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Abstract  

Earthôs biosphere is sustained by its biological diversity, which forms an intricate network of 

biological, physical and chemical pathways. This network has many fail-safe redundant func-

tions including buffer stocks of inert biomass, huge amounts of water and the large volume of 

gases in the atmosphere. By contrast, manmade habitats for human space exploration are 

closed ecosystems that represent only a trivial fraction of Earthôs biosphere. 

The employment of bio-regenerative processes complemented with physical-chemical tech-

nologies is thought to have numerous advantages from the perspective of redundancy and 

reducing resupply mass for the sustained human presence in space or on other planetary 

surfaces. However, the combination of bio-regenerative processes, such as plant cultivation, 

with physical-chemical processes to form hybrid life support systems is challenging. Such 

systems are a concert of many interdependencies and interacting feedback loops, which are 

difficult to operate in a desired range of set points. Furthermore, the complexity of such sys-

tems makes them vulnerable to perturbations. 

Applying system dynamics modelling to study hybrid life support systems is a promising ap-

proach. System dynamics is a methodology used to study the dynamic behavior of complex 

systems and how such systems can be defended against, or made to benefit from, the per-

turbations that fall upon them. This thesis describes the development of a system dynamics 

model to run exploratory simulations, which can lead to new insights into the complex behav-

ior of hybrid life support systems. An improved understanding of the overall system behavior 

also helps to develop sustainable, reliable and resilient life support architectures for future 

human space exploration. 

A set of simulations with a hybrid life support system integrated into a Mars habitat has been 

executed and the results show a strong impact of space greenhouses on the life support sys-

tem behavior and the different matter flows. It is also evident from the simulation results that 

a hybrid life support system can recover from a perturbation event in most cases without a 

fatal mission end. 

Recycling urine to produce a plant nutrient solution is a novel approach in further closing 

loops in space life support systems. Within this thesis, a number of experiments have been 

executed in order to determine the effectiveness of a urine-derived nutrient solution com-

pared to a standard reference solution. The results show that in principle plants can be 

grown with a nutrient solution made of human urine, but that the yield is lower compared to 

the reference solution. However, the urine-derived solution might be tuned by adding small 

amounts of additional nutrients to remove the imbalance of certain elements. This way the 

nutrient salts supplied from Earth could be reduced. 
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1 Scope  

1.1 Motivation  

Humanity will eventually leave Earth to explore the solar system and what lies beyond. 

These journeys require the construction of advanced hybrid life support systems, a combina-

tion of physical-chemical technologies and bio-regenerative systems. These system mimic 

the functions of Earthôs biosphere to keep the travelling humans alive. Earthôs biosphere is 

sustained by its biological diversity, which forms an intricate network of biological, physical 

and chemical pathways. This network has many fail-safe redundant functions including buffer 

stocks of inert biomass, huge amounts of water and the large volume of gases in the atmos-

phere. By contrast, manmade habitats for space exploration are closed ecosystems that rep-

resent only a trivial fraction of Earthôs biosphere. 

Bio-regenerative systems are often incorporated in the ideas of long duration crewed space 

missions and also in ideas of habitats on the Moon, Mars or other planetary bodies. Most 

concepts incorporate a space greenhouse for food production, air revitalization and also for 

psychological benefits. Other bio-regenerative systems are algae photo bioreactors for food 

production and air revitalization, or systems with mono- or polycultures of microorganisms for 

waste treatment and water recycling. While all of these systems have been advanced in re-

cent years by various research and development teams all over the world, there is still a 

strong need for more research in area of bio-regenerative life support systems. This need 

was also identified in a study for the European Space Agency (ESA): 

óIt will be practically impossible within the foreseeable future to replace completely the 

physicochemical Life Support technologies by biological processes. However, the need 

for progressing in bio-regenerative technologies is obvious.ô 

         Dussap (2003, p. 22) 

The employment of bio-regenerative processes complemented with physical-chemical tech-

nologies is thought to have numerous advantages from the perspective of redundancy and 

reduction of resupply mass for the sustained human presence in space or on other planetary 

bodies. However, the combination of bio-regenerative processes, such as plant cultivation, 

with physical-chemical processes is challenging. Such systems are a concert of many inter-

dependencies and interacting feedback loops, which are thought to be difficult to operate in a 

desired range of set points. The complexity of hybrid life support systems makes the predic-

tion of the system behavior under nominal and off-nominal conditions problematic. 

óLife Support Systems must be conceived as an integrated sum of unit operations. This 

requires on one hand, a systemic approach of complex, highly branched systems with 

important feed-back loops and, on the other hand, the study of a set of unit operations 

(physico-chemical and biological compartments) in charge of the elementary functions 

constitutive of the entire Life Support System.ô 

         Dussap (2003, p. 22) 

Profound knowledge of the performance of hybrid life support systems as a whole and their 

components is essential to the development of sustainable, reliable and resilient life support 

architectures for future human space exploration missions. Such knowledge can be either 

gathered with an appropriate test facility, which incorporates all aspects of a life support sys-
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tem. Constructing, building and operating such a facility is, however, expensive and also 

challenging from a technical and political point of view. Another way to improve the under-

standing of hybrid life support systems is dynamic modelling. The need for dynamic model-

ling was already identified by Babcock et al. (1984) several years ago. 

The first goal of this dissertation is therefore the investigation of the behavior of hybrid life 

support systems, primarily the combination of physical-chemical technologies and plant culti-

vation in space greenhouses through dynamic simulations. 

Space greenhouses also require a certain amount of mineral nutrients for plant cultivation. 

For exploration missions planned in the near-term, these nutrients can be supplied by pre-

mixed crystalline or liquid fertilizers brought from Earth. Long duration mission and eventually 

permanently crewed habitats incorporating a greenhouse, however, require a more sustaina-

ble way of supplying nutrients. One possible approach is the production of plant nutrients out 

of waste products such as inedible biomass, feces and urine. The latter has the highest po-

tential, because human urine is rich in elements required for plant nutrition and the elements 

are already dissolved in water. Techniques for recycling urine into a nutrient solution for 

plants are still in an early development stage and have not been tested within a space life 

support system context. 

The second goal of this thesis is therefore the verification of a urine-derived nutrient solution 

for plant cultivation. The urine-derived solution is produced by a microbiological filter, which 

is under development at the Institute of Space Medicine of the German Aerospace Center 

(DLR). Plant cultivation experiments have been conducted for this thesis in order to improve 

the understanding on how plants grow and behave when fed with a nutrient solution pro-

duced from recycled urine. 

1.2 Thesis Objectives  

Two main objectives have been defined for this thesis, which are explained in the following 

paragraphs. 

Objective 1:  Dynamic simulation of a hybrid life support system  

The first objective of this thesis is to improve the understanding of the behavior of 

hybrid life support systems containin g physical -chemical technologies and plant cu l-

tivation. Therefore a life support system model is developed, when necessary, to 

simulate a hybrid life support system under nominal and off -nominal conditions to 

investigate the dynamic behavior of the system with all its feedback loops and inte r-

dependencies. The simulations should include:  

¶ Full mission simulations for nominal and off -nominal conditions to understand 

the overall system behavior.  

¶ Investigations of the effects of a greenhouse on the life support system arch i-

tecture.  

¶ Sensitivity analyses to investigate the effects of e.g.:  

o Physical -chemical technologies capacities,  

o Plant growth performance.  

¶ Perturbation analyses to investigate the effects of e.g.:  

o Physical -chemical system failures,  
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o Greenhouse failures.  

¶ Studies of events or specific situations that might arise from the aboveme n-

tioned simulations.  

 

Objective 2:  Plant cultivation experiments with a urine -derived nutrient solution  

The second objective of this thesis is the setup and execution of p lant cultivation e x-

periments with a nutrient solution derived from microbiologically processed urine. 

The experiments shall clarify if plants grow when fed with such a nutrient solution at 

all and how the plant development and food production is affected.  

1.3 Thesis Approach  

The dissertation is structured into six chapters with various subchapters as shown in Figure 

1-1. Chapter 1 describes the motivation behind this thesis, the thesis objectives and the 

structure of the thesis. 

In Chapter 2 the scientific background of this thesis is explained. The chapter begins with a 

summary of life support definitions and a review of regenerative physical-chemical life sup-

port technologies. The main focus of Chapter 2 is on explaining plant cultivation in space and 

its requirements in Chapter 2.3. The benefits of plant cultivation in space are highlighted fol-

lowed by a brief explanation of plant metabolism. Understanding how plants live and grow is 

an important prerequisite for modeling a space greenhouse. This subchapter also includes a 

definition of space greenhouse subsystems, inputs and outputs, and a review of plant selec-

tion methodologies. Chapter 2.3 concludes with a review of greenhouse research facilities 

and a summary of constraints for space greenhouse. The last subchapter of Chapter 2 de-

scribes the challenges of designing and operating hybrid life support systems. 

Chapter 3 starts with a description of life support modeling guidelines, a review of past and 

present life support models and the implications for this dissertation. Chapter 3.2 describes 

the modelling approach that is used in the development of the model. The model itself is 

briefly described in Chapter 3.3, followed by detailed descriptions for each model part (Chap-

ter 3.4 to 3.9. The model consists of three layers (one for gases, one for liquids and one for 

solids), a crew model, a greenhouse model and models for different physical-chemical tech-

nologies. Chapter 3.10 summarizes the model inputs which have to be defined prior to per-

forming simulations. The developed model has also been validated. This process is de-

scribed in Chapter 3.11. 

A number of simulations have been conducted with the model, which are described in Chap-

ter 4. The chapter starts with an overview of the simulations performed in Chapter 4.1. Chap-

ter 4.2 describes simulations performed only with the greenhouse model in order to deter-

mine the effects of changing environmental parameters on the output of the model. Chapter 

4.3 contains simulations with the full model. The simulations use a defined life support archi-

tecture with a nominal greenhouse (~60 % of food requirement met) based on values found 

in Anderson et al. (2015). The simulations resemble a Mars surface habitat mission with a 
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surface stay of 500 days on Mars. A simulation under nominal conditions was performed in 

order to determine the behavior of the system. This simulation was followed by a number of 

sensitivity and perturbation analyses in order to determine the system behavior under off-

nominal conditions. The simulations described in Chapter 4.4 are in principle the same as in 

those of Chapter 4.3, but this time the greenhouse was scaled up to produce almost 100 % 

of the food required for the survival of the crew. Again sensitivity and perturbation analyses 

were conducted. Chapter 4.5 and 4.6 describe simulations of scenarios of particular interest, 

namely the effects of the greenhouse production schedule on the system behavior and the 

effects of different greenhouse startup scenarios. 

Chapter 5 of this thesis illustrates the plant cultivation experiments with a urine-derived nutri-

ent solution. The first subchapter describes in detail the experiment background and pur-

pose. The experiment hardware and software is explained in the second subchapter. The 

experiments have been setup and conducted at the EDEN laboratory of the DLR Institute for 

Space Systems in Bremen, Germany. Over the course of three years, several experiment 

runs have been conducted in order to gather enough data for a solid evaluation. The experi-

ment setup was designed and built by the author from 2013 to 2014. In 2015, the experiment 

facility was first tested with a growth cycle of lettuce and then with a growth cycle of super-

dwarf tomatoes (the target crop for the experiments). The latter is described in Chapter 5.3. 

A number of technical and procedural issues were identified during the test growth cycle and 

the experiment setup was adjusted accordingly. The final experiment procedures are de-

scribed in Chapter 5.4 and the experiment set points in Chapter 5.5. The results of the vari-

ous experiment runs are described in detail and evaluated in Chapter 5.6. 

Chapter 6, the last chapter of the thesis, contains a summary of the work conducted for this 

dissertation. The results of the hybrid life support system modeling and simulations, as well 

as the results of the plant cultivation experiments with a urine-derived nutrient solution are 

discussed in detail in Chapter 6.2. Chapter 6.3 describes ideas for future work, which include 

improvements to the model and suggestions for additional simulations. Ideas for future ex-

periments and improvements to the urine-derived nutrient solution are mentioned as well. 
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Figure 1-1: Thesis structure.  
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2 Background  

2.1 Life Support Definitions  

Several similar-sounding terms for the classification of life support systems (LSS) exist. A 

short review of the most commonly used variations shall clarify the different meanings and 

definitions, because most of the terms are frequently used in this thesis. 

Environmental control and life support system (ECLSS) is the general term for the subsys-

tems required to maintain crew life and workability in spacecraft. These subsystems are the 

atmosphere management, water management, food production and storage, waste man-

agement, crew safety and extravehicular activities (EVAs) (Messerschmid and Bertrand, 

1999). ECLSS can also be categorized depending on the implemented technologies (P/C 

LSS, BLSS, hybrid LSS), the level of regeneration (non-RLSS, RLSS) and the level of loop 

closure (open, partially closed, closed), see scheme in Figure 2-1. 

 

Figure 2-1: Classification of Environmental Control and Life Support Systems (ECLSS).  

Physical-chemical life support systems (P/C LSS) utilize mechanical, physical and chemical 

processes to manage atmosphere, water and waste. Food production with P/C LSS is not 

possible. A broad variety of P/C technologies are already in use onboard the International 

Space Station (ISS) and other spacecraft. 

Biological life support systems (BLSS) utilize metabolic needs and products of biological 

components besides humans. Plants, algae, microorganisms and animals can be considered 

to fulfill different tasks within an ECLSS. Depending on the utilized component, BLSS are ca-

pable of producing food, oxygen and other materials, reducing atmospheric carbon dioxide, 

treating waste and purifying water. 

Hybrid life support systems combine P/C technologies with biological components to in-

crease loop-closure. Furthermore, hybrid life support systems have a potentially higher de-

gree of reliability and resilience, because their components work with fundamentally different 

functionalities. Controlling life support systems made of physical, chemical and biological 

components however is more challenging than either of them by themselves. 

Regenerative life support systems (RLSS) are capable of recycling matter produced in 

spacecraft to regenerate required resources. RLSS need none or only little resupply (e.g. 

spare parts, filters) to fulfill their tasks, which reduces the overall resupply mass and there-

fore the mission costs. 

Non-regenerative life support systems (non-RLSS) can only be used until their resources are 

depleted. They are usually used to makeup leakages or to provide resources in case of 

emergencies or to maintain human requirements in transfer vehicles during short missions. 
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An open loop ECLSS needs a constant resupply of all goods required for the survival of the 

crew. Traditionally, open loop ECLSS are used in transfer vehicles and during short mis-

sions. 

Partly closed ECLSS can be achieved by closing one or more of the water, oxygen and car-

bon loops. Each closed loop reduces the required resupply mass, but increases the initial 

launch mass and complexity of the system. 

A closed loop system recycles and reuses all matter produces within the system and conse-

quently has the lowest resupply needs of all ECLSS. Since closed loop systems have only 

little exchange with their environment (e.g. leakage), they are often called CELSS 

(Closed/Controlled Ecological Life Support Systems). Despite the same abbreviation, there is 

a difference between closed and controlled systems. Closed systems regulate themselves 

and naturally strive for equilibrium, but over time the productivity and species diversity de-

clines. On the contrary, controlled systems are under constant influence of humans respec-

tively control devices, which allow maintaining the ecosystem at desired conditions (MacElroy 

and Averner, 1978). 

2.2 Regenerative Physical -Chemical Life Support Technologies  

This chapter gives a brief overview of regenerative physical-chemical life support technolo-

gies. Each technology is only described very briefly. References are given for further infor-

mation. The functional categorization of the technologies is mainly based on Wydeven (1988) 

with minor alterations. Bubenheim and Wydeven (1994), Wieland (1994), Eckart (1996) and 

Schubert et al. (1984) provide summaries of almost all known physical-chemical life support 

technologies. The following descriptions are based on these references if not mentioned oth-

erwise. Table 2-1 shows the physical-chemical technologies described in the following sec-

tions and the life support functions they can address. 

2.2.1 Carbon Dioxide Removal and Concentration  

The technologies mentioned in this section remove CO2 from the spacecraft/habitat atmos-

phere and concentrate the gas for further processing. 

Electrochemical Depolarized CO 2 Concentrator (EDC)  

An EDC removes CO2 from moist cabin air by an electrochemical reaction with H2 and ex-

hausts processed air with a reduced CO2 partial pressure in one stream and concentrated 

CO2 with unprocessed H2 in another stream. Furthermore, the EDC generates direct current 

and heat. 

Air Polarized Concentrator (APC)  

An APC is a special form of EDC, which requires no H2 and includes an O2/CO2 separator. 

Due to the absence of H2 the APC generates no electrical energy and becomes a net power 

consumer. However, an APC can also operate with H2. 

Molecular Sieves (MS)  

MS reduce the amount of CO2 present in the air stream by using zeolites to adsorb CO2. 

Once the adsorption material is saturated, it is exposed to vacuum for desorption and regen-

eration of the zeolite. For a continuous operation multiple adsorption beds are necessary. 
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Solid Amine Resin CO 2 Removal (S AWD)  

SAWD systems are based on absorption and desorption of CO2, similar to MS. Instead of 

zeolites, solid amine resins are used as absorption material scrubbing CO2 from the cabin 

air. Heated water vapor is used to desorb CO2 from the resins. SAWD systems also require 

multiple beds or canisters for a continuous operation. 

Table 2-1: Physical -chemical  technolog ies for different LSS functions.  

2.2.2 Carbon Dioxide Reduction  

Technologies described in this section process carbon dioxide with the purpose to recover 

the oxygen. 

Bosch Reactor  

Bosch CO2 reduction systems are fed with inflows of CO2 and H2. The mixture is heated 

(700-1000 K) and compressed (130 kPa) before it reaches the catalyst bed. The CO2 and H2 

react to H2O, heat and solid carbon. The latter is formed on the catalyst (e.g. activated steel 

wool, ruthenium-iron alloys). Consequently, the catalyst material has to be replaced periodi-

cally to maintain its functionality. 

Sabatier Reactor  

Sabatier CO2 reduction systems require inlet streams of CO2 and H2 to start a catalytic reac-

tion. In the presence of a catalyst (e.g. ruthenium) and under high temperatures (450-800 K) 

CO2 and H2 react to methane, water and heat. The conversion efficiency and the production 
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APC X       

MS X       

SAWD X       

Bosch   X      

Sabatier   X      

CO2 electrolysis   X X     

SFWE   X   X  

SPWE   X   X  

WVE   X     

VCD     X   

TIMES     X   

VPCAR     X X  

RO      X  

MF      X  

Electrodialysis       X  

Dry incineration        X 

WO       X 

SCWO       X 

Electrochemical oxid a-
tion  

   
 

  X 
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of by-products (e.g. C, CO) can be controlled by the reaction temperature and the molar ratio 

of the H2/CO2 inlet. 

Carbon dioxide electrolysis  

This technology combines CO2 reduction and O2 production in a single process using solid 

oxide electrolytes. The CO2 reacts catalytically under high temperatures (1400-1600 K) to O2 

and CO. The latter is then decomposed to solid carbon and CO2, which is fed to the electrol-

ysis again. The process can also handle water vapor as input, with H2 and O2 as process 

products. 

2.2.3 Oxygen Generation  

The following technologies produce oxygen by electrolyzing water in different ways. 

Static -Feed Water Electrolysis (SFWE)  

SFWE systems convert hygiene water into O2 and H2. Water vapor diffuses as vapor through 

a membrane into an electrolyte (e.g. potassium hydroxide (KOH)). Under energy input pro-

vided as direct current power, H2 is produced at the cathode and O2 at the anode. 

Solid Polymer Water Electrolysis (SPWE)  

SPWE is a similar process to SFWE. Instead of KOH, the SPWE uses a solid plastic 

sheet/membrane or a perfluorinated sulfonic acid polymer. 

Water Vapor Electrolysis (WVE)  

WVE directly uses the water vapor contained in cabin air, which is fed to the anode side of 

the system. The water vapor is electrolyzed producing separated streams of H2 and O2 en-

riched air as output. Thus WVE can be used to regulate the humidity of the habitat air. Fur-

thermore, WVE has only few interfaces and can be designed as a portable system. 

2.2.4 Oxygen Concentration  

Oxygen concentration has not been part of a life support system yet. However, for a future 

LSS architecture such a technology might be required. Oxygen concentrators allow the con-

centration/separation of O2 from the normal spacecraft/habitat atmosphere for further pro-

cessing. Graf (2011) describes a process to produce high purity oxygen for EVAs. A similar 

technology can also be envisioned as an interface between a space greenhouse and the 

habitat to better control the oxygen concentration in the atmosphere of both the greenhouse 

and the habitat. 

2.2.5 Water Recycling  

The water recycling system in spacecraft and habitats must provide the required potable and 

hygiene water to the crew. It treats the accumulating waste water (e.g. urine) and conden-

sate water. Water recycling technologies can be classified either as phase change or filtra-

tion processes. The former are mainly suitable for treating urine and flush water, so called 

concentrated feeds, while the latter are considered to process dilute feeds such as hygiene 

(e.g. wash, shower, and laundry water) and potable water. 
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Vapor Compression Distillation (VCD)  

VCD is a phase change water recovery process which can recover more than 96 % H2O from 

urine. The urine is concentrated to over 50 % solids. Pre- and post-processing is necessary 

to achieve high water quality. The VCD system has to be evacuated periodically to remove 

undesired volatiles. 

Thermoelectric Integrated Memb rane Evaporation System (TIMES)  

TIMES is a phase change process using thermoelectric heat pumps to transfer heat from a 

water condenser to an evaporator. The urine and flush water is heated to 339 K and after-

wards pumped through hollow fiber membranes. Up to 93 % of the H2O can be recovered or 

until the concentration of solids reaches 38 %. Pre- and post-treatment of the processed wa-

ter are required. 

Vapor Pha se Catalytic Ammonia Removal (V PCAR)  

VPCAR is a phase change process which combines vaporization with high-temperature cata-

lytic oxidation to eliminate the need of pre- and post-processing and the related expendable 

chemicals. Volatiles like ammonia, hydrocarbons and N2O present in the water are oxidized 

and decomposed in two catalyst beds during the process. 

Reverse Osmosis (RO)  

RO is a filtration technique using a pressure-driven membrane separation process. The feed 

stream is pressurized (690-5500 kPa) and forced through a semipermeable membrane. Wa-

ter passes through the membrane, while volatiles and organics are separated, which leads to 

a relatively pure stream of H2O and a concentrated solution of residues. 

Multifiltration (MF)  

MF systems use filters and packed columns connected in series to purify H2O. MF can be 

split into three steps, the removal of particles by filtration, the removal of organics by adsorp-

tion and the removal of inorganic salts by ion-exchange. Expendables for the regeneration of 

activated charcoal and the ion-exchange beds are required.  

Electrodialysis  

This process is a combination of electrodeionization and filtration. The inlet H2O stream flows 

through a diluting compartment which is separated from adjacent concentrating compart-

ments by ion exchange membranes. Ions present in the H2O feed are forced through the res-

ins and membranes by an electrical potential gradient. Pre- and post-treatment has to be ap-

plied for removing volatiles not extracted by the electrodeionization, 

2.2.6 Solid Waste Processing  

In current LSS waste usually is collected, then stabilized and stored, before returned to Earth 

or burned in atmospheric re-entries of supply vehicles. Future LSS, especially, when food is 

provided through plant cultivation, will have to recycle inedible biomass produced in green-

house modules. Waste recycling allows the regeneration of gases, fluids and provision of nu-

trients for the greenhouse module. 
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Dry incineration  

During this process solid waste is combusted in air or preferable pure O2 under temperatures 

of about 813 K. The waste feed must be dried before the combustion at least until the solid 

content is about 50 %. The product streams of dry incineration are water condensate, inor-

ganic ash, CO2 and trace gases. Post-treatment with catalytic afterburners may be required 

to further increase the efficiency of the process and to reduce products from incomplete 

combustion (Bubenheim and Wydeven, 1994). 

Wet Oxidation (WO)  

WO uses high temperatures (473-573 K) and high atmospheric pressure (14 MPa) to oxidize 

diluted or concentrated waste streams. The process takes place in air or pure O2 and re-

quires no pre-drying, unlike incineration processes. WO regenerates H2O and essential nu-

trient salts for plants, produces CO2 and reduces solid wastes to small amounts of sterile, 

non-degradable ash (Bubenheim and Wydeven, 1994). 

Supercritical Water Oxidation (SCWO)  

SCWO utilizes the unique abilities of water in its supercritical state (temperature above 647 K 

and pressure above 21.5 MPa). Since organic substances and oxygen are completely solu-

ble and inorganic salts only sparingly soluble in supercritical water, SCWO can be used to 

separate salts from the aqueous product phase. The recycling of organic wastes with SCWO 

results in efficiencies greater than 99.99 % in less than 1 minute reaction time (Bubenheim 

and Wydeven, 1994). 

Electrochemical oxidation  

This technology utilizes a non-thermal waste treatment process. Organics and other solid 

wastes are recycled by oxidization to CO2, N2 and H2. The oxidization takes place on the sur-

face of catalytic electrodes under a relatively low operating temperature of about 422 K. CO2 

and N2 will be produced at the anode and H2 at the cathode. No atmospheric oxygen is con-

sumed during the process and the power demand is relatively low (Bubenheim and 

Wydeven, 1994). 

2.2.7 Other Technology Areas 

The previous subchapter focuses entirely on technologies and life support functions related 

to the provision and recycling of a number of vital substances. However, there are other life 

support technology areas which are of equal importance such as: 

¶ Trace gas monitoring and removal, 

¶ Humidity control, 

¶ Nitrogen supply, 

¶ Air quality monitoring, 

¶ Water quality monitoring, 

¶ Food quality monitoring, 

¶ Crew health monitoring. 

While these technology areas are important for spacecraft life support systems in general, 

they are of minor interest for this thesis. That is why these areas are not explained in more 

detail. 
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2.3 Space Greenhouse Systems  

2.3.1 Benefits of Plants in Life Support Systems  

Plants offer a wide range of advantages when used in life support systems. On Earth plants 

function as the backbone of the land-based ecosystem. They provide food and other prod-

ucts to many other life forms. Plants also bind carbon dioxide and produce oxygen. Plants 

act as a water filtration system with their water uptake and transpiration. Consequently, culti-

vating plants during long duration space mission on spacecraft or in planetary habitats has a 

high potential for human space exploration. 

The production of a wide variety of food is unique to plants. While algae are able to produce 

high quantities of protein in a small space, plants can produce proteins as well as carbohy-

drates and fats. Furthermore, most plants produce a wide range of vitamins and minerals 

which are all beneficial to humans. Currently, human space missions rely on dehydrated, 

freeze-dried and pre-packed food with the occasional provision of fresh produce for a short 

time after resupply. During future human space exploration missions to the Moon, Mars or 

beyond, the resupply intervals will be much longer and consequently the supply of fresh food 

is very limited. Space greenhouses have a lot of potential for this kind of mission as they can 

produce fresh vegetables during the mission. Furthermore, depending on the size of the 

space greenhouse and the crop composition, the greenhouse can contribute a significant 

amount of food supply which in turn reduces the amount of resupply to be brought from 

Earth. 

The metabolism of plants is based on photosynthesis. Photosynthesis is a bio-chemical reac-

tion which uses carbon dioxide, water and light energy to produce carbohydrates, fats, pro-

teins and oxygen. On Earth plants are the main consumers of carbon dioxide and the main 

producers of oxygen, whereas the human metabolism requires oxygen and produces carbon 

dioxide. Mimicking this process in space life support systems is self-evident. Plant cultivation 

in space greenhouse could significantly contribute to the atmosphere management of the life 

support system. 

Plants require water not only for their metabolism. In fact, over 99 % of the water consumed 

by plants is evaporated over the leaves. While the water evaporates, minerals and other 

substances remain in the plant material. This makes plants to very effective water filtration 

systems. If the evaporated water is condensed on a sterile surface, the produced liquid is 

very close to potable water standards. The water can either be fed again to the plants or with 

minor processing be made consumable for humans. 

The biomass produced by plants can also be used to create replacements for broken items. 

There are already a lot of commercially available products made out of bio-plastic a com-

pound made from biological materials based on plant biomass. Although the idea to produce 

small spare parts and tools made out of plant material seems very ambitions, the rapid de-

velopment of adhesive manufacturing and other production techniques will allow the produc-

tion of small parts out of biomass in the near future. Transferring these technologies to space 

exploration will open up more means to reduce the resupply mass required for long duration 

space missions. 

Besides the production of different resources, plant cultivation during long periods of isolation 

has a positive effect on the psychological well-being of the crew. In an environment in which 
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survival depends to a very high degree on technology, plants resemble the natural environ-

ment of Earth. Past experiments on space station Mir and the ISS have shown that even a 

very small amount of plants is highly appreciated by the astronauts (Haeuplik-Meusburger et 

al., 2014). 

2.3.2 Plant Metabolism at a Glance  

Plantsô metabolism is an aggregation of several complex interacting biological, physical and 

chemical processes. Knowing these processes is necessary to understand the functionality 

of space greenhouses and why plants in controlled environment perform better than in their 

natural environment. Therefore, some of the processes (e.g. photosynthesis, mineral nutri-

tion) are shortly explained in the following.   

2.3.2.1 Photosynthesis  

Photosynthesis is the only biological process which is capable of harvesting the Sunôs energy 

to produce complex chemical compounds. The whole process is a chemical redox reaction. 

Electrons are removed from one compound (oxidation) and added to another compound (re-

duction). 

Plants assimilate atmospheric carbon dioxide (CO2), which is reacted with water (H2O) in a 

series of physical and biochemical processes to produce carbohydrates (C6H12O6), water and 

oxygen (O2): 

 
φ ὅὕ ρς ὌὕựựὅὌ ὕ  φ Ὄὕ φ ὕ  (2-1) 

The required energy for the reaction is given by photons of specific wavelengths. The energy 

is stored in carbohydrate molecules and can be used to power the plantôs cellular activities or 

the metabolism of other forms of life. 

The formula (2-1) shown above is the simplest form of describing photosynthesis and disre-

gards the more than 50 intermediate steps (Blankenship, 2010). First of all, photosynthesis 

can be divided into two basic series of reactions: 

¶ Thylakoid reactions 

 
ρς Ὄὕựự ρς Ὄ φ ὕ , and (2-2) 

¶ Stroma reactions 

 
φ ὅὕ ρς Ὄ

           
ựự ὅὌ ὕ φ Ὄὕ. (2-3) 

Both take place inside two different organelles of plantsô chloroplasts, see Figure 2-2. The 

Thylakoid reactions, also known as light-driven reactions, are named after the Thylakoid 

membranes in which light is used in Photosystem I + II (PSI resp. PSII) to separate H2O into 

O2 and H+, nicotinamide adenine dinucleotide phosphate (NADP+) is reduced to NADPH and 

adenosine triphosphate (ATP) is formed out of adenosine diphosphate (ADP) and an addi-

tional phosphate ion (Pi). NADPH is a reducing agent which is required for the carbon fixation 

processes during the Calvin-Benson Cycle. ATP is an important energy carrier for metabolic 

processes. By adding an additional phosphate molecule to ADP, potential energy is stored 

and can be transported for the utilization in other processes. 



Background   
 

 

14 

Inside stromas, the carbon fixation reactions occur, also known as Calvin-Benson Cycle. This 

cycle does not require light as energy source, but is only regulated by illumination (Buchanan 

and Wolosiuk, 2010). 

 

Figure 2-2: Chloroplast scheme  including reactions, redrawn from Buchanan and Wolosiuk (2010). 

Thylakoid reaction s 

Inside the Thylakoid membranes, two complexes known as Photosystem I and Photosystem 

II harvest and concentrate the energy of light. The illustration of the electron flow and related 

reactions in these photosystems is known as Z-scheme of photosynthesis, see Figure 2-3. 

Both systems consist of a reaction center and a light-absorbing antenna system. The latter 

collect and concentrate photons before they are directed to the reaction center. 

 

Figure 2-3: Z-scheme of photosynthesis, redrawn from Blankenship  (2010). 

PSII mainly absorbs red light with a wavelength of 680 nm. Inside the reaction center P680, 

the energy of the collected photons is used to produce a strong oxidant, which oxidizes H2O 

to O2 and H+, and a weak reductant, which reduces the oxidant generated by PSI. The peak 

of absorption of PSI is in far-red light at a wavelength of 700 nm. The reaction center P700 

produces a strong reductant, which reduces NADP+ to NADPH, and a weak oxidant. Both 

photosystems are linked by an electron transport chain (Blankenship, 2010).  

Another complex of the Thylakoid membranes is responsible for ATP synthesis, also known 

as photophosphorylation. ATP formation requires the transport of hydrogen ions (H+). Inside 
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the membranes is an excess of H+ produced by PSII which is about 1000 times greater than 

in the stroma. This high concentration gradient is a source of chemical-potential energy, 

which is used by the ATP synthesis. Therefore, H+ moves through channels in the Thylakoid 

membrane to form ATP out of ADP + Pi (Ross, 1992b). 

Stroma reactions  

NADPH and ATP produced by the Thylakoid reactions flow from the membranes to the stro-

ma, a fluid surrounding them. In the stroma both substances are used in the enzyme-

catalyzed reduction of CO2 to carbohydrates and other compounds. This process is known 

as the Calvin-Benson Cycle which is a 3-stage cyclic process and encompasses several in-

termediate reaction steps, see Figure 2-4. 

The first stage is the carboxylation, where 3 CO2 and 3 H2O enzymatically react with 3 mole-

cules of ribulose 1,5-biphosphate to 6 molecules of 3-phosphoglycerate. During the second 

stage, the reduction, the 6 3-phosphoglycerate molecules are reduced to 6 triose phosphate 

using 6 NADPH as the reducing agents and consuming the energy provided by 6 ATP. The 

NADPH molecules react to NADP+, while ADP and Pi are formed out of ATP: 

 σ ὅὕ σ ὶὭὦόὰέίὩ ρȟυ ὦὭίὴὬέίὴὬὥὸὩσ Ὄὕ φ ὔὃὈὖὌφ Ὄ φ ὃὝὖ
ᴼφ ὝὶὭέίὩ ὴὬέίὴὬὥὸὩίφ ὔὃὈὖ φ ὃὈὖφ ὖȢ  

(2-4) 

The third stage is the regeneration of ribulose 1,5-biphosphate to ensure a continuous up-

take of atmospheric CO2. This stage is more complex than the other two and involves 10 in-

termediate reactions. During these reactions 5 molecules of the formerly produced triose 

phosphates are consumed in addition to 3 ATP molecules to regenerate 3 molecules of ribu-

lose 1,5-biphosphate, 3 ADP and 3 Pi: 

 υ ὝὶὭέίὩ ὴὬέίὴὬὥὸὩίσ ὃὝὖ 
ᴼσ ὶὭὦόὰέίὩ ρȟυ ὦὭίὴὬέίὴὬὥὸὩσ ὃὈὖσ ὖȢ 

(2-5) 

The sixth triose phosphate is the net production of assimilating 3 CO2 and is used as the ba-

sis of forming more complex molecules such as starch and sucrose. 

 

Figure 2-4: The three stages of the Calvin -Benson Cycle, redrawn from Buchanan and Wolosiuk  (2010). 
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2.3.2.2 Photosynthetic Response to Light  

The description in the previous chapter indicates that illumination conditions have a high im-

pact on the photosynthetic processes. The lightôs spectrum and intensity are of great im-

portance. 

The photosynthetically active radiation (PAR) is defined as the wavelength zone between 

400 and 700 nm (Sager and Mc Farlane, 1997). Plants show the highest photosynthetic re-

sponse within this spectrum, see Figure 2-5. Other wavelengths do not contribute to the pho-

tosynthesis. 

 

Figure 2-5: Spectrum of the Photosynthetic Active Radiation (PAR) (Sager and Mc  Farlane , 1997). 

Photosynthesis is not only driven by light of the right wavelength, but also by the amount of 

absorbed photons of PAR, photosynthetic photon flux (PPF). It is defined as the light quantity 

effective in photosynthesis and is expressed in ɛmol/(m²*s). Most plants saturate at a PPF 

between 500 and 1000 ɛmol/(m²*s) for an optimal growth (Sager and Mc Farlane, 1997). 

Under normal CO2 concentrations in air (350 ppm), photosynthesis is light limited. Exposing 

plants to higher PPF levels increase the assimilation of CO2 and consequently the growth 

rate. After reaching the light saturation point, a further increase in PPF does not enhance 

photosynthesis anymore. Photosynthesis is then CO2 limited (Ehleringer and Sandquist, 

2010; Salisbury, 1992c). Figure 2-6 illustrates the relation between absorbed light and CO2 

assimilation. 

 

Figure 2-6: Response of photosynthesis to light, redrawn from Ehleringer and Sandquist  (2010). 
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2.3.2.3 Photosynthetic Response to Carbon Dioxide  

Carbon dioxide as one of the main reactants influences the photosynthesis depended on the 

atmospheric concentration. Higher levels of CO2 increase the ratio of CO2 to O2 reacting with 

rubisco leading to a better net assimilation. The saturation point at which a higher CO2 con-

centration does not enhance photosynthesis is lower under nominal irradiance levels. Plants 

exposed to high PPF benefit from high CO2 concentrations. Most plants benefit from CO2 

concentrations of 1000 to 1200 ppm with sufficient irradiance. Higher concentrations are not 

beneficial anymore, because the fixation point is reached. Figure 2-7 shows the relation be-

tween the CO2 concentration and net CO2 fixation at different irradiance levels (Ehleringer 

and Sandquist, 2010; Salisbury, 1992a). 

 

Figure 2-7: Effects of atmospheric CO 2 enrichment on CO 2 fixation (atmospheric CO 2 concentration hig h-

lighted as dashed line), redrawn from Salisbury  (1992a). 

2.3.2.4 Photosynthetic Response to Temperature  

Photosynthesis is temperature sensitive. Plants under illumination also experience radiative 

heat transfer from the lighting source. The heat dissipates from the leaves through radiative 

heat loss, conduction and convection to the air, and through evaporative cooling. The latter 

occurs through water diffusion out of the leaves. This process is regulated by stomatal open-

ing which also affects CO2 uptake. The effects of temperature on photosynthetic processes 

are various and nearly every process step is temperature dependent. High temperatures re-

duce, among others, the rubisco activity and therefore the CO2 assimilation. At low tempera-

tures photosynthesis is limited by phosphate uptake into the chloroplasts. Every plant spe-

cies has its own optimal temperature range. Within this range, all photosynthetic steps are 

optimally balanced. Figure 2-8 illustrates the plant growth of four species as a function of 

temperature (Ehleringer and Sandquist, 2010; Salisbury, 1992b). 
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Figure 2-8: Plant growth as a function of temperature for four species. With tomato, day temperature was 

constant and night temperature varied. Redrawn from Salisbury  (1992b). 

2.3.2.5 Mineral Nutrition of Plants  

While light, CO2 and temperature directly affect photosynthesis, mineral nutrition is a limiting 

factor for plant growth in general. The yield of plants increases nearly linear with the amount 

of absorbed nutrients. Nutrients are naturally found in terrestrial soil in form of inorganic ions. 

The roots of plants absorb them and provide them to the food chain. 

The list of mineral nutrients encompasses 16 essential elements. They are classified as mac-

ro- or micronutrients. The former can be found in plant tissue in concentrations from 0.1 to 

1.5 % and the latter from 0.1 to 100 ppm. Macronutrients are Nitrogen (N), Potassium (K), 

Calcium (Ca), Magnesium (Mg), Phosphorus (P), Sulfur (S) and Silicon (Si). Micronutrients 

are Chlorine (Cl), Iron (Fe), Boron (B), Manganese (Mn), Sodium (Na), Zinc (Zn), Copper 

(Cu), Nickel (Ni), and Molybdenum (Mo) (Bloom, 2010; Ross, 1992a). They can also be clas-

sified by their biochemical role and physiological function, see Table 2-2. 

Deficiencies in mineral nutrition cause metabolic disorders and limit plant development. In-

adequate supply of specific nutrients produces characteristic symptoms which are extensive-

ly described by Bloom (2010) and Ross (1992a). Above plant specific concentrations, miner-

al nutrients are toxic. Especially the root system is sensitive to an overexposure of nutrients 

and is easily damaged. Figure 2-9 shows the relationship between nutrient concentration in 

plant tissue and growth respectively yields. 

 

Figure 2-9: Relationship between yiel d and nutrient supply, redrawn and modified from Bloom  (2010). 
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Table 2-2: Classification of plant mineral nutrients according to biochemical function (Ross, 1992a) . 

Mineral nutrient  Functions  

Group 1  Nutrients that are part of carbon compounds  

N 
Constituent of amino acids, amides, proteins, nucleic acids, nucleotides, coen-
zymes, hexosamines, etc. 

S 
Component of cysteine, cysteine, methionine. Constituent of lipoic acid, coenzyme 
A, thiamine pyrophosphate, glutathione, biotin, 5´-adenylylsulfate, and 3´-
phosphoadenosine 

Group 2  Nutrients that are important in energy storage or structural integrity  

P 
Component of sugar phosphates, nucleic acids, nucleotides, coenzymes, phos-
pholipids, phytic acid, etc. Has a key role in reactions that involve ATP. 

Si 
Deposited as amorphous silica in cell walls. Contributes to cell wall mechanical 
properties, including rigidity and elasticity. 

B 
Complexes with mannitol, mannan, polymannuronic acid, and other constituents of 
cell walls. Involved in cell elongation and nucleic acid metabolism. 

Group 3  Nutrients that remain in ionic form  

K 
Required as a cofactor for more than 40 enzymes. Principal cation in establishing 
cell turgor and maintaining cell electro neutrality. 

Ca 
Constituent of the middle lamella of cell walls. Required as a cofactor by some 
enzymes involved in the hydrolysis of ATP and phospholipids. Acts as a second 
messenger in metabolic regulation. 

Mg 
Required by many enzymes involved in phosphate transfer. Constituent of the 
chlorophyll molecule. 

Cl Required for the photosynthetic reactions involved in O2 evolution. 

Mn 
Required for activity of some dehydrogenases, decarboxylases, kinases, oxidas-
es, and peroxidases. Involved with other cation-activated enzymes and photosyn-
thetic O2 evolution. 

Na 
Involved with the regeneration of phosphoenolpyruvate in C4 and CAM plants. 
Substitutes for potassium in some functions. 

Group 4  Nutrients that are involved in redox reactions  

Fe 
Constituent of cytochromes and nonheme iron proteins involved in photosynthesis, 
N2 fixation, and respiration. 

Zn 
Constituent of alcohol dehydrogenase, glutamic dehydrogenase, carbonic anhy-
drase, etc. 

Cu 
Component of ascorbic acid oxidase, tyrosinase, monoamine oxidase, uricase, 
cytochrome oxidase, phenolase, laccase, and plastocyanin. 

Ni Constituent of urease. In N2-fixing bacteria, constituent of hydrogenase. 

Mo Constituent of nitrogenase, nitrate reductase and xanthine dehydrogenase. 

2.3.2.6 Water and Humidity  

The water demand of plants is high compared to the demands of CO2 and nutrients. For eve-

ry CO2 molecule diffusing into the leaf, on average 400 molecules of water diffuses out. This 

unbalance leads to the evaporation of around 97 % of water gathered by the root system. 

Only 2 % of the water is used to supply growth and 1 % for photosynthetic reactions. Water 

is also a good solvent for ionic substances and molecules such as sugar and proteins. Water 

deficit is a major limiting factor for plant growth and development. It inhibits photosynthesis 

and causes physiological changes. Insufficient water supply leads to reduced shoot growth 

and leaf expansion, but enhances root elongation. Plants gather mineral nutrients dissolved 

in water through their roots. The root hairs, filamentous outgrowths of root epidermal cells, 

provide the necessary surface area for water uptake.  Especially the root tips absorb water 

while the rest of the root is less permeable to water (Holbrook, 2010). 

The humidity or more precise the difference in water vapor pressure between the atmos-

phere surrounding the leaves and the inner air spaces of the leaves drives the transpiration 
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of plants. Transpiration occurs by diffusion through the stomata of the leaves (Taiz and Zei-

ger, 2010). 

2.3.3 Subsystems  

Space greenhouse can be divided into several subsystems. The definition of subsystems 

and the explanation of their purposes shown in Table 2-3 are based on Schubert (2011). 

However, the information given by the reference is modified by the author of the thesis. The 

air management and the thermal subsystem are combined to utilize the synergies in equip-

ment and function. The lighting and power subsystems are separated. The power distribution 

system has a high complexity and coverage, because of the different voltage levels, kind of 

currents and power levels of the other subsystems. The purposesô descriptions and exempla-

ry equipment of all subsystems were adapted when necessary to reflect the modified subsys-

tem classification. 

Table 2-3: Description of greenhouse module subsystems ; based on (Schubert  et al. , 2011). 

Subsystem  Purpose  Equipment  

Structures and 
Mechanisms 

Various structures to provide support 
for other subsystems, to withstand all 
applied loads during the whole mission 
and to act as radiation shielding 

e.g. primary and secondary 
structural elements, shielding, 
interfaces, walkways, access 
ladder, conveying system 

Plant Cultivation 
Subsystem 

Containment of root zone and growth 
medium, as well as providing support 
for the shoot zone. Environmentally 
closed compartments to maintain de-
sired levels of T, RH, and CO2. 

e.g. adjustable height root/shoot 
box, grow lid, plant support 
structures, germination unit 

Air and Thermal Con-
trol 

Subsystem 

Provision of O2 and CO2, dehumidifica-
tion, extraction and removal of trace 
gases, control of air temperature and 
humidity 

e.g. fans, H2O recovery system, 
temperature and humidity con-
trol system, trace gas removal 
system, piping, CO2 injection 
system, T-/RH-/gas-sensors 

Lighting 
Subsystem 

Illumination of plants with the neces-
sary intensity of PAR during the whole 
life cycle 

e.g. electrical or natural lighting 
systems, cooling system, light 
pipes, illumination sensors 

Power Distribution 
Subsystem 

Provision and distribution of electrical 
energy to all subsystems 

e.g. harness, interface to power 
generation equipment, voltmeter 

Nutrient and Fluid 
Delivery Subsystem 

Storage, mixing, and transportation of 
H2O and nutrients. Ability to create 
individual mixtures for different pur-
poses 

e.g. H2O tank, nutrient mix com-
puter, filters, pumps, nutrient 
tanks (N,P,K), other tanks, ph-
/EC-/T- and water flow sensors 

Harvest and Cleaning 
Subsystem 

Workstation and equipment for separa-
tion of edible and non-edible plant ma-
terial, as well as cleaning and steriliza-
tion of other subsystems 

e.g. washing sink, piping, sterili-
zation unit, harvest tools, initial 
storage locations for edible and 
non-edible materials 

Command and Data 
Handling Subsystem 

General data handling and control sys-
tem, receiving of sensor signals, distri-
bution of control signals 

e.g. computers, control units, 
harness, cameras 

 

The Plant Cultivation Subsystem needs further explanation in addition to the brief description 

in Table 2-3, because the definition of its subdivision is not always consistent between differ-

ent research groups. The following definition is based on work performed for the ESA project 

óGreenhouse Module for Spaceô by researchers of the DLR Institute of Space Systems in 

Bremen, with whom the author worked together. 
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According to this definition the greenhouse is integrated into the habitat or into a separate 

module, which is then connected to the habitat. The greenhouse can consist out of several 

growth chambers to divide the greenhouse volume into different segments. A growth cham-

ber itself contains a number of growth compartments to separate different species from each 

other or to provide different lighting conditions between compartments. One growth com-

partment holds several growth pallets, which provide a suitable root zone for the plants. Each 

grow pallet is connected to the nutrient and fluid delivery subsystem and typically supports a 

number of plants of the same species (Poulet et al., 2013). Figure 2-10 shows an exemplary 

scenario of a greenhouse and its subunits containing multiple species compartments. 

 

Figure 2-10: Organization of a greenho use, with different subunits. Scenario with multiple species cha m-

bers (Poulet  et al. , 2013). 

2.3.4 Inputs  and Outputs  

Greenhouse modules incorporated into a habitat have several inputs and outputs to the habi-

tat infrastructure subsystems. The quality and quantity of the in- and outputs greatly depend 

on the system architecture of the greenhouse. Figure 2-11 shows all possible in- and outputs 

of a greenhouse module arranged by type in the four groups: gases, liquids, solids and ener-

gy. 

Gaseous inputs are inert gas for compensating the loss of atmosphere through leakage and 

carbon dioxide as metabolic input for plant photosynthesis. Gaseous outputs are oxygen 

produced by plant photosynthesis and atmospheric leakage to the environment. 
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Liquid inputs are potable water and wastewater for plant growth. The outputs are waste nu-

trient solution and potable water. The liquid in- and outputs may vary in different greenhouse 

setups, depending on the design of the water loops. The greenhouse may recycle the water 

transpired by the plants and directly feed it back to the plants or provide it as potable water to 

the habitat. Depending on how much water is taken from the greenhouse in terms of recov-

ered transpiration water and fresh biomass, water has to be supplied to the greenhouse. The 

supplied water might be potable water or even slightly polluted water, depending on the 

crops grown in the greenhouse. 

Solid inputs are nutrient salts and potentially biological solid waste to supply the crops with 

macro- and micronutrients. Solid outputs of the greenhouse are usually biomass (edible and 

inedible) and general waste (e.g. tools, consumables, growth media). 

Greenhouse modules require energetic inputs in terms of electrical energy, workforce and 

heat. However, there is also the need for heat extraction from the greenhouse depending on 

the atmospheric conditions (especially temperature and relative humidity). 

 

Figure 2-11: Greenhouse module inputs and outputs arranged by type (solid arr ows indicate necessary 

inputs and outputs; dashed arrows indicate potential inputs and outputs).  

2.3.5 Plant Selection  

Selecting the right plants and cultivars for space greenhouse modules is a complicated pro-

cess, which is so far not satisfactorily finished. A number of criteria exist to evaluate plants 

on their suitability for the cultivation in BLSS. Among them are biomass production and nutri-

tional aspects, plant requirements, growth conditions and others. Table 2-4 shows an over-

view of selection criteria by Eckart (1996). 




























































































































































































































































































































































































































































