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Human spaceflight beyond Low Earth Orbit requires recycling technologies to handle consumables 

and waste. State-of-the-art technologies on the ISS are based on physico-chemical processes and enable 

atmosphere control, water regeneration, carbon dioxide (CO2) removal and reduction. Food is 

completely provided by resupply. Physico-chemical CO2 treatment means concentration by adsorption 

and reduction by the Sabatier (or Bosch) process. The next technological step to recycle CO2 is the 

testing and implementation of biological systems. Especially microalgae based systems can offer an 

innovative approach to meet the space requirements. Based on photosynthesis, microalgae generate 

edible biomass from CO2 and release oxygen. An innovative approach is to connect the CO2 

photobioreactor inlet with the outlet of a CO2 concentration unit. This is one focus of the spaceflight 

experiment PBR@LSR prepared by DLR, Airbus DS and the University of Stuttgart. Cultivation in 

aquatic reservoirs (photobioreactors) reaches up to ten times higher growth rates and lower energy and 

volume investments than higher plants. Hydroponic basis or soils are not needed. The species Chlorella 

vulgaris is a promising candidate among a multitude of microalgae species. It is rich in proteins, thus up 

to 30% of human food needs can be covered by algae biomass. Harvesting and downstream processing 

of liquid algae medium are engineering issues under micro to partial gravity. An appropriate technology 

to break the cell wall, such as ultra-sonic handling and cross-flow filtration, depends on the gravity level 

and space system boundaries. Another innovative physico-chemical technology reducing CO2 is solid 

oxide electrolysis. It will be useful to treat CO2 in the Martian atmosphere. Crucial components are 

stable electrode materials not poisoned by carbon monoxide. Requirements, boundaries of biological and 

physico-chemical recycling technologies are summarized. 

Nomenclature 

AM =  atmosphere management 

BB = breadboard 

C =  carbon (chem.) 

CDRA = carbon dioxide removal assembly 

CO2 = carbon dioxide (chem.) 

DS = dry substance 

DSP = downstream processing 

EC = experiment compartment 

FPA = flat panel airlift  

H2O = water (chem.) 

IRS = Institute of Space Systems (Institut für Raumfahrtsysteme) 

ISS = International Space Station  

LiOH =  lithium hydroxide (chem.) 

LSS =  life support system 

LSR = life support rack 

MS = molecular sieve 

N = nitrogen (chem.) 

O2 = oxygen (chem.) 

OD = optical density 
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p = pressure 

PBR = photobioreactor 

PQ = photosynthetic quotient 

PS = photosynthesis 

rh = relative humdity 

RQ = respiratory quotient 

SN = supernatant 

SOE = solid oxide electrolysis 

T = temperature 

I. Introduction  

Life support systems (LSS) are an essential subsystem of a crewed space system. It provides all necessary 

conditions in order to make life in space possible. To provide an acceptable environment for humans, the tasks of an 

(artificial) LSS are atmosphere, water, food, waste, and safety management. The major mass cycles are the water 

(H2O), oxygen (O2), carbon (C) and nitrogen (N) cycle. The more closed these cycles are, the less resupply is 

needed. However, for closing the loops, technological devices with a high mass impact are used. Thus, it is a 

question of available technologies and the mission scenario whether closing techniques are selected or not. As a 

rule-of-thumb: the more distant and the higher the mission duration of a spaceflight mission is, the higher is the 

mass benefit from closing loops. Next steps of human space exploration focus on Moon, Mars, Near Earth Objects, 

and Earth-Moon Libration Points1-3. Especially long-term missions to the lunar surface and a mission to Mars 

require a high level of regeneration and closure in order to reduce resupply and make these missions feasible. Stable 

and reliable technologies based on physico-chemical or biological processes are needed and currently under 

development.  

Carbon dioxide (CO2) is a metabolic product of humans and processed within the atmosphere management 

(AM). The AM takes responsibility for atmosphere monitoring, control, and revitalization. The revitalization aspect 

considers CO2 removal, CO2 reduction, and O2 generation. CO2 recycling means to develop a strategy processing it 

into useful and/or usable material/consumables for humans. The human metabolic breathing process results in an 

output of 1-1.04 kg/d of CO2 and consumes 0.82-0.84 kg/d of O2 on average4-6. The mass of 1 kg of CO2 consists of 

0.27 kg C and 0.73 kg O2. The additionally consumed O2 (0.09-0.11 kg/d) is used for biosynthesis within the human 

metabolism. Consequently, a complete recycling of CO2 allows for covering 87-89% of O2 mass demand. A fully 

closed LSS has to provide O2 from an additional source, e.g. by recycling urine and feces. The C component in the 

CO2 molecule can be used for in-situ food production or forming fuels (e.g. hydrocarbons). Considering the LSS, the 

in situ food production aspect is focused in this paper. Consequently, 0.27 kg/d of C are available per crew member. 

Human demand of food solids is 0.62-0.64 kg/d 4-6. Carbon fixation by photosynthesis (PS) is a biochemical process 

by which plants, algae and bacteria incorporate CO2 into energy-rich, organic molecules such as glucose, thus 

creating food by PS. CO2 is a colorless and odorless gas and produced by aerobic organisms when they metabolize 

carbohydrates and lipids to produce energy by respiration.  

CO2 is not classified as toxic or harmful to humans in specific concentrations or partial pressures in air. CO2 

sources are human or plant respiration, carbohydrate combustion, lab wastes (experiments), off-nominal fire events  

or the Martian atmosphere. In concentrations > 4 kPa negative effects on health emerge, prolonged concentrations 

> 5.33 kPa bear a severe risk4. For human spaceflight, the atmospheric limits and conditions are defined to a 

maximum CO2 level < 0.67 kPa on average over 1 hour4. Further conditions and requirements are summarized in 

Table 1. CO2 levels in the cabin are usually rising slowly, there is not a sudden release of CO2. High CO2 levels are 

unlikely to be reached except by an off-nominal event (e.g. fire). Besides monitoring CO2, the AM must provide 

physico-chemical and/or biological technologies to remove and/or to reduce CO2. 

 

 

Table 1. Environmental requirements for CO2 for humans space4 

Parameter Value Remark 

CO2 level < 0.67 kPa (as an average for a 

1 hour time frame) 

No performance decrements during 

standard operations result 

Human respiratory quotient 

(RQ) 

0.87-0.89 gravimetric (not molar) 

Ventilation > 2.13 m/min  

 

prevent hazardous CO2 and thermal 

pockets from forming 
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II. State-of-the-art technologies of CO2 treatment 

Since the beginning of human spaceflight, CO2 treatment is one of the most crucial LSS functions. To keep the 

CO2 concentrations below critical levels, non-regenerable technologies such as lithium hydroxide cartridges on short 

missions (up to two weeks) and regenerable technologies such as adsorption beds on the International Space Station 

(ISS) for long-term use are utilized. The CO2 treatment is split into CO2 removal and CO2 reduction in the following 

chapter. Preferably, both treatments can be combined in one facility. 

A. CO2 removal 

Adsorbing and absorbing materials can remove CO2. Especially, adsorbing materials such as amines, minerals, 

zeolites, activated carbon, metal oxides and metal organic frameworks are regenerable (desorption) and in focus of 

research and development7-12. Heats of adsorption and desorption are determined by the strength of the attractive 

force between the adsorbent and the adsorbate. Since the major cost in CO2 capture is regeneration of the sorbent by 

removing the CO2, the choice of a potential adsorbent should avoid chemical bonding between each other so that the 

molecules could be easily removed with lower desorption energy11. Amines need higher heat investment to desorb 

CO2.11 Generally, absorbing and bonding materials by chemically reactions have a higher power demand.  

The adsorption and desorption isotherms of molecular sieves (MS) of type 13X are very similar, thus adsorption 

of CO2 is reversible, and lowering the pressure is sufficient to desorb CO2. An investigation of MS 13X, activated 

carbon, and natural zeolite showed preferential adsorption of CO2 over nitrogen, O2 and water vapor at all pressures 

up to 17 bar, but activated carbon shows lower CO2 adsorption in the presence of O2 and water vapor8. The amine 

absorption and stripping technology is a mature but energy intensive process: thermal regeneration of CO2-rich 

chemical absorbents consumes > 60% of the total energy. Still the focus of research, amine-based adsorption are an 

alternative. Amine-based adsorbents have widely been studied and are advantageous over aqueous amines (chemical 

absorption) due to lower heat capacity of solid supports and thus lower heat of regeneration. Chemically modified 

adsorbents have been proven feasible. Among the proposed adsorbents, amine-based adsorbents with large surface 

area and high amine content have been extensively investigated due to their large CO2 adsorption capacity, high 

adsorption and desorption rates, high tolerance to moisture, and high selectivity towards CO2 over other gases. The 

development of suitable adsorbents with high CO2 adsorption capacity is still demanded10. Due to this low 

technological readiness compared to amine-based chemical absporption, it would not play a significant role for CO2 

removal in space in the near future. Electrochemical depolarization of CO2 was investigated until the 1990s. It is 

based on the fuel cell principle with a cesium-containing electrolyte. References after the 1990s are not available. 

Maybe the developments were shut down because of faster and higher technological readiness of amine beds. 

CO2 removal systems have developed from non-regenerable lithium hydroxide (LiOH) technology from 

Mercury until Apollo missions and short-term Space Shuttle missions, to regenerable two-bed metal-oxide-based 

systems on mid-term Space Shuttle missions and zeolite based MS on ISS13,14. The metal-oxide sorbent canister was 

regenerated by pumping air at approx. 200 °C through it at a given flow rate. Amine-based chemical based systems 

are currently under development for future long-term space missions and for space suits for extended extravehicular 

activities. Table 2 gives an overview of available physico-chemical technology options for CO2 removal. 

B. 

B. CO2 reduction 

Reduction implies that CO2 is a reactant for a physical, chemical, or biochemical reaction resulting in new 

products. The three major physico-chemical processes are the Sabatier process expandable by a catalytic/pyrolytic 

process, the Bosch process, and CO2 electrolysis. The Sabatier process is more advantageous than the Bosch process 

due to lower temperature and higher efficiency5. CO2 electrolysis using solid oxide electrolytes are under 

development and the reverse process of solid oxide fuel cells17. Section D separately deals with solid oxide 

electrolysis. Table 3 summarizes the options.  
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Table 2. Physico-chemical technology options for CO2 removal 

Technology  Process Remark 

LiOH 

 

chemical absorption: 

2LiOH + CO2 � Li2CO3 + H2O 

non-regenerable 

2-bed MS 

(Molecular Sieves) 

chemical adsorption by synthetic zeolite or aluminum 

silicate compounds 

Output: CO2, H2O, air 

(if vented, H2O and air are lost) 

4-bed MS chemical adsorption by synthetic zeolite or aluminum 

silicate compounds and desiccant beds 

 

Output: only CO2 

H2O is adsorbed in desiccant bed 

and returned to the CO2 free air 

stream  

Solid Amine Water 

Desorption 

 

CAMRAS (CO2 

and Moisture 

Removal Amine 

Swing Bed System) 

chemical absorption by amine beds: 

 

Amine + H2O � Amine Hydrate 

Amine Hydrate + CO2 � Amine-H2CO3 

Amine-H2CO3 + steam heat � CO2 + H2O + Amine 

  

 

 

CAMRAS designed for future LSS 

in space suits for advanced EVA12 

Electrochemical 

Depolarization 

Concentration 

fuel cell principle with alkaline electrolyte  

(cesium carbonate –  Cs2CO3): 

 Cathode:  

  ½O2 + H2O + 2e- � 2OH- 

  CO2 + 2OH- � H2O + CO3
2- 

 Anode:  

  H2 + 2OH- � H2O + 2e- 

  H2O + CO3
2- � CO2 + 2OH- 

continuous and cyclic mode 

possible, H2 as a possible safety 

hazard, CO2 and H2 at outlet enable 

further CO2 reduction, power 

production by fuel cell reaction but 

O2 consumption, operation without 

H2 possible for higher safety but no 

power production 

Membrane Separation of gases on the basis of their relative 

solubility and diffusion capability in the membrane  

higher specific selectivity for CO2 

needed 

Metal Oxides adsorption Regenerable, used for space suits 

and regenerated in the ISS 

atmosphere15 

Activated carbon adsorption, 

desorption under high pressure 

regenerable, but capacity negatively 

affected by water vapor and 

oxidation16 

 

 

Table 3. Physico-chemical technology options for CO2 reduction 

Technology  Process Remark 

Sabatier process 

 

expandable by catalytic/ 

pyrolytic carbon formation 

CO2 + 4H2 � CH4 + 2H2O + heat  

 

CH4 � C + 2H2 

370-600 °C, exothermal, catalytic process 

using Ruthenium, high efficiency of 99%, 

C formation in a separate unit 

Bosch process CO2 + 2H2 � C + H2O + heat 530-730 °C, exothermal, production of C 

and blocking of the catalyst surface 

lowering efficiency 

Solid oxide electrolysis (SOE) CO2 electrolysis:  

2CO2 � 2CO + O2  

reverse process of solid oxide fuel cells 

C. CO2 technologies on ISS 

On the ISS, two CO2 treatment systems are installed. The US CO2 removal system (CDRA) removes CO2 from 

the cabin air. CO2 removal involves the use of heterogeneous granules of a zeolite-based 4-bed MS. The zeolite 

adsorbs CO2 and water. Heat and exposure to low pressure regenerate the beds. The system relies on one desiccant 

bed to condition the air prior to entry into the adsorbent bed. The adsorbent bed selectively removes the CO2, and 

the air travels through the second desiccant adsorbent bed to replace the humidity. One CDRA is located in the US-

Lab, another one in Node 3. Each unit allows for removing CO2 of six humans18. One of the two CDRAs was 

installed with a Sabatier and electrolysis system in 2010 that converts the collected CO2 into O2. The Russian CO2 
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removal system Vozduk also uses regenerable adsorbers. It removes CO2 of three humans without regenerative 

capabilities. Both the US and Russian systems use LiOH cartridges as a backup system. In 2018, ESA plans to 

launch the life support rack (LSR) being accommodated in the US lab. This rack reduces CO2 of three humans by 

amine adsorption beds, a Sabatier reactor and an alkaline water electrolyzer regenerate O2
19. A surplus of 

concentrated CO2 is vented overboard. 

D. CO2 electrolysis 

Solid oxide electrolytes are used in solid oxide fuel cells for electrochemical power generation and process H2 or 

CO as fuel and O2 as oxidant. The reverse reaction allows for splitting water into H2 and O2 or splitting CO2 into CO 

and O2. Most commonly, solid oxide electrolytes are yttrium-stabilized zirconia doped with a catalyst and enable ion 

conducting at high temperatures of 700-800 °C 20,21. Electrode stability (also influenced by CO poisoning), 

performance stability and durability during parallel electrolysis of H2O and CO2 require certain research and 

development effort 20-24. 

SOE provides CO2 reduction and O2 production in one step, especially applicable in the CO2-rich Martian 

atmosphere17 but currently not for CO2 treatment on space vehicles. Synergistically, regenerative solid oxide fuel 

cell can store electrical energy23. An additional capability of SOE includes the ability to produce extra O2 for life 

support, irrespective of the resources brought from Earth24. On the Mars 2020 rover of NASA, the technology 

demonstration MOXIE (Mars Oxygen in-situ resource experiment) will utilize SOE to process CO2 from the 

Martian atmosphere to produce O2 25. MOXIE consists of a CO2 scroll pump and a SOE unit to process the 

atmosphere producing O2. By monitoring the production rate, power usage, and other performance characteristics of 

the system, MOXIE will provide an assessment of the prospects 

for extension to a full-scale system (x100) in support of a human 

mission. A scroll pump delivers up to 50 g/h of atmosphere to 

the SOE subsystem. The Mars atmosphere is processed as 

follows: the SOE is heated to 800 °C, the pump is started, and 

the filtered air will flow continuously at > 1.33 mbar to the SOE 

producing at least 20 g/h of O2 with 99.6% purity26. The O2 and 

CO are separated, the flow rates are measured, and the gases are 

vented. 

III. Biological CO2 treatment  

 

Physico-chemical recycling of CO2 is under intense development and at high technology readiness, but the C 

component in the CO2 molecule accumulates as waste. Thus, biological CO2 treatment must additionally focus on 

in-situ food production or forming fuels. 

A. Photosynthesis 
The advantage of PS over physico-chemical processes is obvious. CO2 removal, CO2 reduction, O2 and 

(consumable) biomass production occur in one step. The PS is shortly described by the reaction equation 

 

6CO2 + 12 H2O + ΔHhν → C6H12O6 + 6H2O + 6O2          (1) 

 

with glucose (C6H12O6) as representant for biomass and the required light energy ΔHhν = 2870 kJ/mol. 

Photoautotrophs as plants, (micro-)algae, and bacteria are able to use light as energy source to setup the biomass 

from inorganic compounds such as nitrogen, potassium, and phosphorus. The ideal ratio of molar O2 release to 

molar CO2 uptake, the photosynthetic quotient (PQ), is 100% because 1 mol CO2 is consumed and 1 mol O2 is 

released. Due to many biochemical processes in parallel and even low activity of respiration, photoautotrophs do not 

reach PQ = 100%. Table 4 shows a short collection of PQ data from literature. Crop species of major interest as a 

human food source are wheat, rice, white potato, sweet potato, soybeans, peanuts, lettuce, sugar beets, and for 

psychological reasons taro, broccoli, strawberries, onions, and peas6. Microalgae offer various advantages compared 

to higher plants for the first integrating steps of biological components into the LSS. Microalgae have a higher 

harvest index (> 90%), higher light exploitation (9% of microalgae, higher plants 4-6%, 19% upper biological limit), 

more rapid growth (five to ten times), lower water demand, mostly higher PQ, and a well controllable 

metabolism27,28.  

Table 4. PQ values of PS active organisms  

Organism PQ 

Ulva (seaweed) 28 0.40-1.00 

Sargassum 28 0.75-0.80 

Pterocladia (macroalga) 28 0.40-0.80 

C. vulgaris 30 0.89 

C. pyrenoidosa 31 0.90 
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B. Microalgae 

Various microalgae species have been identified as a suitable food source, see Table 5. Especially Spirulina and 

Chlorella are often used in dietary supplements or for coloring purposes. For selection of microalgae species for 

space application, the growth, cultivation technique and gas exchanges are of high interest. Chlamydomonas 

reinhardtii shows the highest efficiency of CO2 consumption and O2 release28. Also the effect of light is a very 

important consideration in the design of an algal culture system (dedicated light mixture, complete visible spectrum, 

natural light, etc.). 

Numerous flight experiments concerning fundamental research on effects on algae under space conditions (e.g. 

Chlorella, Spirulina, Chlamydonomas) have been conducted since the 1960’s. They are able to grow under 

microgravity conditions6,30. Chlorella was the focused species in several spaceflight experiments on Sputnik 2, 

COSMOS 1887, COSMOS 2044, VOSTOK, Soyuz-28, Salyut-6, Mir, and ISS. Investigation of photosynthesis and 

growth under µg and higher radiation exposure during 5-30 days showed different results in cell division, 

morphology, and increased clustering 34-36. Chloroplasts were reduced, but mitochondria increased. Changes in the 

macro structure were detected during a 12 days experiment on Bion-1036, but finally, no considerable differences 

were established in the growth characteristics of the experimental and control populations and the cells functioned 

normally35. Currently on ISS, light and growth experiments are conducted with C. vulgaris 37,38. A 30 days 

experiment on-ground showed how Chlorella and one human can benefit from each other39.  

 

Table 5. Possible microalgae species as human food source 6,32,33 

Species Characteristics and description 

Chlamydomonas reinhardtii Green Alga, single-cell, ø 10 µm with two flagella, cell wall made of 

hydroxyproline-rich glycoproteins, large cup-shaped chloroplast, a large 

pyrenoid, "eyespot" for light sensing, mobile. 

Chlorella vulgaris Green Alga, unicellular, spheric, ø 4-10 μm, weak colony-forming, occurrence in 

fresh and brackish water, high adaptibility, rich in proteins and vitamins, high-

value nutrients for human diet, immobile. 

Haematococcus pluvialis Green Alga, occurrence in fresh and brackish water, spheric with flagella, ø 100 

μm, skeletal, unicellular, Astaxanthin creator, low nutritive values. 

Nannochloropsis oculata Ochrophyt, fresh, brackish and salt water, spheric, ø 2-3 μm, unicellular with 

flagella, Astaxanthin creator. 

Nostoc sphaeroides Blue-green alga (Cyanobacterium), fresh and salt water, oval, colonial 1-20 mm, 

rich in proteins and vitamins. 

Phaeodactylum tricornutum Diatom, biofilm forming, thick and hard cell wall, hard downstream processing 

for application in space, rich in omega-3 fatty acids. 

Scenedesmus acutus Green Alga, fresh and brackish water , spheric and ellipsoidal, (3-78) μm x (2-10) 

μm, unicellular or colonial, spindle shaped, thick cell wall, colony-forming in 

case of too less turbulation, high nutritive values.  

Spirulina platensis Blue-green alga (Cyanobacterium), salt water, cylindric, (ø 1-5) μm x (1-3) μm, 

helix-like filaments, (≤ 500 μm long), ø 5-40 μm, spiral, strong colony-forming, 

high growth rates, rich in proteins and vitamins. 

 

The Melissa project funded by ESA is investigating the closure of cycles in general. S. platensis is used as a CO2 

to O2 converter in a tubular bioreactor40. Other groups use C. reinhardtii to study growth and gas rates in space and 

on ground. Two of the four mutant strains of C. reinhardtii flourished in space and after the return to Earth.  

Research on mass cultivation (with focus on growth rates, gas exchange, and biomass production) and culture 

stability during 30-180 days in space as required by hybrid ECLSS has not been conducted yet. This is mainly owed 

to the fact that the cultivation was not very well understood yet. In the past decade, experiences of long-term 

cultivation and cultivation techniques improved this situation. The requirements for microalgae cultivation in closed 

ponds/systems are: 

• robustness against cross contaminants  

• controllable temperature range, 

• controllable CO2 and O2 range, reliable oxygen production and CO2 consumption, 

• cultivation at high algae densities, 

• high, robust and stable growth rates, 

• cultivation under non-axenic conditions, 
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• non-toxic evolutions (compounds from algae), 

• edible biomass with high-valuable nutrients (proteins, carbohydrates, fats, secondary nutrients), 

• morphology of cells and cultivation reactor geometry and technical devices must fit to each other,  

• non-toxic, stable, few compounds containing algae medium, 

• for downstream processing: cell wall must be able to be destroyed (humans cannot digest cell walls), 

• reduced biofilm forming, clogging. 

 

At the Institute of Space Systems (IRS), University of Stuttgart, cultivation of C. vulgaris, S. platensis, and S. 

acutus was conducted in flat plate airlift reactors from the company Subitec. The cultivation of C. vulgaris showed 

the best results concerning the above mentioned requirements, especially in terms of high resistance to cross 

contamination, the cultivation process, high 

robustness in terms of mechanical forces, very 

stable continuous cultivation over years, high algae 

densities and growth rates, slow biofilm forming 

and clogging, and well controllable cultivation 

conditions. This finally led to a first spaceflight 

cultivation facility design41. As of today, the results 

at IRS are as follows: 

• long-term cultivation in FPA-PBR 

(cultivation cycles of approx. 1 year 

each, see Figure 1), 

• six year old culture used for continuous 

cultivation still  in operation, 

• high experience of  cultivation 

parameters to reach controllable 

growth rates in continuous and batch 

cultivation,  

• non-axenic, clean culture (microalgae as 

dominant species), 

• C. vulgaris as a complete protein source 

containing additional vitamins, 

minerals and polyunsaturated fatty 

acids. 

• nutritive composition of C. vulgaris 

covers up to 30% of human diet with 

microalgae, see Figure 2. 

 

The cultivation experience42 has finally resulted 

in the design of a spaceflight experiment proving 

long-term cultivation and the connection to a 

carbon dioxide concentration unit: PBR@LSR 

(photobioreactor at the life support rack)43,44.  

C. Spaceflight experiment PBR@LSR 

The spaceflight technology experiment 

PBR@LSR shall be launched in 2018 on ISS. 

From 2015-2017, three breadboards (BB) have 

been used for numerous tests with different 

technical and biological scopes. Today, the design 

converges towards the proto flight model design, 

see Figure 3. The experiment compartment (EC) is 

a gas- and water-tight volume housing most of the 

components. It provides access to the gas 

environment and to the core of the experiment, the 

algae medium loop (approx. 650 ml) where the 

 
Figure 1. Long-term cultivation of two cycles45 

 

 

 
Figure 2. Nutritive components of C. vulgaris at IRS45 
 

 

Figure 3. Assembled breadboard for PBR@LSR  
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algae are cultivated. The algae medium loop contains 

two reactor chambers including gas exchange 

membranes, tubes and connectors, a flow indicator, 

sensors to monitor pH, temperature and optical density 

(OD), access ports for feeding and harvesting via a 

separate liquid exchange device, and a peristaltic 

pump. Custom-built LED panels  provide red-blue 

illumination. For gas supply, a pulse chamber is used 

to pulse the gases into the EC. Air circulation fans 

ensure a homogeneous gas and temperature 

distribution. Gas sensors for CO2, O2, pressure, 

relative humidity and temperature (T) are used to 

monitor the experiment. A cold plate connected to 

cooling water (16-23 °C) controls the temperature. 

Absorbers for O2 and humidity can be used for 

additional regulation. On reaching an O2 concentration 

of 25%, the gas is vented into the cabin for fire-safety 

reasons. 

Two cultivation experiments (test I, test II) conducted 

at 26-28 °C and illumination at 200 µmol/(m²∙s) on 

average are presented to evaluate gas rates for CO2 

and O2: a 47 days (test I) and a 180 days (test II) 

cultivation. The gas turn-over is shown in Figure 4 and 

5. Excluding cultivation problems when PS was not a 

dominant process but respiration, CO2 consumption 

reached 0.76 g/d in test I and 0.87 g/d in test II, or 1.17 

g/(l∙d) and 1.23 g/(l∙d). O2 release was at 0.22-0.29 g/d 

in test I and at 0.17-0.21 g/d in test II. This results in a 

PQ of 0.29-0.52. Low PQ occurred during the last 

phase of the 180 days cultivation in test II. A 

dedicated reason cannot be derived, since test II is still 

under evaluation. 

Test I enabled a significant increase on biomass. 

Inoculation at OD750nm = 2.9 and 

reaching 13.7 after 47 days, the 

biomass dry substance (DS) 

increased by 3.11 g in total. 

Assuming no algae growth 

between day 11 and 20 due to 

lack of PS activity, the growth 

rate can be assessed to 0.084 g/d, 

i.e. 0.129 g/(l∙d). During the 

experiment of Starkovich39, 50 g 

of dried Chlorella were produced in 30 days in 30 l, which results in 0.055 g/(l∙d). Thus, the BB of PBR@LSR is 

twice efficient in producing biomass. The average O2 release in test I is 0.243 g/d, i.e. 0.374 g/(l∙d). The average 

CO2 consumption is calculated to 0.710 g/d, i.e. 1.029 g/(l∙d). The amount of 1.092 g of CO2 contains 0.298 g of C 

and 0.794 g of O2. Compared to 0.129 g biomass, some carbon is used for other metabolic purposes. Test II enabled 

a significant increase on biomass, too. After 186 days 12.01 g DS were produced. This corresponds to 0.065 g/d or 

0.099 g/(l∙d). Highest growth rates of 0.190 g/(l∙d) occurred during the period of day 120 and 180, 345% more than 

in the experiment of Starkovich and 47% more than in test I. In test II, ten liquid exchanges (30% of the algae 

suspension was harvested and replaced by fresh nutrients) were conducted. This leads obviously to a higher 

cultivation quality.   

D. Downstream processing and automation 

Since microalgae are cultivated in aquatic systems, the downstream processing (DSP) is the essential step 

towards utilization of biomass from microalgae suspensions. The DSP includes harvesting, concentration and cell 

 
Figure 4.  Test I – accumulation of CO2 uptake and O2

release during 47 days cultivation 

 

 

 
Figure 5.  Test II – accumulation of CO2 uptake and O2

release during 180 days cultivation 

 

Table 6. Test I and II – CO2 consumption, O2 release, and PQ 

Time period CO2 consumption O2 release (g) PQ (molar) 

Test I: 47 days cultivation experiment 

Day 0-10   7.63 g  or  0.76 g/d 2.94 g  or  0.29 g/d 0.52 

Day 24-45 14.38 g  or  0.68 g/d 4.60 g  or  0.22 g/d 0.45 

Test II: 180 days cultivation experiment 

Day 0-37 22.35 g  or  0.60 g/d 6.79 g  or  0.18 g/d 0.42 

Day 66-120 32.28 g  or  0.87 g/d 7.91 g  or  0.21 g/d 0.37 

Day 120-180 30.76 g  or  0.83 g/d 6.39 g  or  0.17 g/d 0.29 
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disruption of microalgae. The cell disruption is needed to get access to the nutritive ingredients of the microalgae 

since the cell walls are indigestible for humans. Several terrestrial methods for the harvesting and the concentration 

of microalgae exist, but not all of them are also suitable for µg. Studies were conducted at IRS46,47, identifying the 

method of cross flow filtration promising for harvesting and concentration of microalgae under microgravity 

conditions. For cell disruption, using ultrasound was favored. Follow-up studies47,48 investigated the practicability of 

both, the cross flow filtration and the cell disruption using ultrasound.  

For cross flow filtration, the mPES MiniKros filter is used. Several Chlorella vulgaris microalgae suspension 

samples with volumes of up to 5 l and DS in the range of 1.16-16.28 g/l were pumped through the filter using a 

peristaltic pump at 50-200 ml/min resulting into transmembrane pressures between 250-1000 mbar.  Concentration 

factors between 7.56-20.03 were reached. The highest DS achieved after concentration was 123 g/l. Cell disruption 

using ultrasound performed very well. The ultrasonic device SONOPLUS HD 3100 and the sonotrode VS 70 T was 

used. A C. vulgaris microalgae suspension samples with a volume of 75 ml and a DS of 15.88 g/l was treated with 

ultrasound for 30 minutes at 100% amplitude. Over 72% of the microalgae cells were disrupted. The final 

formulation of a food product shall be focused in next studies for utilizing the disrupted microalgae biomass. 

Finally, the complete chain from inoculation to food product can be assessed. 

Another open issue for microalgae cultivation is an automated nutrient supply including analyses. To benefit 

from efficient nutrient supply and to decrease crew time, nutrient analysis could be automated. Phosphate and 

nitrogen sources are often used as macro nutrients. To monitor the concentration of these substances within algae 

suspensions, autonomously operating sensor systems are required. A study49 showed the availability of such sensor 

systems. Sensor systems to detect nitrogen sources are commercially available in the sector of waste water analysis. 

The problem with these sensors concerning space application is their enormous size, since they are designed for 

drainpipes. Nonetheless, the sensor system AN-ISE sc with the ability to measure ammonium and nitrate was tested 

with an algae suspension containing C. vulgaris at IRS. The AN-ISE sc sensor was able to measure nitrate 

concentrations within the algae suspension very precisely without harming the microalgae. Ammonium 

concentrations could not be determined reliably. It is assumed that a cross-sensitivity to calcium, which is part of the 

algae suspension medium, interferes with the ammonium signal. For space application, the sensor size must be 

reduced significantly. Then, an actuator could be used to supply the macro nutrients autonomously as required. 

IV. Conclusion  

Human space exploration requires a reliable and efficient CO2 treatment on-board the space system. Humans 

metabolize O2 into CO2 at a respiration quotient of 0.87-0.92, i.e. humans use more O2 than they release in CO2. 

These input and output numbers are relevant to design the capabilities of LSS components. Photosynthesis is not 

100% compatible to human respiration, as humans require more O2 than generated by plants from the amount of 

human CO2. 

CO2 treatment means removing and reducing CO2 of the habited cabin of a space system. Technologies based on 

adsorbing and absorbing processes were and are still developed. Chemical absorption by LiOH was the first process 

used in human spaceflight, but regeneration of the filled cartridges is not possible. Thus, regenerable molecular 

sieves based on physical adsorption and amine beds based on chemical adsorption were developed. The regeneration 

or desorption requires energy and additional treatment to reclaim adsorbed or absorbed water. Additional future 

physico-chemical technologies of CO2 removal are electrochemical depolarization concentration and selective 

membranes. The electrochemical depolarization is based on the fuel cell principle with a cesium containing 

electrolyte could be re-discovered after the developments were shut down in the 1990s because of faster and higher 

technological readiness of amine beds. Selective polymeric membranes are a starting technology option. More 

research is required to increase selectivity and reduce diffusion of other gases. 

CO2 reduction and generation of O2 are the next step after removal and concentration. The Sabatier process is 

highly developed and utilized on the ISS. Produced methane is vented but could be used as propellant in other 

mission scenarios, especially on the lunar or Martian surface. However, the carbon part of the CO2 is lost for life 

support purposes. A similar result is obtained when CO2 is processed by solid oxide electrolysis and O2 and a fuel 

gas (here CO) are produced. Consequently, physico-chemical CO2 only allows recycling the O2 but not the carbon. 

Thinking of utilization the CO2 of the Martian atmosphere, solid oxide electrolysis will undergo a test on the Mars 

2020 rover. 

Until today, only photosynthesis offers a complete recycling of CO2 into new consumables: O2 and food. Crop 

plants and microalgae are investigated to optimize their mass impact and to allow reliable cultivation. Last but not 

least, biological components will become part of a LSS, when analyses result in acceptable equivalent system 

masses compared to physico-chemical components and CO2 recycling. At the IRS, microalgae are seen as a 
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reasonable step to first familiarization with biological systems supporting LSS. Plants need too much volume, are 

slowly growing, and produce non-usable bio waste (e.g. leaves). Cultivation of microalgae in photobioreactors is 

obviously more efficient. The spaceflight experiment PBR@LSR is currently under development and prepared for 

launch in 2018. Objectives are to investigate gas exchange rates (CO2 and O2) and biomass growth during half a 

year and a controlled connection to the CO2 concentration assembly of ESA’s life support rack. Photosynthetic 

quotients are at 0.29-0.52 on average. Open questions are how to continue the development of food formulation after 

harvesting algae biomass and how to reduce crew time by automating nutrient analysis and supply during the 

cultivation. First processes are investigated such as cross flow filtration for separation of biomass and water, and 

ultrasound for cell disruption using. Further development will be continued. 
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