartment. Therefore an 

ISS experiment for a MELiSSA bacteria Arthrospira sp. has been proposed in this framework. 

This bacteria is a candidate for an autonomous life support system due to its photosynthetic 

abilities and the fact that it is comestible. Such a space experiment gives a very strong 

visibility to the WASH project, and contributes to improve the design of the MELiSSA loop. 
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Following this guideline, an exciting challenge is raised among European universities, who 

are proposed to be the experimental ground check for LARISS. They have to carry on a 

procedure as similar as possible to the one performed onboard ISS by the astronaut Frank de 

Winne.  

Sponsors (financial and in kind) : Belspo 

Hardware development phase (Phase, A, B, C, D) 

Hardware development will start following the go-decision (Kick–off meeting) for the project 

and will commence according to the schedule presented in the Gantt chart. 

This paragraph describes the hardware development phases and lists the major tasks. 

There are four development phases A, B, C and D. Some of them can be combined, which is 

advisable for relatively simple projects. 

 Every phase requires working out the project in more detail 

 Design grows more mature with each phase, it grows from conceptual to final 

 Hardware grows more mature, from design, to breadboard to flight hardware 

 Documentation grows more mature with every phase 

 Testing shows compatibility with the design requirements 
 

Phase A 

 Conceptual design  

 Feasibility assessment 

 Preliminary requirements definition 

 Scheduling 

 Preliminary requirements Review 
 

Phase B1 

 Detailed requirement specification 

 Safety requirement specification 

 Preliminary design review 

 Preliminary design analyses (e.g. Mass budget, Dimension, ISS Resources) 

 Scheduling (Update) 

 FSR 0/I  

 Preliminary Design Review 
 

Phase B2 

 Requirements for demonstration breadboard 

 Procurement for breadboard construction 

 Breadboard assembly 

 Breadboard functional test 
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Phase C 

 Detailed design 

 Final analysis (Thermal, Mechanical, Electrical, Reliability, Safety) 

 Design Report (Interface Control Document (ICD)) 

 Verification method description 

 Test plans and test procedures description 

 Schedule (Update) 

 FSR II 

 Critical Design Review  
 

Phase D 

 Manufacturing of components 

 Assembly / Integration of components  

 Test readiness review 

 Qualification and Acceptance Testing and reporting 

 Post-test review 

 Documentation 

 Schedule (Update) 

 FSR III 

 Acceptance Review 
 

The schedule respects imposed milestones that are provided in the Gantt chart. 

Operations phase (Phase E) 

Launch is currently foreseen in Inc 19 (April – September 2009). The operational phase starts 

after installation of LARISS in the Columbus laboratory, in the selected facility or in 

standalone. 

Scheduling constraints before launch : culture is transported to launch site at +4°C in the 

dark and stored at most 72h. It must not be exposed to X-rays. It is inoculated on-site, in the 

same temperature and light conditions, at most 24h prior to launch. 

Running time constraints : preferably 4 months. Activation immediately upon arrival by 

exposure to specific temperature and light. At the end of each batch (standardized after 

300h of running time), 45ml are taken out of the bioreactor : out of it, 30ml of culture are 

filtrated to get the biomass only which is then fixed and stored at -20°C, 10ml of culture 

(biomass + medium) are sampled and kept at -20°C, and ca. 100µl of culture (medium + 

biomass) are used for microscopy, the remaining culture is treated as waste.  

Return constraints : 5ml of the last batch are sampled unfixed. Return to lab has to be done 

within 24h after landing, with a +4°C storage for live samples and -20° C for the frozen ones. 

Dark conditions and no X-ray exposure have to be respected. 
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Data Processing phase 

Data processing starts : during the experiment thanks to real-time monitoring (if applicable) 

of pressure, temperature, illumination, Optical Density, and microscope pictures retrieved 

between each batch. Upon return of the hardware to the involved parties, further data 

processing is done on the samples, and the dosimeters. 

Reviews 

Reviews involve Flight Safety Reviews (FSR) and Development reviews.  

The review dates are free to choose but some of them are imposed by ESA, NASA. The 

review dates are scheduled in the Gantt chart and subject to change.  

Flight safety Reviews: 

 FSR Phase 0/I  (Combined review) 

 FSR Phase II 

 FSR Phase III 
 

Development reviews:  

 Preliminary Design Review (PDR) 

 Critical Design Review (CDR) 

 Acceptance Review (AR) 
 

Milestones  

Milestones are highlighted in the Gantt chart and involve:  

 Letter of intend 

 Project go-ahead 

 Development reviews  

 Launch date and important dates in the operational phase 

 Publication dates 

 Upload of scientific paper in Erasmus Experiment Archive 
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Integrated Project Team terms of reference 

Integrated Project Team 
The integrated project team consists of the one single project team (based at SCK●CEN), 

with partners from various institutions (UBP, UMH). Hardware will be delivered by the team 

and integrated by Verhaert. In case of a standalone experiment set-up, an integrated team 

scheme will be specified.  

 

 

 

 

 

 

 

 

LARISS project team  
The LARISS project team consists of: 

 Dr. Natalie Leys (Principal Investigator), SCK●CEN 

 Prof. Max Mergeay (Science), SCK●CEN 

 Nicolas Morin (Science), SCK●CEN 

 Prof. Gilles Dussap (Engineering), UBP 

 Dr. Berangere Farges (Engineering), UBP 

 Prof. Ruddy Wattiez (Science), UMH 

 

Additional support will be required from various directorates: 

 Support from HME-AP  
o Flight opportunity 
o Public outreach 

 Due to interactions with the MELiSSA project, HME-AP wished to involve D/TEC-MCT 
- ECLS  

o Coordination 

 Support from additional experts / scientists (e.g. materials, processes, testing etc.)  

 External companies (Verhaert) 
 

LARISS terms of reference 
The LARISS project team is responsible for: 

 Development of experiment hardware in consultation with ESA specialists 

 Qualification / acceptance testing of biological compounds 

LARISS 

SCK●CEN, UBP, UMH 

Belspo 

 

ISS facility  

ESA 
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 Overall project management (e.g. scheduling, conducting reviews; FSR 0/I/II/II, PDR, 
CDR, AR, etc.) 

 Providing inputs for documentation 

 Testing (Pre-qualification testing of LOC, functional experiment testing / breadboard 
testing) ** 

 Delivery of hardware according to schedule 

 Providing all related paperwork, certificates, etc. applicable 

 Providing support to reviews (e.g. FSR 0/I/II/III, PDR, CDR, AR) 
 

* According to provided test matrices  

** Exact tests to be discussed / negotiated 

In line with the design requirements as described in the applicable documents (see below). 

Both Shuttle and Soyuz have been mentioned, as the transport can be planned by Shuttle for 

launch and by Soyuz to return with Frank de Winne. 

Applicable documents: 

AD1 “Safety Policy and Requirements for Payloads Using the Space Transportation 
System”, NSTS 1700.7B. 
AD2 “Safety Policy and Requirements for Payloads Using the International Space Station”, 
NSTS 1700.7B ISS Addendum. 
AD3  “Payload Safety Review and Data Submittal Requirements for Payloads using the 
International Space Station”, NSTS/ISS 13830. 
AD4  “Product assurance requirements for ESA microgravity projects”, GPQ-010. 
AD5 “Requirements for International Partner Cargoes transported on Russian Progress 
and Soyuz Vehicles”, P32928-103. 
AD6 Annex 1 to “the ISS Flight Order Contract”, applicable to the specific mission 
AD7 “Interpretations of NSTS/ISS Payload Safety Requirements”, NSTS/ISS 18798. 
AD8 “NASA/RSA JOINT SPECIFICATION Standard Document for the ISS Russian Segment”, 
SSP 50094. 
AD9 “Russian Segment Specification”, SSP 41163 
AD10 “Bilateral RSA/NASA ISS Safety assurance and mission Requirements”, SSP 50146 
AD11  “LARISS System Requirements Document” TEC-MCT/2008/3627/IN/CL 
AD 12  “Description of the Complex and General Technical Requirements”, RSC-  

               E/IFOC Annex 1 

AD 13  “Payload Safety Review and Data Submittal Requirement”, NSTS/ISS 13830 

AD14  “Payload Flight Equipment Requirements and Guidelines for Safety-Critical 

Structures”, SSP 52005 

AD 15 “Space Shuttle System Payload Accommodation”, NSTS 07700  
Volume XIV Appendixes 1 to 9 
AD 16 “ISS - NASA/ESA Bilaterial Safety and Product Assurance Requirements”,  SSP 50191 
AD 17 “Shuttle/Payload IDD for Middeck Payload Accommodations with change 25”, NSTS 
21000-IDD-MDK 
AD 18 “Space Shuttle Payload Ground Safety Handbook”, KHB 1700.7B 
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Functional Support Descriptions 
Functional Support Descriptions describes the TEC and external support for the project. 

The following support from TEC is required: 

 TEC-MCT: project coordination and support (hours) 
 

The following external support required: 

 Verhaert   :   Hardware manufacturing and testing (€) 

 Relevant Columbus facility dummy   :   Ground-based experiment run in the same 
time (4 months)  (hours) 
 

The abovementioned support is either expressed in time (hours) or finance (€).  

The financial part is estimated within chapter 7. 

The man hours are estimated in chapter 6. 

Manpower Deployment Plan 
The Manpower Deployment Plan estimates the amount of man-hours for the individual 

experiments that will be conducted. 

TEC-MCT involvement 

Based on experience from the past it is estimated that ¾ MY is required, spread out evenly 

over the various phases.  

HME-AP involvement 

TBC 

Financial plan 
ESA is not involved in the financial aspects related to development nor testing nor mission 

costs of LARISS. The project team and the sponsor are fully responsible. 

This financial plan describes the financial aspects encountered by the project team. All 

numbers are based on estimates. 

Development and testing  

 

Total estimate                     800 k €  

Missions 
Missions of project teams towards Florida (launch and return) 

Assume 2 missions for 1 person towards Cape Canaveral  

2 missions x 1000 € / mission  =   2 k € 
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Missions of project teams towards ESA  

Assume 3 missions for 2 persons towards ESTEC  

2 persons x 3 missions x 100 € / mission = 0.6 k €  

 

Mission total          2.6 k€ 

Budget  
The total budget for the development of LARISS is estimated as follows:  

 

 Amount [€] 

Development and testing  800 k € 

Missions 2.6 k € 

Total  802.6 k € 

 

Project costs for the realisation of LARISS are rounded of at 805 k €  

 

Preliminary Design Payload Overview 

Experiment Education & Scientific Objectives 
 

LARISS is part of the UNICEF WASH project which aims to popularize new environmental 

methods. It is related to space through life support applications. It will be proposed as an 

educational challenge for students, who will be shown : 

- that bacteria can be cultured in bioreactors in the space station 
- that bacteria can be used to purify water, produce oxygen, and as food supply to 

support life of astronauts in space in the future 
- that special imaging, molecular and chemical techniques allow to follow up what is 

happening inside and around bacterial cells which are invisible by the naked eye  
- that mathematics, informatics and engineering disciplines and specialists are needed 

to predict and control biological processes to develop life support systems 
- that good scientific experiment need to be done in replicates and statistics are 

needed to have confident data 
 

An agreement with the MELiSSA team has been made, and the scientific inputs and outputs 

of the experiments concern the cyanobacterium Arthrospira sp. PCC8005, which is a 

candidate for use in spacecraft biological life support systems. However, to ensure the 
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reliability of such a biological life support system it is necessary to characterize the response 

of Arthrospira sp. to in situ spaceflight conditions. Therefore, investigation of Arthrospira sp. 

response under spaceflight conditions, grown during long-term and short-term periods, at 

the morphologic, physiologic, proteomic, genetic and growth kinetics level will be 

performed. The kinetic growth parameters derived from the spaceflight experiment will be 

used for subsequent mathematical modelling of both Arthrospira sp. growth under 

spaceflight conditions, and bioreactor performances. 

Hardware set-up to conduct the experiment 

The experiment runs in a cylindrical photobioreactor. The liquid compartment is glass-made 

(possible option for highly transparent PVC or polycarbonate), surrounded by an eight-LEDs 

setup. The gas compartment is inox-made (possible option for aluminium). Both 

compartments interface thanks to a PTFE gas exchange membrane. A mechanical stirrer is 

located in the liquid phase, close to the membrane. Temperature, light, pressure and optical 

density sensors are used for constant monitoring. The cultivation mode is fed-batch. At the 

end of each batch, new medium is injected while 90% of the photobioreactor content goes 

as sample or waste. This implies the use of appropriate syringes. An optical biomass sensor is 

integrated, as well as a biomass filtering device. In addition, radiation dosimeters and 

vibration and acceleration sensors are placed as close as possible to the photobioreactor. 

The whole is housed in a suitable container, to which are provided power, data handling, 

and microscope access. Three photobioreactors are required at least to provide sufficient 

statistics.  

Payload Flight Operation 
The payload flight operations are described in the table below.  

No Operations Scheduled 

date of action 

Crew member 

1. Upload   

2. Unpacking and pre-storage on Columbus-ISS  Frank de Winne 

Time XX min. 

 

3. Setup in relevant facility TBD  Frank de Winne 

Time 1 min. 

4. Start of 1st batch D1 

~ 300 hours 

Frank de Winne 

Time 1 min. 

5. Sampling 

 for biomass analysis, fixed, 

 for chemical composition analysis, unfixed  

Day 13 Frank de Winne 

Time 30 min. 



75 

 

6. In situ microscopy Day 13 Frank de Winne 

Time 10 min. 

7. Start 2d batch (replacing 90%vol by fresh 

medium) 

D13 

~ 300 hours 

Frank de Winne 

Time 10 min. 

8. Sampling 

 for biomass analysis, fixed, 

 for chemical composition analysis, unfixed  

Day 26 Frank de Winne 

Time 30 min. 

9. In situ microscopy Day 26 Frank de Winne 

Time 10 min. 

10. Start 3rd batch (replacing 90%vol by fresh 

medium) 

D26 

~ 300 hours 

Frank de Winne 

Time 10 min. 

11. Sampling 

 for biomass analysis, fixed, 

 for chemical composition analysis, unfixed  

Day 39 Frank de Winne 

Time 30 min. 

12. In situ microscopy Day 39 Frank de Winne 

Time 10 min. 

13. Start 4th batch (replacing 90%vol by fresh 

medium) 

D39 

~ 300 hours 

Frank de Winne 

Time 10 min. 

14. Sampling 

 for biomass analysis, fixed, 

 for chemical composition analysis, unfixed  

Day 52 Frank de Winne 

Time 30 min. 

15. In situ microscopy Day 52 Frank de Winne 

Time 10 min. 

16. Start 5th batch (replacing 90%vol by fresh 

medium) 

Day 52 

~ 300 hours 

Frank de Winne 

Time 10 min. 

17. Sampling 

 for biomass analysis, fixed, 

 for chemical composition analysis, unfixed  

Day 65 Frank de Winne 

Time 30 min. 

18. In situ microscopy Day 65 Frank de Winne 

Time 10 min. 
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19. Start 6th batch (replacing 90%vol by fresh 

medium) 

Day 65 

~ 300 hours 

Frank de Winne 

Time 10 min. 

20. Sampling 

 for biomass analysis, fixed, 

 for chemical composition analysis, unfixed  

Day 78 Frank de Winne 

Time 30 min. 

21. In situ microscopy Day 78 Frank de Winne 

Time 10 min. 

22. Start 7th batch (replacing 90%vol by fresh 

medium) 

Day 78 

~ 300 hours 

Frank de Winne 

Time 10 min. 

23. Sampling 

 for biomass analysis, fixed, 

 for chemical composition analysis, unfixed  

Day 91 Frank de Winne 

Time 30 min. 

24. In situ microscopy Day 91 Frank de Winne 

Time 10 min. 

25. Start 8th batch (replacing 90%vol by fresh 

medium) 

Day 91 

~ 300 hours 

Frank de Winne 

Time 10 min. 

26. Sampling 

 for biomass analysis, fixed, 

 for chemical composition analysis, unfixed  

Day 104 Frank de Winne 

Time 30 min. 

27. In situ microscopy Day 104 Frank de Winne 

Time 10 min. 

28. Start 9th batch (replacing 90%vol by fresh 

medium) 

Day 104 

~ 300 hours 

. Frank de Winne 

Time 10 min. 

29. Sampling 

 for biomass analysis, fixed, 

 for chemical composition analysis, unfixed  

Day 117 Frank de Winne 

Time 30 min. 

30. Final fresh sample from the last batch Day 117 Frank de Winne 

Time 10 min. 

31. In situ microscopy Day 117 Frank de Winne 

Time 10 min. 
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32. De-installation  Frank de Winne 

Time 1 min. 

33. Packing and post-storage   Frank de Winne 

Time XX min. 

34. Download   

 

Payload/ISS Interfaces 
The payload interfaces with the ISS the following ways. 

Fixation during transport: 

 For a Shuttle flight, the payload is mounted on appropriate cooled racks TBC 

 For a Soyouz/Progress flight, Velcro and Nomex loops are provided to fix the containers 
of the hardware. It is embedded into icepacks TBC 

 

Fixation during run 

 If facility is provided : as a container of the relevant facility 

 For a standalone : Velcro  

Experiments Subsystem Description 
This chapter describes the subsystems of the experimental hardware. 

 Photobioreactor 

It is a cylinder. The liquid compartment is glass-made (possible options for PVC and 

polycarbonate), surrounded by an eight-LEDs setup. The gas compartment is inox-made 

(possible option for aluminium). Both compartments interface thanks to a PTFE membrane. 

A mechanical stirrer is located in the liquid phase, close to the membrane. 

The liquid compartment has a 5.7cm diameter and a 2cm height. It gives a 50ml volume. The 

gas compartment is an alike cylinder topping it, but with a 25ml volume.  
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Fig.1 Photobioreactor 

 Membrane 

The liquid and gas phases are interfaced by a membrane. It is a 0.2 µm PTFE porous 

membrane (Sartorius®, France). Its thickness is 57 µm. It is placed above a sintered glass 

which enables to rigidify the membrane. The porosity of this sintered glass is enough large in 

order to not risk to introduce an additional pressure drop (porosity 2). Additionally, a nylon 

grid is placed between the membrane and the stirring bar in order to avoid the frictions. At 

last, a tissue piece is placed between the membrane and the rough surface of the sintered 

glass in order to prevent the distortion because of the pressure changes. 

 LEDs 

An 8 LEDs setup surrounds the liquid compartment. These are NICHIA white LED NSPW310DS. 

 

I = 6.8 cd 

θ = 20 ° = 0.35 rad                        Ielec = 
064.0

)cos1(2  I
= 40.5 lm/W 

U = 3.2 V 

η = 14.4 % 
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The illumination provided is 5W/m². Critical requirements recommend to not exceed 

10W/m². 

 

 Oxygen venting and adsorbing 

A valve opens when the pressure will reach 0.5 bar, i.e. 15.6mg of oxygen have to be 

adsorbed. This should be done in less than a minute. It corresponds to 1.5g of oxygen per 

reactor for the whole experiment’s length.  

 Optical biomass sensor 

An optical density biomass sensor is embedded inside the liquid compartment. 

The biomass sensor consists of two LEDs and two photodiodes that are located opposite to 

each other around a fluid (Figure 2). The LEDs are operated one by one, simultaneously 

measuring both the transmitted and scattered light with the corresponding photodiodes.  

When multiplying both ratio’s (of the scattered and transmitted signals), instrumentation 

errors (including window fouling) are compensated. The method used is a dual ratio method. 

 

 

Figure 2 : Biomass sensor concept using two LED’s and two photodiodes placed around a medium. The LED’s are 

operated one after each other to measure both ratios of the transmitted and scattered light using the photodiodes. 

The dual ratio R* is calculated from the ratio’s thus compensating for instrumentation errors. 

 

 Biomass filter 

It is separated from the bioreactor. The sampling syringe comes in to deliver 30ml of used 

medium + biomass to filter. A receptacle for all unwanted medium (waste) is included. The 

filter itself is made of glass fibres GF/F (Whatmann), with a 0.2 m to 0.45µm pore size. 
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 Sensors 

- temperature sensor  

- pressure sensor 

- light sensor 

- acceleration sensor  

- vibration sensor i 

A display device is required for monitoring by the crew. 

- ionising radiation dosimeters. They are not real-time sensors and will be retrieved back to 

ground.  

 Sampling 

At the transition between batches, a piston-like device (a 45ml syringe) will push the 

medium out of the bioreactor to a similar syringe for sampling. As the piston pulls back, 

another syringe injects fresh medium. 

 Screws 

Screws are manufactured of Aluminium.   

 Materials 
Part Material  

photobioreactor Liquid compartment : glass 

Gas compartment : inox 

 

membrane PTFE 

 

 

LEDs  

 

 

Oxygen absorber Solid copper  

Optical biomass sensor 

 

  

Biomass filter 

 

Glass fibres  

Sensors 
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Sampling 

 

  

Screws Aluminium  

 

Bacteria microorganisms:  

 

 

Arthrospira platensis 

 

 

Mass, dimensions and ISS resources 

Mass estimate: 

The mass estimate is based on the following assumptions.  

. Upload 

 Min 3 bioreactors (weight TBC) 
 Electronics : 500g per bioreactor 
 Container : about 1.5kg each 
 For 1 bioreactor (50 ml), 9 consecutive batches 

 50 ml within the first batch 
 8 syringes containing 50ml medium for refill 
 = min 450 ml medium per bioreactor  

 For samples 
 5ml per sample fixative 
 9 syringes containing 5ml fixative refill 
 = min 45 ml medium per bioreactor  

 Total (min):  
3*bioreactors weight + 3*500g + 3*1500g + 3*450g+ 3*45g 

Upload mass is estimated about 8kg. 

Download 

 We assume that the hardware is not brought back. 
 Samples (per bioreactor) 

 Final fresh sample from last batch ~ 5ml  15g 
 Medium + biomass samples (frozen) ~ 10ml*9 = 90 ml  270g 
 Fixed biomass samples ~ 5ml * 9 = 45 ml  135g 
 biomass ~ 180-360 mg 

 Total (min) :  15g +270g+135g 
 

Download mass is estimated about 0.42kg. 
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Dimensions: 

The hardware volume is roughly estimated to TBC cm³. 

Medium + sample upload volume are about 2l cm³. 

ISS resources: 

Power and telemetry are required, as well as the use of a microscope and digital camera. 

 

Model philosophy 

The following models shall be provided by the project team.  

 FM 

 FS 

 QM 

 TrM 

 Breadboard to pre-test 2 Level Of containment sealing of bacteria with cover plates / 
glasses. 

 

 Requirements to the equipment 
 

Please refer to the AD11.  

Masses, dimensions, drawings and photos 

Drawings of all hardware components can be found in the annexes (To be Completed) 

Mass and dimensions of all components can be found in the dedicated table of this chapter.  

Mass, configuration and identification label table 
The tables below show the individual components that make up the experiment hardware.  

(To Be Completed) 

Item  Item Item  Code Description Dimens.  

L x b x h  

or l x d 

[mm] 

No. Mass [kg] 

Liquid 

compartment 

   Experiment hardware 

 

20x57  TBD 

Medium + 

biomasse up 

      1.485 

Electronics       0.5 
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container 

      1.5 

 Compact 

Flashy 

Card 

  Compact Flash Card to record 

images from astronaut and 

hardware 

 

43x36x4 1 0.009 

 Digital 

video Tape 

 ISM-MEF-

DVT 

Digital Video tape to record video 

images from astronaut and 

hardware 

 

65 x 48 x 

12 

1 0.02 

    Experiment container    

        

        

 

 
 

Applicable tests 

 

Test Test procedure Remarks / Notes 

QT   FM AT 
 

    1 2 

1. Cargo completeness       X X   

2. Check of outward appearance       X X   

3. Check of dimensions       X X   

4. Check of mass and position of centre of mass       X X   

5. Safety X     X    

6. Check of packaging       X X   

7. Vibrations during transportation             

8. Vibrations during insertion X           

9. Vibrations during landing  X          

10. Vibrations in orbit X           
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11. Shocks during insertion X           

12. Shocks during landing  X           

13. Linear g-loads during insertion A           

14. Linear g-loads during landing            

15. Humidity effects A           

16. Temperature during transportation (on 

ground) 

A        

 

17. Thermal cycle X           

18. Oxygen environment            

19. Pressure reduction/increase X           

20. Radiation conditions             

21. Pressure integrity test             

22. Insulation and breakdown           

23. Starting current (inrush current)          

24. Working consumption (power consumption)          

25. Check of operating properties, standalone 

tests 

       

  

26. Tests for electromagnetic compatibility            

27. Offgassing Test X           

28. Thermal vacuum / thermal balance test  X       

       

 X Test    

 A Analysis   
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Annex 1: Safety review process (rev. C) from 13830 document: 
Source 13830 rev. C. 

6.2  PHASE 0 SAFETY REVIEW 

 
The optional phase 0 safety review is provided as a service to the PO.  The objectives 
of the meeting are to: 
 
 Assist the PO in identifying hazards, hazard causes, and applicable safety 

requirements early in the development of the payload. 
 Adequately describe the hazard potential. 
 Answer questions regarding the interpretation of the safety requirements or the 

implementation procedures of this document. 
 Provide guidance to the PO for preparing the safety data required for subsequent 

safety reviews. 

6.2.1  Phase 0 Data Requirements 

The following data are required for the phase 0 SDP and must be submitted as stated in 

paragraph 4.3.1: 

a. For payload design and flight operations: 
 

(1) Conceptual payload description (including subsystems) and 
mission 
scenario. 

 
(2) Description of safety-critical subsystems and their operations. 
 
(3) Flight hazard reports (JSC Form 542B/Form 1230). 
 

 b. For GSE design and ground operations: 
 
(1) Conceptual payload description and brief mission scenario. 
 
(2) Conceptual GSE description and operations, and description of 

payload design that is safety critical during ground operations. 
 
(3) Ground operations scenario. 
 
(4) Ground hazard reports (JSC Form 542B). 

 
The description of the payload and its operation must be of sufficient detail to 
permit identification of all subsystems that may create hazards.  Emphasis should be 
given to those subsystems that store, transfer, or release energy.  The descriptions of 
the safety-critical subsystems must be of sufficient detail to identify the hazards in 
terms consistent with the conceptual design.  In addition, the PO shall address 
tentative plans for any flight operation (e.g., extravehicular activity, re-verification of 
hazard controls) or ground operation that would require personnel certification to 
perform hazardous procedures. 
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6.2.2  Phase 0 Hazard Reports 
 
The purpose of a phase 0 hazard report is to document and scope the specific 
hazards identified.  It is intended to be a working document for discussion and 
critique at the phase 0 safety review and will not require signatures.  A hazard report 
must be prepared for each unique hazard identified in the safety analysis.  The 
hazards contained on the phase 0 hazard report must reflect the payload conceptual 
design and operations existing at the time of the phase 0 review.  For phase 0, the 
PO may identify hazard controls, verification methods, or status of verifications. 
 

6.3  PHASE I SAFETY REVIEW 

The purpose of the phase I safety review is to obtain PSRP/GSRP approval of the 
updated safety analysis that reflects the preliminary design and operations scenario 
of the payload.  At this point, the PO shall present a refined safety analysis that 
identifies all hazards and hazard causes inherent in the preliminary design; evaluates 
all hazards for means of eliminating, reducing, or controlling the risk; and establishes 
preliminary safety verification and on-orbit verification/reverification methods.  The 
PO shall provide a preliminary identification of the payload interfaces and of the 
hazards presented by these interfaces. 
 
 
6.3.1  Phase I Data Requirements 
 
The following data are required for the phase I SDP and must be submitted as stated 
in paragraph 4.3.1: 
 

 a. For payload design and flight operations: 
 

(1) Updated payload description (including subsystems) and mission 
scenario. 

 
(2) Updated descriptions of safety-critical subsystems and their 

operations, including schematics and block diagrams with safety 
features, inhibits, and controls identified.  Identify any safety-
critical subsystems that are computer controlled, and identify 
the functional architecture associated with that computer 
control. 

 
(3) Updated and additional flight hazard reports (e.g., JSC Form 

542B/JSC Form 1230) including appropriate support data (see 
section 7).  For payloads that have catastrophic hazard potential, 
document the verification program outlined in NSTS/ISS 18798. 

 
(4) A summary list (in the payload description) of orbiter- and/or ISS 

program-provided critical services, and an explanation (in the 
appropriate hazard reports) of the orbiter and/or ISS services 
used to control and/or monitor payload hazards (NSTS 1700.7 
and NSTS 1700.7 ISS Addendum, current version). 

 
(5) For ISS payloads, a presentation of the Fire Detection and 

Suppression (FDS) implementation approach.  For sub-rack 
payloads, the PO shall address the integrated system approach 
(using sub-rack services and/or ISS services) to fully define the 
FDS implementation strategy.  In addition, submit JSC Form 1428 
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to document methods and verifications used to detect and 
suppress a fire event for each payload volume. 

 
(6) Discussion of design features supporting 

verification/reverification of hazard controls on-orbit and 
associated constraints. 

 
(7) A tabulated list of tentative toxic materials and support data per 

JSC 27472 (see section 4.3.1.4). 
 
(8) A list of all battery types, their uses, manufacturer, and 

applications. 
 
(9) A preliminary description of all pyrotechnic devices and their 

functions. 
 
(10) Preliminary on-orbit maintenance safety assessment as outlined 

in NSTS/ISS 18798. 
 

 b. For GSE design and ground operations: 
 
(1) Updated payload description and brief mission scenario. 
 
(2) Updated descriptions of GSE, payload subsystems that present a 

potential hazard during ground processing, and their ground 
operations.  Schematics and block diagrams with safety features 
and inhibits identified should be included.  Design data for 
hazardous systems (pressure, lifting, etc.) shall be summarized in 
a matrix.  Contact the GSRP Chairman for sample formats. 

 
(3) Updated ground operations scenario including postflight ground 

operations at the primary, alternate, and contingency landing 
site.  The scenario should highlight unique payload requirements 
at the launch pad, such as continuous power through a T-0 
umbilical. 

 
(4) Updated ground hazard reports (JSC Form 542B) including 

appropriate support data. 
 
(5) Ordnance data required by the current version of KHB 1700.7, 

Appendix D. 
 
(6) Estimated KSC on-dock arrival date. 

 
 
6.3.2  Phase I Hazard Reports 
 
The PO shall prepare phase I hazard reports for each hazard identified as a result of 
the safety analysis for the preliminary design and operations scenario of the payload.  
Hazard reports shall be added to or deleted from those agreed to during phase 0 to 
reflect the updated safety analysis.  Rationale for deleting a hazard agreed upon at 
phase 0 shall be presented during the phase I review. 
 
For phase I, the PO shall identify hazard controls for each hazard cause identified at 
phase 0.  A direct correlation between each hazard cause and the corresponding 
hazard control(s) must be clearly shown on the report.  Sufficient supporting 
information detailing each hazard control must be provided. 
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Verifications should include the types of tests, analyses, inspections, or procedures 
to be used to verify each hazard control, including all orbiter- or ISS-provided 
services or interfaces, both prelaunch and on-orbit.  A direct correlation between 
each verification method and the corresponding hazard control must be clearly 
shown on the report.  Each verification item should be independent and have a 
designator that allows for individual tracking of verification status. 
 
Manufacturing/assembly procedures/processes that are critical in controlling 
hazards that cannot or will not be verified by subsequent inspection or test must be 
verified during the manufacturing/assembly process.  An independent verifier, as 
specified by the PO, shall attest to proper completion of the procedure/process.  
Critical procedures/processes, which require special monitored verification 
(Mandatory Inspection Points [MIPs]), shall be identified in preliminary fashion (NSTS 
1700.7 and NSTS 1700.7 ISS Addendum, current version). 
 
If available, the PO should provide a tentative schedule for completion of each 
verification task and correlate with the integration schedule. 
 

6.4  PHASE II SAFETY REVIEW 
 
The purpose of the phase II safety review is to obtain panel approval of the updated 
SDP that reflects the CDR-level design and operations scenario of the payload.  The 
phase II safety analysis identifies all hazards and hazard causes; defines and 
documents implementation of a means for eliminating, reducing, or controlling the 
risks; and documents finalized, specific safety verification and on-orbit 
verification/reverification methods (test plans, analysis, and inspection 
requirements, etc.).  Payload interfaces, mission and ground operations, procedures, 
and timelines that were not addressed during the phase I safety review shall be 
assessed for safety hazards.  The payload interfaces to be assessed shall include 
those between the Shuttle and/or ISS and the payload and among the various 
components that make up the payload (the spacecraft, upper stages, space 
platforms, pallets, experiments, ASE, ancillary flight equipment, GSE, KSC Facilities, 
GFE, etc.).  Newly identified hazards shall be documented in additional hazard 
reports.  For this review, the PO should provide the estimated KSC on-dock arrival 
date. 
 
 
6.4.1  Phase II Data Requirements 
 
The following data are required from the PO for phase II and must be submitted as 
stated in paragraph 4.3.1: 
 

 a. For payload design and flight operations: 
 

(1) Updated payload description (including subsystems) and mission 
scenario. 

 
(2) Updated descriptions of safety-critical subsystems and their 

operations, including schematics and block diagrams with safety 
features and inhibits identified.  Provide electrical schematics 
that clearly identify the required number of independent 
inhibits, controls, and monitoring provisions.  Present a summary 
of the test and analytical efforts required to verify the intended 
performance of all safety-critical hardware. 
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For a computer-based control system that is used to prevent 
critical/catastrophic hazards, provide the following 
data/descriptions: 
 

 Functional architecture 

 Expected interactions 

 Results of unexpected interactions 

 Protections for common cause failures 

 Development process for databases, hardware, software, 
and hardware/software 

 
(3) Updated and additional flight hazard reports (e.g., JSC Form 

542B/JSC Form 1230), including appropriate support data (see 
section 7).  For payloads that have catastrophic hazard potential, 
document the verification program outlined in NSTS/ISS 18798. 

 
(4) Updated summary list and explanation of orbiter- and/or ISS-

provided critical services. 
 
(5) For ISS payloads, an update of the FDS implementation 

approach.  Include information on use of forced air flow, wire 
derating, circuit protection, materials usage, parameter 
monitoring (fan speeds, temperatures, current, etc.) and 
responses to an out-of-limit condition, and suppression 
approach.  For sub-rack payloads, the PO shall address the 
integrated system approach (using sub-rack services and/or ISS 
services) to fully define the FDS implementation strategy.  
Updated JSC Form 1428 to reflect specific test (or analysis) 
procedures to be used along with the schedule for completion of 
FDS verification tests, analyses, or inspections. 

 
(6) Verification methods associated with hazard controls that 

require on-orbit verification and/or re-verification and the 
applicable approach (include rationale, constraints, and detailed 
methodology.) 

 
(7) An updated tabulated list of planned toxic materials and support 

data per JSC 27472 (see section 4.3.1.4).  Updates should include 
changes in test materials, changes in test conditions, and any 
alternate test materials. 

 
(8) Updated list of all battery types, their uses, manufacturer, and 

applications. 
 
(9) A list of all pyrotechnic devices, their functions, chemical 

composition, critical components inspection plan, verification 
plan, and aging degradation evaluation plan. 

 
(10) List of hazard controls that require crew procedures and/or 

training. 
 
(11) A record of test failures, anomalies, and accidents involving 

qualification or potential flight hardware.  Include a safety 
assessment for items which may affect safety. 
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(12) The status of all action items assigned to the PO during phase I. 
 
(13) Detailed on-orbit maintenance safety assessment as outlined in 

NSTS/ISS 18798.  Identify maintenance activities, safe access 
areas, and re-verification of safety critical features. 

 
 b. For GSE design and ground operations: 

 
(1) Updated payload description and brief mission scenario. 
 
(2) Updated descriptions and matrices of the GSE, the payload 

subsystems that present a potential hazard during ground 
processing, and their ground operations.  Include updated 
schematics and block diagrams with safety features and inhibits 
identified.  Electrical schematics must show all payload/GSE 
grounding. 

 
(3) Updated ground operations scenario, including post-flight 

ground operations at the primary, alternate, and contingency 
landing sites. 

 
(4) Updated and additional ground hazard reports (JSC Form 542B), 

including appropriate support data. 
 
(5) Updated ordnance data required by the current version of KHB 

1700.7, Appendix D. 
 
(6) Updated KSC on-dock delivery date. 
 
(7) Specific engineering drawings and stress analyses of subsystems 

when requested by the GSRP Chairman. 
 
(8) A list of safety-related failures and mishaps that have occurred. 
 
 
(9) The status of all action items assigned to the PO during phase I. 
 
(10) A list of technical operating procedures that will be used at KSC 

with a preliminary designation as to which ones are considered 
hazardous. 

 
6.4.2  Phase II Hazard Reports 
 
The PO shall prepare the phase II hazard reports by revising the phase I hazard 
reports to reflect the completed payload design and flight/ground operating 
procedures.  If the payload design changes from phase I to phase II so that a phase I 
hazard report may be deleted, present a brief statement of rationale for deleting the 
report in the phase II SDP.  The GSRP/PSRP will disposition the hazard reports. 
 
Address all critical procedures/processes, including the plan for verification.  
Verifications shall refer to specific test (or analysis) procedures and summarize 
pass/fail criteria to be used.  Specify the schedule for the completion of each specific 
verification test, analysis, or inspection. 
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6.5  PHASE III SAFETY REVIEW 
 

The purpose of the phase III safety review is to obtain PSRP/GSRP approval of the 
SDP and safety compliance data that reflects the safety verification findings.  The 
focus of this review is to assess safety verification testing and analysis results.  If 
verifications critical for establishing the acceptability of the fundamental design of 
the payload for safety are not completed prior to the phase III review, then 
subsequent reviews may be required prior to hazard report approval.  All 
verifications that are open at the time of the phase III SDP submittal must be 
included on the safety VTL.  Items listed on the VTL should be planned open work 
items, such as ground processing at KSC. 
 
6.5.1  Phase III Data Requirements 
 
The following data are required for the phase III SDP and must be submitted as 
stated in paragraph 4.3.1: 

 
 a. For payload design and flight operations: 
 

(1) Final as-built payload description (including subsystems) and 
mission scenario. 

 
(2) Updated descriptions that define the final configuration of the 

safety-critical subsystems and their operations, including 
schematics and block diagrams with the as-built payload safety 
features and independent inhibits, controls, and monitoring 
provisions identified.  Address applicable features and 
constraints relating to on-orbit verification/re-verification of 
hazard controls. 

 
For a computer-based control system that is used to prevent 
critical/catastrophic hazards, provide verifications for the 
following: 

 Functional architecture 

 Expected interactions 

 Results of unexpected interactions 

 Protections for common cause failures 

 Flight article databases, hardware, software, and 
hardware/software operate as designed 

 
(3) Updated (and additional, if required) flight hazard reports, 

including support data that reflect the final configuration of the 
as-built payload and planned use.  For payloads that have 
catastrophic hazard potential, document the verification 
program outlined in NSTS/ISS 18798. 

 
(4) Final summary list and explanation of orbiter- and/or ISS-

provided critical services. 
 
(5) For ISS payloads, a finalized FDS implementation approach.  

Include information on use of forced air flow, wire derating, 
circuit protection, materials usage, parameter monitoring (fan 
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speeds, temperatures, current, etc.) and responses to an out-of-
limit condition.  For sub-rack payloads, the PO shall address the 
final integrated system approach (using sub-rack services and/or 
ISS services) to fully define the FDS implementation strategy.  
Final JSC Form 1428 to summarize the results of the completed 
tests, analyses, and/or inspections and refer to particular test 
reports by document number, title, and date. 

 
(6) Updated (and additional, if required) verification methods 

associated with hazard controls that require on-orbit verification 
and/or reverification and the applicable approach (include 
rationale, constraints, and detailed methodology). 

 
(7) A final tabulated list of toxic materials and support data per JSC 

27472 (see section 4.3.1.4), including additions and changes in 
test materials, changes in test conditions, and any alternate test 
materials. 

 
(8) A final list of all battery types, their uses, manufacturer, and 

applications. 
 
(9) A final list of all pyrotechnic devices installed or to be installed on 

the payload.  The list will identify for each cartridge the function 
to be performed, the part number, the lot number, and the serial 
number. 

 
(10) Updated list of hazard controls that require crew procedures and 

/or training. 
 
(11) An updated record of test failures, anomalies, and accidents 

involving qualification or potential flight hardware or baselined 
flight software if the software is used for hazard control.  Include 
a safety assessment for items which may affect safety. 

 
(12) The status of all action items assigned to the PO through phase II. 
 
(13) Payload Flight Safety VTL (JSC Form 764). 
 
(14) Identification of flight safety non-compliances.  Flight safety 

NCRs must be approved as either a waiver or a deviation before 
the phase III safety review can be completed.  A signed copy of 
each approved safety waiver and/or deviation shall be included 
in the phase III SDP attached to the appropriate hazard report. 

 
(15) Final/updated on-orbit maintenance safety assessment as 

outlined in NSTS/ISS 18798. 
 

 b. For GSE design and ground operations: 
 
(1) Final as-built payload description and brief mission scenario. 
 
(2) Updated descriptions and matrices defining the final 

configuration of the GSE, the payload subsystems that are 
potentially hazardous during ground processing, and their 
ground operations.  Include updated schematics and block 
diagrams with the as-built safety features and inhibits identified. 
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(3) Updated and finalized ground operations scenario, including 
postflight ground operations at the primary, alternate, and 
contingency landing sites. 

 
(4) Updated and additional ground hazard reports, including support 

data that reflect the final configuration of the as-built GSE and 
planned payload/GSE use. 

 
(5) Updated and finalized ordnance data required by the current 

version of KHB 1700.7, Appendix D. 
 
(6) Updated and finalized KSC on-dock delivery date. 
 
(7) Specific engineering drawings and stress analyses of subsystems 

when requested by the GSRP Chairman. 
 
(8) A summary and safety assessment of all safety-related failures 

and accidents applicable to payload processing, test, and 
checkout.  Identify impact to the Space Shuttle, other payloads, 
and facilities. 

 
(9) The status of all action items assigned to the PO through phase II. 
 
(10) Finalized list of technical operating procedures that will be used 

at KSC with the hazardous procedures clearly identified.  The list 
shall also state the proposed first use of the procedure at KSC. 

 
(11) Verification that each payload flight system pressure vessel has a 

pressure vessel logbook that shows pressurization history, fluid 
exposure, and other applicable data.  This verification should 
account for the planned testing at KSC. 

 
(12) Payload Ground Safety VTL, if required. 
 
(13) Certificate of Payload Safety Compliance (JSC Form 1114A) 

signed by the PO program manager for GSE design and ground 
operations. 

 
(14) Procedural hazard control matrix that identifies hazard control 

criteria within the associated work-authorization documents for 
all procedural hazards.  Contact GSRP Chairman for format. 

 
(15) Identification of ground safety noncompliances.  Ground safety 

noncompliances must be approved as either a waiver or a 
deviation before the phase III safety review can be completed.  A 
signed copy of each approved waiver/deviation shall be included 
in the phase III SDP (see section 10). 

 
6.5.2  Phase III Hazard Reports 
 
The phase III hazard reports shall reflect the final, as-built design and operations of 
the payload and GSE.  If the payload or GSE design is changed from phase II to phase 
III, so that a phase II hazard report may be deleted, provide in the phase III SDP a 
brief statement of rationale for deleting the report.  By phase III, all safety analysis 
efforts should be completed.  Verifications completed by phase III shall be indicated 
as such on the hazard report and shall refer to particular test reports, analyses 
reports, and/or inspection records by document number, title, and date.  Additional 
information that may be required to support phase III verification closure includes 
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the results of the completed tests, methods of verification, analyses, and/or 
inspections.  Copies of the appropriate ground safety verification documentation 
shall be provided with the ground phase III hazard reports.  This verification 
documentation shall consist of those items agreed to by the Payload Organization 
and the GSRP.  
 
For those hazards controlled by the design-for-minimum-risk approach (per the 
current version of NSTS 1700.7, paragraph 200.2), in addition to data provided for 
phases I and II, the PO must provide additional data listed in section 7 of this 
document. 
 
For payload systems having catastrophic hazard potential for the vehicle or crew as a 
result of operations in or near the vehicle, see paragraph 4.1.3. 
 
6.5.3  Verification Tracking Log 
 
All flight safety verifications that are still incomplete at Phase III, must be “closed” on 
the hazard report and transferred to the flight safety VTL for further tracking.  This 
log will allow the PSRP Chairman to sign the hazard reports, indicating completion of 
the safety analysis, but with the understanding that approval for flight will be 
withheld until all flight verification activity is completed. 
 
Similarly, all open ground verifications must be listed on the ground safety VTL.  This 
log will allow the GSRP Chairman to sign the hazard reports, indicating completion of 
the ground safety analysis.  Open ground verifications and open flight verifications 
that have been identified as a constraint against payload processing must be closed 
before the applicable ground operation can be performed. 
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Annex 2: Fact sheets 
Equipment name Long-term cultivation of Arthrospira in the International Space Station 

  

Short name LARISS 

  

Discipline Educational science 

  

Summary Be a UNICEF WASH window, providing concrete and catchy support, with 

ground spin-off for underdeveloped countries. Characterize the effects of 

space environment on Arthrospira platensis, micro-organism envisaged as 

part of a closed-loop regenerative life support system  

  

Required hardware   

  

Estimate of required 

crew time 

6h30 for the whole length of the experiment 

  

Experiment duration 4 months 
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 13 Annex 3: Timelines 
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Appendix F: LARISS Experiment Scientific Requirements 
 

 

 

Long-term cultivation of Arthrospira in the 

International Space Station 

(LARISS) 

 

Experiment Scientific Requirements 

 

 

 

 

 

Document reference  TEC-MCT/2008/3626/IN/CL/ 

Issue 1 

Revision 0 

Date of issue 14th March 2008 

Status Draft 

Document type Requirements 

Distribution  
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List of acronyms 

 

 

AD Applicable Document 

CI Centrifuge Insert (of ISS facilities) 

EC Experiment Container 

EH Experiment Hardware (composed of Experiment Units and Experiment 

Container) 

EMC Electro-Magnetic Compatibility 

ESA European Space Agency 

EU Experiment Unit 

FM Flight Model 

GM Ground Model 

GSE Ground Support equipment 

HMST Hazardous Materials Summary Table 

ISS International Space Station 

LDM Long Duration Mission 

M Mole 

NASA National Aeronautics and Space Administration 

OS Operative System 

OD Optical Density 

PAR Photosynthetic Active Range (light spectrum) 

PI Principal Investigator or Passive Insert 

PSRP Payload Safety Review Panel 

RD Reference Document 

RSM Russian Service Module 

SoW Statement of Work 

SRD System Requirements Document 

TBC To Be Confirmed 

TBD To Be Defined 

TRM  Test-Reference Model 

MELISSA       Micro-Ecological Life Support System Alternative 
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Introduction 
 

Project ID:  LARISS 

Experiment full title: Long-term cultivation of Arthrospira in the International Space Station  

Experiment Cornerstone: Life Support, Education, Cell and molecular biology 

Proposed Experiment acronym: LARISS 

Science Team Coordinator coordinates: 

Dr. Natalie Leys 

Molecular and Cellular Biology 

Institute of Environment, Health and Safety 

Belgian Nuclear Research Center (SCK/CEN),  

Boeretang 200, B-2400 MOL,  

BELGIUM 

Tel: +32 14 33 27 26 

Fax: +32 14 31 47 93 

E-mail: nleys@sckcen.be 

 

Other key partners of the scientific team (if applicable): 

Prof. Gilles Dussap 

Laboratoire de Genie Chimique Biologique (LGCB) 

Universite Blaise Pascal (CUST) 

24 Av des Landais 

BP 206 63174 Aubiere cedex FRANCE 

Tel: +33 73 40 74 30 

Fax: +33 73 40 78 29 

E-mail: dussap@ubpmes.univ-bpclermont.fr 

 

Prof. Ruddy Wattiez 

Research Associate FNRS 

Department of Proteomics and Protein Biochemistry 

University of Mons-Hainaut 
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6 av. du Champs de Mars 

B-7000 Mons 

BELGIUM 

Tel: +32 65 37 33 12 

Fax: +32 65 37 33 20 

E-mail: ruddy.wattiez@umh.ac.be 

 

ESA Science Project coordinator: 

  

- Rogier Schonenborg 
- Christel Paille 

 

General description 
 

Aim: 

The aim of this experiment is to teach young students about the importance of science for space 

exploration and the benefit of scientific developments made for space exploration for earth based 

applications.  

This experiment will provide the scientific support to the education program foreseen within the 

mission of Frank de Winne on the International Space Station, scheduled for flight between April and 

September 2009, and it will determine the effect of long-term exposure to spaceflight conditions on 

Arthrospira sp. growth and physiology.  

Specific goals:  

1. Educational goals 

The general objective of this project is to provide a scientific support to the education program 

foreseen within the mission of Frank de Winne on the International Space Station, between April 

and September 2009.   

This experiment will show to students :  

- that bacteria can be cultured in bioreactors in the space station 
- that bacteria can be used to purify water, produce oxygen, and as food supply to support life 

of astronauts in space in the future 
- that special imaging, molecular and chemical techniques allow to follow up what is 

happening inside and around bacterial cells, which are invisible by the naked eye  
- that mathematics, informatics and engineering disciplines and specialists are needed to 

predict and control biological processes to develop life support systems 

mailto:wattiez@umh.ac.be
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- that good scientific experiment need to be done in replicates and statistics are needed to 
have confident data 

 

2. Scientific Goals 

For this, we propose to study the effect of spaceflight conditions on the cyanobacterium Arthrospira 

sp. PCC8005, a candidate for use in spacecraft life support systems.  

This experiment will allow the scientist :  

- To study the adaptive response of Arthrospira sp. to spaceflight conditions during long-term 
periods at the morphologic, physiologic, proteomic and genetic level.  

- To determine the kinetic growth parameters for subsequent mathematical modelling of 
Arthrospira sp. under spaceflight conditions. 

- To Assess the proper functioning of a membrane bioreactor in spaceflight conditions 
 

General Description: 

The UNICEF WASH project aims to promote new environmental methods for under-developed 

countries, as well as popularizing knowledge of the relevant issues and solutions. The MELiSSA 

system is a closed-loop life support system developed by ESA and various science partners 

(SCK●CEN, UBP…) for water purification, oxygen and food production based on waste recycling by 

bacteria for long term manned space flight. However, the development of MELiSSA has supported 

several ground spin-off applications and is related to WASH through the development of recycling 

processes and systems for Africa (for instance, an isolated village in Tchad can be assimilated to a 

closed-loop system).  

The final application of the MELiSSA system for space flight asks for a space environment test of the 

bacteria which are the key components in each loop compartment. Therefore an ISS experiment for 

a MELiSSA bacteria Arthrospira sp. has been proposed in this framework. This bacteria is a candidate 

for an autonomous life support system due to its photosynthetic abilities and the fact that it is 

comestible. Such a space experiment gives a very strong visibility to the WASH project, and 

contributes to improve the design of the MELiSSA loop. 

Following this guideline, an exciting challenge is raised among European universities, who are 

proposed to be the experimental ground check for LARISS. They have to carry on a procedure as 

similar as possible to the one performed onboard ISS by the astronaut Frank de Winne.  

An agreement with the MELiSSA team has been made, and the scientific inputs and outputs of the 

experiments concern the cyanobacterium Arthrospira sp. PCC8005, which is a candidate for use in 

spacecraft biological life support systems. However, to ensure the reliability of such a biological life 

support system it is necessary to characterize the response of Arthrospira sp. to in situ spaceflight 

conditions. Therefore, investigation of Arthrospira sp. response under spaceflight conditions, grown 

during long-term and short-term periods, at the morphologic, physiologic, proteomic, genetic and 
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growth kinetics level will be performed. The kinetic growth parameters derived from the spaceflight 

experiment will be used for subsequent mathematical modelling of both Arthrospira sp. growth 

under spaceflight conditions, and bioreactor performances. 

In order to diminish the constraints linked to continuous culturing, a system of fed-batch cultures 

will be used in order to maintain the cultures at a constant specific growth rate during the length of 

the mission. The fed-batch alternative will work as follows : (i) a first batch culture is inoculated 

before flight; (ii) the experiment starts after loading of the hardware on the ISS and initialisation of 

the sample illumination system; (ii) once the first batch reach a determined growth state, 90% of the 

cultures are removed from the bioreactor (partially used for sampling), and replaced by fresh 

medium in order to start a new batch ; (iii) the procedure is repeated several times until the end of 

the mission. In the end, the same initial inoculum will have grown under a constant specific growth 

rate during the total length of the mission. 

Fed-batch cultivations 
 

 Experiment Hardware (EH) performance requirements: 
 

 Samples: 

 Minimum/preferred quantity of experiment units 

Min : 3 bioreactors (min required for statistics) 

Preferred 5 

 Minimum/preferred quantity of samples per experiment unit (sampling frequency): 

Min & Preferred & Max. frequency: 1 sampling at the end of each batch 

(Sampling during the batch will disturb the culture kinetics) 

 If pure biomass has to be sampled, how much Biomass is required per sample and what 
types of sample do you intend (e.g. Agarplate, filtered Biomass etc.): 

Samples will be taken at the end of each 50ml batch culture , for different purposes : 

-  min. 30 ml of culture will be filtered and the Biomass from the medium sill be fixed with 

the RNALater (Ambion) fixative agent for post-flight analysis. A final amount of  biomass 

0.4-0.8 mg dry weight per ml of culture is expected at the end of the batch culture at 

maximal density.  

- min. 10 ml of culture (medium + biomass) will be sampled and frozen-20°C (non-fixed). 

- 5ml of culture will remain in the reactor as inoculum for the following batch; for the 

final batch culture (last batch at the end of the mission)  these 5ml will be kept unfixed at 

4°C and returned for post-flight flow cytometry analysis. 
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- a small fraction of culture (medium + biomass) (vol hardware dependent, e.g. ~100 µl) 

will be used for in situ microscopy analysis. 

 If a liquid culture is sampled, how much medium is needed per sample (ml): 

Samples will be taken at the end of each 50ml batch culture , for different purposes : 

-  min. 30 ml of culture will be filtered and the Biomass from the medium sill be fixed with 

the RNALater fixative agent for post-flight analysis. A final amount of  biomass 0.4-0.8 

mg dry weight per ml of culture is expected at the end of the batch culture at maximal 

density.  

- min. 10 ml of culture (medium + biomass) will be sampled and frozen-20°C (non-fixed). 

- 5ml of culture will remain in the reactor as inoculum for the following batch; for the 

final batch culture (last batch at the end of the mission)  these 5ml will be kept unfixed at 

4°C and returned for post-flight flow cytometry analysis. 

- a small fraction of culture (medium + biomass) (ca. 100 µl) will be used for in situ 

microscopy analysis. 

 What kind of a fixative (composition) is used for the samples and how much is needed 
per sample weight (Biomass) or sample volume (ml): 

The fixative agent is the RNA-later reagent (Ambion). It is based on detergent but the 

exact composition is unknown (patented). The reagent-to-culture volume ratio is 2/1. As 

the biomass will be filtered from the medium, the dilution ratio can be reduced to 1/1. 

The fixed sample should be stored at -20°C. 

 How good is the solubility of the samples in the fixer (do you need initial stirring of both 
substances to mix them): 

After addition of fixative to the filtered biomass, resuspension of the biomass is required 

to allow the fixative to penetrate all cells immediately and allow the fixation reaction to 

be completed during 1 hour at ambient temperature.   

 What are the outgasing properties of stored and fixed samples; do the samples need a 
venting/expansion mechanism: 

Not applicable : fixed and frozen cells are inactive.  

 Exact definition (with margins) of ALL environmental parameters for the samples, during 
the experiment: 

■ Temperature: homogeneous; min 35°C preferred 36°C max 37°C 

■ Gravity: 0g 

■ Partial gas pressure: Total pressure measurement is mandatory, O2 
measurement not necessary  

■ Gas composition: atmospheric at start, pure oxygen is produced by the 
bacterium during cultivation 
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■ Gas quantity in media: gas produced should be allowed to separate from the 
medium through a gas permeable membrane  

■ Light requirements including wavelengths (or light type) & intensity needed: 

white or red LEDs. Preferred : 23 mol.m-2.s-1, i.e. 5 W.m-; ; Max : 46 mol.m-2.s-1, 
i.e. 10 W.m-2  

 Exact definition (with margins) of ALL environmental parameters for the samples, after 
the experiment, for storage onboard: 

■ Temperature: min, preferred, max 

- Fixed samples :  min -21°C, preferred-20°C, max -19°C 

- Medium+Biomass : min -21°C, preferred-20°C, max -19°C 

- Final fresh sample : min 3°C, preferred 4°C, max 6°C  

■ Gravity: not relevant, fixed and frozen cells are inactive. 

■ Partial gas pressure: not relevant, fixed and frozen cells are inactive. 

■ Gas composition: not relevant, fixed and frozen cells are inactive. 

■ Gas quantity in media: not relevant, fixed and frozen cells are inactive. 

Light requirements including wavelengths (or light type) & intensity needed: 

dark 

■ Maximum storage time on-board:  

- Fixed and frozen samples : up to 4 months at -20°C 

- Fresh samples, up to a few months (<3 months) in the dark 

 Exact definition (with margins) of ALL environmental parameters for the samples, after 
the experiment for landing and recovery: 

■ Temperature:  min, preferred, max 

- Fixed and frozen samples : min -21°C, preferred -20°C, max --19°C 

- Final fresh sample: min 3°C, preferred 4°C, max 6°C  

■ Gravity: 1g 

■ Partial gas pressure: not relevant, fixed and frozen cells are inactive. 

■ Gas composition: not relevant, fixed and frozen cells are inactive. 

■ Gas quantity in media: not relevant, fixed and frozen cells are inactive. 

■ Light requirements including wavelengths (or light type) & intensity needed: 
dark 

■ Maximum time span between landing and handover to scientists: 36h 

 

 Sensitivity of samples to accelerations/vibrations and definition of limit levels: 
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 Min and max shear/compressive force required/allowed on samples (where applicable, 
e.g. if media refreshment/filtering is required): 

 Max/min pressure required/allowed on samples: 

The bacterial cells are sensitive to mechanical stresses, but no limits for 

acceleration, vibration, shearing or compressive forces have been defined.  

The possible sources of mechanical stress on the samples (e.g. during launch) 

shall be assessed during the design of the hardware and development solutions 

shall be tested to guarantee the survivability of the samples. 

 Sensitivity of samples/fixer to other media (e.g. pollutants, chemicals, canister material): 

The biocompatibility of the bacterium with the proposed hardware materials and 

cleaning procedures need to be tested. 

 Handling requirements (eg. Time limit on survival of samples outside of incubator at 
ambient temperature): 

Thawing of the frozen samples has to be avoided. 

 Culture chamber: 

 Dimensions/weight of Culture medium (e.g. Agar plate) if a solid medium is used: 

Not relevant  

 Culture chamber liquid volume if a liquid culture is used: 

Min & Preferred : 50 ml 

 Culture chamber gas volume 

Min: 12.5ml ; Max : 25ml  

Liquid/gas volume ratio : for a culture in medium at pH ≥ 8.3, the liquid/gas volume ratio 

should be ≥ 2 

 Special requirements on dimensions/geometry/aspect ratios (e.g. gas/liquid ratio): 

Liquid compartment separated from gas compartment by gas permeable membrane 

(oxygen and carbon dioxide permeable, non water vapor permeable) 

Liquid Volume/surface ratio for the membrane : 2 cm  

Liquid compartment : Cylindrical chamber preferred, e.g. 5.7cm diameter, 2cm height, 

for homogenous illumination. 

 Requirements on illumination (wavelength, irradiance, continuous/flashing etc.) 

preferred 5 W/m-2; max: 10 W/m-2 , continuous, white  spectrum  

(Higher light intensity will enhance the bacterial growth speed, which will increase the 

oxygen production rate and reduce the batch culture time, finally demanding more 

batches and more medium volumes for spanning the same 4 months of culture time.)  

LED reference and properties : NICHIA white LED NSPW310DS 
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I = 6.8 cd 

θ = 20 ° = 0.35 rad                        Ielec = 
064.0

)cos1(2  I
= 40.5 lm/W 

U = 3.2 V 

η = 14.4 % 

Illumination must be uniformly over the reactor volume.  

 

 Environmental conditions within culture chamber (e.g. temperature, humidity): 

Temperature: min 35°C, preferred 36°C max 37°C 

Humidity: 

- in liquid chamber: only liquid (no gas accumulation allowed) 

- in gas chamber : no water vapor should be allowed to be transferred thought 
the membrane from the liquid culture chamber in the gas chamber  

Further requirements: 

- Stirring is mandatory to force the diffusion of the gas dissolved within the 
liquid media to pass the gas permeable membrane to the gas compartment, 
and thus avoid further formation of gas bubbles within the liquid chamber. 
Moreover, it will provide homogeneous illumination to the cells. The stirring 
system should be placed as close as possible to the membrane (speed 60-120 
RPM). 

- For the liquid compartment, it is recommend to use glass. It is possible to use 
transparent PVC or polycarbonate if the LED intensity flow is adapted to 
obtain the required light flux inside the culture chamber. 

- For the gas compartment, inox or aluminium can be used. 

 

 Special requirements on accessibility/visual inspection needs: 

Standard visual inspection of the culture green color by the astronaut (e.g. in comparison 

to a graded color chart) is recommended in order to estimate the health of the culture.  

Microscopic visual analysis of the culture is mandatory to assess the evolution of the 

cells/filaments morphology in situ.  

Standard visual inspection of the sensor displays (temperature, light, pressure) at regular 

intervals by the astronaut is preferred to detect of nominal situations.  
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 Special requirements in terms of observation (where applicable) and, if needed 
transparency/light transmission rate and refractive index of inspection windows 

Standard visual inspection of the culture green color by the astronaut (e.g. in comparison 

to a graded color chart) is recommended in order to estimate the health of the culture.  

Microscopic visual analysis is mandatory to assess the evolution of the cells/filaments 

morphology in situ.  

Standard visual inspection of the sensor displays (temperature, illumination, pressure, 

optical density) at regular intervals by the astronaut  is preferred to detect of nominal 

situations.  

 Tolerances with respect to accuracy of filling of culture chambers & acceptable variation 
between replicate culture chambers (e.g. Acceptable +/- variation in volume of liquid 
filled into chambers) 

±2% volume 

 Required pressure range inside gas chamber and estimated venting frequency if periodic 
venting is performed (for oxygen production measurement): 

Gas release valve opens at threshold value of 1.5 bars until 1 bar is reached. 

 What are the specifications of the membrane you want to use for liquid/gas separation 
(material, thickness, stiffness, diffusion coefficient for oxygen, water etc.):  

The 0.2 µm PTFE porous membrane (Sartorius®, France) is suggested as gas separator 

as it has been used for the ground based reactor studies. The thickness of this membrane 

is 57 µm. 

The membrane has to be placed above a 'sintered glass' type support to rigidify the 

membrane. The porosity of this sintered glass type support has to be large enough not to 

risk an additional pressure drop (porosity 2). Moreover, a nylon grid has to be positioned 

between the membrane and the magnetic stirring bar to avoid the frictions. At last, a 

tissue piece has to be placed between the membrane and the rough surface of the 

sintered glass type support in order to prevent potential distortions due to pressure 

changes.  

 Media in culture chamber, per experiment unit: 

 Specify all media needed for experiment conduction (e.g. culture medium, fixatives) and 
quantities, indicating also any special condition needed to preserve them, including all 
known sensitiveness /incompatibilities of media with other elements: 

■  Zarrouk culture medium ; Modified composition (Cogne et al*., 2003) :  
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  g/L 

 Vt milieu 1 L 

Solution {1} 80% de Vt 

K2HPO4 0.5 

NaHCO3 16.8 

Na2CO3 0 

Vf 800 mL 

Solution {2} 20% Vt 

NaCl 1 

CaCl2 0.03 

K2SO4 1 

MgSO4, 7H2O 0.08 

NaNO3 2.5 

EDTA 0.08 

FeSO4, 7H2O 0.01 

Vf 200 mL 

Solution {3} 1ml/Litre final 

MnCl2, 4H2O 0.23 

ZnSO4, 7H2O 0.11 

CuSO4, 5H2O 0.03 

Vf 1 mL 

 pH 8.3 

 

Solutions 2 and 3 can be mixed before autoclaving, but solution 1 has to be  kept 

apart to avoid the complexation of minerals and the loss of their bioavailability. 

Solutions are mixed  under sterile conditions after autoclaving. 

* Cogne, G., Lehmann, B., Dussap, C.G., Gros, J.B. (2003). Uptake of 

macrominerals and trace elements by the cyanobacterium Spirulina 

platensis (Arthrospira platensis PCC 8005) under photoautotrophic 

conditions: culture medium optimization. Biotechnol. Bioeng., 81, 588-593.  
 

■ For one 50ml reactor and 4 month fed-batch cultivation (~300h/batch): min 450 
ml.  

■ Fixative is RNA-later (Ambion), composition is unknown (patented). Min vol TBD 

 

 Are media replacements and/or injection in culture chamber during any phase of the 
experiment conduction required? (Verify this is in agreement with 4.2.8. functional 
objectives table) If yes specify:  

■ Type, time and number of media refreshments: 

Once a batch culture approaches the end of the linear growth phase, which we 

set for our purpose to a 300h running time standard, 90% of the liquid is 
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removed in a sterile way from the bioreactor (i.e. 45ml), after which it is replaced 

by an equivalent amount of fresh medium.  

During this operation effluent and influent should never be mixed to avoid 

dilution of the fresh medium by the exhausted medium. It is imperative that the 

effluent is removed before fresh media is added. 

It is mandatory that no gas formation is allowed in the liquid phase of the 

reactor during the procedure.  

■ Volume of medium refresh (micro-litres): 

For the scenario described above: 50ml inside reactor, 45ml per refreshment, 5ml 

remained as inoculum for the next batch culture.. 

■ Minimum media refresh and/or replacement rate (in % of culture chamber 
volume): 

90% vol refresh, between every batch (i.e. after 300 h) 

■ Level of variability in media replacement/injection between replicate chambers 
that is considered acceptable (+/- percentage of total volume or maximum 
absolute volume variation that can be accepted). 

±2% volume 

■ Requirements on sterility & cross contamination between chambers: 

All  fluid and gas exchanges must be performed absolutely sterile !  

As Arthrospira is a slow growing bacterium, any other fast-growing 

contaminating microorganism will overgrow the culture quickly and destroy the 

full culture and all following batches.   

 Filtration: 

 Is filtration of cells from medium required at any step in the experiment? If so pls. 
specify: 

During sampling (i.e. between two batches), biomass should be filtered from the medium 

in order to diminish the final volume of fixative/sample that has to be used to fix the 

cells. 

■ Type & nature of filter (pore size, composition) 

Glass fibres GF/F (Whatmann), pore size min. 0.2 m to max. 0.45µm. 

■ Desired flow rate through membrane & total volume required to pass through 
membrane (note: this parameter has to be linked to the requirements of max 
pressure/forces on the samples as well as on the filter pore size) 

Total volume required to pass through membrane : 30ml. Due to accumulation of 

cell material on the filter the flow rate will be reduced and can require more 

force towards the end of the filtration step.  



 

 

115 

 

 Is re-suspension of cells required after filtration? 

Re-suspension of the filtered cells in the fixative (RNA-later) is required. (e.g. by back 

flushing of the cells of the filter with the fixative solution) 

 

 Sterilisation and cleanability of experiment hardware: 

 Preferred sterilisation method (e.g. autoclaving, ethanol, UV-sterilisation) used to 
prepared hardware, as well as decontamination procedures (reagents, times etc) 

All parts and materials of LARISS which will come in contact with experiment samples 

shall be sterile. This requires full compatibility with one the following processes and 

chemicals: 

- wet heat sterilisation (autoclave : 121°C – 15min) (preferred!) 

- hydrogen peroxide (e.g. 10% H2O2 in water - overnight at room 
temperature, 3x rinsing with sterile water)  

- organic solvents (ethanol, isopropanol, acetone) (e.g. 3x rinsing with 70% 
ethanol in water)  

All parts and materials of LARISS which will come in contact with experiment samples 

shall be free from DNA, RNA and proteins. This requires full compatibility with one the 

following processes and chemicals: 

- washing parts with DEPEC (Diethyl pyrocarbonate) water & autoclaving in 
wet heat (20min, 121°C, 1bar) plus Gamma-irradiation  

- Dry ‘baking‘ in oven (240°C – 15min) 

 Which parts of the hardware have to be sterilized: 

Every component of the hardware that will come in contact with either the medium, the 

biomass and/or the samples. 

 Which chemical agents can be used for experiment hardware cleaning which will not 
harm the experiment samples. If applicable, specify boundary conditions and/or 
limitation on areas where this agents can be used (e.g. only on external surface of the 
EU/EH, after the culture chamber has been sealed) 

All chemicals are to be avoided in compartments that are in contact with either the 

medium, the biomass and/or the samples. 

 Indicate preference with reusable or single usage of culture / cultivation chambers 

Reusable. 

 

 Sensors: 

 Are there experiment variables that need to be measured and which value needs to be 
recorded (e.g. time/temperature/gas composition/…)? Please specify for each variable: 

■ Exact type of variable(s) to be measured: 
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 Temperature 

 Illumination 

 Pressure 

 Optical Density  

 Acceleration 

 Vibration 

 Radiation dosimetry 

 

■ Mission phase(es) in which the variable(s) needs to be recorded 

 Temperature during upload, cultivation and storage in ISS, and 
downlaod 

 Illumination during cultivation in ISS 

 Pressure during cultivation in ISS 

 Optical Density during cultivation in ISS 

 Acceleration  during upload and downlaod 

 Vibration during upload and downlaod 

 Radiation dosimetry cumulative over the full mission 

■ Measurement range 

 Temperature -25°C to 40ºC (for data logging during storage)  

 Illumination 1 W/m-2 to 20 W/m-2 

 Pressure 0,9-1,6 bar (absolute) 

 Optical Density wavelength 750 nm 

 Acceleration 0g ± 0.1g respectively 1g ± 0.1g 

 Vibration : launch vibration spectrum 

 Radiation – cumulative 

■ Measurement precision (sensor accuracy) 

 Temperature ± 0.5 °C 

 Illumination  ± 5 mol.m-2.s-1 (1 W.m-2) 

 Pressure ± 0.01 bar 

 Optical Density A750  ± 0.005 

 Acceleration ± 0.001g 

 Vibration - launch vibration spectrum 

 Radiation - not applicable 
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■ Sampling interval and rate 

 Temperature:1/min 

 Illumination:  record light source on/off and PAR irradiance logging 1/15 
min 

 Pressure: permanent monitoring, logging 1/min (at least 5 logged points 
per venting cycle) 

 Optical Density: 2 times/day 

 Acceleration: 1 per min. during launch and landing phase 

 Vibration:  1 per min. during launch and landing phase 

 Radiation – cumulative over total mission 

 

■ Any other special requirement (e.g. special wishes on accommodation of the 
sensor) 

Display for visual monitoring of temperature, illumination, pressure, and Optical 

Density by the responsible astronaut.  

Data log should be sent at regular intervals to the ground supporting scientist in 

order to follow the growth of the cultures (at least 2 times  per batch). 

 

■ Please indicate the necessity to have continuous recording of the variable(s), 
even in case of main power outages.  

Continuous monitoring required for the mission phases and intervals indicated above.   
 

Scientific requirements on operations 
 

 Biological Samples: 
 

Bacterium Arthrospira sp. PCC8005. 

 

 Experiment protocol 
 

For 4 months of on-board cultivation, and a batch length of ~300 hours  
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No Experimental phase Time span Environmental requirements 

1. Transport to the spaceport 72 hrs T: 4 °C 

dark 

2. Late access for inoculation of first 

batch  

24 hrs T: 4 °C 

dark 

3. Upload Max. 24 - 36 

hrs 

T: 4°C pref., ambient temperature 

Dark  absolutely required 

4. Start of 1st batch D1 

~ 300 hours 

T: 35-37 °C 

I: 10 W.m-2 PAR 

5. Sampling 

 for biomass analysis, fixed, 

 for chemical composition 
analysis, unfixed  

Day 13 For samples 

T: -20 °C 

dark 

6. In situ microscopy Day 13 T: 35-37 °C 

I: standard optical microscopy 

7. Start 2d batch (replacing 90%vol 

by fresh medium) 

D13 

~ 300 hours 

T: 35-37 °C 

I: 10 W.m-2 PAR 

8. Sampling 

 for biomass analysis, fixed, 

 for chemical composition 
analysis, unfixed  

Day 26 For samples 

T: -20 °C 

dark 

9. In situ microscopy Day 26 T: 35-37 °C 

I: standard optical microscopy 

10. Start 3rd batch (replacing 90%vol 

by fresh medium) 

D26 

~ 300 hours 

T: 35-37 °C 

I: 10 W.m-2 PAR 

11. Sampling 

 for biomass analysis, fixed, 

 for chemical composition 

Day 39 For samples 

T: -20 °C 
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analysis, unfixed  dark 

12. In situ microscopy Day 39 T: 35-37 °C 

I: standard optical microscopy 

13. Start 4th batch (replacing 90%vol 

by fresh medium) 

D39 

~ 300 hours 

T: 35-37 °C 

I: 10 W.m-2 PAR 

14. Sampling 

 for biomass analysis, fixed, 

 for chemical composition 
analysis, unfixed  

Day 52 For samples 

T: -20 °C 

dark 

15. In situ microscopy Day 52 T: 35-37 °C 

I: standard optical microscopy 

16. Start 5th batch (replacing 90%vol 

by fresh medium) 

Day 52 

~ 300 hours 

T: 35-37 °C 

I: 10 W.m-2 PAR 

17. Sampling 

 for biomass analysis, fixed, 

 for chemical composition 
analysis, unfixed  

Day 65 For samples 

T: -20 °C 

dark 

18. In situ microscopy Day 65 T: 35-37 °C 

I: standard optical microscopy 

19. Start 6th batch (replacing 90%vol 

by fresh medium) 

Day 65 

~ 300 hours 

T: 35-37 °C 

I: 10 W.m-2 PAR 

20. Sampling 

 for biomass analysis, fixed, 

 for chemical composition 
analysis, unfixed  

Day 78 For samples 

T: -20 °C 

dark 

21. In situ microscopy Day 78 T: 35-37 °C 

I: standard optical microscopy 

22. Start 7th batch (replacing 90%vol Day 78 T: 35-37 °C 
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by fresh medium) ~ 300 hours I: 10 W.m-2 PAR 

23. Sampling 

 for biomass analysis, fixed, 

 for chemical composition 
analysis, unfixed  

Day 91 For samples 

T: -20 °C 

dark 

24. In situ microscopy Day 91 T: 35-37 °C 

I: standard optical microscopy 

25. Start 8th batch (replacing 90%vol 

by fresh medium) 

Day 91 

~ 300 hours 

T: 35-37 °C 

I: 10 W.m-2 PAR 

26. Sampling 

 for biomass analysis, fixed, 

 for chemical composition 
analysis, unfixed  

Day 104 For samples 

T: -20 °C 

dark 

27. In situ microscopy Day 104 T: 35-37 °C 

I: standard optical microscopy 

28. Start 9th batch (replacing 90%vol 

by fresh medium) 

Day 104 

~ 300 hours 

T: 35-37 °C 

I: 10 W.m-2 PAR 

29. Sampling 

 for biomass analysis, fixed, 

 for chemical composition 
analysis, unfixed  

Day 117 For samples 

T: -20 °C 

dark 

30. Final fresh sample from the last 

batch 

Day 117 For samples 

T : 4°C 

dark 

31. In situ microscopy Day 117 T: 35-37 °C 

I: standard optical microscopy 

32. Download  Max. 24 hrs T: -20°C for fixed and frozen samples, 

4°C otherwise 

dark 
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33. Landing and recovery Max 12 hrs T: -20°C for fixed and frozen samples, 

4°C otherwise 

 dark  

34. Transport to the laboratory Max. 36 hrs T: -20°C for fixed and frozen samples, 

4°C otherwise  

dark 

EC sensors on during the mission 

 

 General experiment analyses: 
 

 Inflight analyses 
 Optical Density: 750 nm preferred, optical path 1 cm (for standardization with a 

laboratory spectrophotometer), 2 measurements/day 
 Pressure : Permanent monitoring, 1/min (at least 5 logged points per venting 

cycle); Pressure range 0,9-1,6 bar absolute. Venting frequency has to be 
automated (threshold dependent). 

 Microscopy : between two batches  
 

 Postflight analyses: samples quantities required shall be indicated for each kind of analysis 
 Cell Viability, Morphology, Physiology 

■ Flow cytometry on fresh sample from the final batch, vol : 5ml per reactor, 
unfixed, pref. temp. 4°C 

 Total metabolic cell response (fixed samples) 

■ Proteomics (2D LC-MSMS) on 1/3 fixed biomass  

■ Transcriptomics (HIP) on 1/3 fixed biomass 

■ Genetic stability (AFLP, IS movement) on 1/3 fixed biomass 
 Chemical composition (sample : biomass + medium, vol : 10ml per reactor per 

sampling point, unfixed, frozen) 
 Modeling (based on sensor & cell/medium analysis data) 

■ Growth kinetics 

■ Metabolic fluxes evaluation (including oxygen production, macroelement 
consumption) from kinetic data assuming constant composition 

■ Adaptation to membrane photobioreactor for space applications 
 

 Ground reference experiment(s):  
 

 1 simultaneous ground control 
 1 performed postflight using temperature / time profile from flight experiment 
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 Subsequent space microgravity and space irradiation ground simulation experiments in 
experiment hardware 

 

 

 Scientific constraints during operational phases 
 

 Transportation requirements (between lab and launch pad): 
 Temperature requirements: min. 3°C ; pref. 4°C ; max.  6 °C 
 Humidity requirements: NA, samples in hermetic closed containers to assure 

axenicity 
 Time constraints:  max. 2 days 
 Dark 

 

 Pre-flight BDC / Operations / Late Access: 
 Temperature requirements:  min. 3°C ; pref. 4°C ; max.  6 °C 
 Humidity requirements:  Not relevant, samples in hermetic closed containers to 

assure axenicity of the culture 
 Time constraints: late access for inoculation, max. 20h before launch 
 Dark 

 

 Upload science constraints:  
 Acceptable temperature range: min. 3°C ; pref. 4°C ; max.  6 °C 
 Maximum time of upload phase: max. 2 days 
 Microgravity requirements:  0g,  
 

 In-flight science activities (including unattended measurements, on-board stowage,… if 
any):  

 Temperature requirements:  min. 35°C ; pref. 36°C ; max.  37 °C 
 Microgravity requirements: 0g 
 Humidity requirements:  Not relevant, samples in hermetic closed containers to 

assure axenicity of the culture  
 Requirements on time in flight:  at least 3 months 
 Requirements related to interference with possible other experiments: Temperature 

and light conditions are absolutely critical for the success of experiment, and should 
meet the requirements as stated above. 

 Are there requirements on the amount of oxygen required for the samples: Not 
relevant, oxygen is produced by the bacterial culture 

 

 Download science constraints (including samples):  
 Live & fixed cultures:  

Final fresh sample – temperature min. 3°C ; pref. 4°C ; max.  6 °C, darkness 
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Fixed and frozen samples – temperature min. -21°C ; pref. -20°C ; max.  -19 °C, 

darkness 

 Post-flight Operations / Early Retrieval:  
Samples should be retrieved to the scientific lab as soon as possible (early retrieval) 

to start the biological analysis within 24 hrs post landing  

 Transportation requirements (between landing and lab):  
Samples should be retrieved to the scientific lab as soon as possible (early retrieval) 

to start the biological analysis within 24 hrs post landing  

 Temperature requirements:  
Final fresh sample – temperature min. 3°C ; pref. 4°C ; max.  6 °C, darkness 

Fixed and frozen samples – temperature min. -21°C ; pref. -20°C ; max.  -19 °C, 

darkness 

Thawing of frozen samples has to be avoided. 

 Humidity requirements:  
Not relevant, samples in hermetic closed containers to assure axenicity of the culture  

 Time requirements:  
Samples should be retrieved to the scientific lab as soon as possible (early retrieval) 

to start the biological analysis within 24 hrs post landing  

 Further requirements:  
Samples should be kept in the dark. 

 

 Other experiment specific constraints 
 

No other specific experimental constraints than mentioned above, have beent identified. 

 

 Communications requirements 
 

• Requirements on telemetry / data downlink / storage:   
 
Direct contacts of the astronaut with the students and schools for the educational 

demonstration of the experiment.  

Data packet download : Preferred 1 time per day ; Max every 100h 

Size : depends on the amount of data that will be recorded from the sensors and the picture 

quality (size) that can be obtained from the microscopic analysis. 



 

 

124 

 

• Requirements on commands uplink:   
 Not required  

 

 Imagery requirements:  
 Photography:  

Photography of microscopy analysis : 

 magnifier : min. 40X ; pref. 60X  ; max. 100 
 resolution : same resolution as provide standard by digital images of 

microscopes on ground in research labs. To our knowledge, in a standard the 
optical microscope, the Abbe limit of resolution for optical images is 0.22 
micrometers, meaning that a digitizer must be capable of sampling at intervals 
that correspond in the specimen space to 0.11 micrometers or less. 

 

 Video: 
 Not required  

 

 Detailed Experiment Timeline and associated Functional Objectives 
 

F.O. Step 

No: 

F.O. 

Description: 

Duration 

(hh:mm)   

Temperat

ure (°C)  

 

Light/Dark 

Min Preferred Max Min Preferred Max  

0 

Stowage in 

soft pouch 

until launch   12:00 24:00 3°C 4°C 6°C Dark 

1 

Automatic 

recording of 

defined 

environmental 

conditions        

2 

Installation in 

incubator  1:00 1:00 1:00 35°C 36°C 37°C Dark 

3 

Switching on 

light system = 

start of the 

experiment  0:15 1:00 35 °C 36 °C 37 °C Light 

4 
Monitoring 

- A750 

 

Twice a 

day  35 °C 36 °C 37 °C Light 
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measure
ment 

- other 
 

 

TBD 

 

 

 

TBD 

 

 

 

TBD 

 

 

 

TBD 

 

 

 

TBD 

 

5 

Removal 90% 

vol. of Batch 1 

(used for 

sampling) 

Day 13 0:05 0:10 0:30 35 °C 36 °C 37 °C Light 

5 

Sampling  

 

 filtered 
biomass, 
fixed 

 medium + 
biomass, 
unfixed 

0:05 

 

 0:10 0:30 35 °C 36 °C 37 °C Light 

 

Sample 

storage 

 filtered 
biomass, 
fixed 

 medium + 
biomass, 
unfixed 

0:05 0:10 0:15 -21 °C -20°C -19°C  dark 

6 

In situ 

microscopy 0:10 0:15 0:30 TBD TBD TBD Light 

7 

Replacement 

of  90% vol. of 

Batch 1 by 

fresh medium 

(start of batch 

2) 

Day 13 0:05 0:10 0:30 35 °C 36 °C 37 °C Light 

8 

Removal 90% 

vol. of Batch 2 

(used for 

sampling) 0:05 0:10 0:30 35 °C 36 °C 37 °C Light 
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Day 26 

9 

Sampling  

 

 filtered 
biomass, 
fixed 

 medium + 
biomass, 
unfixed 

0:05 0:10 0:30 35 °C 36 °C 37 °C Light 

 

Sample 

storage 

 filtered 
biomass, 
fixed 

 medium + 
biomass, 
unfixed 

0:05 0:10 0:15 -21 °C -20°C -19°C  dark 

10 

In situ 

microscopy 0:10 0:15 0:30 TBD TBD TBD Light 

5 

Replacement 

of  90% vol. of 

Batch 2 by 

fresh medium 

(start of batch 

3) 

Day 26 0:05 0:10 0:30 35 °C 36 °C 37 °C Light 

13 

Removal 90% 

vol. of Batch 3 

(used for 

sampling) 

Day 39 0:05 0:10 0:30 35 °C 36 °C 37 °C Light 

14 

Sampling  

 

 filtered 
biomass, 
fixed 

 medium + 
biomass, 
unfixed 

0:05 0:10 0:30 35 °C 36 °C 37 °C Light 

 
Sample 

0:05 0:10 0:15 -21 °C -20°C -19°C  dark 
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storage 

 filtered 
biomass, 
fixed 

 medium + 
biomass, 
unfixed 

15 

In situ 

microscopy 0:10 0:15 0:30 TBD TBD TBD Light 

16 

Replacement 

of  90% vol. of 

Batch 3 by 

fresh medium 

(start of batch 

4) 

Day 39 0:05 0:10 0:30 35 °C 36 °C 37 °C Light 

17 

Removal 90% 

vol. of Batch 4 

(used for 

sampling) 

Day 52 0:05 0:10 0:30 35 °C 36 °C 37 °C Light 

18 

Sampling  

 

 filtered 
biomass, 
fixed 

 medium + 
biomass, 
unfixed 

0:05 0:10 0:30 35 °C 36 °C 37 °C Light 

 

Sample 

storage 

 filtered 
biomass, 
fixed 

 medium + 
biomass, 
unfixed 

0:05 0:10 0:15 -21 °C -20°C -19°C  dark 

19 

In situ 

microscopy 0:10 0:15 0:30 TBD TBD TBD Light 

20 Replacement 

of  90% vol. of 
0:05 0:10 0:30 35 °C 36 °C 37 °C Light 
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Batch 4 by 

fresh medium 

(start of batch 

5) 

Day 52 

21 

Removal 90% 

vol. of Batch 5 

(used for 

sampling) 

Day 65 0:05 0:10 0:30 35 °C 36 °C 37 °C Light 

22 

Sampling  

 

 filtered 
biomass, 
fixed 

 medium + 
biomass, 
unfixed 

0:05 0:10 0:30 35 °C 36 °C 37 °C Light 

 

Sample 

storage 

 filtered 
biomass, 
fixed 

 medium + 
biomass, 
unfixed 

0:05 0:10 0:15 -21 °C -20°C -19°C  dark 

23 

In situ 

microscopy 0:10 0:15 0:30 TBD TBD TBD Light 

24 

Replacement 

of  90% vol. of 

Batch 5 by 

fresh medium 

(start of batch 

6) 

Day 65 0:05 0:10 0:30 35 °C 36 °C 37 °C Light 

25 

Removal 90% 

vol. of Batch 6 

(used for 

sampling) 0:05 0:10 0:30 35 °C 36 °C 37 °C Light 
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Day 78 

26 

Sampling  

 

 filtered 
biomass, 
fixed 

 medium + 
biomass, 
unfixed 

0:05 0:10 0:30 35 °C 36 °C 37 °C Light 

 

Sample 

storage 

 filtered 
biomass, 
fixed 

 medium + 
biomass, 
unfixed 

0:05 0:10 0:15 -21 °C -20°C -19°C  dark 

27 

In situ 

microscopy 0:10 0:15 0:30 TBD TBD TBD Light 

28 

Replacement 

of  90% vol. of 

Batch 6 by 

fresh medium 

(start of batch 

7) 

Day 78 0:05 0:10 0:30 35 °C 36 °C 37 °C Light 

29 

Removal 90% 

vol. of Batch 7 

(used for 

sampling) 

Day 91 0:05 0:10 0:30 35 °C 36 °C 37 °C Light 

30 

Sampling  

 

 filtered 
biomass, 
fixed 

 medium + 
biomass, 
unfixed 

0:05 0:10 0:30 35 °C 36 °C 37 °C Light 

 
Sample 

0:05 0:10 0:15 -21 °C -20°C -19°C  dark 
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storage 

 filtered 
biomass, 
fixed 

 medium + 
biomass, 
unfixed 

31 

In situ 

microscopy 0:10 0:15 0:30 TBD TBD TBD Light 

32 

Replacement 

of  90% vol. of 

Batch 7 by 

fresh medium 

(start of batch 

8) 

Day 91 0:05 0:10 0:30 35 °C 36 °C 37 °C Light 

33 

Removal 90% 

vol. of Batch 8 

(used for 

sampling) 

Day 104 0:05 0:10 0:30 35 °C 36 °C 37 °C Light 

34 

Sampling  

 

 filtered 
biomass, 
fixed 

 medium + 
biomass, 
unfixed 

0:05 0:10 0:30 35 °C 36 °C 37 °C Light 

 

Sample 

storage 

 filtered 
biomass, 
fixed 

 medium + 
biomass, 
unfixed 

0:05 0:10 0:15 -21 °C -20°C -19°C  dark 

35 

In situ 

microscopy 0:10 0:15 0:30 TBD TBD TBD Light 

36 Replacement 

of  90% vol. of 
0:05 0:10 0:30 35 °C 36 °C 37 °C Light 
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Batch 8 by 

fresh medium 

(start of batch 

9) 

Day 104 

37 

Removal 90% 

vol. of Batch 9 

(used for 

sampling) 

Day 117 0:05 0:10 0:30 35 °C 36 °C 37 °C Light 

38 

Sampling  

 

 filtered 
biomass, 
fixed 

 medium + 
biomass, 
unfixed 

 fresh 
biomass, 
unfixed 

0:05 

 

 

 

 

 

 

 

 

 

0:10 

 

 

 

 

 

 

 

 

 

0:30 

 

 

 

 

 

 

 

 

 

35 °C 

 

 

 

 

 

 

 

 

 

36 °C 

 

 

 

 

 

 

 

 

 

37 °C 

 

 

 

 

 

 

 

 

 

Light 

 

 

 

 

 

 

 

 

 

 

Sample 

storage 

 filtered 
biomass, 
fixed 

 medium + 
biomass, 
unfixed 

 fresh 
biomass, 
unfixed 

0:05 

 

 

 

 

 

 

 

 

0:10 

 

 

 

 

 

 

 

 

0:15 

 

 

 

 

 

 

 

 

-21 °C 

 

 

-21 °C 

 

 

 

3°C 

 

-20°C 

 

 

-20 °C 

 

 

 

4°C 

 

-19°C 

 

 

-19 °C 

 

 

 

6°C 

 

Dark 
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39 

In situ 

microscopy 0:10 0:15 0:30 TBD TBD TBD Light 

61 

Stowage in 

soft pouch 

before landing 

- fresh 

samples 

- fixed and 

frozen 

samples 12:00 24:00 48:00 

3 °C 

 

-21°C 

4 °C 

 

-20°C 

 

 

6 °C 

 

-19°C Dark 

62 

Transport to 

the laboratory 

- fresh 

samples 

- fixed and 

frozen 

samples 12:00 24:00 48:00 

3 °C 

 

-21°C 

4 °C 

 

-20°C 

 

 

6 °C 

 

-19°C Dark 

 

 

 Experiment outputs 
 

 Educational  deliverables  
 

Demonstration to the students : 

• that bacteria can be cultured in bioreactors in the space station by showing the culture 
changing green color intensity over time (indicating the increasing number of bacteria 
cells)  

• that bacteria can be used to produce oxygen to support life of astronauts in space in the 
future by showing the pressure increase in the culture 

• that special imaging such as microscopy allow to follow the cells and the processes 
happening inside and around bacterial cells, which are invisible by the naked eye  

• that mathematics, informatics and engineering disciplines and specialists are needed to 
predict and control biological processes to develop life support systems 

• that good scientific experiment need to be done in replicates and statistics are needed 
to have confident data 
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 Science deliverables  
 

• Passive ionizing radiation dosimeters exposed to the space radiation environment close 
to the experiment samples. 

• Recorded data of measurements obtained through the different sensors. 
• Recorded data on vibration/acceleration environment around experiment samples. 
• Fixed bacterial culture samples for protein analysis. Evolution on the proteomic response 

of Arthrospira during long term cultivation. 
• In flight monitoring of OD, pressure for kinetics of Arthrospira while adapting to long 

term cultivation 
• Bacterial samples for transcriptional response of Arthrospira during long term 

cultivation. 
• Bacterial samples to assess mutation rate in Arthrospira during long term cultivation 
• Metabolic fluxes evaluation (based on data modeling) 
• Chemical composition evolution (media + biomass) 
• Physiological and morphological response of Arthrospira to space flight in liquid cultures 

(and space simulating conditions). 
- living samples for flow cytometry : physiological adaptation of the final batch / 

ground control 
- in situ microscopy analysis  

 

 Expected results of planned analyses 
 

Inflight analyses: 

• Illumination 
The amount of light energy is an essential parameter in the mathematical model to predict 

the growth rate and oxygen productivity of the bacterial culture.   

 Pressure increase : 
The amount of light energy is an essential parameter in the mathematical model to predict 

the growth rate and oxygen productivity of the bacterial culture. Pressure increase will be 

used mainly for growth rate calculation, and will also give insight on the oxygen production.  

 Optical Density: 
Optical density measurements will be used for growth rate calculation and ground and space 

cultures will be compared. 

 Microscopy samples 
Microscopy analyses performed on-board could reveal possible changes in cell ultrastructure, 

cell and filament shapes as a result of the influence of, and acclimatization/adaptation to 

space-flight conditions. These changes could be caused probably by the microgravity 

environment.  
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 Acceleration & Vibration & Radiation: 
To know the levels of these physical stresses to estimate the contribution and impact of each 

of these parameters to the observed biological phenomena. And to allow postflight ground 

simulations to elucidate the individual contributions of each parameter.  

 

Postflight analyses: 

 Physiology analysis using flow cytometry will allow to analyse the cells size and shape, 
membrane integrity and potential, and intracellular concentration of pigments, antioxidants, 
etc.  

 The genomic stability study, based on the tracking of transposable element in the genome by 
AFLP and a mutagenesis study, over the multiple generation of the bacterium will allow to 
assess the sensitivity or robustness ('reliability')  of the biological oxygen production system 
in space over time.  

 The transcriptional profiling using HIP analysis (µarrays) and the proteomic study (2D LC 
MSMS; MALDI-TOF) will allow to identify which cellular functions (which genes and/or 
proteins) are additionally activated or silenced  in space flight conditions and could be of 
concern for the reliability of the oxygen production system.  

 Chemical composition analysis of the cells and culture medium allows to estimate if and to 
which level certain cellular processes are active under space flight conditions and what the 
impact could be on the oxygen production capacity or the nutritional value of the bacterial 
culture.   

 Mathematical Modeling will allow the prediction of the growth, oxygen production, nutrient 
consumption of the bacterium in space flight conditions for future operational control.  

 Finally the principle of growing and adaptation of the bacterial culture in and the functioning 
of a membrane photobioreactor under space flight conditions can be assessed for future  
space applications. 

 

 

 

 
 

 



 

 

135 

 

Appendix G: Earthshine  
 

This phenomenon refers to the reflection of sunlight by the Earth’s atmosphere. The Earth as seen 

from space exhibits high-albedo clouds, which contribute to give the planet an average albedo of 

30%. This is way higher than the estimated 7% of the lunar regolith, leading us to wonder if 

Earthshine could be a significant light source on the lunar surface. 

 

 

Figure 26 – Moon enlightened by Earthshine (www.dl-digital.com/astronomy) 

Physiological observations made during Apollo missions 15 and 17 by commander Young27
 ensure 

Earthshine to provide enough light conditions to perform EVA activities (at a near sub-terrestrial 

point location). Full Earth conditions have been estimated to provide a 13.5 lm/m2 illuminance. This 

appears to be true for all nearside, but has to be modulated with respect to Earth phases. Coming 

back to irradiance concerns is not straightforward. Lumens are defined on a human-eye sensitivity 

basis. Each wavelength, in radiometric units, features its own flux equivalent. As a basis, at 555 nm, 

1 lumen corresponds to 1.46 mW/m2. Above and below this wavelength, the flux equivalent 

decreases as does the eye sensitivity. Using a relevant chart such as the one in figure 26, we can find 

the relevant values for each Arthrospira absorption peak. The most effective occurs for 620 nm (30% 

of 555 nm value). Best conditions would then provide a light flux of 0.19 W/m2. 

                                                           
27

 Apollo Program Summary Report, JSC-09423, 1975 

http://www.dl-digital.com/astronomy
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Figure 27 – Eye sensitivity (www.lightemittingdiodes.org) 

At South Pole, low Earth elevation is likely to affect this value due to Earth phases.  

Such irradiance is way below the lower threshold to inhibit respiration (O2 consumption) in 

Arthrospira platensis case (5W/m2).  

However, Earthshine can still be used to perform Science in the visible domain during night time 

(with proper Earth phases estimations). A 60 W incandescent light bulb generates 840 lm of light. 

The distance d at which it produces a 13.5 lm/m2
 illumination is assessed as follows:  

13.5
𝑙𝑚

𝑚2
= 840

𝑙𝑚

4𝜋𝑟2
 

d = 2.2 m 

The illumination at the sub-terrestrial point under full Earthshine is similar to the one encountered 

2.2m away from a 60W bulb, thereof being applicable for imaging.  

Such a result, derived from pure anthropogenic considerations, might seem puzzling as compared to 

the very low flux calculated beforehand. A more comprehensive investigation would require a full 

integration of the flux over the visible wavelengths. 

 

http://www.lightemittingdiodes.org/

