
  

Lehrstuhl für Raumfahrttechnik 
Prof. Prof. h.c. Dr. Dr. h.c. Ulrich Walter 

Technische Universität München 

 

Supervisor: M.Sc. Daniel Pütz                                                    
Institute of Astronautics 
Technische Universität München 
M.Sc. Michael K. Ewert                                                 
National Aeronautics and Space Administration (NASA)             

  

 

 

 

 

 

 

Master’s Thesis  

 

Assessment of the Impacts of Plant Growth on the Air 
Revitalization System of different sized Space Habitats 

using the Virtual Habitat 

 

RT-MA 2017/18 

Author: 

Constantin Traub 
 

  



Assessment of the Impacts of Plant Growth on the Air Revitalization System of 

different sized Space Habitats using the Virtual Habitat 

Constantin Traub  

 

Page II 

 

 

 

 

 

 

“Engineering is done with numbers. Analysis without numbers is 
only an opinion.” 

 

Akin’s Laws of Spacecraft Design No.1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Assessment of the Impacts of Plant Growth on the Air Revitalization System of 

different sized Space Habitats using the Virtual Habitat 

Constantin Traub  

 

Page III 

Acknowledgments 
 

Growing up in a small town in the south of Germany and ending up working on my 
master’s thesis at the Johnson Space Center in Houston is a journey that is too long 
to walk alone. Luckily, I was surrounded by a remarkable group of people who provided 
an unbroken chain of support and to thank every single one of them would go beyond 
the scope. Nevertheless, I want to use this opportunity to thank the most important 
people that made this dream come true.  

Starting with my mentors: Daniel Pütz from the Technical University of Munich and 
Michael K. Ewert from the National Aeronautics and Space Administration. Daniel’s 
deep understanding of V-HAB combined with Mike’s life long experience working for 
NASA resulted in an unbeatable mixture of knowledge and support.  

Being taught by a former astronaut multiplied my fascination for space and I want to 
thank Prof. Dr. rer. Nat. Ulrich Walter, my professor at the Technical University of 
Munich, for the great efforts he puts into teaching. Furthermore, I want to thank Dr. 
Claas Olthoff and Matthias Killian for their trust and for providing me this unique 
opportunity. The foundation of my work is built by the Virtual Habitat, initiated by Prof. 
Markus Czupalla, and I want to thank everyone who has contributed to the V-HAB 
project.  

The resulting thesis is a multidisciplinary work and I consider myself lucky to have 
received data, expertise and feedback from some of the worlds most respected experts 
in their field: Molly Anderson, Imelda Stambaugh, Dr. Daniel Barta and Dr. Jeff 
Sweterlitsch from JSC, Paul Zabel from DLR as well as Dr. Raymond M. Wheeler and 
Dr. Gioia Massa from KSC. 

Non ‘work-related’ help needs to be adequately acknowledged, too. The whole EC2 
branch at JSC made my stay an unforgettable experience and in person I would like 
to thank Evelyne Orndoff, Dr. Darwin Poritz, Joe Chambliss, Mark Schaefbauer and 
Vic Untalan for guiding me through the last six months. 

My stay was financially supported by the Walther-Blohm Foundation for which I am 
very thankful. 

Finally, I want to express my utmost gratitude to my family. I am more than thankful to 
my sister Alexandra for being a close friend as well as my rock during turbulent times. 
My parents, Jutta and Roland, have been supporting this journey since day one. My 
mum gives me everything without ever asking for return. My dad passed on the 
engineering spirit and set an example to aspire to. Both of them are living examples of 
how to be a good human being and there is no way of adequately expressing my 
gratefulness in words. 

 

 

 

 

 

 



Assessment of the Impacts of Plant Growth on the Air Revitalization System of 

different sized Space Habitats using the Virtual Habitat 

Constantin Traub  

 

Page IV 

Zusammenfassung 
 

Mit Hilfe des Simulationstools V-HAB wurde im Rahmen dieser Masterarbeit die 
Forschungsfrage, in wie fern die Fotosynthese von Pflanzen mit den 
Atmosphärenwiederaufbereitungssystemen (engl. Air-Revitalization Systems, ARS) 
der Internationalen Raumstation (ISS) sowie des Cis-Lunar Habitats (CLH) interagiert, 
analysiert und beantwortet. 

Da Pflanzen bisher stets durch das Erdmagnetfeld vor weiten Teilen der schädlichen 
Weltraumstrahlung geschützt waren gibt es auch keinerlei Erkenntnis darüber, welche 
Auswirkungen diese auf die Pflanzen hat. Ein detailliertes Verständnis für 
extraterrestrische Einflüsse ist jedoch von essentieller Bedeutung um zuverlässige 
bioregenerative Lebenserhaltungssysteme für bemannten Langzeitmissionen zu 
entwickeln. Daher plant die NASA, aktuelle und zukünftige Raumstationen als 
Plattformen zur Durchführung wissenschaftlicher Experimente an Pflanzen zu nutzen. 
Pflanzen reagieren sehr sensibel auf ihre umgebende Atmosphäre, umgekehrt wird 
diese durch die Fotosynthese beeinflusst. In einer Raumstation wird die 
atmosphärische Zusammensetzung der Luft durch ARS kontrolliert. Diese sind sehr 
komplex und beinhalten eine Vielzahl interner Interaktionen. Um zukünftig weiterhin 
für zuverlässige und robuste Lebenserhaltung sorgen zu können, müssen die 
Interaktionen zwischen Pflanzen und ARS analysiert und verstanden werden. Eine 
Möglichkeit dies zu tun besteht in der Durchführung dynamischer Simulationen. 

Mit Hilfe einer Literaturrecherche wurde zunächst herausgearbeitet, ob und wie sich 
die Fotosyntheseprozesse bei hohen Kohlenstoffdioxidkonzentrationen verändern. 
Anschließend wurden Pflanzensetups entwickelt, welche allen Anforderungen realer 
Anwendungen in einer Raumstation genügen. Die notwendige V-HAB Grundlage 
wurde durch das Erstellen eines dynamischen Modells des Cis-Lunar Habitats mit 
unterschiedlichen ARS Architekturen geschaffen. Dabei lag der Fokus auf einem 
Vergleich zwischen dem kürzlich entwickelten ‚open-loop‘ CAMRAS System und 
‚closed-loop‘ ARS Komponenten welche sich bereits im All bewährt haben. 
Anschließend wurde der Einfluss der Pflanzen auf die beiden Stationen mit Hilfe einer 
Vielzahl an dynamischen Simulationen analysiert. 

Die Ergebnisse machen deutlich, dass die unvermeidliche Transpiration der Pflanzen 
der Haupteinfluss kleiner Anbauflächen ist. Auf Grundlage dessen wurde eine 
bestmögliche Schließung des Wasserkreislaufs als wichtigstes Optimierungskriterium 
definiert. Geeignete sowie weniger geeignete Ansätze dies zu tun konnten aufgezeigt 
und detailliert begründet werden.  

Auf der ISS variiert der Einfluss sehr stark mit der Lage der Pflanzen. Gründe wurden 
diskutiert und können dazu genutzt werden, optimale Standorte für zukünftige 
Experimente zu finden. Größere Anbauflächen, bei denen die Fotosynthese einen Teil 
der Atmosphärenwiederaufbereitung übernimmt benötigen zusätzliche 
Wasserrückgewinnungssysteme, da die bereits vorhandenen Systeme nicht 
ausreichen um alle Anforderungen zu erfüllen. In diesem Fall konnten 
Rückkopplungseffekte ausfindig gemacht werden, welche die Vorteile limitieren. 

Die in dieser Arbeit präsentierte Forschung ist in eine Vielzahl von Forschungsfragen 
erweiterbar welche am Ende aufgezeigt und diskutiert werden.  
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Abstract 
 

The simulation tool V-HAB was used to answer the research question of how the 
process of photosynthesis interacts with the Air Revitalization Systems (ARS) of the 
International Space Station (ISS) as well as the Cis-Lunar Habitat (CLH). The goal was 
to identify well matching ARS architectures and to enhance the system understanding 
by analyzing possible feedback loops. 

In some sort, plants will be part of a future manned mission to mars. Experience with 
plant growth in micro-gravity is limited and plants have not yet experienced deep space 
radiation outside of the earth’s magnetic field. NASA intends to address these 
knowledge gaps by performing plant research on the present and future habitats. 
Plants react very sensitive to their atmospheric surroundings but vice versa 
photosynthesis affects the atmospheric composition. Inside a space habitat, the latter 
is controlled via Air Revitalization Systems which are highly complex and entail many 
dynamic effects and interactions. Understanding and analyzing the overall interactions 
between plants and ARS is an absolute necessity to provide robust and reliant life 
support. One viable way to predict these interactions is by performing dynamic 
simulations.  

To address the research task, literature research on plant responds to elevated carbon 
dioxide levels as well as effort in defining all aspects for reasonable plant setups for 
near term cultivation inside space crafts was made. The necessary V-HAB foundation 
was built by developing a dynamic model of the Cis-Lunar Habitat with various ARS 
architectures. The main tradeoff was to compare an ‘open-loop’ approach including the 
recently developed Orion ARS CAMRAS versus using flight proven ISS components. 
Subsequently, the impact of the different plant setups on both habitats was analyzed 
by performing dynamic simulations. 

The results consistently pointed out that the main impacts of small-scale cultivation 
areas are caused by transpiration. Thus, increasing the water loop closure of the CLH 
was identified as the most important task. Well matching as well as non-well matching 
options to increase the loop closure, while using the open-loop CAMRAS system, could 
be identified and detailed explanations given. 

On the ISS, the impact varies with the location. Reasons could be found and the 
findings can be used to determine an optimal location for future experiments. For larger 
cultivation areas, which take over part of the air-revitalization functions, additional and 
dedicated humidity control is needed. In this case, feedback loops which limit the air-
revitalization benefits could be revealed and explained.  

The performed research is expandable in many directions which is why in the end 
possible future work topics are revealed. 
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1 Introduction 

“Man, in his quest for knowledge and progress, is determined and 
cannot be deterred [...]. There is no strife, no prejudice, no national 
conflict in outer space as yet. Its hazards are hostile to us all [...]. 

 We choose to go to the moon! … We choose to go to the moon in 
this decade and do the other things, not because they are easy, but 

because they are hard. […]”  

John F. Kennedy, 12 September 1962, Rice University Houston 

Long-duration manned space flight has captured the human fascination for centuries. 
Non-profit space agencies around the world choose to participate out of curiosity and 
the desire to explore. This was true in the past and it is true today. However, almost 
fifty years after the Apollo missions, they still represent the farthest reach of the human 
civilization. The necessary technology to safely and affordably travel to Mars or other 
planets in our solar systems has not yet been developed. 

Due to the impracticability of frequent logistical resupply, highly sustainable habitats 
are needed to enable long-duration manned space missions. Sustainability, in terms 
of isolated systems, can be quantified by the degree of resource loop closure of a 
system or, vice versa, by the maximum time a system can survive between successive 
resupply missions. A fully sustainable system (‘closed-loop’) can operate indefinitely 
while being materially and energetically closed off from its external environment. An 
entirely unsustainable system (‘open-loop’) requires stores of consumables as input 
and transforms the consumables into waste products that are stored or removed from 
the system boundary. The latter inevitably fails once the initial consumable store is 
depleted and no timely resupply occurs. 

Physio/chemical technologies are suited to close the loops in terms of water and 
oxygen but are not able to do so for the carbon loop (e.g. food production). Over the 
past decades, Bioregenerative Life Support Systems (BLSS) emerged as the premiere 
approach to potentially close the carbon loop and to overcome the need to continuously 
resupply consumables from Earth. Furthermore, it has become clear that more 
emphasis needs to be placed on improving the habitability of these environments. The 
crew’s living environment plays an important role in their physiological well-being, 
directly affecting their performance and productivity (Morrow et al. 2005b).  

1.1 Motivation 

Although the potential of biological life support can hardly be denied, it will take years 
of intensive research before biological systems can be relied on as a primary 
subsystem for space operations since there are many key knowledge gaps in the 
growing of plants and the production of food in space exploration environments that 
need to be addressed. The cultivation surroundings in deep space vary crucially from 
the terrestrial ones which are exposed to earth’s gravitation and protected by its 
magnetic field. NASA consequently plans to exploit current and future space stations 
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as testbed platforms: “The ISS provides an accessible platform for near-term 
microgravity evaluations [..] and follow-on evaluations in cislunar space can assess the 
impacts of deep space radiation [..]” (Anderson et al. 2017a: S.2). 

The near-term goal for plant growth systems targeted by NASA are so-called ‘Pick-
and-Eat’ systems which neither aim to provide a significant contribution to the daily 
caloric intake of the crew nor to contribute to air-revitalization. However, regardless of 
whether or not plants are considered to overtake life support functionalities, there will 
be noticeable impacts. Plants react very sensitive to their surrounding atmosphere and 
vice versa photosynthesis affects the atmospheric composition in the habitat. The latter 
is controlled via Air Revitalization Systems (ARS) which are highly complex systems 
entailing many internal dynamic effects and interactions. Understanding and analyzing 
the overall interactions between plants and ARS is an absolute necessity in order to 
develop robust and reliant life support. Unfortunately, experience with plant growth in 
space is very limited and so is the available data.  

One possible way to predict these interactions is by performing dynamic simulations. 
In this thesis, The Virtual Habitat (V-HAB) (1.3), a dynamic life support system (LSS) 
modeling and simulation tool developed at the Institute of Astronautics at the Technical 
University of Munich (TUM) was used to perform a trade study of plant growth in space 
habitats varying: 
 

• The plant growth setups 

• The size of the habitat 

• The air-revitalization systems  

1.2 Research Question and Thesis Goal 

The primary research question that was addressed is how plant growth affects the air 
revitalization subsystems depending on the size of the space habitat as well as the 
ARS used. The goal was to identify well matching ARS configuration for plant growth 
in the Cis-Lunar Habitat based on the obtained results. In addition, efforts were made 
to create a summary of the current state of the art of BLSS so that it can be used as 
an introductory course for future V-HAB students starting to work with BLSS. 
 
Throughout this thesis, the generic masculine will be used and any masculine 
designation is considered to entail females, too. 
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1.3 The Virtual Habitat 

 

The Virtual Habitat is a dynamic life support 
modeling tool which is under development at the 
Institute of Astronautics (LRT) at the Technical 
University of Munich since 2006.  

LSS are complex systems entailing many 
internal dynamic interactions. Understanding 
and analyzing such systems is no simple task.  
In the past, static optimization tools applying the 
Equivalent System Mass (ESM) (Levri et al. 
2003) method were used. V-HAB can provide a 
stage two simulation and show their dynamic 
reactions. This way a system configuration can 
be evaluated for system stability and controllability and possible risks can be identified 
and mitigated ahead of time.  

 

Fig. 1-2:       Graphical representation of (a) an instable, (b) an indifferent and (c) a stable system  

 

With regard to the atmospheric composition of a habitat, the term system stability is 
defined as the ability of a system to keep certain values (e.g. carbon dioxide or oxygen 
partial pressure) within defined limits and furthermore to restore these values after a 
disturbance has taken place (Czupalla et al. 2016a). 

What differentiates V-HAB from other recently introduced simulation tools like the 
Resource Tracking Module (RTM) (Chambliss et al. 2015), HabNet (Do et al. 2015) or 
the Simulator for Closed Life and Ecology (SICLE) (Moriyama et al. 2015) is its ability 
to simulate different levels of fidelity for a given system and requirement. V-HAB is 
object-oriented programmed in MATLAB® and uses a modular, bottom-up approach 
to achieve a system representation in which new components or similar components 
with different levels of fidelity can easily be integrated and analyzed. 

The first version of V-HAB was finished in 2011 with Markus Czupalla achieving his 
Ph.D. for his work on V-HAB (Czupalla Markus 2011). Since then it has been further 
developed and applied in numerous bachelor and master theses. 

A continuous graphical representation scheme is used to visualize V-HAB models 
throughout this thesis. It will be introduced and shortly explained in the following table: 

 

(a) (b) (c) 

Fig. 1-1:       V-HAB project logo  
 (Institute of Astronautics) 
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Table 1-1:   Graphical representation scheme of V-HAB models 

 

 

Store: Each store has an individual name and can contain 
several phases 

 

 

Phase: A phase represents matter in a defined physical 
state (solid, liquid or gaseous) 

 

 

Phase-to-Phase Processor (p2p): A p2p is used to 
transfer matter from one phase into another. They are e.g. 
used to simulate a phase change 

 

 

 

ExMe-Processors: ExMes (from Extract/Merge) are the 
interfaces between phases and flows that can extract mass 
from a phase or merge it into 

 

 

Manipulators: Manipulators can change the composition of 
a phase and transform one substance into another. They 
are e.g. used to simulate chemical reactions 

 

 

 

Flow-to-Flow Processors (f2f): f2f processors are used to 
influence flow within a branch 

 

 

Subsystem Interface Connection (SIC): SIC indicate an 
interface connection to another subsystem 

 

 

Branch: A branch is a connection between two phases 
within different stores 

p2p 

M 

f2f 
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1.3.1 V-HAB Example System 

For a better understanding of V-HAB, the Electrolyzer as part of the Oxygen 
Generation Assembly (OGA) model developed by Pütz (2015) will be explained. This 
model is chosen because it is a small and easy to understand system which entails all 
basic V-HAB components. 

 

 
Fig. 1-3:       Electrolyzer V-HAB model schematic 

 

An Electrolyzer decomposes liquid water into gaseous oxygen and hydrogen using an 
electric current that is passed through the water. Fig. 1-3 shows the sketch of the 
Electrolyzer V-HAB model. Inside the Electrolyzer store there are three different 
phases: a liquid water phase (H2O), a gaseous oxygen phase (O2) as well as a 
gashouse hydrogen phase (H2). The amount of liquid water that is supposed to be 
processed flows into the water phase through a branch from a buffer water store (not 
part of this schematic). Inside this phase, a manipulator takes care of the actual 
reaction by splitting up the water into oxygen and hydrogen according to the chemical 
equation. Thereafter, a phase-to-phase processor that connects the water phase with 
the oxygen phase moves the produced oxygen into the oxygen tank (likewise for the 
produced hydrogen). Before being passed on to its designated system, the 
temperature of each gas is cooled down via a flow-to-flow processor which in this case 
simulates a cooler. 

The oxygen is afterwards inserted to the cabin and inhaled by the crew. The hydrogen 
is fed to a Sabatier reactor (part of the Sabatier Carbon Recycling Assembly (SCRA)) 
in which it reacts with carbon dioxide to water and methane. Thereby, part of the water 
that was processed in the OGA can be recovered. 

O2 

p2p 

p2p 

f2f 

f2f 

H2 

H2O 

M 

Electrolyzer 

to Cabin 

to SCRA 
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2 Bioregenerative Life Support Systems 

2.1 An Introduction to Life Support Systems 

Living on the planet Earth it is easy to forget that a human being is very sensitive to 
the environmental conditions he is subjected to. This is because he is surrounded by 
the most prominent example of life support systems: The Earths’ Biosphere.  

The general term Life Support System refers to the engineered system inside a habitat 
(e.g. space craft, submarine etc.) that exists for the purpose of keeping any living 
beings (i.e. humans and/or animals) alive by providing them with biological autonomy 
from their natural environments. (Messerschmid and Bertrand 1999). Although the 
physio/chemical LSS used on the ISS are flight proven and well understood, further 
development enhancing sustainability as well as reliability is a critical element of 
planning human missions to mars.  
 
In daily average, each crew member consumes about 0.6 kg of dehydrated food, 3.9 kg 
of water and 0.8 kg of oxygen. On the other hand, he produces waste at a rate of 5.4 kg 
per day (including liquids, solids and carbon dioxide) (Carton et al. 2013). Based on 
this premise, a LSS can be broken down into the following five subsystems (Czupalla 
et al. 2016b):  
 

a) Atmosphere Revitalization 
b) Water Processing 
c) Human 
d) Waste Recycling 
e) Food Supply 

 

In regard to LSS, a human must not only be considered a subsystem but rather as its 
defining parameter: his metabolic in- and outputs define the boundary conditions of the 
LSS. In addition, the crew requires protection from the hazardous space environment 
characterized by extreme temperatures, high vacuum, micrometeoroids, reduced 
gravity and high levels of cosmic as well as solar radiation. 
 
Before going into detail some terms need to be clarified (Shaw 2012): 
 

a) Open-Loop: Fully open-loop systems are open in terms of matter as well as 
energy and do not recycle anything. Everything needed for the duration of the 
mission has to be present at launch or needs to be resupplied. They are 
considered reliable due to their simplicity and have been used for decades (e.g. 
Apollo Missions). However, they come with a linear increase in required mass 
with increasing mission duration and crew size. 
 

b) Closed-Loop: Systems that use regenerative processes (a process that 
regenerates consumables such as mass and energy) are called (based on their 
level of loop closure): fully, partially or entirely not closed systems. Compared 
to open-loop systems, closed-loop systems require a higher initial mass but are 
capable of recycling a part of the used resources and thus reducing resupply 
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mass. This makes them more efficient than open-loop systems once their break-
even point is reached. 
 

Fig. 2-1 shows a schematically representation of an open-loop, a partially-closed and 
a fully-closed system. The parameter >?  indicates a mass flow rate into the human crew 
and >� the initial consumable store mass. Fig. 2-2 demonstrates how an increase in 
loop closure reduces resupply needs: 
 

   
Fig. 2-1:       Schematic representation of an open-loop (left), a partially closed loop (center) and a fully 

closed loop (right) system (Shaw 2012) 
 

 
Fig. 2-2:       Effect of loop closure on resupply mass (Messerschmid and Bertrand 1999) 

 
c) Physio/chemical technologies: Technologies that rely solely on physical and/or 

chemical processes to transform and/or relocate resources. No living organism 
such as bacteria or plants are actively used to carry out life support functions. 
 

d) Physio/chemical Life Support Technologies: Technologies that exploit 
physio/chemical processes for use in LSS for sustaining humans. 
Physio/chemical technologies can be non-regenerative (LiOH Carbon Dioxide 
scrubbers) or regenerative (e.g. Sabatier reactors). 
 

e) Biological technologies: Technologies that rely solely on biological processes to 
transform resources. Plants, bacteria, and/or other organisms are actively and 
intentionally used. 
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f) Bioregenerative Life Support Technologies: Technologies that exploit 
biological regenerative processes for use in LSS. The ultimate goal of this 
technology is to create a sustainable life support system that is open with 
respect to energy but closed with respect to mass. 

 

In Fig. 2-3, different habitats are placed along a spectrum arranged according to their 
type of life support technology. Mostly or entirely bioregenerative systems (e.g. the 
planet Earth) fall to the left; mostly or entirely physio/chemical systems (e.g. the ISS or 
a submarine) are located at the right. Hybrid systems can be found in the center. 
 

 
Fig. 2-3:       Different habitats placed along a spectrum according to their type of life support system 

technology (Shaw 2012) 
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2.2 Bioregenerative Life Support 

2.2.1 Motivation 

Since the beginning of the 20th century, even before the Wright Brother´s first flight, 
K.E. Tsiolkvsky was imagining the possibility of exploiting biological systems to keep 
humans alive in space. Even though many researchers have opposing opinions about 
the feasibility of creating closed biological systems most cannot deny their potential 
benefits (Escobar and Nabity 2017).  

There are different types of BLSS which can support and/or overtake different sub-
functions of life-support: 

 
Table 2-1:   Types of BLSS technologies and their sub functions  

(Shaw 2012) 

 COD/OD 
exchange 

Air filtering Food 
production 

Resource 
recovery 

Energy 
production 

Higher Plants X X X  X 

Algae reactors X X X  X 

Composters 
(aerobic/anaerobic) 

 X  X  

Microbial bioreactors 
(aerobic/anaerobic) 

   X X 

Leaching technology    X  

 

This thesis will solely focus on the first row, namely higher plants. Therefore, the term 
BLSS from now on refers to exploiting biological regenerative processes of higher 
plants for use in LSS. 

Humanity’s plans to further explore space via long-term manned space flights almost 
necessitates the development of bio-regenerative life-support systems fully 
incorporated into space stations, transit vehicles and eventually in habitats on Moon or 
Mars. These concepts aim to increase sustainability and to decrease the (re-)supply 
mass by (re-)generating essential resources for humans through biological processes.  

But also small scale systems add valuable benefits. Fresh biomass can supplement 
vitamins that degrade within the processed, stored food system on long duration 
mission. Furthermore, the fresh crops are not only beneficial for human physiological 
health but also have a positive impact on crew psychological well-being. Adding up 
these features, higher plants represent a unique asset that makes the investigation of 
their cultivation in closed systems an essential endeavor.  

This chapter aims to summarize all essential aspects needed for an understanding of 
the following subchapters and does not cover all subsystem functions. 
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2.2.2 Selected Subsystem Functions 

2.2.2.1 Air-Revitalization 

“The air-revitalization subsystem of a LSS is responsible for the provision of any 
gaseous consumables humans need and for the control of the atmospheric 
composition within a habitat” (Czupalla 2012: S.22).  

The potential of using higher plants for air-revitalization is most impressively displayed 
by the following simplified equations showing the balancing effects of plant 
photosynthesis and human respiration (�EFDGH indicating clean water) (Wheeler) : 

 

Human respiration: 

 

 �EFDGH I GD → �GD I FDG  Eq. ( 2-1 ) 

 

Photosynthesis of Plants (transpiration): 

 

 �GD I FDG I Light → �EFDGH I GD Eq. ( 2-2 ) 

 

The key input to drive photosynthesis is light energy while the evaporative potential 
(vapor pressure deficit) surrounding the leaves of the plants strongly controls 
transpiration.  

In order to assure long-term stability, the Respiration Coefficient (RC) of humans and 
the Assimilation Coefficient (AC) of plants have to be matched so that that the so-called 
closed loop requirement is fulfilled (Czupalla et al. 2016a): 

 

Closed loop requirement: 

  �PQ96 R� S F2>Q9 �� Eq. ( 2-3 ) 

 

 

In this case, the System Gas Exchange Coefficient (SGEC) which is defined as: 

 

 T	�� S U+
�+ Eq. ( 2-4 ) 

 

equals 1. A SGEC > 1 indicates an oxygen buildup and a SGEC < 1 indicates a carbon 
dioxide buildup. 
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The Respiration Coefficient (molar ratio) is thereby defined as: 

 

 �� S +,- �� �A�5
,- �� �A�5  Eq. ( 2-5 ) 

 

Whereas the Assimilation Coefficient (molar ratio) is defined as: 

 

 R� S +,- ��"�V�
,- 0="="  Eq. ( 2-6 ) 

 

The RC is depending on the human’s diet. For carbohydrates the RC is 1 whereas for 
fats it is 0.7. The AC varies with the sort of the plant: most plants have an AC of 1, fat 
building plants (e.g. soybean) have a lower AC in the range of 0.7- 0.9. 

The just introduced equations indicate that a variety of factors need to be matched to 
meet the closed loop requirements. When thinking about closed ecosystems, in which 
the plants overtake not only air-revitalization but all life-support functionalities, creating 
an overall balanced system is even more difficult. As an example: analysis has shown 
that all of the crew’s oxygen needs are met when approximately 50% of the crew’s 
calories come from plants (Drysdale 2001). This leads to the dilemma that the amount 
of the crew’s respired carbon dioxide can only sustains half of the crops the crew needs 
to stay alive. Furthermore, the incremental phases which eventually lead to fully closed 
systems will be provided in 2.3. 

2.2.2.2 Water Management 

The function of the Water Management Subsystem is to provide potable and hygiene 
water along with the recovery of waste water (Eckart 1996). A fully open-loop system 
fulfills this task simply by providing potable water for drinks, food preparation, personal 
hygiene and dumping the waste water. The typical steady state total water 
consumption for the ISS is 4.85 kg/CM-d (Anderson et al. 2015) which is why the 
approach of using a fully open-loop is only suited for short mission durations. Every 
increase in loop closure consequently reduces resupply needs (see Fig. 2-2).  

The ISS has a Water Processing Assembly that processes humidity condensate from 
the Common Cabin Air Assemblies (CCAA), water distillate from the Urine Processing 
Assembly and product water from the Sabatier Carbon Dioxide Reduction Assembly. 
It provides potable water for crew consumption, the Waste and Hygiene Compartment, 
for the Extravehicular Mobility Unit and the Oxygen Generation Assembly (Hochfellner 
2015).  

Different levels of water quality need to be managed by the water management 
subsystem: potable and non-potable water with non-potable water again being 
differentiated into grey and black water. Grey water is water of non-potable quality 
which has not become into contact with fecal matter, water that did is called black 
water. Black water is an environment susceptible to harmful bacteria and pathogens 
and needs further processing in order to reach gray water status. Grey water is already 
used or contaminated water that may contain chemicals typically consisting of shower 
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and laundry water. Depending on the level of contamination and contained chemicals 
gray water may be used directly or after treatment for purposes which do not require 
potable water quality (e.g. urine flush water).  

Plants are able to decontaminate gray water and possibly even black water (see e.g. 
Watson Wick (Carton et al. 2013)) and consequently to undertake part of the water 
processing. 1-5 % of the water is used for metabolic processes and wet biomass 
growth and up to 99% of purified water is returned to the atmosphere via transpiration 
(National Oceanic and Atmospheric Administration 2010).  

2.2.3 Psychological and Physiological Benefit 

With the advent of long duration space facilities such as the Mir or the International 
Space Station (ISS) it has become clear that more emphasis needs to be placed on 
improving the habitability of these environments. The Soviets recognized the 
psychological benefits of plants early on and designed a device for the sole purpose 
of ornamental plant culture to provide psychological comfort to the cosmonauts in the 
interior of the station. Since then, an international crew of astronauts has used a 
number of small greenhouses intended for growing vegetables and herbs, for reasons 
having to do with many aspects of human health (Haeuplik-Meusburger et al. 2014; 
Morrow et al. 2005a)). 

Higher plants can improve habitability by (Morrow et al. 2005a):  

 

• Providing vegetables and fruits to supplement a diet of prepared food 

• Providing herbs or spices to improve food taste 

• Using flower or foliage ornamentals to visually enhance the environment 

• Providing an activity (gardening) which can reduce stress 

 

An important increase in habitability is related to the availability of fresh food and varied 
menu choices. It is well known that astronauts frequently have a craving for fresh food. 
Eating food is a fundamental human need and plays a major role in the maintenance 
of good physical and mental health. To this day, prepackaged food systems, which 
sometimes taste differently and are less variable than what astronauts are used to eat 
on Earth, are used in microgravity environments. The latter is known to causes 
chemosensory alterations in the human body leading to a reduced flavor perception 
(Dueck et al. 2016). Consequently, the physiological well-being of astronauts operating 
on a long duration space mission could potentially be affected by a lack of fresh 
biomass.  

Furthermore, the crew´s living environment plays an important role in their 
physiological well-being, directly affecting their performance and productivity 
(Anderson et al. 2017a). Mars exploration will be a particular crew hardship since 
transit times will range from 1.5 years for a round trip with a surface stay of 500-600 
days, to 2.5 years in transit with a 30-60 day surface stay (Morrow et al. 2005a). 
Maintaining crew morale in an isolated habitat for these periods of time will be very 
difficult. Astronauts confirm the importance of tending plants to keep themselves 
occupied during their free time and to encourage interaction of the crew with living 
beings in a technologically mediated habitat. On typical short flight missions, 
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astronauts are too busy to spend much time on contemplate activities. However, on 
long term space missions or on Moon or Mars bases, there will be more down time 
than has been experienced so far by astronauts. One of the challenges will be boredom 
and monotony. In addition, references to time, the seasons and the life cycle itself will 
disappear. Away from normal diurnal cycles and in the absence of seasons, plants will 
provide an important measure for human life as they have the ability to mark time, 
though it is ‘slow time’ (Haeuplik-Meusburger et al. 2014). 

 

 
Fig. 2-4:       NASA Astronaut Joseph M. Acaba harvesting the edible biomass yield of a Veggie unit on 

the 10/27/2017 (Acaba 2017) 

 

The Veggie system (see 4.4.1) has been used to grow leafy greens and flowers and 
has been very well received by the crew. The enjoyment provided to the crew members 
is demonstrated by their willingness to use their discretionary free time on the system 
(Anderson et al. 2017a).  

Direct interaction between the crew and plants has been shown to provide not only 
psychological but furthermore physiological benefits - horticulture has long been used 
in rehabilitation settings. Following the Columbia disaster “the crew members who 
were on the space station were obviously shaken up, and one of the things that the 
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Russian space program did to try and calm them down was to assign them more crew 
time to gardening because they noticed it did have a calming effect” (Haeuplik-
Meusburger et al. 2014: S.140).  

 

 
Fig. 2-5:       On 10/27/2017, astronaut Joe Acaba harvested Mizuna mustard, Waldmann’s green and 

Outredgeous Red Romain lettuce. It was the first time that three different plant varieties were 
simultaneously grown in the Veggie chamber (Nespoli 2017) 

 

Also, psychological benefits are expected not only from direct plant interaction through 
maintenance tasks but also viewing and smelling the plants on frequent, unplanned 
occasions.  

 
Table 2-2:   Benefits from human and plant interaction (Carton et al. 2013) 

Psychological Benefits: Physiological Benefits: 

• Provide a sense of ownership 
• Provides a “temporary escape” 
• Serenity and tranquility  

• Immune System 
• Cardiovascular System 
• Musculo-Skeletal System 
• Digestive System 

 

The just discussed benefits are unlikely to be obtained through other means. The 
psychological benefits are specifically caused by the interaction between plants and 
humans and the physiological benefits are part of the availability of fresh food.  
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To cover this topic in its entirety, it is important to consider that spaceflight will have an 
impact on every aspect of growing, processing and preparing food:  

“The familiarity of plant growth may provide a psychological benefit, whereas biotech 
enabled food production techniques may be unfamiliar and introduce unknown 
psychological impacts. Although concepts such as food produced by cell culture or 
bioreactors are utilized to produce food ingredients on Earth, the modern consumer is 
not familiar with the details of the process, during which unappealing odors, 
appearances, or texture may be produced. The influence of these aspects on crew 
would need to be investigated for any food system that may be utilized in spaceflight, 
especially since detriments to psychological health may be exacerbated in an enclosed 
space vehicle where food familiarity is known to increase importance” (Anderson et al. 
2017a: S.6). 
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2.2.4 Lighting 

2.2.2.1 pointed out that light is the main driver for photosynthesis. Whereas on earth 
this is reliably provided by the sun, special lightning systems are needed in space crafts 
or habitats. In the recent past light-emitting diodes (LEDs) became the method of 
choice in providing light, replacing traditional lightning methods. Their advantages are 
the small size, durability, long operational lifetime, wavelength specificity, relatively 
cool emitting surfaces and linear photon output with electrical current (Massa et al. 
2008). 

Plants predominantly appear to be green which indicates that this wavelength range is 
not absorbed but reflected or transmitted. Subsequently, red and blue light is the light 
that mainly contributes to photosynthesis. Photons at a shorter wavelength tend to be 
too energetic and can be damaging to cells and tissues. Photons at longer wavelengths 
do not carry enough energy to allow photosynthesis to take place. 

Both wavelength combined result in the purplish grey lightning characteristic for most 
plant growth chambers (see Fig. 2-6). A disadvantage is that these lightning conditions 
make it difficult to diagnose disease and disorder with optical methods. Also, reduced 
psychological benefits occur if plants do not look familiar. A simple solution to both just 
described problems is to add a small amount of green light (Massa et al. 2008): the 
Veggie hardware flown on the ISS contains red (630 nm), blue (455 nm) as well as 
green (530 nm) LEDs.  

 

 
Fig. 2-6:       Lettuce grown under red and blue (A) or red, blue and green (B) LEDs  

(Massa et al. 2008) 
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In botany, light is measured in photosynthetic active radiation (PAR) while 
photosynthetic photon flux (PPF) is basically another way of expressing PAR but 
specifically using quantum units [μmol/s] (Anderson et al. 2015). PAR designates the 
spectral range of solar radiation from 400 to 700 nm that photosynthetic organisms are 
able to use in the process of photosynthesis. Any absorbed photon within this spectrum 
contributes to photosynthesis. The photosynthetic photon flux density (PPFD) is a 
measurement of photosynthetically active photons that fall on a given surface per 
second [μmol/m²s]. Nominal growing conditions for different crops can be found in 
literature and the rate of the light-dependent reaction increases proportionately with 
the light intensity  

2.3 The Past, Present and Future of Plant Growth in Space 

Closed human ecosystems are the ultimate BLSS goal and will eventually become 
reality when humanity colonizes a different planet and finally becomes a multi-planet 
species in the very distant future. However, cultivation in closed environments is 
challenging and several key technologies necessary for space-based plant production 
are not yet space qualified or remain in early development stages. 

The following subchapter aims to give an overview of how the use cases of plant 
growth in space changed from the past to the present and, furthermore, to give an 
outlook of how they evolve in the future. Initially starting at the very right in Fig. 2-3 
each incremental phase shifts the status of space habitats more to the left. 

 

 

Fig. 2-7:       Time line of plant growth use cases in space habitats 

 

time 

4.) Ultimate Goal: 

− Fully closed ecosystems (in terms of matter) 

1.) Past / Present:  

− Research of microgravity effects & technology development  

3.) Distant Future: 

− Intermediate closed systems 

2.) Present / Near Future:  

− Provide supplemental fresh biomass & psychological benefits 
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2.3.1 Past and Present – Research and Technology Development 

Plants flown on various space-based platforms, from Salyut to ISS, have until now 
been used to enhance the understanding of the effects of the spaceflight environment 
on plant growth and to enhance the technology required for the maintenance of a 
sufficiently controlled on-orbit growth environment (Zabel et al. 2015). The first plant 
growth chambers solely focused on enabling cultivation, flowering and fruiting of plants 
in space. Once this milestone was achieved, plant growth chambers were designed to 
enable basic plant science. Amongst others, plant orientation, root formation, 
germination, seed production under different conditions and different crops were 
studied and are still under investigation (Zabel et al. 2016a).  

 
Fig. 2-8:       Overview of flown plant growth systems in space (Zabel et al. 2016a) 

Despite the multitude of already flown systems, no satisfying method to control the 
delivery of the nutrient rich water and oxygen to the root zones could be found so far. 
Proper water provision in micro gravity turned out to be the biggest current engineering 
challenge up to this day (Wheeler 2017).  

2.3.2 Present and Near Future – Supplemental Fresh Biomass Growth 

While small-scale payloads have been sufficient to address the aims of micro gravity 
research as well as to develop the necessary technology it is now becoming technically 
feasible to incorporate larger scale on-orbit facilities that can provide fresh food on-
board (Zabel et al. 2015). The Veggie system is the first system purely designed for 
food production rather than plant experiments under micro gravity. In August 2015, 
astronauts Scott Kelly, Kjell Lindgren and Kimiya Yui consumed the first space grown 
lettuce in the course of the Veggie project after the biomass had passed several food 
safety analysis (Massa et al. 2017). Since then, “the crew on the ISS has found multiple 
ways to integrate the initial leafy greens grown in Veggie into their diet, from eating it 
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with a light dressing to putting it 
on tortilla wraps or with other 
items, to inventing lettuce 
wraps using stored food 
fillings” (Anderson et al. 2017a: 
S.5). 

NASAs near term goal are a 
so-called ‘Pick-and-Eat’ 
systems (see 4.1.1) (Anderson 
et al. 2017a). The produced 
supplemental 
 fresh biomass is not supposed 
to cover a huge part of the 
astronaut’s diet but rather to 
enhance variety, taste and 
spiciness of the meals and to 
be a source for additional nutrients beneficial for the human physiological health. The 
Veggie project only marked the beginning. In terms of available cultivation area and 
volume, NASAs goal for the end of the ISS lifetime is one International Standard 
Payload Rack (ISPR) entirely used for plant growth (Anderson 2017). The same goal 
is shared by the EDEN-ISS project by the German Aerospace Center (DLR) (Boscheri 
et al. 2017). In addition, long time operations allow to investigate possible feedback 
loops between human, plants and life support systems. 

The steady increase of cultivation size leads to other questions that need to be 
addressed, as for example how the waste and the inedible biomass from the plant 
growth system are managed. 

“The initial leafy greens demonstrated in Veggie […] leave only the roots as inedible 
biomass, though the seed pillows are also waste. Adding tomatoes and peppers will 
increase the waste biomass. The periodic waste from two Veggie units is unlikely to 
create a large issue on the ISS, but a at a larger scale with daily harvests 
supplementing the crew diet, the waste could create issues. The inedible biomass will 
have significant moisture content. Unlike any leftover shipped food, most of which 
would have been preserved with radiation or retort processes, there will still be bacteria 
and fungus on the surface, which could become a problem if large amounts of biomass 
are stored in the wet trash on the ISS in the same way as current trash. Drying 
technologies will help release water sequestered in the plant, and also reduce 
microbial activity and undesirable decomposition” (Anderson et al. 2017a: S.12). 

Regardless of whether or not the plants are considered a contribution to the diet, these 
systems come with noticeable impacts on the ARS systems (see 5). 

2.3.3 Distant Future – Intermediate Closed / Hybrid System 

With increasing cultivation areas, the plants eventually will take over a not neglectable 
part of air-revitalization and food production. Since the additional part still needs to be 
provided by traditional methods, these systems belong to the so-called hybrid systems. 
NASA’s Technology Area (TA) 06 (Human Health, Life Support and Habitation 
Systems) roadmap (NASA 2015a) reflects high interest in the development of these 
hybrid habitation systems. It calls for a flight demonstration of an augmented hybrid 

Fig. 2-9:       Evolution of cultivation areas of plant growth 
systems. Green dots indicate flown systems, red dots indicate 

planned systems (Zabel et al. 2016a)  
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ECLSS (bulk food production and full oxygen and near-full water recovery augmented 
with crops and biological systems) around 2027, and a ground demonstration of a 
‘primary hybrid ECLSS’ (oxygen and water recovery principally provided by crops and 
biological systems and bulk food production systems) around 2028. By 2035, the 
roadmap expects to demonstrate integrated ECLSS and food production on the 
ground. The TA 07 (Human Exploration Destination Systems) roadmap (NASA 2015b) 
emphasizes the importance of sustainable and reliable systems to support missions to 
Mars, similarly calling for in situ food production by 2020 and a demo of Mars surface 
logistics including food production systems by 2025.  

“Searching for the optimal combination of physicochemical and bioregenerative life 
support technologies for a given mission is certainly a multidisciplinary problem that 
draws from systems biology and from both those who work on technology development 
and those who perform trade studies within the ECLSS community” (Shaw and Weck 
2014: S.4).  

There are competing objectives, and therefore trades to be made, when it comes to 
choosing biological vs. physicochemical technologies for a space life support system. 

But there is also skepticism. The undoubted importance of highly reliable systems for 
spaceflight is sometimes taken as a justification for excluding biological life support 
systems from ECLSS: “Monsi Roman, chief microbiologist for the Marshall Space 
Flight Center’s ECLSS project stated that “While you try to mimic what’s happening on 
Earth – which is so complicated if you really think about it – we have to use systems 
that we can control 100 percent.” ECLSS employs machines over microbes because 
“if a machine breaks, you can fix it.” Jane Poynter, one of the participants in the two-
year Biosphere 2 experiment in Oracle, AZ from 1991-1993, stated that “Until artificial 
biospheres have undergone extensive testing, I would only bet my life on one that had 
physical/chemical backup systems.” In addition to concerns about reliability, the low 
technology readiness level (TRL) of bioregenerative components could postpone their 
incorporation into existing heritage physicochemical systems. Still, visions for crewed 
Mars missions include bio regeneration”. (Shaw and Weck 2014: S.4) 

2.3.4 Ultimate Goal 

The ultimate goal for BLSS is to build a fully closed human ecosystem which allows 
humans to exist in space with only the input of energy and little to no release of material 
to the surroundings. Observations made at terrestrial demonstrator facilities like the 
Russian Bios-3 project in Krasnoyarsk (Salisbury et al. 1997), NASA´s Biomass 
Production Chamber (BPC) (Wheeler et al. 1996), the Japanese Controlled Ecological 
Experiment Facility (CEEF) (Yasuhiro Tako et al. 2010) and most recently the Chinese 
Lunar Palace 1 project (Dong et al. 2014; Fu et al. 2016) have proven the general 
feasibility of reliable, robust and safe biological human life support systems. Yet, the 
science and engineering of closed ecological systems is still too new to determine how 
fully recycling systems can be implemented, and at what scale, mass and volume 
(Nelson et al. 2013). Unanswered questions remaining include how much technology, 
biodiversity, hierarchy, and energy is needed. Also, the minimum area and resource 
required per person is still undefined (Escobar and Nabity 2017).  
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2.4  Plant Growth at Elevated Carbon Dioxide Levels 

The Modified Energy Cascade Model that is part of the V-HAB plant model (see 2.5) 
is an empirical model fit to test data measured at carbon dioxide levels between 
300 parts per million (ppm) and 1300 ppm and its meaningfulness consequently limited 
to this range.  

Whereas this does not restrict its application anywhere on earth, except from 
extraordinary areas as for example close to volcano vents, the carbon dioxide 
concentrations in tightly closed human habitats such as space stations may be 10 to 
20 times higher than Earth’s current ambient level. Cabin atmosphere data from the 
US Skylab missions show that carbon dioxide pressures ranged from 200 to 600 Pa 
while carbon dioxide on the Mir station routinely ranged from 300 to 500 Pa with some 
episodes exceeding 1000 Pa (Wheeler et al. 1994). Furthermore, in-situ carbon 
dioxide from the Martian atmosphere has been suggested to serve as a pressurizing 
gas to reduce resupply costs for plant chambers or greenhouse in future Mars missions 
(Fu et al. 2015; Levine et al. 2009).  

An understanding of the response of plants to elevated (in continuation referring to 
levels between 1200 ppm and 5000 ppm carbon dioxide) and super-elevated (in 
continuation referring to levels > 5000 ppm carbon dioxide) carbon dioxide levels is 
crucial for the analysis performed in this thesis and was taken as an occasion to study 
this behavior. A short introduction of the stomata as well as the so- called stomata 
conductions are given in the following to clarify the implications of the individual studies 
on the transpiration rate. 

2.4.1 The Stomata and Stomata Conductance 

The stomata (also called stomate) is a pore found in the epidermis of leaves, stems 
and other organs that facilitate gas exchange. Photosynthesis takes place as long as 
enough photons reach the leaf’s surface and provide the required energy. To enable 
the carbon dioxide to enter the leaf, the stomatas need to be open. Special cells, called 
guard cells, control each pore’s opening or closing. Air containing carbon dioxide 
enters the plant through the stomata by gaseous diffusion. The air spaces in the leaf 
are saturated with water vapor which exits the leaf through the stomata, a process that 
is known as transpiration. Thus, plants cannot gain carbon without simultaneously 
losing water vapor. To reduce water loss, the guard cells close the stomata during the 
night. The rate of passage of carbon dioxide entering or water vapor exiting through 
the stomata of a leaf is called the stomata conductance [mol/m²/s]. It is constrained by 
the size and number of stomata on the plant epidermis (Dow et al. 2014). 

Plants in deserts and alpine landscapes risk losing dangerously high levels of water if 
they open their stomata during the day when heat from the sun is intense and the air 
is extremely dry. Many of the plants have adapted to open their stomata at night, taking 
in lower amounts of carbon dioxide but also reducing the risk of drying out. 

2.4.2 Studies of Plant Growth at Elevated Carbon Dioxide Levels 

Starting in the preindustrial age with atmospheric carbon dioxide concentration of 
280 ppm, it constantly rose reaching 380 ppm in 2005 and 393 ppm in 2012 (Dong et 
al. 2016). The predicted rise in the atmospheric carbon dioxide results in 700 ppm by 
the year 2050 (Wang et al. 2015b). Due to this increase in atmospheric carbon dioxide 
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concentration and also simply because of economic reasons (to optimize the edible 
biomass yield) numerous studies have been conducted to examine the effect of 
increased carbon dioxide concentrations on plant growth and development. Typically, 
these studies were oriented towards studying carbon dioxide effects in field settings. 
Yet, some were conducted in controlled environments with carbon dioxide treatments 
maintained for the entire life cycle of a plant. Studies indicate that plant photosynthetic 
rates are saturated near 100 to 150 Pa (1000 to 1500 ppm at sea level) and since 
maintaining very high carbon dioxide levels in huge greenhouses is difficult and 
expensive, few studies have examined the effects of carbon dioxide partial pressures 
higher than 200 Pa. 

The latter is the reason why all available studies dealing with elevated or super-
elevated carbon dioxide levels were conducted with regard to a possible cultivation 
inside a space craft or habitat and were either performed at NASAs Kennedy Space 
Center (KSC) or in the course of the Lunar Palace 1 project carried out by the Beihang 
University in Beijing (Fu et al. 2016). The following two subchapters represent a 
condensed summary of all studies stated in A.2.  

2.4.2.1 Biomass Growth and Gas Exchange 

Typically, no direct gas exchange was measured but biomass growth. However, each 
carbon atom that contributes to biomass growth used to be bound in a carbon dioxide 
molecule entering the leaf. The remaining two oxygen atoms leave the leaf as an 
oxygen molecule. Consequently, biomass growth is a measurement for carbon dioxide 
uptake and oxygen output (Wheeler 2017).  

According to literature, carbon dioxide enrichments up to 1200 ppm lead to an increase 
in photosynthetic rate and enhance vegetative growth and crop yield. Higher levels 
appear to have no further positive effect (Levine et al. 2008). This could be verified 
throughout the studies. However, being exposed to elevated or super-elevated levels 
did not enhance edible biomass yield. Reduced edible mass yield could be seen in 
several cases including lettuce, Chinese cabbage, gynura bicolor and radish (see Fig. 
2-10).  

 

Noticeable optical effects included: 

• Reduced plant height (Wang et al. 2015a) 
• Smaller leave area (Wang et al. 2015a) 
• Chlorosis (Wheeler et al. 1994; Wheeler et al. 1992; Levine et al. 2008):  
• Leaf deformation and curling (Wang et al. 2015a) 
• Bleached, necrotic areas (Wheeler et al. 1992) 

 
 

Still, all plants survived and no alarming injuries became apparent. In other cases, 
none or only minimal effects (for example for potatoes, wheat and soybeans) could be 
seen. Consistently, none of the studies entailed indications for enhanced biomass 
productions at elevated levels.   
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Fig. 2-10 shows the effect of different carbon dioxide levels on the morphological 
characteristics of Gyunar Bicolor as well as a comparison of biomass growth for 
Chinese cabbage and lettuce at different carbon dioxide levels. 

 

 
Fig. 2-10:     Biomass yield of lettuce and Chinese cabbage at different CO2 levels (left) (Fu et al. 

2015) and the effect of different levels on the morphological characteristics of Gynura Bicolor (right)  
(Wang et al. 2015a) 

2.4.2.2 Transpiration Rate 

A more puzzling response occurred for the transpiration rate. A well-studied effect is a 
decrease of transpiration with increasing carbon dioxide levels from 300 ppm to 
1000 ppm (Martin-Brennan and Wheeler 2000).  

Yet, an increase in transpiration rate could be consistently measured when carbon 
dioxide was increased from 1,500 to 5,000 or 10,000 ppm. This effect was studied in 
more detail for wheat and potato (Wheeler and Mackowiak 1998) and soybean (Levine 
et al. 2009) and could be traced back to altered stomatal conductance’s (*�). The 
results for potatoes and soybean at different carbon dioxide levels can be seen in Fig. 
2-11 and Fig. 2-12 ((A) thereby indicates a lightning intensity of 550 PPFD and (B) of 
150 PPFD). For both crops, the stomatal conductance during the day was higher 
at 400 ppm (soybean: 0.6 mol/m²s, wheat: 0.8 mol/m²s) than at 1000 ppm (1200 ppm) 
(soybean: 0.35 mol/m²s, wheat: 0.5 mol/m²s) which corresponds with results found in 
specialized literature. During the night, both values drop to around 0.1 mol/m²s. At 
super elevated levels, though, the values during the day were again at high levels 
(soybean: 0.5 mol/m²s, wheat: 0.85 mol/m²s) but only a minor reduction during the 
night occurred (soybean 0.2 mol/m²s, wheat: 0.5 mol/m²s). 

In summary, at elevated or super-elevated carbon dioxide levels a more or less 
unaffected opening of the stomata occurred during the day but a less degree of closure 
appears during the night (Levine et al. 2009). So far, no explanation or hypothesis for 
this response has been offered. 
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Fig. 2-11:     Stomatal conductance of potato leaves at different CO2 levels 

(Wheeler and Mackowiak 1998) 

 
Fig. 2-12:Diurnal stomatal conductance of soybean at different CO2 levels (Levine et al. 2009) 

 



Bioregenerative Life Support Systems 

 
 

 

Page 25 

2.4.3 Conclusions for V-HAB Plant Model  

Even tough studies on most of the crops modeled in the (M)MEC were conducted, the 
data is at no means sufficient to adopt the current (correlated) plant model to elevated 
carbon dioxide levels. Besides the carbon dioxide concentration, the (M)MEC model 
takes the light intensity, the temperature, the total pressure and the relative humidity 
into account. The just discussed studies aimed to investigate an influence of the carbon 
dioxide level and kept the other parameter constant to exclude other influences. All 
studies were performed at moderate light intensities and the effects might change at 
higher levels. An assessment of how the different effects are interconnected has to be 
performed in the future. 

Nevertheless, the results are of great value. First of all, the studies could prove that 
the different crops can grow at elevated or super-elevated carbon dioxide levels and 
plants survived. Furthermore, they can be used to estimate not in a quantitative but in 
a qualitative manner in which direction the results obtained in this thesis are likely to 
tend for carbon dioxide levels of 5000 ppm or higher: 

 

• The results for biomass production, carbon dioxide consumption and oxygen 
productions are unlikely to exceed the results. The discussed studies indicate 
decreased growth or only minor effects but no increase could be investigated. 

• The resulting transpiration rates, though, need to be interpreted as a lower limit. 
The studies suggest that the real values are likely to be higher due to the 
increased stomatal conductance during the night. 

2.5 The V-HAB Plant Module 

2.5.1 Background 

2.5.1.1 Previous Work 

The current V-HAB plant module was developed throughout several bachelor-, master- 
and diploma theses (Mecasci 2010; Ullmann 2011; Stölzle 2013a, 2013b; Keller 2015; 
Saad 2015; Hochfellner 2015) and since then the V-HAB infrastructure was further 
enhanced by Daniel Pütz. Due to the frequent changes without verification, it was re-
correlated to the quasi-static data stated by Anderson et al. (2015) prior to performing 
the simulations. The results of the correlation are listed in the appendix (A.1). 

2.5.1.2 Modeling Approach 

The current V-HAB plant model is built up by two different models: The (Modified) 
Modified Energy Cascade Model ((M)MEC) (Boscheri et al. 2012) developed at the 
University of Arizona as well as an evapotranspiration model developed by the United 
Nations’ Food and Agriculture Organization (FAO) using the Penman-Montheith 
Equation (Allen et al. 2006).  

The (M)MEC is a mathematical plant model appropriate for the use in system-level 
modeling. It is an enhanced version of the Modified Energy Cascade Model (MEC) 
(Cavazzoni 2004) (which is already a modified version of the original Energy Cascade 
Model (Jones and Cavazzoni 2000)). By changing the calculated mass exchange rates 



Bioregenerative Life Support Systems 

 
 

 

Page 26 

from a daily basis (MEC) to an hourly basis in the (M)MEC, the enhanced version is 
able to depict the day and night transition dynamics of the system. The model predicts 
hourly oxygen production, carbon dioxide consumption, transpiration, water- as well as 
nutrient consumption and biomass growth (edible and inedible). It is an empirical model 
fit to experimental test data from a lunar greenhouse prototype (Patterson et al. 2014; 
Boscheri et al. 2014) and does not possess a biological foundation. 

While validating the (M)MEC model against test data from KSC, strongly 
underestimated transpiration rates could be detected by Stölzle (2013b). The Virtual 
Evapotranspiration, Carbon Assimilation, Respiration and Oxygen Production 
(veCROP) consequently predicts transpiration rates using a different method based on 
the evapotranspiration model of the FAO. The developed equations were implemented 
into the V-HAB plant module by Saad (2015). In the current V-HAB model, the fraction 
of the PPFD absorbed by the canopy, the canopy quantum yield and the 24-hour 
carbon use efficiency are calculated in the (M)MEC model and serve as input to the 
FAO model. Detailed information on this can be found in 2.5.2.2. 

The (M)MEC has its limits in form of a photosynthetic photon flux density of 200 - 1000 
μmol/m²s as well as a carbon dioxide concentration of 300 and 1300 parts per million 
(see 2.4). The following figure shows a schematically representation of the current 
plant module subsystem in V-HAB: 

 

 

 
Fig. 2-13:     V-HAB plant module schematic 
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2.5.1.3 Relation between Input and Output  

The model outputs of the (M)MEC as well as their sensitivity to the input parameters 
are (Boscheri et al. 2012): 

 
Table 2-3:   Sensitivity of (M)MEC model outputs to input variables (Boscheri et al. 2012) 

 PPFD CO2  Humidity Pressure  Temperature 

Biomass High Medium None None None 

Oxygen High Medium None None None 

CO2  High Medium None None None 

Water consumed Low Low High Low High 

Water Transpiration Low Low High Low High 

 

2.5.2 Enhancements 

2.5.2.1 Independent Initialization 

It’s in the nature of a trade study that a large number of simulations must be run to 
allow meaningful comparisons. Taking the rather low V-HAB sim factor (defined as the 
simulated time divided by the real time passed during the simulation) of complex 
systems into account, this would not be feasible if the whole life cycle of the plants 
needed to be simulated. The dilemma could be avoided by implementing an additional 
feature allowing the user to initiate the plants at any desired point in time decoupled 
from its upper level system. Since the model predicts flow rates this could be achieved 
by shifting its internal time.  

To end up with the right edible and inedible biomasses, an additional simulation using 
a model with a higher sim factor (‘GreenhouseV2’) needs to be performed prior to the 
actual simulation and the respective initial masses inserted as a culture input 
parameter by the user. To prevent any errors from occurring, Table 2-3 needs to be 
taken into account. The only two parameters that influence biomass growth are the 
lighting setting and the carbon dioxide concentration. Consequently, the user has to 
make sure to adjust these settings in the GreenhouseV2 model accordingly. The 
lighting (PPFD) is directly set by the user so that both values can be matched. The 
carbon dioxide concentration varies and is dynamically calculated during the 
simulations. In the CLH as well as the ISS, though, it constantly exceeds the upper 
limit of the model (1300 ppm) and therefore is limited to this value by the control logic. 
Consequently, this value was constantly used for all pre-runs performed throughout 
this thesis. If this is not the case, a best fitting guess has to be made and a small error 
cannot be avoided.  

All other atmospheric parameters do not influence the biomass growth and don’t need 
to be considered in this process. 
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2.5.2.2 Transpiration Rate 

While working with the plant module, an unphysical behavior could be identified: the 
transpiration rate had an absolute maximum at a relative humidity of 50 % and 
decreased for differing values. This does not correspond with the results found in 
specialized literature. The error could be traced back to the implementation of the 
stomatal conductance in the veCROP model (Stölzle 2013b) and had to be reworked. 

To make the calculations more transparent and easier accessible for future V-HAB 
students, the following section represents a structured summary of the currently 
implemented transpiration rate equations with information taken from Saad (2015), 
Stölzle (2013b) and Allen et al. (2006). 

The general approach used in the FAO model is divided up into two parts. In the first 
part, which is the main part of the model, the so-called reference water volume 
evapotranspiration ��� is calculated via the Penman-Moneith equation. The reference 
water volume evapotranspiration is the water volume evapotranspiration of a 
hypothetical reference crop, namely green grass with an assumed uniform height of 
0.12 m. All of the effects of the weather conditions are incorporated in this calculation. 
In a second step, the reference value is used to calculate the real crop 
evapotranspiration ��+. This differs distinctively from the reference value as the ground 
coverage, the canopy architecture and the aerodynamic resistance of the individual 
crop strongly differs from the reference crop grass. 

The Penman-Moneith equation is defined as (Allen et al. 2006): 

 

 ��� S  ΔEUWXYHZ [\&]^_`^\
a\

EΔZbc$Z a_
a\dHef

 Eq. ( 2-7 ) 

 

��� = Water volume evapotranspiration [L/m²s] 

Δ = Slope of saturation vapor pressure curve [kPa/°C] 

�� = Net radiation [W/m²] 

	 = Soil heat flux density [W/m²] 


� = Dry air density [kg/m³] 

� = Specific heat capacity of the air [J/kgK] 

�� = Saturation vapor pressure at mean atmospheric temperature [Pa] 

�� = Atmospheric vapor pressure [Pa] 

� = Psychometric constant [kPa/°C] 

�� = Bulk surface resistance [s/m] 

�� = Aerodynamic resistance [s/m] 

�' = Volumetric latent heat of vaporization = 2.45 MJ/m³ 



Bioregenerative Life Support Systems 

 
 

 

Page 29 

The equation is made up by different coefficients which need to be separately 
discussed. Attention needs to be drawn since the equations of the FAO do not 
consistently use SI-units. 

 

The slope of saturation vapor pressure curve Δ 

For the calculation of the evatranspiration, the slope of the relationship between 
saturation vapor pressure and temperature, Δ, is required. The slope of the curve 
shown in Fig. 2-15 at a given temperature can be calculated with (Allen et al. 2006): 

 

 Δ S  $���∗h�ij∗E�.l$�j∗mnoc pq.-q∗r
rs-tq.tdH

EuZDvw.vH²  Eq. ( 2-8 ) 

 

Δ is the slope of saturation vapor pressure [Pa/°C], � the air temperature in [°C]. The 
factor 1000 is multiplied to convert the value from [kPa/°C] to [Pa/°C]. In the V-HAB 
plant module, a constant input temperature is used since the dynamic calculation of 
the temperature is a new V-HAB feature. This needs to be updated in the future.  

 

The net radiation �� 

The FAO model in its original form is an agronomic prediction tool for field grown plants. 
Therefore, the net irradiance is directly derived from solar radiation.  

 

 
Fig. 2-14:     Schematic representation of the various components of radiation 

 (Allen et al. 2006) 
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The solar net radiation �� [W/m²] is thereby defined as the difference between the 
incoming net shortwave radiation ��� [W/m²] and the outgoing net longwave radiation 
��A [W/m²]. In controlled environments, the net radiation is provided by the artificial 
lightning system. If LEDs are used, the systems can be operated exclusively at 
wavelengths that contribute to photosynthesis (the photosynthetically active radiation 
(see 2.2.4)). To calculate the net irradiance ��, the model uses the photosynthetic 
photon flux in [µmol/m²s] as an input and converts it into [W/m].  

 

 �� S  �yz{
�.h| ∗  �� Eq. ( 2-9 ) 

 

 �� S � ∗ � ∗  �����X$ ∗  �� ∗ 10Xl Eq. ( 2-10 ) 

 

�� is the net solar radiation in [W/m]. �� is the energy per mol [MJ/molSolar], � the 
planck constant of 6.626*10-34 J/s, ����� the average wavelength (assumed to be 
535 nm in the model), c the speed of light (2.998*108 m/s), �� the Avogadro constant 
of 6.022*1023  mol-1 and 0.45 the conversion factor from par to solar radiation 
(0.45 MJPar = 1 MJSolar). The photosynthetic photon flux density ���� [µmol/m²s] is 
defined by the user as a culture input parameter. 

 

The mean saturation vapor pressure �� 
The saturation vapor pressure is directly related to the air temperature and can be 
calculated as: 

 

 �� S 0.6108 ∗ exp E $w.Dw∗�
�ZDvw.vH Eq. ( 2-11 ) 

 
With �� being the saturation vapor pressure [kPa] and � the air temperature in [°C]. 
Due to the non-linearity of the above equation, the man saturation vapor pressure for 
a day, week, decade or month should be computed as the mean between the 
saturation vapor pressure at the daily maximum and minimum air temperatures during 
that period: 

 

 �� S  1000 ∗ ��E��\�HX��E���WH
D  Eq. ( 2-12 ) 

 

�� is the saturation vapor pressure at mean atmospheric temperature [Pa], ���� the 
maximum air temperature during a diurnal cycle [°C] and ���� the minimum air 
temperature during a diurnal cycle [°C]. The factor 1000 is multiplied to convert the 
pressure from [kPa] to [Pa]. In this case the temperatures are taken from the input 
excel-file and the process needs to be implemented dynamically in the future, too. 
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Fig. 2-15:     Saturation vapor pressure plotted over temperature (Allen et al. 2006) 

 

The atmospheric vapor pressure �� 
The atmospheric (or actual) vapor pressure can be calculated by taking the relative 
humidity into account: 

 

 �� S   ��E��\�H∗)��\�X��E���WH∗)���W
D  Eq. ( 2-13 ) 

 
�� is the atmospheric vapor pressure [Pa], � ��� the maximum rel. humidity during a 
diurnal cycle [-] and � ��� the minimum relative humidity during a diurnal cycle [-]. Allen 
et al. (2006) states that in the absence of � ��� and � ��� the equation can be simplified 
to: 

 

 �� S   �� ∗ �  Eq. ( 2-14 ) 

 

in which �  is the current rel. humidity [-]. Since this value is dynamically calculated in 
V-HAB, the atmospheric vapor pressure is dynamically calculated, too.  

The factor E�� �  ��H in Eq. ( 2-7) represents the current vapor pressure deficit of the 
air. Inserted, this leads to: 

 

 ��� S  ΔEUWXYHZ [\&]
^_∗Ep`a�H

a\
EΔZbc$Z a_

a\dHef
 Eq. ( 2-15 ) 

 

Consequently, a higher relative humidity in the atmosphere leads to a lower water 
volume evapotranspiration which matches the predictions stated in specialized 
literature. 
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The psychrometric constant � 
The psychrometric constant is defined as: 
 

 � S   &]∗\��
�∗�  Eq. ( 2-16 ) 

 

� is the psychometric constant in [Pa/K], !�"� the atmospheric pressure in [Pa], # the 
molecular weight ratio of vapor to dry air (0.622 [-]), � the specific heat capacity at 
constant pressure [J/kgK] (1.005 J/kgK) and � the latent heat of vaporization [MJ/kg].  

 

The bulk surface resistance �� 
The bulk surface resistance describes the resistance of vapor flow through the 
transpiring crop and evaporating soil surface. It can be calculated with: 

 

 �� S   )p
e��\���f^

 Eq. ( 2-17 ) 

 

�� is the bulk surface resistance [s/m], �$ the bulk stomatal resistance of the well 
illuminated leaf [s/m] and ��%�&"�'� the active (sunlit) leaf area index [-]. The active leaf 
area for clipped grass is: 

 

 ��%�&"�'� S   0.5 ∗  ��% Eq. ( 2-18 ) 

 

with 

 ��% S   24 ∗ �()��� Eq. ( 2-19 ) 

 

��% is the dimensionless leaf area index (m² (leaf area) / m² (soil surface)) and �()��� 
the crop height [m] (in the model constantly 0.12 m (height of grass)). The bulk surface 
resistance �� is a physiological factor describing the stomatal responses to the carbon 
dioxide concentration. As described in 2.4.1, the stomata strongly regulates the 
transpiration of the plants. The stomata conductance is connected to the bulk stomatal 
resistance �$ via: 

 

 �$ S   $
(_∗�.�D| Eq. ( 2-20 ) 

 

�$ is in [s/m], the factor 1/0.025 is a conversion factor to convert [m²s/mol] to [s/m] 
Hence, in order for the model to be dynamically dependent on the environmental 
conditions an accurate prediction of the stomatal conduction is required. To include a 
dependency on the CO2 concentration, Stölzle (2013b) developed an adapted version 
of the Ball-Berry Model and replaced the reference stomatal conductance of the FAO 
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Penman-Moneith equation. This is the equation in which the correction had to be made 
in order to achieve a physically correct dependency on the rel. humidity: A hydrated 
leave has a relative humidity close to 100% and any reduction of the water in the 
atmosphere creates a gradient for water to move from the leaf to the atmosphere. The 
lower the relative humidity, the less moisture is in the atmosphere and as a result the 
greater the driving force for the transpiration. 

The adapted version of the Ball-Berry Model developed by Stölzle (2013b) is: 

 

 *� S   8.2 ∗ � ∗ E �W^�
+��-

H Eq. ( 2-21 ) 

 

*� is the stomata conductance in [mol/m²s]. In the previous implementation, �  was the 
rel. humidity of the air [-], ���" the net photosynthesis [µmol/m²s] and �+,- the 
atmospheric CO2 concentration in [ppm].  

 

However, the Ball-Berry Model or Ball-Berry Equation as it is defined in its original form 
(Ball et al. 1987): 

  

 *�; S  1 ∗ R ∗  _
&_

 Eq. ( 2-22 ) 

 

uses an assimilation rate R [µmol/m²s], the relative humidity at the leaf surface [-] �� 
and the mole fraction of carbon dioxide [µmol/mol] at the leaf’s surface ��.  

 

The veCROP model, and consequently also the V-HAB plant module, falsely used the 
relative humidity of the surrounding air rather than of the leaf’s surface. This caused 
the unphysical behavior and needed to be corrected. The value at the leaf’s surface is 
known to be close to 100 % but an exact value hard to predict. For the simulations 
performed in the course of this thesis, a constant value of 0.95 was implemented and 
optimizing this dependency is left to future work. Consequently, the updated 
implemented equation for the stomatal conductance is: 

 

 *� S   8.2 ∗ 0.95 ∗ E �W^�
+��-

H Eq. ( 2-23 ) 

 

In the updated version, the stomata conductance is independent from the rel. humidity 
of the air. The general dependency of the transpiration rate on the rel. humidity, though, 
is covered via Eq. ( 2-14 ). Furthermore, Eq. ( 2-23 ) is the equation through which the 
(M)MEC model is connected to the FAO model. The net canopy photosynthesis ���" is 
calculated using the fraction of the PPFD absorbed by the canopy (A) along with the 
canopy quantum yield (CQY) and the 24-hour carbon use efficiency (CUE24). All three 
parameters are calculated in the (M)MEC model and serve as input parameter to the 
FAO model. 
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The aerodynamic resistance �� 
The transfer of heat and water vapor from the evaporating surface into the air above 
the canopy is determined by the aerodynamic resistance. It can be calculated with the 
following equation: 

 

 �� S  ��c��`�
��� d∗�����`�

��� �
V-∗=�

 Eq. ( 2-24 ) 

 

�� is the aerodynamic resistance in [s/m], .� the height of wind measurement [m], .  
the height of humidity measurement [m], / the zero-plane displacement height [m], .0� 
the roughness length governing momentum transfer [m], .0  the roughness length 
governing heat and vapor [m], k the Von Karman’s constant [-] (0.41) and 23 the wind 
speed at height z [m/s]. Assuming a constant crop height of 0.12 m (height of grass) 
and a standardized height for wind speed, temperature and humidity of 2 m, the 
aerodynamic resistance in [s/m] for the grass reference surface can be estimated with: 

 

 �� S  D�j
=�

 Eq. ( 2-25 ) 

 

In the V-HAB plant module, 23 is set to 1.5 m/s. 

 
Fig. 2-16:     Simplified representation of the bulk surface and aerodynamic resistance for water vapor 

flow (Allen et al. 2006) 

 

The crop coefficient 4+ and the crop evapotranspiration ��+: 

All parameters needed to calculate the water volume evapotranspiration ��� have now 
been defined. However, the real crop evapotranspiration ��+ differs from the reference 
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evapotranspiration since the ground coverage, the canopy architecture and the 
aerodynamic resistance if the individual crop differs from the reference crop (grass). 
To take these characteristics into account, the reference evapotranspiration ��� is 
multiplied with a crop coefficient 4& to calculate the crop evapotranspiration ��+: 

 

 ��+ S  4+ ∗ ��� Eq. ( 2-26 ) 

 

��+ is the crop evapotranspiration in [l/m²s], 4+ the dimensionless crop coefficient and 
��� the reference evapotranspiration in [l/m²s]. 4+ predominantly varies with the crop 
characteristics and only to a limited extend with the climate so that standard values for 
4+ are sufficient. However, the factor changes in the course of the crop’s life cycle. The 
mathematical procedure can be described with: 

 

for t < tA 4+ S  4+��5 ∗ E "
"�

H� Eq. ( 2-27 ) 

 

for tA < t <tQ 4+ S 4+��5 Eq. ( 2-28 ) 

 

for tQ < t <tM 4+ S  4+��5 I E "X"�
"�X"�

H ∗ E4+��5 � 4+��5H Eq. ( 2-29 ) 

 

4+ is the dimensionless crop coefficient, 4+��5 the crop coefficient at maximum plant 
development [-], 4+��5 the crop coefficient at the end of the life cycle [-], tA the time at 
canopy closure [d], tQ the time at canopy senescence [d], tM the time to maturity [d] and 
n a specific crop constant [-]. 

 
Fig. 2-17:     Generalized crop coefficient curve for single crop coefficient approach 

 (Allen et al. 2006) 
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The time values tA, tQ and tM are taken from the (M)MEC model, the different crop 
factors can be found in (Allen et al. 2006). Next figure shows a schematically depiction 
of the connection between ���.and ��+: 

 

 
Fig. 2-18:     Connection between the reference evapotranspiration ��� and the crop 

evapotranspiration ��+ (Allen et al. 2006) 

 

The transpiration rate 6) 

In the previous section, all parameters needed to calculate the final water volume 
evapotranspiration have been defined. In a last step, this needs to be converted into a 
mass flow rate: 

 

 6) S  ��& ∗  
: ∗ $
$��� Eq. ( 2-30 ) 

 

6) is the transpiration rate in [kg/m²s], 
: the density of water [kg/m³] and the factor 
1/1000 needed to convert it to it from [g/m²s] to [kg/m²s]. In the following, 6) is multiplied 
with the crop’s cultivation area and the resulting transpiration mass flow [kg/s] is set in 
the manual solver of the respective branch. 
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2.5.3 Limitations 

2.5.3.1 Microgravity Effects 

The (M)MEC is a plant model fit to test data obtained in a terrestrial experiment and 
thus does not take micro gravity into account. More on this can be found in the future 
work chapter at the end of the thesis. 

2.5.3.2 Nutrition and Water Provision 

The plant model is not able to take a possible shortage of nutrition or water into 
account. Both substances are assumed to be sufficiently available at any point in time. 

2.5.3.3 Elevated Carbon Dioxide Levels 

The model is limited to carbon dioxide partial pressures in the range of 300 to 
1300 parts per million which is frequently exceeded inside a spacecraft and was 
already discussed in 2.4.3. 

2.5.3.4 Day/Night Transition of Transpiration 

The FAO model calculates daily average values and is not able to depict the day and 
night transition of the transpiration rate. Again, this is addressed in the future work 
chapter at the end of the thesis. 
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3 NASAs Journey to Mars 

NASAs plan for the human exploration of Mars crosses three thresholds: Earth Reliant, 
Proving Ground and finally Earth Independent (Gerstenmaier 2017). Each phase 
entails increasing challenges as humans move farther away from their home planet:  

 
Table 3-1:   Timeline of NASA’s Journey to Mars 

Present 

Using the ISS 

Phase 0 Solve exploration mission challenges through 
research and system testing on the ISS. 

2020s 

Operating in the 
Lunar Vicinity 

Phase 1 Conduct missions in cislunar space. Assemble 
deep space gateway and deep space transport. 

Phase 2 Complete deep space transport and conduct 
Mars verification mission 

2030s 

Reaching Mars 
Orbit 

Phase 3 Mission to the Mars system 

Phase 4 Mission to the surface of Mars 

 

In the course of this thesis, plant growth on the ISS as well as the CLH is analyzed. 
The two habitats were chosen to support NASA’s ongoing research aiming to address 
current key knowledge gaps in the growing of plants in space. The two habitats provide 
unique opportunities of analyzing extraterrestrial effects: “The ISS provides an 
accessible platform for near-term microgravity evaluations […] and follow-on 
evaluations in cislunar space can assess the impacts of deep space radiation [..]” 
(Anderson et al. 2017a: S.2). All necessary information on the V-HAB models used will 
be introduced in detail in this chapter. 

3.1 Phase 0 - The International Space Station  

3.1.1 The ISS V-HAB Model 

Due to its size and complexity the ISS is also a flagship project for V-HAB modeling. 
Over the last years several theses have dealt with the ISS (Plötner 2012; Weber 2013) 
and state of the art multi store model was developed at a stay at JSC in 2015 (Pütz 
2015) The ISS model itself is taken from the V-HAB library and was not developed in 
the course of this thesis. Further information can be found in (Pütz 2015, 2017).  

Since the latest publications further development has been done. The simulation now 
includes the dynamic behavior of the atmospheric temperature. This allowed to change 
the CCAA’s control algorithm to the actually used approach of actively controlling the 
temperature and only passively controlling the relative humidity (Weber 2013). The 
next figure shows a schematic representation of the ISS model used in this thesis. 
Dashed symbols indicate inactive subsystems. 
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3.1.1.1 Limitations of the V-HAB ISS model: 

a) Russian systems (Elektron and Vozduk) derived from American LSS due to lack 
of data. Adjusted values are used to represent Russian system functionality. 

b) Columbus Humidity Control System modeled as another CCAA with a higher 
cooling loop temperature (7°C). 
 

3.1.2 The Carbon Dioxide Removal Assembly 

The Carbon Dioxide Removal Assembly (CDRA) is the technology used on the ISS to 
remove carbon dioxide from the air. Two different CDRA models with different levels 
of fidelity are available in the V-HAB library. The top-level model is less accurate but 
able to depict all effects that are analyzed in this thesis with a sufficient accuracy. The 
detailed model has a high accuracy but the related simulation times are not practicable 
when dealing with plants. Based on this trade-off the top-level model is used 
throughout this thesis. 

In total, CDRA is made up of two cycles with two absorbing beds each. It uses two 
zeolite 13x beds for removing the humidity and two zeolite 5A beds for removing the 
carbon dioxide from the processed air. The 13x beds are needed as a competing 
absorption of water and carbon dioxide does favor water. In order to reduce the amount 
of water that needs to be absorbed in the first place the air passes through a 
condensing heat exchanger within the Common Cabin Air Assembly (CCAA) before 
entering the CDRA subsystem.  

The absorption and desorption cycles are switched after a so called half-cycle time in 
order to establish a continuous removal process. The half-cycle time is 144 minutes 
and constant (Plötner 2012). The humidity filters are desorbed back into the process 
air after it has passed through the 5A filter to prevent the system from venting water 
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Fig. 3-1:       ISS V-HAB model schematic (Pütz 2017) 
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over board. The air loss of the carbon dioxide filters desorbing into vacuum is 
minimized by employing an air safe mode for the first ten minutes during which the air 
inside the beds is pumped back into the cabin via vacuum pumps (Weber 2013).  

It turned out that the zeolite 13x beds (which are foreseen to solely absorb moisture) 
are oversized. Thus, they already start to absorb a part of the carbon dioxide. Since 
the substances absorbed in these beds are desorbed back into the cabin, this causes 
the characteristic increase in carbon dioxide partial pressure during the CDRA cycle 
switches. 

3.2 Phase 1 - The Cis-Lunar Habitat  

While Mars is the logical next destination for human space exploration, significant work 
is required to mature the technologies needed for such a journey. Humans have lived 
in space for many years but there has never been a habitat beyond lower-earth orbit. 

During Phase 1, a Cis-Lunar Habitat (also called Spaceport or Deep Space Gateway) 
will be established Table 3-1. It will be used to demonstrate the ability of operating a 
habitat independent from frequent earth resupply as well as a testbed for exploration 
systems (Gerstenmaier 2017): 

 “NASA intends to use missions in and around the Earth-Moon system as a proving 
ground for technologies, vehicle design and operations tools that will be needed for 
Mars exploration missions” (Anderson et al. 2017b: S.4). 

Missions in deep space differ widely from missions conducted in lower earth-orbit. Cis-
lunar space, the region between Earth and the Moon, is the ideal environment to prove 
the systems required for human exploration of Mars as it contains all challenges a deep 
space mission entails. The main differences between an ISS mission and a mission in 
deep space are (Smitherman and Griffin 2014; Smitherman et al. 2012; Anderson et 
al. 2017b): 

 

a) The ISS crew has a rapid return capability at any point in time. Because of the 
trajectory and propulsive energy requirements, deep space missions have no 
emergency return to earth and the crew must have stored all resources and 
spare parts to recover from emergency situations. 

b) The ISS does not have a Habitation Module. The ISS serves more as a 
laboratory providing habitation functions across the pressurized elements. 
Because of the long transportation times, deep space missions require 
emphasis on habitation. 

c) The radiation environment outside of the earth’s electromagnetic field is not fully 
understood. Although longer duration missions on board the ISS help to 
understand the effects of microgravity, they will not be able to address the 
additional radiation concerns that will be experienced in deep space. 

d) Dormancy: Cis lunar habitats and their LSS may have long quiescent periods 
between the Orion missions that can approach a year or longer. 
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An incremental approach using a total number of four Space Launch System (SLS) 
launches to assemble the final setup containing the following components is foreseen 
(see Fig. 3-2): 

 

a) Power/Prop Bus  
b) Habitation Module  
c) Logistics Module  
d) Habitable Airlock 

 

During the crewed phase, the Orion capsule is permanently attached to the habitat and 
its ECLSS are integrated in the overall ECLSS architecture. In the unmanned case, 
the habitat will keep orbiting autonomously and/or controlled from ground.  

The current schedule for the first six SLS launches as well as their contribution to the 
development of the CLH can be seen in Fig. 3-2: 

 

 
Fig. 3-2:       Timeline of Cis-Lunar Habitat establishment (Gerstenmaier 2017) 
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3.2.1 Carbon Dioxide and Humidity Requirements 

As mission characteristics change with the Cis-Lunar Habitat and even more with a 
mars mission modification of the current standards for spacecraft trace contaminant 
maximum allowable concentration (SMAC) and humidity control are proposed by 
Anderson et al. (2017b). This chapter will shortly discuss the proposed adjustments. 
Information was taken from (Anderson et al. 2017b).  

The current SMAC values allow rather high concentrations of 
carbon dioxide (see figure on the right). However, recent 
studies indicate a correlation with the incidence of headaches 
and chronic cognitive effects associated with carbon dioxide 
partial pressures that have been considered to be safe. Thus, 
it is suggested to control carbon dioxide concentrations below 
4730 mg/m³ (2 mmHg or 267 Pa). Furthermore, the published 
requirements are limited to a mission duration of 1000 days 
which eventually will be exceeded on a mission to mars. 
Thus, requirements for longer time periods need to be 
defined. In terms of humidity levels, different requirements 
and standards are available. The Human Integration Design 
Standard (HIDH) (NASA 2010) states a nominal range for an indefinite period of >30% 
- 50% and >25% - 75% as tolerable range (see Table 3-3). 

 
Table 3-3:   Relative humidity exposure times (NASA 2010) 

Averaged Relative Humidity: Time Allowed: 

≤ 5% 1 hour 
>5%-15% 2 hours 
>15-25% 4 hours 

>30-50% (nominal range) 
>25%-75% (tolerable range) 

Indefinite 

>75%-85% 24 hours 
>85%-95% 12 hours 

>95% 8 hours 

 

The Russian GOST standards request relative humidity in a band of 30% to 70%. Low 
humidity is known to cause drying of the eyes, skin and mucous membranes of the 
nose and throat, which can lead to an increased incidence of respiration infections. 
High relative humidity can result in condensation of surfaces, which can be conducive 
to microbial and fungal growth. As a consequence, a requirement range for future 
vehicles for nominal relative humidity of 30 % to 70 % and a targeted operation setpoint 
near or above 50% relative humidity is recommended. 

Duration Level 
[mg/m³] 

1 hour 35000 

24 hours 23000 

7 days 13000 

30 days 13000 

180 days 13000 

1000 days 9000 

  Table 3-2:   CO2 
SMAC values  

(Anderson et al. 2017b) 
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3.2.2 The Carbon Dioxide and Moisture Removal Amine Swing-Bed 

3.2.2.1 Background 

The amine-based carbon dioxide and water vapor sorbent system called Carbon 
Dioxide and Moisture Removal Amine Swing-Bed (CAMRAS) will be part of the air-
revitalization system of the Orion space craft (Lewis John F. et al. 2014) and is being 
developed by a multi-disciplinary team of industry, academia and government 
organizations lead by Hamilton Sundstrand (Nalette Tim et al. 2006).  

The sorbent, referred to as SA9T, is comprised of highly porous plastic beds coated 
with amine. SA9T is a “[…] good carbon dioxide sorbent and has a great affinity for 
water vapor [..]” (Button and Sweterlitsch 2014: S.2). Due to the design, “[…] the 
adsorption of carbon dioxide and water can occur simultaneously and somewhat 
independently” (Barido 2012: S.6).  

The physical embodiment of the process consists of loading the sorbent in aluminum 
foam sections which are assembled in multiple, alternating layers containing the amine 
sorbent and also to promote heat transfer between adjacent beds. The sorbent layers 
are configured as alternate beds which are connected internally through a series of 
manifold ports. The alternate layers are either adsorbing or desorbing at any point in 
time.  

A linear multiball valve (referred to as spool valve in Fig. 3-3) directs air flow to one 
bed while simultaneously exposing the other bed to vacuum. The chain of balls 
switches cycles by rotating 270° after a predetermined interval, the so-called half cycle 
time, equalizing pressure between the adsorbing and desorbing beds as the valve 
turns (Button and Sweterlitsch 2009). This is done to minimize the air loss. The flow 
schematics of the CAMRAS system for both half cycles can be seen in Fig. 3-3: 

 
Fig. 3-3:       Flow schematics of CAMRAS system for cycle one (left) and cycle two (right) 

(Lin et al. 2008) 

 

The heat of the exothermic reaction is transferred from the adsorbing bed to the 
adjacent desorbing bed (the desorption process is an endothermic reaction) which 
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combined with the exposure to vacuum provides the necessary energy for desorption.  
Therefore, no direct heating or cooling of the device is required (Button and 
Sweterlitsch 2013) and the system can be considered adiabatic.  

During the time the rocket is still on the launch pad but the crew is already inside the 
capsule, the available energy is not sufficient to desorb the beds due to the lack of 
vacuum. To ensure crew survival, a so-called launch pad configuration, in which the 
system is degenerated by a flow of compressed gas that is low in carbon dioxide and 
moisture, is foreseen (Button et al. 2010). This mission phase is not simulated and the 
functionality neglected in the V-HAB model. 

The Orion capsule will contain three CAMRAS units from which two are active at a 
time. The third one is added as cold redundancy. 

CAMRAS has been tested at Johnson Space Center in different test campaigns since 
2006. In addition, in 2013 1000 hours of on-orbit tests were conducted as a payload 
on the ISS (Button and Sweterlitsch 2014). The foreseen mode of operation is to use 
different combinations of cycle time and flow rate. Adjusting the combination according 
to the current crew state (exercise, nominal or sleep) is recommended (Sweterlitsch 
2010b). The tests showed that CAMRAS is very effective in removing humidity. To 
prevent the cabin atmosphere from getting too dry during the night phase one system 
might as well be deactivated. Tradeoffs that need to be taken into account are: 

 

• Higher flowrates are more effective but come with a higher power consumption 
• Longer cycling times result in less air loss but come with a decreased efficiency  

 

3.2.2.2 CAMRAS vs. CDRA Comparison 

Both subsystems were designed for totally different use cases: CDRA is designed for 
a long-time application on the ISS for which a high loop closure is an absolute 
necessity. It comes with a higher initial mass and power consumption. CAMRAS is 
designed to be a reliable, low power consuming, simple and lightweight system and 
the designated short-term missions of Orion allow to use an open-loop approach. The 
differences between CDRA and CAMRAS are: 

 

a) CDRA has an air safe function whereas CAMRAS loses half of the air phase’s 
mass to vacuum. 

b) CDRA saves the absorbed water by desorbing the humidity filters back into the 
process air. CAMRAS is an open-loop system desorbing carbon dioxide and 
water into vacuum. 

c) CDRA supports water recovery via SCRA 
 

3.2.2.3 V-HAB Model Framework 

In 2014 a V-HAB model of the CAMRAS system has already been developed in the 
course of a master thesis (Basta 2014). Unfortunately, the work was done in V-HAB 1.0 
which is not compatible with V-HAB 2.0 which is why a new model needed to be 
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developed. Fig. 3-4 shows the schematically representation of the new CAMRAS 
V-HAB model: 

 
Fig. 3-4:       CAMRAS V-HAB model schematic 

The different colors of the branches indicate their respective cycle. Any branch that is 
not active in the current cycle is set inactive by the control logic. 

In the beginning of cycle one PhaseIn of Filter A needs to be refilled since it was 
exposed to vacuum before. This is done until the phase reaches ambient pressure. 
While in absorption mode, water and carbon dioxide of the ingoing mass flow is 
absorbed and stored in their respective phases (Filtered H2O as well as Filtered CO2) 
according to the current absorption efficiency (see 3.2.2.5). In reality, a fan generates 
the constant inlet flow. In the model, the manual solver is used. The requirement for 
the inlet flow is the volumetric flow rate of 26 cfm. By multiplying this with the current 
density the information needed for the manual solver in V-HAB can be calculated. 
Consequently, internal startup effects of the fan are not modeled. A startup is 
performed once a day and the resulting influences are neglectable. The PhaseIn mass 
is kept constant by adjusting the outgoing flow with the residual solver. 

At the same time PhaseIn of Filter B is exposed to vacuum and the water and carbon 
dioxide stored in the respective phases are completely desorbed. The residual solver 
is activated to desorb all the mass of the filtered species into vacuum. The desorb 
function implemented is taken from the top-level CDRA model (Pütz 2015) and ensures 
that all matter is desorbed at the end of the cycle time. This is the only criteria that 
needs to be fulfilled by the desorption function since all matter is lost to vacuum 
anyways. At the end of cycle one, PhaseIn of Filter A has ambient pressure and water 
and carbon dioxide is stored inside the Filter Phases. PhaseIn of Filter B is at vacuum 
pressure and its filter phases are empty.  

Before cycle two begins, the PhaseIn pressures of Filter A and B are equalized. This 
process takes about 1-2 s (Sweterlitsch 2017). In the V-HAB model this is done via the 
connecting branch between the phases (indicated by two branches in Fig. 3-4 to 
visualize the flow direction for both cycles). This branch is only activated until the 

p2p p2p 

Cycle One 

Cycle Two 

Filtered CO2 

Filtered H2O 

Filtered CO2 

Filtered H2O 

Filter A 

PhaseIn 
p2p 

Filter B 

PhaseIn 
p2p 

To Atmosphere To Vacuum 

From Atmosphere 



NASAs Journey to Mars 

 
 

 

Page 46 

pressures are equalized. The mass that needs to be moved is calculated in the control 
logic and the flow rate set such that the entire mass is moved within the 2 s. After the 
pressures of the two phases are equalized cycle two, which is contrariwise to cycle 
one, begins.  

The air loss mass to vacuum is calculated in the control logic, too, and the vacuum in 
the desorbing phase is created prior to the desorbing process using the manual solver. 
As no information on the gas volume of a bed was available, information on the total 
air loss after 1000 hours of operation (Button and Sweterlitsch 2014) was used to 
calculate the filter volume. The source indicates a total air loss of 14.97 kg for 1000 h 
of operating one unit with an averaged cycle time of 14.6 min. This results in 3.64 g of 
air loss per cycle change. This information was used to calculate the air volume of one 
bed to 0.0064 m³. The resulting air loss for one cycle change in the V-HAB model is 
3.69 g (relative error of 1.48 %) and the calculated volume can considered to be valid. 

All the calculations in the control logic assume the system to be isothermal and the air 
phases are set constant to 22 °C (Sweterlitsch 2010b).  

A cycle time logic that is relative with respect to the cycle start rather than absolute in 
total simulation time was implemented. This allows to deactivate or activate the system 
or to change the cycle times. Changes need to be set via a function in the top-level 
system which allows to actuate each CAMRAS subsystem individually. 

3.2.2.4 Absorption/Desorption Process  

The average efficiencies stated in the test data (Lin et al. 2006; Lin et al. 2008; Button 
et al. 2010) are calculated using the following equation: 

 

 < S  �WX���
�W

 Eq. ( 3-1 ) 

where η is the dimensionless efficiency, !�� the partial pressure of the respective 
substance in the inlet flow [Pa] and !0=" the partial pressure of the respective 
substance of the outlet flow in [Pa]. By rearranging the equation to be explicit in !0=" 
rather than η and furthermore applying the ideal gas law in terms of flowrate this leads 
to:  

 
�? ���∗U_∗ ����

 ?���
S  �? �W∗U_∗ ��W

 ? �W
∗ E1 � <H Eq. ( 3-2 ) 

 

>? �� and >? ¡¢£ are the in- and outgoing mass flows of the respective substances in 
[kg/s], �� is the specific gas constant in [J/kg/K], @?��and @?¡¢£ the volumetric flow rates 
of the respective substances in [m³/s] in and out of the system and ��� and �¡¢£ the 
temperatures of the inlet and outlet flows [K]. All other air substances are assumed to 
flow unaffected through the filter.  

The thermal coupling of the filter beds results in an adiabatic system and only small 
differences between the inlet and outlet flows temperatures occur (the test data of an 
exercise test at JSC indicates an averaged difference of 0.78 K (Sweterlitsch 2010b)). 
As no further insight on the thermal behavior could be gained, the following 
simplification is used: 
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 ��� S  �0=" Eq. ( 3-3 ) 

 

Furthermore, the CAMRAS system does not have any junctions in the airflow and the 
volumetric flow rate can be considered constant: 

 

 @?�� S  @?0=" Eq. ( 3-4 ) 

 

By using Eq. ( 3-3) and Eq. ( 3-4), Eq. ( 3-2) can be simplified to: 

 

 >? �� S  >? 0=" ∗ E1 � <H Eq. ( 3-5 ) 

 

This equation is implemented in the filter p2p within the CAMRAS subsystem. The only 
remaining unknown is the absorption efficiency η. 

3.2.2.5 Efficiency Curves 

From 2006 - 2008 the three large test campaigns for testing CAMRAS in different 
operational modes were performed at JSC. The tests were performed “[…] to assess 
the performance of a new version of the CAMRAS test article (unit 3) in flight like 
scenarios for the Orion vehicle […].” (Button et al. 2010: S.7) and did not aim to obtain 
data on the sorbent itself. The CAMRAS was tested in the Airlock portion of the Air 
Revitalization Technology Integration Chamber (ARTIC) in the Air Revitalization 
Technology Evaluation Facility (ARTEF), which is located in building 7B at Johnson 
Space Center (JSC). The Airlock is used to simulate a spacecraft cabin volume for 
integrated testing of the CAMRAS and other technologies.  

A physically founded model requires data on the sorbent itself rather than integrated 
tests of the full system. Due to the lack of alternatives, though, a best possible way of 
building a model based on the test rig data needed to be found. In a first step, a model 
for the test rig chamber was developed (see Fig. 3-5). During the first two test 
campaigns (Lin et al. 2006; Lin et al. 2008) a so called Human Metabolic Simulator 
(HMS) simulated the metabolic impacts of humans. During the latest test campaign 
(Button et al. 2010), actual humans were present in the chamber. As this does not 
make a difference in V-HAB all tests can be simulated with the same model. 
Furthermore, some of the tests were performed using two CAMRAS systems and a 
chamber volume of 16.2 m³1 while others used half the volume and only one CAMRAS 
unit. In this case, only half of the crew’s human metabolic rates were injected. Next 
figure shows the schematic representation of the Test Rig Chamber V-HAB model in 
the configuration using two CAMRAS and the respective chamber volume. 

                                            
1 The free air volume of Orion 
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Fig. 3-5:       Test Rig Chamber V-HAB model schematic  

Carbon dioxide and water are injected from cryogenic storage tanks and the HMS 
injection rates of the respective tests were implemented in the control logic. To 
compensate the CAMRAS air loss and keep the chamber pressure constant, nitrogen 
is injected from a cryogenic storage tank. The schematic also indicates that each 
CAMRAS requires two different branches to vacuum. This is because vacuum is 
created with the manual solver but the desorption process itself is controlled via the 
residual solver. Only one solver can be allocated to a branch which is why two 
branches are required. Only one branch is active at a time though. 

In a next step, the conducted tests were simulated. Efficiencies stated in the 
documentation were used as initial values and adjusted if the steady state partial 
pressure of the test and the simulation differed. The measurement tables of the test 
results contain dew point temperatures instead of water vapor pressure. An empirical 
equation developed by Dr. Jeff Sweterlitsch was used to calculate the water vapor 
saturation from the dew point temperature. Though, in consultation with Dr. 
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Sweterlitsch an error could be identified in the equation stated by Basta (2014). The 
corrected version used in this thesis is: 

 

!'� S exp E�2.73466 ∗  10X$$ ∗  ��5�;
¦4§ �

|
I 4.02326 ∗  10Xj ∗  ��5�;

¦4§ �
h

 

�2.21753 ∗  10X| ∗  ��5�;
¦4§ �

v
I 5.33511 ∗  10Xv ∗  ��5�;

¦4§ �
D

 
�0.392217 ∗  ��5�;

¦4§ � � 15.0065H  ¦�Q§ 
 

The vapor pressure is calculated in [Pa] and the dew point needs to be entered in [K]. 
Once both steady state results matched, the current mass ratio of the respective 
substance in the inlet flow was identified and the pair of values (mass flow ratio and 
removal efficiency) saved. The obtained data was used to generate efficiency curves 
by applying the least squares method in Excel (see Fig. 3-6). 

This method is only sufficiently backed up if a large number of data points is available. 
During the test campaigns, a variety of different combinations of cycle time and flow 
rate were tested. Both influence the efficiency and a dependency of the concentration 
can only be identified if an influence of all other parameters is excluded. Considering 
both just described exclusion criteria, the only possibility was to combine two data sets 
of 6.5 min and 25 cfm (Lin et al. 2008) and 6.5 min and 26 cfm (Button et al. 2010). Up 
to the present, those two sets have been tested the most. According to Basta (2014), 
the resulting error of combining both data sets can be can be neglected. Some tests 
suffered from bad vacuum quality, a fact that leads to a decreased performance of the 
overall system and occasionally smaller imprecisions between the planned values from 
the HIDH and the actual injection rates occurred. The data of the respective tests were 
excluded. Sweterlitsch (2010a) describes a linear dependency of the removal 
efficiency on the concentration which is why linear functions were chosen. Fig. 3-6 
shows the resulting absorption efficiencies along with the data points they are based 
on. 

The curves show a different dependency on the mass ratio for both substances: 
whereas the efficiency for carbon dioxide decreases with the inlet mass flow ratio it 
increases for water. This can be verified by experimental data stated by Sweterlitsch 
(2010b) and represents a major change compared to the curves developed by Basta 
(2014) who assumed a decreasing dependencies for both species. Occurring 
fluctuations in the removal efficiencies for only slightly varying mass flow ratios can be 
explained by the fact that the data points were obtained in different test campaigns, a 
problem that was already described by Basta (2014): 

 ”Due to the fact that the scrubbing devices are still under development, there were 
various changes done on the amine beds. This can lead to some bigger differences 
between different test reports with similar HMS injection rates.” (Basta 2014: S.27). 
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Fig. 3-6:       Test data points and derived efficiency curves for CAMRAS V-HAB model 

 

Sources of error that could be identified but not avoided are: 

 

a) Data set used for curve development contained data from 25 cfm as well as 
26 cfm flow rate 

b) CAMRAS subsystem and amine beds were under development between the 
tests 

 

Recommended settings are 3,5 min and 39 cfm during exercise phases, 10 min and 
15 cfm in nominal mode as well as 15 min and 7,5 cfm during sleep phase 
(Sweterlitsch 2010b). Based on this information, it can be concluded that the 
implemented setting removes a high amount of moisture and a dry out of the 
atmosphere during sleep case is likely. To prevent too dry phases, a method to activate 
and deactivate the CAMRAS unit was implemented.  

Fig. 3-6 shows averaged efficiencies over cycle time. In order to take degradation 
effects into account a method developed by Basta (2014) was adopted and enhanced. 
Overlay functions adding 30% for carbon dioxide and 15 % for water to the averaged 
efficiency at the beginning of the cycle and linear decreasing to -30% for carbon dioxide 
and -15% for water at the end of the life cycle time were implemented. With the 
symmetric in- and decrease over cycle time it is guaranteed that the degradation effect 
does not distort the averaged efficiency. The values were chosen to best possibly fit 
the test data (Sweterlitsch 2010b). 

Even though the V-HAB CAMRAS model is operated at a constant setting, the 
possibility to change the current combination was implemented. If additional data is 
available curves for different combinations can be easily integrated. 

A transient exercise test published by Button et al. (2010) was simulated to verify the 
model. The results are discussed in the following subchapter. 
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3.2.2.6 CAMRAS Test Rig Verification 

During the latest test campaign a transient exercise test was performed by Button et 
al. (2010) and the results published by Sweterlitsch (2010b). The test used the same 
constant combination of flowrate and cycle time (6.5 min and 26 cfm) and allows a 
direct analysis of the error. 

Even though real humans were used during the test campaign this particular test used 
the HMS and the injection rates are available. The test emulated a crew of four in the 
Orion capsule with three crew members in nominal mode and one of the crew member 
working out after the other. Exercise is performed for 30 minutes with a 15-minute 
break between the exercise phases and a one hour cool down period included for each 
person. Because carbon dioxide production by exercising humans, unlike water 
production, is tied very closely to the actual exercise period and does neither vary 
significantly nor has significantly ramping time, it is approximated by a simple step 
function for exercising versus not exercising. Two CAMRAS units were permanently 
active, the chamber volume was 16.2 m³2 and the overall test length was around nine 
hours.  

The next graph shows the air phase mass (yellow), the carbon dioxide filter mass 
(orange) as well as the water filter mass (blue) plotted over one full cycle (13 min):  

 

 
Fig. 3-7:       CAMRAS filter masses for a full cycle 

 

The air mass of the filter (yellow) increases at the beginning of the cycle until its final 
value is reached and kept constant in the following. At the half cycle switch, the 
pressure and, due to the equal temperatures of the absorbing and desorbing bed, also 

                                            
2 The free-air volume of Orion 
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the mass is equalized (indicated by the kink close to 0.22 h) before the remaining mass 
is ejected to vacuum. During the second half cycle, the filter mass is constantly close 
to zero. In addition to the filter air mass, the absorbed masses of carbon dioxide 
(orange) and water (blue) are plotted. An initial mass of 0.002 kg is stored in each filter 
phase to increase the simulation factor of the model. The control logic is implemented 
so that this mass is neglected during the desorption process and does not distort the 
results. While absorbing, both masses monotonously increase. The increase is not 
linear due to the implemented decreasing removal efficiency over cycle time. During 
the cycle change, both masses are kept constant and only after the vacuum is created 
desorption takes place. In reality, it’s likely that the desorption would start a little earlier, 
as it occurs during the air safe phase of CDRA. Due to the lack of reference data this 
could not be further investigated. In this case, though, all mass is desorbed to vacuum 
anyway and the exact starting point does not really matter. During desorption, the 
masses decrease following on the implemented desorption function. Both masses 
converge to the initial value that was already discussed. The plot verifies that during 
desorption process the total absorbed masses are desorbed. 

In a second plot, the pressure swing of the subsystem is verified. Plotted are the 
pressures of both Filter Beds (A (blue) and B (orange)). 

 

 
Fig. 3-8:       CAMRAS filter pressures for a full cycle 

 

During cycle one Filter A is at ambient pressure with 101325 Pa whereas Filter B is 
close to absolute vacuum. Absolute vacuum caused a bug in V-HAB which is why a 
low pressure of 500 Pa is kept constant by the residual solver. This practice leads to a 
small amount of water and carbon dioxide that is not desorbed to vacuum but stays 
within the air phase and is consequently inserted to the cabin again as soon as the 
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cycle change takes place. The resulting error is neglectable due to the low remaining 
pressure combined with the small volumes. During the cycle change, both pressures 
are equalized within two seconds. In the plot, this is characterized by the point of 
intersection. Thereafter, the pressure of Filter B rises until it reaches ambient pressure 
whereas the vacuum in Filter A is created and the just described process is run through 
contrariwise. 

After the functionality of the model’s infrastructure has been verified the Test Rig 
results are analyzed. The following figure shows the injection rates of carbon dioxide 
(blue) and water (orange) of the test case (full line) as well as the simulation (dashed 
line). The injection rates can hardly be distinguished. The test data profile was 
implemented in the control logic and the analogy can be verified. 

 
Fig. 3-9:       Test profile injection rates overlay of simulation results and test data 

 
Fig. 3-10:     CO2 and H2O partial pressure overlay of simulation results and test data 
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Fig. 3-10 shows an overlay of the results for water and carbon dioxide in [Pa] in the 
same color pattern. Again, dashed lines indicate real test data and simulation results 
are plotted in solid lines.  

In terms of carbon dioxide level, the simulation very precisely depicts the test data. The 
relative error stays within a limit of [-11%, +6%] throughout the exercise phase (see 
Fig. 3-11). The very prominent peaks caused by the exercise phases of the crew match 
very well. The smaller oscillations resulting from the degrading efficiency of the 
absorbing beds over cycle time are depicted in a right manner, too. In this case, though, 
the test data indicates higher degradations during exercise than it is predicted by the 
model. The model uses a constant degradation which was adjusted such that it best 
possibly depicts an average. In reality, the degradation increases with the 
concentration since more mass is absorbed during the same time period and vice versa 
decreases for lower concentrations. Due to the missing information on the capacity of 
the filter beds, a dynamic degradation could not be implemented. The final steady state 
value of around 200 Pa in both cases matches very well. Next figure shows the relative 
error [%] over time. The initial deviation is caused by differences in the initial conditions 
and can be neglected. 

 
Fig. 3-11:     Relative error of CO2 partial pressure over time 

 
Fig. 3-12:     Relative error of H2O partial pressure over time  
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In the case of moisture, higher errors occur [-38%, +31%]. The highest relative errors 
occur (see Fig. 3-12) during the beginning of the first exercise phase and after the last 
crew member has finished working out. A too rapid reaction of the model to injection 
rate changes could be identified as the main source of error. This becomes visible after 
the last exercise phase. The simulation and the test data eventually converge to a 
matching steady state value. Though, the simulated values converge way faster.  

V-HAB always assumes perfectly mixed volumes. As soon as the injection rate is 
changed, the partial pressure in the atmosphere instantly reacts. In the real chamber, 
even though ventilation was present, it takes some time until the substance reaches 
its respective sensor and an in or -decrease is detected. This leads to an inevitable 
delay resulting in a model that reacts too fast to injection rate changes. According to 
the main test scientist Sweterlitsch (2017), ventilation was present but not verified and 
could explain the behavior. In addition, uncertainties in the model’s air phase volume, 
unknown pipe lengths, minor deviation between the set and the actually injected rates 
during testing and the fact that the chamber volume reduction was done by using large 
boxes (Button et al. 2010) (which adds uncertainty in the volume estimate and could 
have caused a more unequal distribution of ventilation) add uncertainty. A definite 
explanation, though, could not be found. During development, the time delay could not 
be detected since the model was correlated to steady state values and no information 
on the transient behavior was available.  

The question why the error occurs for water but not for carbon dioxide can be answered 
by analyzing their different injection profiles. For carbon dioxide, faster increase can 
be seen, too. However, due to the comparatively steady injection rate the simulated as 
well as the test values slowly converge towards the same steady state value. The water 
injection profile, on the other hand, follows a step by step approach. During the short 
periods of time the resulting partial pressures, neither in the simulated case nor in the 
test case, reaches values close to steady state which can be seen in the constant high 
derivation. The facts that the model reacts too fast to an increasing injection rate 
causes the overestimated peaks. In addition, the absolute value of the water injection 
rates are higher than for carbon dioxide which intensifies the just described effect.  

In summary, it can be stated that the CAMRAS model is more accurate for longer and 
constant injections rates and less accurate if high and fast changes occur. More 
accurate transient results, though, can hardly be obtained by solely using steady state 
data but require transient data or even more preferably test data of the sorbent itself.  

3.2.3 Cis-Lunar Habitat V-HAB Model 

The main requirement for the habitat is to provide sufficient habitation for a crew of four 
on missions up to 42 days (Crusan and Herrmann (2017) state up to 60 days), to 
support the buildup of the Deep Space Transport (DST) and to open trade for 
compatibility for operations in Low Lunar Orbit (Gerstenmaier 2017). Whereas this 
rough plan is already decided, different companies and space agencies around the 
world are currently developing more detailed concepts. A commonality shared is the 
interface to Orion as this is the capsule that takes the crew to and away from the CLH.  

The model was oriented towards the currently foreseen NASA system architecture 
which includes four different modules - a Habitat, a Habitable Airlock, the Orion capsule 
as well as a Logistic Module (Gerstenmaier 2017).  
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The development of a space habitat is a complex process entailing a lot of iteration 
loops. Since the development of the CLH is in a very early stage, inter-modular 
ventilation rates and connections, a crew distribution or sleeping areas etc. have not 
been decided yet. In this case, reasonable assumptions had to be made which are 
justified in this subchapter. The V-HAB implementation of the CLH is generally based 
on the ISS model code but reworked and adapted when necessary in order to meet 
the respective requirements. 

3.2.3.1 Volumes, Inter Modular Ventilation and Leakage 

Different sources were reviewed to estimate the volumes as exactly as possible: 

 

− Habitat:  
Zak (2017) states a pressurized volume of the habitat module of 63.7 m³. This 
was confirmed at a meeting at JSC (similar to Node 1). 
 

− Orion:  
The total pressurized volume is 19.6 m³ (NASA/Johnson Space Center 2011), 
its free air volume 16.2 m³ (Button et al. 2010) and the habitable volume is 
8.9 m³ (NASA/Johnson Space Center 2011). 
 

− Habitable Airlock:  
The habitable airlock has a habitable volume of 10 m³ (NASA 2008). 
 

− Logistic Module:  
The volume of an enhanced version of the Cygnus Cargo Delivery Space Craft 
by Orbital ATK depicts the latest estimates the closest (Ewert 2017). It has a 
pressurized volume of 26.2 m³ (Hastmann and Richards 2017).  
 

Dealing with space habitats, three different types of volumes can be distinguished: the 
pressurized (empty) volume, the free-air volume and the habitable volume. The 
pressurized volume is the sheer pressurized volume that does not take any interior into 
account. Racks or other equipment reduce the pressurized volume to the free-air 
volume that actually contains air. This includes the space behind and inside racks. The 
habitable volume is consequently the volume that is accessible to the crew members. 
Different references referred to different volume types which is why in a first step all 
volumes needed to be scaled up or down to the information that is needed to develop 
V-HAB models: the free-air volume. 

The multitude of available ISS data allowed to calculate an overall (average) packing 
factor which is defined as the percentage of empty volume that is free-air volume as 
well as the same factor for scaling down the free-air volume to a habitable volume 
(Plötner 2012). These overall ISS packaging factors were used to scale up or down 
the Habitat as well as the Airlock volumes. The functionality of the Logistics Module 
differs widely from the other modules and the packaging factor from the ISS PMM was 
used in this case. For Orion, all necessary data was available so that no assumptions 
had to be made. The resulting volumes are stated in the next table. 
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Table 3-4:   Module volumes of the Cis-Lunar Habitat  

 Pressurized Volume [m³] Free Air Volume [m³] Habitable Volume [m³] 

Habitat 63.7 57.4 27.1 

Airlock 23.5 21.3 10 

Orion 19.6 16.2 8.9 

Logistic 26.2 15.3 10.7 

Total: 133 110.2 56.7 

 

 
Fig. 3-13:     Cis-Lunar Habitat V-HAB model schematic 

 

The Man-Systems Integration Standards 
(Rose 2008) indicates a minimum 
habitable volume of 44 m³ for optimal 
crew performance of four crew members 
on a 42-day mission as well as 52 m³ for 
60 days. The developed configuration 
exceeds these lower limits and the 
volume is considered to be valid.  

The habitat is the central module 
entailing parts (or all) of the ARS and 
connected to all adjacent modules via 
IMV.  

Other IMV connections are unlikely due to the small overall extensions of the habitat. 
IMV values are taken from the ISS: The IMV rate between the Habitat and Orion as 
well as the Airlock is 96 cfm (0.0453 m³/s) similar to the IMV rate from the SM to 
Node 3. The rate between the Habitat and the Logistics Module is 60 cfm (0.0283 m³/s) 
similar to the IMV rate from Node 3 to PMM. This is sufficient as no crew member is 
permanently present.  
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Fig. 3-14:     Required habitable volume per CM 
 (Rose 2008) 
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A similar approach as for scaling up or down the volume was used to estimate leakage. 
The ISS data stated by Plötner (2012) were used to calculate a leakage mass flow per 
cubic meter of pressurized habitat volume. The resulting leakage rates are stated in 
Table 3-5. The resulting leakage rates can be seen in the next table. To put this into 
perspective, the total leakage rate of the ISS is around 14 g/day. 

 
Table 3-5:   Leakage rate of Cis-Lunar Habitat per module 

 Leakage Rate [g/day] 

Habitat 1.03 

Airlock 0.38 

Orion 0.23 

Logistic 0.24 

Total: 1.88 

 

The implemented temperature set point is 22.2 °C. The value is taken from the ISS 
model based on: “[…] history shows that the crew generally keeps the temperature 
inside the USOS at or above 22.2 °C” (Link and Balistreri 2015: S.8). Besides the 
thermal impact of the crew, a constant heat load of 300 W was added to the Habitat to 
take thermal loads of electric equipment etc. into account.  

 

Compared to the ISS model, the CLH model has a free air volume of around 13 % and 
a habitable volume per crew member of around 22 %. The final volume estimates can 
be supported by a statement of Detlef Wilde, head of robotics at Airbus Defense and 
Space, who projects the dimensions of the CLH in a similar way (referring to free air 
volume): „We have much less space to live and work here though. On the ISS, each 
crew member has more then 100 cubic meters to live and work. Here in the habitat, 
we are talking about 20 to 25 cubic meters per person.” (Pultarova 2017: S.1) 

 
Table 3-6:   Comparison of the Cis-Lunar Habitat and ISS V-HAB models 

 CLH ISS 

Modules: 4 10 

Crew Members: 4 6 

Total Free Air Volume: 110.2 m³ 799 m³ 

Habitable Volume per Crew Member 14.05 m³ 63.06 m³ 
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3.2.3.2 Implemented Crew Distribution 

 

− Nominal (15 h / day): In the nominal case, two crew member (CM) are working 
in the Habitat, one CM in the Habitable Airlock and one is assumed to be in the 
Orion capsule. The Logistic Module is solely used for storage and therefore not 
considered to be permanently manned.  

− Exercise (1 h / CM / day): Exercise is performed in the Habitat since this will 
most likely entail the respective equipment. Due to the small volumes and the 
reduced number of crew members only one CM works out at a time.  

− Sleep (8 h / day): The Habitable Airlock provides sleeping space for two CM. 
The other half of the crew is assumed to sleep in the Habitat.  

 
Table 3-7:   Implemented crew schedule in the Cis-Lunar Habitat V-HAB model 

Legend: Nominal Exercise Sleep  

Time CM 1 CM 2 CM 3 CM 4 

06:00 – 07:00 Habitat Habitat Airlock Orion 

07:00 – 08:00 Habitat Habitat Airlock Orion 

08:00 – 09:00 Habitat Habitat Airlock Orion 

09:00 – 10:00 Habitat Habitat Airlock Orion 

10:00 – 11:00 Habitat Habitat Airlock Orion 

11:00 – 12:00 Habitat Habitat Airlock Orion 

12:00 – 13:00 Habitat Habitat Airlock Orion 

13:00 – 14:00 Habitat Habitat Airlock Orion 

14:00 – 15:00 Habitat Habitat Habitat Orion 

15:00 – 16:00 Habitat Habitat Airlock Orion 

16:00 – 17:00 Habitat Habitat Airlock Orion 

17:00 – 18:00 Habitat Habitat Airlock Habitat 

18:00 – 19:00 Habitat Habitat Airlock Orion 

19:00 – 20:00 Habitat Habitat Airlock Orion 

20:00 – 21:00 Habitat Habitat Airlock Orion 

21:00 – 22:00 Habitat Habitat Airlock Orion 

22:00 – 06:00 Habitat Habitat Airlock Airlock 
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3.2.3.3 Air-Revitalization Systems 

The CLH is still in its concept phase and a final ARS architecture has not yet been 
decided. Thus, different architectures were developed and analyzed. The first case 
represents the case closest to the currently foreseen architecture (‘open-loop’). With 
each additional case the level of loop closure is increased.  

 

1.) CAMRAS 

In the first setup, the ARS systems of Orion are an integral part of the overall ARS 
architecture. One CAMRAS unit from the Orion ARS as well as a second unit located 
in the Habitat perform carbon dioxide and moisture removal. The decision to separate 
the two CAMRAS units is based on the statement “[..] the earliest modules are 
expected to have open-loop life support to supplement Orion […]” (Anderson et al. 
2017b: S.4). Thereby, redundancy is ensured and a so called ‘safe heaven’ created. 
Oxygen and nitrogen, to compensate the pressure loss of CAMRAS and leakage, are 
inserted from the cryogenic storage tanks in the Orion capsule if their respective values 
fall below the limits implemented in the control logic. 

To avoid the air of getting too dry, the Orion CAMRAS will be set inactive during the 
sleep periods. As it turned out, re-activating the deactivated unit with the awakening of 
the crew still caused a dry period of < 20 % relative humidity in the Orion capsule. This 
could be avoided by not re-activating the second unit until the first crew member starts 
working out.  

CAMRAS does not take care of temperature control and an additional generic heat 
exchanger (HX) (type ‘counter annular flow’) was added to the Habitat. A control logic 
adjusting the air flow through the HX so that it controls the temperature around the 
temperature set point of 22.2 °C was implemented. Next figure shows the resulting 
ARS architecture of the CAMRAS case:  

 

 
Fig. 3-15:     ARS architecture schematic of the Cis-Lunar Habitat V-HAB model using CAMRAS 

 

This system represents a fully open-loop system in which the consumed oxygen and 
nitrogen needs to be resupplied and all removed substances are lost to vacuum.  
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2.) CDRA/CCAA 

The second setup uses CDRA as the sole carbon dioxide removal system. Since 
CDRA always needs a CCAA to remove most of the moisture from the supplied air, a 
CCAA was also added (see 3.1.2). One CDRA is sufficient to support a crew of six and 
consequently only one unit is used. To ensure an equally balanced atmospheric 
composition throughout the station both subsystems are located in the Habitat. In this 
case, the CCAA takes care of temperature control and no additional heat exchanger is 
needed. A CCAA recovers the condensed water and the level of loop closure is plainly 
higher compared to the first case.  

Similar to the CAMRAS case, nitrogen and oxygen are provided by cryogenic storage 
tanks. This open loop approach is easy and reliable but leads to a major disadvantage: 
Even though CDRA does support water recovery via a SCRA, this is not possible as 
the required hydrogen is missing. Therefore, the removed carbon dioxide is vented to 
vacuum similar to case one. 

 

 
Fig. 3-16:     ARS architecture schematic of the Cis-Lunar Habitat V-HAB model using CDRA/CCAA  
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3.) CDRA/CCAA/OGA/SCRA 

The third case represents an enhanced version of the second setup. The cryogenic 
oxygen tank is replaced by an OGA which produces oxygen and hydrogen. The oxygen 
is inserted to the cabin and consumed by the crew. Now that hydrogen is available, 
part of the processed water can be recovered using the Sabatier reaction. Again, all 
ARS components are located in the Habitat to ensure an equally balanced atmospheric 
composition throughout the station. 

 

 
Fig. 3-17:     ARS architecture schematic of the Cis-Lunar Habitat V-HAB model using CDRA/CCAA,  

an OGA and a SCRA 

 

This setup represents a more sophisticated closed-loop physio/chemical LSS for the 
CLH and there are significant differences compared to the simpler version without the 
OGA. However, since the plants in the analyzed setups have little effect on the oxygen 
level the analysis performed with this setup did not lead to interesting tradeoffs from 
the plant perspective and will not be discussed in the further course. Research 
including this setup, e.g. analyzing possible mass savings, brake-even points et cetera, 
is left to future work. 
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4 Developing Setups for Plant Growth in Space 
Habitats 

4.1 Choosing Crops for Cultivation in Space 

The first question that arises is how to select the proper crop candidates. The same 
question arose in the course of the EDEN project by the German Aerospace Center 
(Zabel et al. 2015) and was addressed by developing a methodology for the selection 
process (Dueck et al. 2016). As the project deals with similar constraints with respect 
to cultivation area and volume, the selection process as well as the developed 
methodology will be introduced and used to justify the (M)MEC crops selection. 

4.1.1 ‘Pick-And-Eat’ Systems 

The research of the EDEN project completely precluded the selection of crops that are 
not ready to eat. This approach is commonly shared. The near-term goal for plant 
growth systems targeted by NASA for plant growth systems is a ‘Pick-and-Eat’ system. 
This phrasing has been used by the NASA Human Research Program (HRP) 
roadmaps (NASA 2017b), but terms like ‘salad machine’ and ‘vegetable production 
unit’ refer to similar hardware concepts. 

The intent is that the salad or fruit crops grown in the system will grow robustly with 
minimal resources, require minimal processing like washing or disinfection, and can 
be consumed in their raw state. It is assumed that this type of food production does 
not provide a significant contribution to the daily caloric intake of the crew. Ideally, the 
crops would provide a nutrition benefit of some sort, perhaps to supplement vitamins 
that degrade within the processed, stored food system on long duration mission 
(Anderson et al. 2017a).  

4.1.2 Methodological framework for crop selection 

In the beginning Dueck et al. (2016) defined criteria and differentiated them in into hard 
and soft (see Table 4-1). Subsequently, a large preliminary list of crops was subjected 
to the hard criteria which can either be yes or no. The crops that could meet all the 
hard criteria were included in a list of potential fresh food crops for cultivation and later 
ranked by their ability to meet the soft criteria.  

The soft criteria were defined with the focus on the greatest benefit for crew members 
and were scored on a gradual scale of 0 to 1. The next table summarizes the hard and 
soft criteria considered for the methodological framework: 
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Table 4-1:   Hard and soft criteria for crop selection process (Dueck et al. 2016) 

Human quality aspects 

Hard criteria [yes/no]: 

• Edible 
• Ready-to-eat 
• No alternative form possible 

Soft criteria [0-1]: 

• Appearance 
• Taste 
• Texture 
• Pungency 

Cultivation aspects 

Hard criteria [yes/no]: 

• Crop is commercially available 
• Maximum plant height 
• Suitable for production system 
• Harvest possible within mission time 
• Growth possible within lightning 

limitations 

Soft criteria [0-1]: 

• Spread harvesting 
• Handling time 
• Shelf life 
• Disease resistance 

Yield aspects 

 Soft criteria: 

• Production efficiency in time 
and space [kg/m³/d] 

• Light and energy use efficiency  
• Harvest index [0-1] 

 

The process was run through for use in an International Standard Payload Rack and 
for a Future Exploration Greenhouse (FEG) with both having different volumetric 
boundary conditions. Without further ado, the following table shows only the results of 
the ranking. More detailed information can be found in (Dueck et al. 2016). 

 
Table 4-2:   Ranking of selected crops for use in ISPR (Dueck et al. 2016) 

Crop Score Crop Score 

Lettuce 7.6 Water cress 4.7 

Radish 6.1 Parsley 4.3 

Chives 6.0 Basil 4.1 

Strawberries 5.8 Spinach 3.7 

Dwarf tomatoes 5.8 Coriander 3.6 

Red mustard 5.8 Swiss chard 3.0 
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Table 4-3:   Ranking of selected crops for use in FEG (Dueck et al. 2016) 

Crop Score Crop Score 

Lettuce 48.8 Radish 16.9 

Cucumber 37.9 Parsley 14.7 

Dwarf Tomato 26.9 Spinach 14.6 

Chives 26.3 Swiss chard 11.9 

Tomato 26.3 Bell Pepper 10.8 

Strawberry 17.3 Red mustard 8.0 

4.1.3 (M)MEC Crop Selection  

The (M)MEC plant model contains two crops that belong to the ‘pick-and-eat’ category: 
lettuce and tomato. The tomato cultivar in the (M)MEC, Reimann Philippe, is a cherry 
tomato and can be considered a dwarf tomato in Table 4-2 and Table 4-3. In both 
cases lettuce is ranked first place. Dwarf tomatoes are ranked place 5 in the ISPR case 
and place 3 in the FEG case. Based on this ranking, it can be justified to use the two 
crops as the main crops for the simulations performed in this thesis. In addition, the 
growth characteristic and even more the atmospheric impacts of lettuce is 
representative for a variety of leafy vegetables, for example spinach (Wheeler 2017).  

4.2 Harvest Cycles and Planting Schedules 

There are many different possible ways of planting seeds and consequently harvesting 
the resulting biomass. The factors that need to be considered for an application inside 
a space habitat are summarized in the following subchapter. 

4.2.1 International Space Station 

4.2.1.1 Storage Capability and Shelf Lifetime 

“Crops within a biomass production chamber will likely be grown and harvested on a 
bulk basis, rather than quasi-continuously. This assumption is designed to minimize 
crew time requirements by making crew activities more efficient, and may be revisited 
when more data are available.” (Anderson et al. 2015: S.119).  

This statement, though, refers to large greenhouse settings (Ewert 2017) and a 
different approach is more likely for ‘Pick-and Eat’ systems. Lettuce and tomatoes have 
short shelf lifetimes which is the time between harvest and rotting. Consequently, they 
cannot be stored for a long period of time in a fresh state. In addition, space inside a 
habitat is very limited and storage of big amounts of biomass is not favorable. Thus, a 
so called steady state supply of supplemental fresh biomass (also referred to as ‘quasi-
continuously’) aiming to establish a regular flow of fresh food that is especially tasty 
and spicy is favorable: “Based on the type of crops [..] (e.g. leafy greens, tomatoes) 
even with a continuous weekly or daily harvest cycle [..]” (Anderson et al. 2017a: S.2) 
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To do so, the cultivation area needs to be divided into several parts, from now on 
referred to as trays, and the seeds successively sowed. This approach is applicable 
since the ISS is permanently crewed. 

4.2.1.2 Crew Time  

A synchronized harvesting scheme for all crops reduces harvesting effort and crew 
time. The time between two consecutive harvest events is decided to be one week to 
synchronize supplemental biomass consumption with the work week of the astronauts. 
By doing so, an additional highlight on the weekends is created. Thus, the harvest time 
for tomatoes was reduced from nominally 80 to 77 and for lettuce increased from 30 to 
35 since 28 days leads to a high loss in biomass yield. 

4.2.2 The Cis-Lunar Habitat 

Whereas the ISS is a well-established, large and comparatively easy to reach space 
habitat the Cis-Lunar Habitat is much smaller and simpler. Furthermore, it is not 
permanently manned and the mission duration in the initial configuration is limited to 
42-60 days. A hard criteria in Table 4-1 is that the harvest needs to be possible within 
mission time. This reduces the range of suited crops to microgreens as well as leafy 
greens including lettuce. In addition, the intended mission durations do not allow to 
establish a continuous steady state supply and the plants can only be grown and 
harvested on a bulk basis.  

Over the course of time the proportion of the year in which the crew is present will be 
extended (Anderson et al. 2017b). Once the stays are long enough different crop sorts 
can be added a quasi-continuous approach is more likely due to its benefits stated in 
4.2.1.1. 

4.2.3 Exclusions 

Dynamical planting schemes are a method to reduce power consumption, optimize 
biomass yield and reduce mass by: 

 

• reducing the area that needs to be enlightened by starting with a higher initial 
planting density (Wheeler 2017).  

• a more efficient spacing (Anderson et al. 2015).  
• starting with less growth media for seeds and seedlings than for the mature 

plant (Anderson et al. 2017a) 
 

To also include dynamic planting schemes would go beyond the scope of this work 
and is neglected throughout the thesis. 

4.3 Distribution 

From a psychological point of view several smaller plant growth chambers distributed 
equally over the habitat would be favorable. This unquantifiable benefit, though, comes 
with a quantifiable increase in ESM according to the values stated by Anderson et al. 
(2015) as each plant growth chamber requires individual lightning systems, water and 
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nutrient supply etcetera. Therefore, it is decided to gather all plants together in one 
chamber. 

4.4 Cultivation Areas 

Whereas the respective crop composition and planting schedules may vary, the 
cultivation areas of the simulated cases are based on either one of the following three 
systems. A detailed list of the simulated setups can be found in A.3. 

4.4.1 The Veggie  

The Veggie vegetable production 
system is a small plant growth 
chamber designed to grow 
vegetable crops in space (Massa et 
al. 2017). It was developed to be a 
low mass, low power and low crew-
time requiring simple, expendable 
food crop production system and 
installed in the Columbus module 
in May 2014. The hardware 
consists of an LED lighting array 
that contains red (630 nm), blue, 
(455 nm) and green (530 nm) 
LEDs and a fan which draws ISS 
cabin air through the hardware and 
expels it back to the cabin. The 
cultivation area of one Veggie chamber is 0.16 m². In the near future, a second Veggie 
unit will be operated in close proximity to the current unit (the second unit is already 
installed, see Fig. 2-4). This will enable side-by-side testing of different crops and 
different lighting conditions (Massa et al. 2017). This parallel use of two chambers will 
be defined as the Veggie case throughout this thesis and its cultivation area estimated 
with 0.3 m². 

In this case, on orbit data on the water consumption was available (provided by Dr. 
Massa from KSC) for Chinese cabbage. According to Dr. Massa, lettuce would be in a 
similar range. To make it comparable with the following simulation results, the received 
data was scaled up to be representative for 0.3 m² and expressed on a weekly basis. 

 
Table 4-4:   Weekly on orbit Veggie water consumption test data for Chinese cabbage  

scaled up to a cultivation area of 0.3 m² 

1/20/17 – 2/17/17 04/3/17 – 05/31/17 04/3/17-05/31/17 

1.67 kg / week 2.39 kg / week 2.14 kg / week 

 

In a discussion with Dr. Massa as well as Dr. Wheeler it turned out that during the first 
growth period the plants suffered from too little water and the value is not 

Fig. 4-1:       The Veggie system with different types of 
lettuce shortly before harvest on the 10/27/2017 

 (Griffin and Herridge) 
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representative. Both other values are better measurements but plants were still rather 
small and slightly underwatered.  

4.4.2 One International Standard Payload Rack 

NASA’s goal on the ISS is one International Standard Payload Rack used for plant 
growth by the end of its lifetime (Anderson 2017). An ISPR is a standardized payload 
slot adopted by the ISS program to support efficient integration and interchangeability 
of payload hardware. Interfaces are located in Columbus, JEM as well as the US Lab 
(Suffredini 2015). Each ISPR has a total internal volume of 1.6 m³, a height of 2.03 m, 
a width of 1.02 m and a depth of 0.83 m. By defining one rack as the upper limit, the 
available growth volume is limited. In order to develop reasonable setups which take 
this into account, standardized compartment dimensions for tomato and lettuce similar 
to a schematic presented by Massa et al. (2012) were defined.  

With a width of 1 m and length of 0.825 m an ISPR has a base area of 0.825 m². Even 
though not all of it can be used for cultivation, the available area can be increased by 
vertical agriculture3. In order to take volume for interfaces and compartment shells into 
account, 20% of the extend in length and 30 % in width are subtracted. The resulting 
area per growing stage has a length of 0.66 m and a width of 0.7 m. This leads to a 
usable cultivation area of 0.231 m² per compartment if two compartments per growing 
stage are considered4. The base area per compartment is the same for tomato and 
lettuce (see left schematic in Fig. 4-2). 

 

 
Fig. 4-2:       Top view on ISPR base area (left) and front view (right). ISPR extensions indicated in 

black, compartment area size in grey, tomato compartments in red and lettuce compartments in green 

Lettuce height at majority is 20-30 cm, dwarf tomato height 35-45 cm (Wheeler et al. 
2003). 10 cm of additional height is included to ensure a proper distance of the light 
source to the plant (Anderson et al. 2015). This is a rather conservative assumption 
given the fact that the APH has a height of 50 cm and a maximum growing height of 
45 cm (Massa et al. 2016).  

                                            
3 several stages located at different heights 
4 0,462 m² in total per stage 

1 m 

0.83 m 

0.35 m 

0.66 m A = 0.231 m² 

1 m 

2.03 m 

0.4 m 

0.50 m 
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The resulting compartment dimensions are (height/width/depth) in [cm]: 
 

• Tomato: 50/35/66  

• Lettuce: 40/35/66 
 

 
Different combinations of dividing up the available volume between lettuce and tomato 
were analyzed. An equal division between both crops leads to an even biomass yield 
and was therefore chosen. In total, four compartments of each crop fit into the rack 
(see Fig. 4-2 on the right) and the resulting cultivation area per ISPR is 1.84 m². 

The EDEN ISS project houses only 1 m² of cultivation area (Zabel et al. 2016b) in the 
same volume. This deviation is caused by the fact that in the latter case the plants 
share this volume with the nutrition tank, a carbon dioxide storage and distribution as 
well as a command and data handling module (see Fig. 4-3).  

 

 
Fig. 4-3:       EDEN ISS cultivation system concept for one ISPR 

(Zabel et al. 2016b) 

 

In the developed setup (4.4.2), the full volume was used for plants and represents an 
upper limit for cultivation area inside an ISPR.  

This decision was intentionally made: The Veggie is a currently flying system and two 
Veggies in parallel will be used in the near future. On the other hand, one ISPR 
available for plant growth is the goal for the end of the ISS lifetime. By simulating two 
Veggie as well as an upper limit ISPR case, the whole spectrum of impacts for realistic 
near term ‘Pick-and-Eat’ systems on the ISS is depicted. From that, it can be derived 
that the impact of any ‘Pick-and-Eat’ system flown during this period (e.g. EDEN ISS) 
will stay within this range. 
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4.4.3 Arctic Greenhouse 

The Arctic Greenhouse setup is taken from Saad (2015) which was developed for a 
dynamic model of the EDEN greenhouse concept. The setup provides almost 26 m² 
(25.92 m²) of cultivation area and belongs to category 3 in Fig. 2-7 since it takes over 
part of air-revitalization as well as contributes to the daily diet. It is the only non ‘Pick-
and-Eat’ system analyzed. In addition to lettuce and tomato also potatoes are included. 
Besides pick and eat crops, potatoes are considered to be most likely to be cultivated 
inside a space habitat as they require simple processing tools (e.g. a microwave) 
(Massa 2017).  

In the current EDEN ISS design for the Future Exploration Greenhouse, 12.5 m² of 
cultivation area are grown in a total internal volume of 31.5 m³ (Zabel et al. 2017). From 
that it can be derived that JEM (169 m³) would, in theory, be large enough to house 
the developed setup. Nevertheless, plant growth on the ISS in reality will not exceed 
‘Pick-and-Eat’ systems within its lifetime. 

4.5 ISS vs. Cis-Lunar Habitat Use Case Analysis 

4.5.1 Plant Growth on the International Space Station 

Even though it was not foreseen in the first place, the ISS represents an ideal 
environment for ‘Pick-and-Eat’ systems: 

 

• It is continuously manned which allows to establish a continuous supply of fresh 
biomass.  

• Crew members usually stay for around six month and dehydrated food is the 
current food of choice. The crops can provide a nutrition benefit or supplement 
vitamins that degrade within the processed, stored food system.  

• It was designed as a research facility in micro-gravity and does not have a 
module dedicated for habitation. In all its aspects is a very technical, sterile 
looking environment which intensifies the psychological benefits. 

• Its high water-loop closure as well as a flight proven water processing capability 
keep the related costs as low as possible. 
 

Besides the just described benefits continuously micro gravity research of plants can 
be conducted and data needed to develop, enhance and validate plant models 
delivered: “[…] validated models are needed that accurately predict the oxygen, carbon 
dioxide, water vapor, and water exchange for all of the crops being considered.” 
(Anderson et al. 2017a: S.14).  

In summary, the ISS represents a unique opportunity to enhance experience in plant 
growth in space and comes with a high benefit to cost ratio. 
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4.5.2 Plant Growth in the Cis-Lunar Habitat 

In the CLH, the benefit to cost ratio dramatically decreases: 

 

• Orbiting the moon, the initial costs to establish a plant growth chamber are high.  
• The foreseen short mission durations combined with the long dormancy times 

do not allow to establish a continuous supply.  
• The psychological benefits for the foreseen mission durations are low. 
• The open water loop highly increases the costs. 

 

Based on the just described disadvantages, plant growth on the CLH could not be 
justified. Sill, NASA shows high interest in growing plants in the CLH early on. NASA’s 
goal (see 3) is a manned mission to mars. This goal will most likely not be 
accomplished without integrating sources for fresh biomass as well as employment 
and a distraction of the routines of space.  

Over the last decades, various experiments could prove that plants grow in 
microgravity environments. However, no plants have yet experienced deep space 
radiation so that there is no knowledge on how plants react to this unique exposure or 
whether they grow at all. Since there is no commercial benefit in conducting this 
research it is unlikely that any commercial partner will address this lack of knowledge. 
To perform such early research has always been and will always be up to the space 
agencies. This is the main reason why plant growth on the CLH will be likely even 
though it cannot be justified by the usual measurements. 

4.5.3 Metric for Psychological Benefits 

The benefits of larger plant growth setups are quantifiable by the amount of oxygen 
they supply or the percentage of calories they are able to provide. Both can be 
quantified in mass5 and via the ESM converted to costs. Using this approach, a break-
even point can be calculated and thus conclusions drawn whether or not plant growth 
can add benefit to an individual mission scenario.  

However, the psychological benefits and benefits of having fresh food are not fully 
captured with a proxy for cost. “A study is planned to begin investigating the benefits 
of plant growth to crewmembers on ISS. NASA vehicle developers need to know not 
only that a proposed counter measure provides benefit, but that the cost of providing 
this countermeasure provides more benefit than the cost of providing another 
countermeasure” (Anderson et al. 2017a: S.5).  

Defining such a metric would help to quantify and express benefits and thus to analyze 
system and mission architectures. 

                                            
5 oxygen resupply mass, water resupply mass in the OGA case or mass of stored food 



Results 

 
 

 

Page 72 

5 Results 

To create a basis for comparison one week was defined to be the shared time frame. 
This allows to depict the full impact cycle of the continuous supply setups (see 4.2.1.2). 
Each simulation was run for 220 h but the results that are stated in the following (water 
consumption, oxygen production etc.) are measured from 24 to 192 hours (7 days). To 
ensure visibility, most plots are limited to the last day of the week (168 h to 192 h). This 
is the day closest to harvest and in the simulated setups the one with the highest 
impact.  

The number of decimal places does not indicate the accuracy of the results or V-HAB 
itself. Sim factors and hardware information can be found in A.4. 

5.1 Cis-Lunar Habitat Reference Results 

5.1.1 CAMRAS 

 

 
Fig. 5-1:       CO2 partial pressure in the Cis-Lunar Habitat CAMRAS reference case 

 

The carbon dioxide level ranges from 146 Pa at the beginning of the night phase (in 
Orion) to 335 Pa during the first exercise peak (in the Airlock). Due to its small 
dimensions and the high IMV rates, the atmospheric composition in all modules follows 
a similar pattern and the impacts of crew exercise are spread throughout the station. 
During the first two hours of the day (168 h to 170 h), the level in Orion constantly 
increases as its CAMRAS unit is still deactivated but the crew is already awake. As 
soon as the first crew member starts working out (170 h) it is re-activated and the level 
instantly decreases to a local minimum. With the continuously rising levels in the 
Habitat the level in Orion eventually rises as well. The effect of the CAMRAS 
degradation over cycle time is reflected as small oscillations in Orion. This effect cannot 
be seen in the Habitat due to its larger volume and high IMV rates. 
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When the crew goes to sleep, the Orion CAMRAS continues to run for one more cycle 
until it reaches the start of cycle one again. This was implemented so that an initial 
point in the internal time logic for the startup process is defined. During this last cycle, 
no exhaling crew member is present anymore which explains the absolute minimum 
shortly after 184 h. While in sleep mode, the Habitat CAMRAS is the sole carbon 
dioxide removal subsystem and the levels rise moderately showing a converging 
behavior. NASA targets a constant carbon dioxide partial pressure lower than 266 Pa 
(see 3.2.1). This limit is only exceeded during exercise phases and the averaged 
values are well within the limits. Overall, the levels are clearly lower than on the ISS. 
Though, it can be stated that the combination of using two CAMRAS during the day 
and one system during the night is well capable of providing a habitable atmosphere 
for a crew of four in terms of carbon dioxide. 

 

 
Fig. 5-2:       Relative humidity in the Cis-Lunar Habitat CAMRAS reference case 

 

The relative humidity ranges from 19 % to 57 %. The lowest value occurs in Orion at 
the end of the long nominal phase (180 h to 184 h) during which both units are running 
but only one CM is present in the capsule: “The issue with the low humidity level is 
known with the CAMRAS system and Orion” (Basta 2014: S.55). After the Orion 
CAMRAS is deactivated the Orion and Habitat levels slowly equalize and the resulting 
relative humidity slightly exceeds 20 % throughout the station. Even though the only 
active ARS system is located in the Habitat, the resulting values in the Airlock (during 
the night) are slightly lower than in the Habitat. This can be explained by its higher 
temperature (see Fig. 5-3). According to the HDIH, the maximum allowable time for a 
crew exposed to relative humidity values in the range of 15-25 % is 4 hours (3.2.1). 
This limit is exceeded. In reality, this could be avoided by using a lower performance 
setting of CAMRAS. The model is restricted to the constant setting which makes this 
currently impossible. The highest peaks occur when the crew member from the Airlock 
and Orion return to their designated module after exercising. At that point in time, they 
are in recovery mode and their metabolic and evaporation rates still elevated. Even 
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though the Airlock is larger in terms of volume, the effect is less pronounced in Orion 
due to its active CAMRAS unit. The minor swings during the night are a result small 
temperature oscillations. 

The highest averaged level occurs in the Airlock. It houses a crew member but does 
not entail an ARS. Orion houses one crew member but has a designated CAMRAS 
which consequently leads to the lowest averaged value. The atmospheric composition 
in the Logistics Module follows closely the composition of the Habitat because it is 
neither disturbed by an ARS nor by a crew member. Per day, 9.5 kg of water are lost 
to vacuum.  

The results indicate a well-known disadvantage of the CAMRAS system: because it 
takes care of carbon dioxide and moisture removal, the partial pressures of the 
respective substance cannot be controlled independently. If the carbon dioxide 
requirement goals discussed in 3.2.1 are to be met, it would require even higher flow 
rates and cycle times during the exercise periods as the resulting peaks are currently 
too high. On the other hand, this consequently would result in lower overall moisture 
levels even though they are already too dry. During the night phase, only one CAMRAS 
unit still dries out the air too much and relative humidity levels fall below the 
recommended 25 %. The results prove that all requirements can only be met if different 
combinations of cycle time and flow rate are used and adjusted to the current crew 
mode. 

The reference case serves also to present parameters that will not change in the further 
course and will not be discussed again. 

 

 
Fig. 5-3:       Temperature in the Cis-Lunar Habitat CAMRAS reference case 

 

The control logic of the generic heat exchanger is implemented so that it controls the 
temperature in the Habitat around the set point of 22.2 °C. A dead band of 0.2 K was 
inserted to avoid oscillations from occurring. Each crew member represents a heat 
load which cause the higher temperature in the Airlock (297 K) and Orion (296 K). 
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During nominal mode, the resulting temperature in Orion is slightly lower than in the 
Airlock even though it has a smaller volume. This can be explained by the fact that the 
CAMRAS air phase temperature in the V-HAB model is set constant to 22 °C. 
Consequently, the flow out of the subsystem has the same temperature and ‘cools’ the 
module.  

As soon as the crew members leave their module to perform exercise in the Habitat 
the temperature accordingly drops. During the night, the Orion crew member joins the 
Airlock crew member so that the temperature in Orion drops and in the Airlock rises to 
the highest overall value (297.8 K). All values are well within the comfort zone. 

The oxygen results are representative for all following cases and will therefore only be 
discussed once. The lower limit, after which oxygen is injected, is 19,500 Pa and 
measured in Orion. As the initial values are higher the partial pressures monotonously 
decrease and the injection does not start until the lower limit is reached. The control 
logic adjusts the injected flow rates so that the level in Orion is kept constant. In the 
other modules, it slightly varies with the crew mode (exercise/nominal/sleep) but 
besides minor fluctuations the oxygen level throughout the station is constant. Once 
plants are added, the time after which the lower limit is reached slightly increases. 
Apart from that, the results just look the same. In this case, though, the constant level 
can be maintained with a slightly reduced amount of oxygen that is injected from the 
store. The resulting mass saving depends on the amounts of plants grown and will be 
stated for each setup individually. 

 

 
Fig. 5-4:       O2 partial pressure in the Cis-Lunar Habitat CAMRAS reference case 

 

5.1.2 CDRA 

The Carbon dioxide levels ranges from 190 Pa to 550 Pa. The highest value occurs if 
the CDRA cycle change, during which a part of the desorbed carbon dioxide flows back 
into the cabin (see (Pütz 2015)), coincides with crew exercise. Again, the atmospheric 
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composition in all modules follows a similar pattern and the impacts of crew exercise 
are spread throughout the station. During the night, the level gradually decreases 
showing the characteristic rises during the CDRA cycles switches every 2.4 hours.  

In this case, the levels strongly exceed the future goal discussed in 3.2.1. The high 
carbon dioxide levels are a well-known problem from practical experiences on the ISS. 
Effort is done to decrease the levels by operating CDRA on a higher flow rate. Updating 
the CDRA flowrate of the V-HAB model is left to future work. 

 

 
Fig. 5-5:       CO2 partial pressure in the Cis-Lunar Habitat CDRA reference case 

 

 
Fig. 5-6:       Relative humidity in the Cis-Lunar Habitat CDRA reference case 
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Relative humidity ranges from 33 % during the night to a peak of 63 % when the crew 
member returns to Orion after exercising. Its smaller volume causes the more 
pronounced peak compared to the Airlock. Overall, humidity levels are well within the 
limits discussed in 3.2.1. 

Minor changes on the control logic of the CCAA were done. The next plot is used to 
verify the temperature in the CLH: 

 

 
Fig. 5-7:       Temperature in the Cis-Lunar Habitat CDRA reference case 

 

Again, the temperature in the Habitat is controlled around the set point of 22.2°C. The 
error band after which the valve angle is changed is 0.5 K which results in the absolute 
fluctuations of around 1 K. The in- and decreases of the temperature in Orion and the 
Airlock are caused by the crew member allocation changes over time as already 
discussed in the CAMRAS case. Again, all values are well within the comfort box. 

5.1.3 Comparison 

The carbon dioxide levels in the CAMRAS case are in average around 100 Pa lower 
than in the CDRA case. The CAMRAS ARS setting, in average, can meet the future 
requirement described in 3.2.1 and only exceeds them during crew exercise. It cannot 
be met with the current CDRA setting. From that, though, it cannot be concluded that 
CDRA is less efficient than CAMRAS. With 26 cfm, CAMRAS is operated at a 
comparatively high-performance setting whereas CDRA still uses the not updated flow 
rate of 21.23 cfm. In addition, two CAMRAS units are active during the day. 
Consequently, the amount of processed air in the CAMRAS case is higher which 
explains the lower levels. 

In terms of relative humidity, CAMRAS leads to a very dry phase during the night that 
cannot meet the requirements stated in the HIDS. In the CDRA case, the values stay 
well within the limits. 
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Fig. 5-8:       Average CO2 partial pressure (left) and relative humidity (right) level comparison of the 
Cis-Lunar Habitat CAMRAS vs. CDRA case. A positive value indicates an increase compared to the 

reference case  

5.2 Plant Growth on the International Space Station 

Fig. 5-9 - Fig. 5-12 show the results of the reference case without plants which served 
as a basis of comparison for the plant impacts. Stated relative in- or decreases with 
plants always refer to the latter case. General information can be found in (Pütz 2015, 
2017). 

5.2.1 Reference Case 

 

 
Fig. 5-9:       CO2 partial pressure in the ISS reference case 
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Fig. 5-10:     Relative humidity in the ISS reference case 

 

 

 
Fig. 5-11:     Distribution of the recovered water mass in the CCAAs in the ISS reference case 
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Five CCAAs are active. All but the Columbus CCAA, which is at 7 °C, have a cooling 
loop temperature of 4.4 °C. In total, 115.1 kg of water are recovered per week. 

Columbus sees low water vapor loads and in combination with its higher cooling loop 
temperature only 2.6 % of the total recovered water can be recovered in its CCAA. By 
far the highest amount (36.3 %) is recovered in Node 3 since this is where the crew 
works out. During exercise, the water vapor output of the crew member as well as their 
sweat production dramatically increases.  

The amount recovered in the remaining three CCAAs is almost equally distributed. 
JEM (22 %) sees a slightly higher load than the US Lab (19 %) since it is a dead end 
whereas the US Lab is a central module with high inter-modular ventilations rates to 
both sides. 20 % are recovered in the Service Module. 

Fig. 5-12 shows the latest results for the V-HAB ISS temperature profile. All modules 
that contain a CCAA are controlled around the temperature set point with a dead band 
of +-0.5 K. Other modules that do not have dedicated temperature control show the 
effects of the crew member allocation that have already been discussed.  

Node 3 sees not only very frequently changing humidity loads, caused by the crew 
workout and CDRA cycles changes, but also high thermal loads from the crew and the 
waste heat from the SCRA. Accordingly, the internal valve of the CCAA needs to be 
adjuster more often to keep the temperature within the limits. This causes the frequent 
oscillations throughout the day. 

 

 

 
Fig. 5-12:     Temperature in the ISS reference case 
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5.2.2 The Veggie 

The first plant setup analyzed is a Veggie setup (4.4.1) in which solely lettuce is grown. 
It represents the setup with the lowest impact. The cultivation area is divided into five 
trays and a quasi-continuous supply established. The setup therefore considers all 
aspects stated in 4.2.1 and is referred to as Veggie Scheduled from now on. For 
detailed information on the simulated setups, please see A.3. 

 
Table 5-1:   Weekly Simulation Results for the Veggie Scheduled on the ISS 

Oxygen Produced: Water Consumed: Water Recovered: 

20 g / week 3 kg / week 2.5 kg / week 

 

The significant test data for the Veggie water consumption varies between 2.14 – 
2.39 kg / week but the plants were likely underwatered. Taking the uncertainty into 
account that is added by comparing lettuce and Chinese cabbage, the simulation 
results represent a good estimate for the transpiration rate of two Veggie units.  

With Columbus and JEM two different locations were simulated. The next figures state 
the averaged relative humidity and carbon dioxide partial pressure differences per 
module. Negative values represent a decreased value compared to the reference 
case. On the next page, the resulting distribution of the additional loads of the CCAAs 
is visualized. The distribution is explained in detail for the next setup (One ISPR) in 
5.2.3 and the explanation is also valid for the Veggie case.  

 
Fig. 5-13:     CO2 partial pressure decrease for the Veggie Scheduled on the ISS. Negative values 

indicate a decrease compared to the reference case 

 
Fig. 5-14:     Humidity increase for the Veggie Scheduled on the ISS. Positive values indicate an 

increase compared to the reference case 
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Fig. 5-15:     Distribution of additional recovered water mass for the Veggie Scheduled in Columbus 

 

 

 

 
Fig. 5-16:     Distribution of additional recovered water mass for the Veggie Scheduled in JEM 

 

Node 3 PMM JEM 

SM FGM Node 1 US Lab Node 2 

Airlock Columbus 

0 kg / week 
0.8 kg / week 

0.8 kg / week 

0.6 kg / week 

Node 3 PMM JEM 

SM FGM Node 1 US Lab Node 2 

Airlock Columbus 

-0.2 kg / week 
1.02 kg / week 

1.32 kg / week 

0.27 kg / week 

0.3 kg / week 

0.25 kg / week 



Results 

 
 

 

Page 83 

In either case the CCAAs in JEM and the US Lab recover the highest additional 
amount. From a percentage point of view, though, Columbus sees the highest 
increase. The overall recovered mass per week in Columbus increases by 20 % for 
the PGC located in Columbus as well as almost 10 % in JEM. Even though the Veggie 
is a comparatively small setup, the occurring imbalances will be noticeable on the ISS. 
The transpiration not only leads to increased loads of the CCAAs but also to an 
increase in relative humidity. In the Veggie case, though, the effect on the relative 
humidity is constantly smaller than 1 % regardeless of the location (Fig. 5-14). A similar 
pattern can be seen for cabon dioxide benefits. The levels fall (in weekly average) by 
less than 1 Pa (Fig. 5-13). 

5.2.3 One ISPR 

The next setup analyzed is the ISPR case (4.4.2). Three modules provide the structural 
interfaces for racks: the US Lab, JEM and Columbus. All three different options were 
simulated. 

 
Table 5-2:   Weekly simulation results for one ISPR on the ISS 

Oxygen Produced: Water Consumed: Water Recovered: 

210 g / week 29 kg / week 26.3 kg / week 

 

In either case, the plants led to reduced carbon dioxide partial pressures throughout 
the station. The absolute value of the decrease thereby reduces with distance from the 
PGC (see Fig. 3-15). However, only minor benefits occur. 

 
Fig. 5-17:     CO2 partial pressure decrease for one ISPR. Negative values indicate a decrease 

compared to the reference case 

Fig. 5-18 shows the results for the carbon dioxide partial pressure over time for the 
ISPR in JEM. This represents the case during which the highest decrease occurs (see 
Fig. 5-17). The difference increases during the day and decreases during the night. 
The results for the US LAB and Columbus case can be found in A.6.
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Fig. 5-18:     CO2 partial pressure decrease for one ISPR in JEM. Full lines indicate the results with plants, dashed lines the results of the reference case 
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5.2.3.1 ISPR in the US Lab 

 

 
Fig. 5-19:     Humidity increase due to plant transpiration for one ISPR in the US Lab (full lines) 

compared to the reference case (dashed lines) 

 

 
Fig. 5-20:     Distribution of additional recovered water mass for one ISPR in the US Lab 
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5.2.3.2 ISPR in JEM 

 

 
Fig. 5-21:     Humidity increase due to plant transpiration for one ISPR in JEM (full lines) compared to 

the reference case (dashed lines) 

 

 
Fig. 5-22:     Distribution of additional recovered water mass for one ISPR in JEM 
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5.2.3.3 ISPR in Columbus 

 

 
Fig. 5-23:     Humidity increase due to plant transpiration for one ISPR in Columbus (full lines) 

compared to the reference case (dashed lines) 

 

 
Fig. 5-24:     Distribution of additional recovered water mass for one ISPR in Columbus 
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1.) PGC located in the US Lab: 

With 2.3 %, the highest humidity increase occurs in the US Lab and its CCAA sees the 
highest additional load (10.6 kg/week, (40 %)). JEM (4.03 kg/week, 15 %), Node 3 
(5.44 kg/week, 20 %) and the Service Module (4.91 kg/week, 19 %) are almost evenly 
affected. With 1.36 kg/week (5 %), Columbus sees the lowest increase. 

 

2.) PGC located in the JEM 

Again, the highest increase in relative humidity (3.8 % in JEM) occurs in the module in 
which the plants are located in. 63 % (16.5 kg/week) of the additional water mass is 
directly recovered in JEM. The US Lab sees the second highest load, which is already 
reduced to 4.4 kg/week (17 %). The other CCAAs see comparatively low loads: 2.0 
kg/week (7.7 %) in Node 3, 1.6 kg/week (6.05 %) in the Service Module and 
1.7 kg/week (6.5 %) in Columbus.  

 

3.) PGC located in Columbus  

The overall highest humidity increase (6.2 % in Columbus) occurs if the plants are 
located in Columbus. Nevertheless, its CCAA does not recover the highest amount of 
water: 6.4 kg/week (25 %) of the additional water can be recovered in Columbus but 
8.18 kg/week (32 %) end up in JEM and 7.39 kg/week (29 %) in the US Lab. 
3.06 kg/week (12 %) are removed in the Service Module and only around 0.45 kg/week 
(2 %) can be recovered in Node 3. 

 

4.) Comparison 

Even though the US Lab (98 m³) has a clearly smaller volume compared to JEM 
(169 m³) the resulting maximum increase in relative humidity is lower. The US Lab is 
a central module which has a IMV connection to Node 2 (110 cfm) as well as to 
Node 1 (126 cfm). Consequently, the impacts of the PGC are distributed throughout 
the station. Columbus is a dead-end module with only one IMV connection (110 cfm). 
It has a small volume (65 m³) and its CCAA operates at a high cooling loop 
temperature. This causes the highest humidity increase of all three analyzed cases. 
JEM has the largest volume (169 m³) but only one IMV connection (110 cfm). The 
resulting humidity increase is higher than in the US Lab case but lower than in the 
Columbus case. However, the single IMV connection combined with a low CCAA 
cooling loop temperature lead to very unequally distributed CCAA loads. In the latter 
two cases, the impacts could even be more preserved in the front of the station if the 
CCAA in Node 2 was activated. A direct comparison of the resulting average humidity 
increases per module can be found in Fig. 5-25. 

Based on the just discussed results three influence factors for the resulting relative 
humidity increase and additional CCAA water mass distribution could be identified:  

 

• the module volume 

• its IMV connection 

• its CCAA cooling loop temperature 
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Fig. 5-25:     Average humidity increase for one ISPR on the ISS. Positive values indicate an increase 

compared to the reference case 

5.2.4 Arctic Greenhouse 

5.2.4.1 Relative Humidity  

Compared to the ISPR case (1.82 m²), the cultivation area in the third case is around 
14 times larger (25.92 m²) and with 330 kg per week the water consumption increases 
accordingly. The resulting transpiration rates inevitably lead to major increases in the 
relative humidity: 

 

 
Fig. 5-26:     Relative humidity increase for Arctic Greenhouse in JEM. Results with plants indicated in 

full lines, the results of the reference case in dashed lines 
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An increase throughout the station can be seen. Especially the modules close to the 
PGC are highly affected and the water recovery systems are not able to keep the 
atmospheric composition within the requirements: particularly in JEM the upper limit of 
70 % (see 3.2.1) is constantly exceeded and a maximal peak of 94 % occurs. Also, 
Node 2 and Columbus are highly affected and do not stay within the limits. The rest of 
the station experiences elevated levels too, but meets the requirements. Averaged 
values of the increase per module are given in Fig. 5-30. 

The plants cause high additional loads on the water recovery and processing systems. 
88.8 % (290 kg / week) of the consumed water can in total be recovered via the 
CCAAs. The distribution follows the pattern discussed for the ISPR in JEM in 5.2.3.2 
and will not be discussed again.  

Based on the just discussed results, it can be concluded that this setup would require 
additional water recovery systems to meet the requirements and prevent condensation 
in the station. In addition, the resulting 3.7 times higher loads on the water processing 
systems need to be considered.  

5.2.4.2 Carbon Dioxide 

Reduced carbon dioxide levels occur throughout the station. During the day, the uptake 
of the plants leads to increasingly reduced partial pressures and the gap decreases 
accordingly during the night. To enhance visibility, a second plot showing the difference 
between the case with and without plants was added (Fig. 5-28). A negative value 
indicates a reduced partial pressure with plants. 

 

 

Fig. 5-27:     CO2 partial pressure decrease for the Arctic Greenhouse in JEM. Results with plants 
indicated in full lines, results of the reference case in dashed lines 
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Fig. 5-28:     CO2 partial pressures difference for the Arctic Greenhouse in JEM. Negative values indicate a decrease compared to the reference case 
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With a maximum absolute value of 60 Pa the highest reduction occurs in JEM. The 
peak occurs exactly 12 hours after the beginning the light phase (180 h in the plot) and 
with a certain delay the effects are distributed throughout the station. The absolute 
value of the effects decreases with the distance but still peaks of around 35 Pa in the 
Service Module as well as in 30 Pa in Node 3 can be seen.  

Next figure shows the total carbon dioxide uptake or output of all plants combined: 

 
Fig. 5-29:     Arctic Greenhouse total CO2 output or uptake by the plants. A negative flowrate indicates 

an uptake by the plants (CO2 consumption), a positive flowrate an output 

The light and dark schedule of the plants is coupled to the crew member’s daily profile 
which is why the light phase begins with the beginning of the day. From 168 h to 180 h, 
lettuce, potatoes and tomatoes are in the light phase and photosynthesis takes place. 
Consequently, the total carbon dioxide flow rate is negative6 and leads to the 
decreasing partial pressure during this time. 

Even though the carbon dioxide uptake from 168 h to 180 h is constant, the decrease 
in JEM is not linear but follows a converging pattern. Furthermore, from 180 to 184 h 
the plants (in total) still take carbon dioxide up (Fig. 5-29) but the difference decreases. 
In order to interpret these findings correctly, a second effect needs to be taken into 
account:  

As long as the filling level of the CDRA beds is less than 50 %, which is the case during 
the nominal ISS operations, its removal efficiency is close to 100 % ([98%,100%]) (Pütz 
2015: S.66). The reduced carbon dioxide partial pressure though, leads to a reduced 
amount of carbon dioxide that enters the subsystem. It therefore also reduces the 
amount of carbon dioxide that can be removed from the air. This effect increases with 
decreasing partial pressures. The chain off effects is initiated by the falling partial 
pressures caused by the plants which reduces the effectivity of CDRA and finally 
results in the converging course pattern. Its limit is defined by the carbon dioxide partial 
pressure at which the advantage of the plants and the disadvantages of CDRA are in 
balance.  
                                            
6  A negative value indicates an uptake of the plants 
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After 12 hours, potatoes and tomatoes change from the light to the dark period whereas 
lettuce is still in its light phase. Due to the high percentage of area cultivated with 
lettuce, this results in a reduced but still negative overall carbon dioxide uptake by the 
plants. The partial pressure at which both discussed effects are in balance, though, is 
shifted to higher values. Consequently, the difference in the partial pressure between 
reference case and the case with plants decreases. Again, not a linear but a 
converging increase caused by the just explained reasons occurs. After 16 hours the 
lettuce also switches from its light to its dark mode and the plants in total put out carbon 
dioxide. Consequently, the gap continuous to decrease before the next day starts. 

 

 
Fig. 5-30:     Average CO2 partial pressure decrease (left) and humidity increase (right) per module for 

the Arctic Greenhouse in JEM. Positive values indicate an increase, negative values a decrease 
compared to the reference case 

Fig. 5-29 shall also be used to discuss plant responses and modeling restrictions. The 
plot indicates a constant uptake or output for a constant light setting but no additional 
dynamic dependencies. This can be explained by taking Table 2-3 into account. The 
carbon dioxide uptake and output of the (M)MEC model is highly dependent on the 
PPFD as well as to a reduced amount on the current carbon dioxide level.  Humidity, 
pressure or temperature do not have an influence. As the model’s upper limit of 
1300 ppm is constantly exceeded, this upper limit is used as the constant input for the 
(M)MEC equations and the only dynamic dependency that influences carbon dioxide 
output or uptake is the light. 

5.2.4.3 Oxygen 

The second advantage of the photosynthesis process that can be exploited for air-
revitalization is oxygen production. On the ISS, oxygen is provided by the Russian 
Electron as well as the US Oxygen Generation Assembly. Both use the electrolysis 
process to generate oxygen (see 1.3.1). In reality, the amount of water processed is 
controlled by mission control. The model takes this into account by processing a 
constant amount of water rather than e.g. having a dynamic processing rate coupled 
to the current crew consumption. Assuming a 100 % balanced oxygen production and 
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consumption, the growth of plants would result in a continuously increasing oxygen 
level. This can be used to reduce the amount of water that is processed in the OGA. 
Thereby, water can be saved.  

This was analyzed in a follow-up simulation. The US OGA provides roughly half of the 
crew’s oxygen whereas the plants produce (in average) around 53 % of the amount 
consumed by one crew member in nominal mode. Consequently, the amount of 
processed water was reduced to 83.33 % of the amount processed in nominal 
operating mode.  

The combination of growing plants and operating OGA at a reduced performance 
setting resulted in the same oxygen level as in the reference case. 

In nominal mode, around 21.7 kg of water per week is processed by the US OGA. In 
the adapted operating mode, the amount is reduced to 18.2 kg / week. This leads to a 
mass reduction of 3.5 kg per week. However, the saved amount decreases when 
taking the whole process chain into account. The amount of water processed in the 
OGA does not only influence the amount of oxygen produced but, on the other hand, 
also the amount of available hydrogen. On the ISS, hydrogen is a side- but not a waste 
product. In the Sabatier Carbon Recycling Assembly the Sabatier reaction, in which 
hydrogen and carbon dioxide react to water and methane, is used to recover water: 

 

 4 FD I  �GD → 2 FDG I �Fh I F�Q6 Eq. ( 5-1 ) 

 

Carbon dioxide is provided by CDRA and is sufficiently available. The limiting factor of 
this reaction is the available amount of hydrogen. As a result, the reduced amount of 
hydrogen also reduces the amount of water that can be recovered in the SCRA. In 
nominal OGA mode the SCRA recovers around 12 kg of water per week. In the 
adapted case, this amount is reduced to 10 kg, a reduction of 2 kg per week. 
Consequently, around 1.5 kg of water can be saved in total.  

The saved mass is actual upload mass that otherwise would have to be resupplied to 
the ISS. Conversely, water that is consumed by the plants can mostly be recovered 
via the water recovery system. Consequently. this practice enhances sustainability. 

 
Table 5-3:   OGA / SCRA water tracking for the Arctic Greenhouse in JEM. Overall mass saving 

represents upload mass that otherwise would have to be resupplied 

 OGA Processed SCRA Recovered 

Reference Case -21.7 kg / week 12 kg / week 

Arctic Greenhouse -18.2 kg / week 10 kg / week 

Mass Balance 3.5 kg / week - 2 kg / week  

Overall Upload Mass Savings 1.5 kg / week 
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5.3 Plant Growth in the Cis-Lunar Habitat 

Due to its small module volumes, the short mission durations, long dormancy periods 
and the differing use case, plant growth in the CLH is unlikely to exceed ‘Pick-and-Eat’ 
setups. To keep it as close to reality as possible the ISPR case from 4.4.2 was defined 
as an upper limit case for setups in the CLH and the Veggie case is analyzed in more 
detail.  

The short mission durations foreseen in the CLH might not be long enough to establish 
a steady state supply (see 4.2.2). To be able to analyze an influence of different 
seeding approaches a second Veggie case, referred to as Veggie Bulk, was created. 
In this case, all lettuce seeds are sown at the same time and finally the biomass is 
harvested on a bulk basis. Lettuce shows increasing photosynthetic processes over 
life-time such that the highest possible impact can be analyzed by simulating the week 
prior to harvest. This week represents a worst-case scenario in terms of water 
consumption for lettuce grown in the Veggie. General simulation results of the three 
different analyzed setups can be seen in Table 5-47: 

 
Table 5-4:   General simulation results for all simulated plant growth setups in the Cis-Lunar Habitat 

 Veggie Scheduled Veggie Bulk ISPR 

Oxygen Mass Saved: 20 g / week 50 g / week 210 g / week 

Water Consumed: 3.1 kg / week 7.7 kg / week 28.5 kg / week 

 

The bulk case (7.7 kg / week) consumes around 2.5 times the amount of water than 
the scheduled case (3.1 kg / week). The difference is that the scheduled approach 
consumes the same amount of water each week whereas the bulk case consumes 
only very little in the beginning and continuously increases its weekly consumption until 
it reaches the stated highest value. Same is true for oxygen production.  

The variety of different ARS architectures analyzed do not allow to compare the plant 
cases one after the other as it was done in 5.2. Therefore, this chapter is structured 
into ARS architectures rather than plant growth setups. For each architecture, the 
results of all three plant cases will be presented which results in a sensitivity analysis 
of the impacts of ‘Pick-and-Eat’ systems on the CLH.  

If not explicitly mentioned, the plant growth chamber is located in the Habitat. 

 

 

 

 

                                            
7 water consumption varies with the relative humidity and the stated results are average values of the 
simulated cases  
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5.3.1 CAMRAS  

The next figure shows relative humidity results of the reference case and the three 
different plant growth setups stated in Table 5-4. 

 

 
Fig. 5-31:     Relative humidity in the Cis-Lunar Habitat CAMRAS case with plants in the Habitat 

 

In all three cases including plants elevated humidity levels can be seen but the upper 
limit is never exceeded. The small module volumes connected with high IMV rates 
result in a distributed impact throughout the station in which all modules are equally 
affected.  

The absolute value of the increase is directly proportional to the amount of water that 
is transpired (see Fig. 5-35). Both Veggie cases only lead to minor effects. Again, the 
Veggie bulk case represents the highest impact expectable from lettuce grown in the 
Veggie unit. Based on this result it can be stated that independent from the seeding 
approach the Veggie impacts are minor and can be handled by the water recovery 
systems.  

In the third and largest case (ISPR), which transpires around ten times the amount of 
the Veggie Scheduled case, the effects are more pronounced. Particularly at night, 
during which only one CAMRAS unit is active, high increases occur. As a comparison, 
the ISPR case transpires an amount similar of the water vapor output of four crew 
members in sleep mode. With an actual crew of four, this results in a doubled crew 
size in terms of nightly water output. As a result, the steady state value during the night 
increases from around 21 % to 43%.  

But also during the exercise phases, the resulting peaks in the Habitat are close to the 
upper limit. Larger cultivation areas or setups with higher transpiration rates, as for 
example by growing tomatoes only, would likely cause peaks beyond 70 %. 
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In terms of carbon dioxide benefits, the plants provide only a small reduction in the 
partial pressures. The influence in the Veggie cases is too small to be visualized in a 
plot so that Fig. 5-32 only shows an overlay of the reference and the ISPR case. From 
168 h to 180 h both crops are in the light phase during which photosynthesis takes 
place. Thus, the level is reduced slightly. Between 180 h and 184 h, only lettuce is still 
in the light phase. Consequently, the gap does not increase further. From 184 h to 
192 h, both crops are in their dark period and the level with plant eventually exceeds 
the reference levels. From these results, it can be concluded that the analyzed ‘Pick-
and-Eat’ systems are not able to effectively reduce the carbon dioxide levels. 

 

 
Fig. 5-32:     CO2 partial pressure in the Cis-Lunar Habitat CAMRAS case for one ISPR in the Habitat 
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5.3.2 CDRA  

 
Fig. 5-33:     Relative humidity in the Cis-Lunar Habitat CDRA case with plants in the Habitat 

 

Similar to a CDRA unit, a CCAA is designed to support a crew of six. Consequently, 
the atmospheric compositions are well within the limits. In either case, all modules are 
similarly affected, too. The increase in relative humidity is reduced compared to the 
CAMRAS case. Reasons will be discussed in the next subchapter. Independent of the 
seeding approach, the Veggie only leads to minor increases. The impact of the ISPR 
case is correspondingly higher.  

 

 
Fig. 5-34:     CO2 partial pressure in the Cis-Lunar Habitat CDRA case for one ISPR in the Habitat 
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An overlay of the carbon dioxide partial pressure reference case and with the ISPR is 
shown, too. As in the CAMRAS case, only minor benefits can be seen. 

5.3.3 Comparison 

The carbon dioxide plots already indicated that the impacts are only very minor (see 
Fig. 5-32 and Fig. 5-34) and no difference could be noticed when comparing both ARS 
architectures. Therefore, this comparison will focus on impacts on the relative humidity. 
The left diagram shows the humidity increase due to plant transpiration in the CLH 
CDRA case whereas the same results for CAMRAS can be seen on the right. 

 

 
Fig. 5-35:     Average humidity increase per module due to plant transpiration in the Habitat module of 
the Cis-Lunar Habitat for the CCAA (left) and the CAMRAS (right) case compared to reference case. A 

positive value indicates an increase in rel. humidity compared to the reference case 

 

In either case, using CAMRAS leads to higher increases than using CDRA/CCAA. The 
reasons for this are:  

 

1.) One CAMRAS is deactivated during the night but the CCAA is constantly 
running.  

2.) CAMRAS is operated at a constant flow rate. The CCAA has an internal valve 
that splits up its constant inlet flow into a bypass flow and the flow that actually 
enters the CHX. Thus, the flow through the CHX is not constant but the valve 
actively controls the amount of air passing through the CHX based on the 
current temperature. More on this can be found in (Roth 2012). 

3.) The lower relative humidity values cause higher transpiration rates (~ 5% of 
increase) of the plants in the CAMRAS case. 

 

5.3.4 Optimization – Partially Closed Water Loop in CAMRAS Case 

Apart from the discussed dry phases during the night in the CAMRAS case, both ARS 
architectures result in a well-habitable, stable atmospheric composition – with and 
without plants. However, the two approaches differentiate in their level of water loop 
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closure: The water condensed in the CCAA is recovered whereas the water that is 
absorbed by CAMRAS is inevitably lost to vacuum. 

In space mass equals cost and especially water is a valuable and limited resource. By 
adding a condensing heat exchanger (CHX), the open water loop can be partially 
closed as indicated in Fig. 5-36. The property >? & indicates the water mass flow that is 
consumed by the plants and consequently needs to be provided, >? " the amount that 
is transpired by the plants, >? A the amount that is lost and >? ) the amount that can be 
recovered in the CHX. The difference between >? & and >? " results from the fact that a 
certain percentage of water is used for wet biomass growth, which is not indicated in 
the schematic. 

 
Fig. 5-36:     Water mass flow rate schematics of open water loop (left) and partially closed water loop 

(right) using CAMRAS 

 

The water flow rate that needs to be provided >?  can consequently be calculated with: 

 

  >? ! S  >? � �  >? � Eq. ( 5-2 ) 

 

Up to this point, all plant growth chambers were assumed to be atmospherically open 
and the plants shared their surrounding atmosphere, including humidity and carbon 
dioxide levels, with the crew8. A second possibility is to have the plants located in an 
atmospherically closed chamber, only connected to the cabin via a low IMV9. Both 
approaches do not differ if solely the already existing ARS systems of the station are 
used. Now that dedicated humidity control for the plants is added, both approaches 
differ widely. Consequently, the following analysis is divided up into two subchapters. 
In both cases, the initial system is the CLH CAMRAS case. 
                                            
8 An example for a system using this approach is the Veggie system. 
9 This approach is used in Advanced Plant Habitat (APH) NASA (2017a)) 
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5.3.4.1 Atmospherically Open Plant Growth Chamber 

A CCAA is added to the Habitat module and the case will be from now on referred to 
as ‘CAMRAS/CCAA’. The next figure shows the resulting ARS architecture. The CCAA 
takes care of temperature control and the heat exchanger was removed. Again, the 
reference case and the three plant growth setups (Table 5-4) are simulated. 

 

 
Fig. 5-37:     ARS architecture schematic of the Cis-Lunar Habitat V-HAB model using 

CAMRAS/CCAA 

 

CAMRAS and the CCAA remove water from the same atmosphere in parallel. The next 
figure shows the resulting distribution of water that is lost (removed by CAMRAS) and 
that could be recovered (in the CCAA) for all four simulated cases 

 

 
Fig. 5-38:     CAMRAS vs. CCAA water removal distribution in the Cis-Lunar Habitat. Actual removed 

water mass in [kg] (left) and percentage of overall removed water mass (right) 

 

The CDRA case has proved that one CCAA is sufficient to take care of humidity control 
for the whole station. Nevertheless, CAMRAS extremely dominates moisture removal. 
In the reference case, only 17 % of the water can be recovered. The largest part, 83 %, 
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is still vented to vacuum. To interpret these findings correctly, the underlying removal 
processes of both subsystems must be analyzed in more detail. A CHX removes water 
from the air by condensation. This process is dependent on the current dew point in 
the module’s atmosphere and only occurs as long as the latter exceeds its cooling loop 
temperature10. The CAMRAS unit, on the other hand, removes moisture using a 
chemical absorption process that is independent from the current dew point. The next 
figure shows the resulting dew points in all four analyzed cases along with the CCAA’s 
cooling loop temperature (in orange): 

 

 
Fig. 5-39:     Dew Points and CCAA cooling loop temperature (orange) in the Cis-Lunar Habitat 

CAMRAS/CCAA case with plants in the Habitat 

 

In the reference case, the dew points exceed the cooling loop temperature only during 
the exercise phases. Consequently, the CCAA can solely participate in water removal 
during this time. Throughout the night, no water can be condensed. This results in the 
horizontal segments in the recovered mass plot of the CCAA (Fig. 5-40). The higher 
the amount transpired by the plants, the higher the dew points and the more water can 
be recovered. In the ISPR case, the dew point in the Habitat is consistently exceeding 
the CCAA’s cooling loop temperature and a small amount of water can be recovered 
during the night. Thus, the distribution changes towards a slightly more balanced result. 
Nevertheless, around 75 % of the water is lost. 

The amount of recovered water could be further increased by reducing the CAMRAS 
performance. However, its performance can only be reduced to a certain degree as it 
also takes care of carbon dioxide removal. Thus, the dilemma caused by the competing 
behavior of using CAMRAS and a CHX in parallel and the resulting dominance of 
CAMRAS can never be fully avoided.  

                                            
10 4.4°C, value taken from the ISS module 
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Fig. 5-40:     Recovered water mass in the CCAA in the Cis-Lunar Habitat CAMRAS/CCAA case for 

the reference case and all three simulated plant growth cases 

 

In conclusion, it can be said that having CMARAS and a CHX removing water in 
parallel is an example of a not well matching configuration since CAMRAS dominates 
water removal and the resulting low benefit to cost ratio of adding a CHX does not 
justify the additional mass and complexity. 

5.3.4.2 Atmospherically Closed PGC 

By using an atmospherically closed plant growth chamber with dedicated humidity 
control, the atmospheric composition surrounding the plants can be largely decoupled 
from the habitat’s atmosphere and both can be independently controlled. The next 
figure shows a schematic depiction of the CLH CAMRAS setup using an 
atmospherically closed plant growth chamber located in the Habitat.  

In this case, a generic CHX was added and a new control logic developed. It was 
designed so that atmospheric composition in the PGC meets all requirements of the 
APH (Levine and Reed 2015): 

 

• 50-86% relative Humidity (+- 5%) 

• Carbon Dioxide: 400 – 5000 ppm (+-50 ppm) 

• Temperature: 18-30 °C (+-1°C) 
 

M
a
s
s
 [
k
g
]



Results 

 
 

 

Page 104 

A generic heat exchanger located in the Habitat controls the temperature in the station. 
The case is referred to as ‘CAMRAS PGC’. 

 

 
Fig. 5-41:     ARS architecture schematic of the Cis-Lunar Habitat V-HAB model using CAMRAS and 

an atmospherically closed PGC 

 

Plant growth chamber volumes were approximated with the real internal volumes of 
the analyzed systems. For the Veggie, a volume of 0.22 m³11 and in the ISPR case the 
internal volume of 1.6 m³ was used.  

Even though the chamber is called atmospherically ‘closed’, a IMV connection to the 
Habitat is needed to provide the required carbon dioxide and prevent any oxygen built-
up. In both cases, the IMV was adjusted to maintain one Air Change Per Hour (ACH). 
The IMV should not be misinterpreted to be the air flow in the PGC. Sufficient internal 
ventilation is assumed to be present. An ACH is defined as: 

 

 R�F S ��) ¨A0;)�"� ¦&¨�§ ∗ l�
 0A=��¦&¨§  Eq. ( 5-3 ) 

 

The resulting IMV rates are: 

• The Veggie: 0.13 cfm 

• ISPR: 1 cfm  

 

Fig. 5-42 shows the resulting dew point for the ISPR case in the PGC. The dew point 
in the PGC is almost completely decoupled from the dew point in the rest of the station. 
Only very minor oscillations caused by the exercise phases of the crew can be seen. 
The dew point in the PGC constantly exceeds 287 K and consequently condensation 
constantly takes place (see Fig. 5-43). 

 
                                            
11 The Veggie has a volume of 0.11 m³ Crabb (2012) 
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Fig. 5-42:     Dew Point of the Cis Lunar Habitat CAMRAS case with one ISPR in an atmospherically 

closed PGC. CHX cooling loop temperature marked in orange 

 

 

 
Fig. 5-43:     CHX condensate water mass for one ISPR in an atmospherically closed PGC 
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To verify that all requirements are met the carbon dioxide level is analyzed as well: 

 

 
Fig. 5-44:     CO2 partial pressure for the Cis-Lunar Habitat CAMRAS case with one ISPR in an 

atmospherically closed PGC 

 

The partial pressures in the PGC reach from 100 Pa to 210 Pa. During the first 12 h of 
the day (168 h to 180 h), both crops are in their light phase during which 
photosynthesis takes place. During this period, the only source of carbon dioxide is the 
small amount that is inserted from the Habitat by the IMV. Consequently, the partial 
pressure decreases. The peaks in the Habitat caused by the exercise periods of the 
crew members lead to slightly delayed local maxima in the PGC.  

During the last exercise peak (180 h) tomatoes change from light to dark phase and 
the impact of tomatoes and lettuce, which is still lightened, are in balance. That means, 
during this time period the tomatoes produce the same amount of carbon dioxide as 
the lettuce consumes. During the following four hours (180 to 184 h) the atmospheric 
composition in the PGC and the Habitat eventually equalize. Finally, after 16 hours 
(184 h) the crew switches to sleep mode and lettuce changes from its light do dark 
phase. Due to the plant’s carbon dioxide output the partial pressure in the chamber 
converges towards a higher steady state limit than in the Habitat during the night. 

In this case, 80 % (2 kg / week) of the water consumed by the scheduled Veggie can 
directly be recovered. In the ISPR case 85 % (23 kg / week). Consequently, the 
humidity impact on the rest of the station is limited (see Fig. 5-45). On the other hand, 
almost the same effect on the carbon dioxide level can be seen (Fig. 5-45). This is 
because air that is low in carbon dioxide is moved into the Habitat and carbon dioxide 
rich air comes from the Habitat into the PGC via the IMV. The same is true for oxygen: 
the same amount of oxygen as in the atmospherically open case could be saved. 
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Fig. 5-45:     Comparison of plant growth impacts of one ISPR on different ARS architectures including 

the atmospherically closed PGC case. A positive value indicates an increase compared to the 
reference case, a negative value a decrease 

 

The amount of water that is lost to vacuum thereby strongly depends on the gas 
exchange between the Habitat and the PGC (the IMV). In a follow-up simulation, the 
Veggie case was re-run with a ten times higher IMV (10 ACH or 1.3 cfm). In this case, 
only 51 % of the consumed water could directly be recovered and 41 % was lost to 
vacuum. Optimizing the boundary conditions to meet all requirements while recovering 
the highest amount of water is left to future work. 

Besides the just discussed benefits, having the plant atmosphere decoupled from the 
habitat’s atmosphere has further advantages. The next plot shows the relative humidity 
results for the ISPR case. A time frame of more than a week is plotted to visualize the 
influence of the harvest process. 
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Fig. 5-46:     Relative humidity for one ISPR in the Cis-Lunar Habitat CAMRAS case with an 

atmospherically closed PGC  

 

Relative humidity ranges from 60 to 68% and meets the requirements stated earlier. In 
general, optimal conditions for plant growth differ from the atmospheric compositions 
inside a space craft. Lettuce is supposed to show optimal growth at around 73 % 
relative humidity (Haeuplik-Meusburger et al. 2014). This exceeds the upper limit for 
space crafts discussed in 3.2.1 to prevent condensation. In addition, 2.4 described how 
biomass yield is maximized at around 1200 ppm carbon dioxide, a value that is 
constantly exceeded in space crafts and can cause reduced biomass yield. Decoupling 
the plant’s atmosphere from the habitat atmosphere allows an independent control and 
the unique possibility to have optimal conditions for both the habitat and the plants. 

 

In conclusion, the benefits of an atmospherically closed PGC are: 

• A high percentage of consumed water can directly be recovered 

• Reduced relative humidity impacts on the rest of the station 

• Oxygen and Carbon Dioxide benefit mostly unaffected 

• Independent control of plant and habitat environmental conditions 

• Less transpiration due to higher relative humidity values (26.5 kg / week in the 
closed PGC compared to 28.2 kg / week in atmospherically open chamber. This 
is a reduction of around 6 %12) 

• Possibly less processing effort for water condensed in CHX as plants transpired 
water has white water quality 

                                            
12 According to personal communications with Dr. Wheeler, the reduction should be even higher in reality 
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5.3.4.3 Comparison of Water Recovery 

It could be shown that the dilemma of the unequal distribution of the removed water for 
using CAMRAS and a CHX in parallel can be avoided if the PGC is atmospherically 
closed. For low IMV rates, a high percentage of the transpired water can directly be 
recovered. But this does not answer the question of which approach can recover the 
highest amount of water in total. In this chapter, the overall mass of water that could 
be recovered is compared. ‘Closed’ referes to adding the CHX to the atmospherically 
closed plant growth chamber (see 5.3.4.2), ‘open’ to adding it to the atmospherically 
open plant growth chamber (see 5.3.4.1). 

 

 
Fig. 5-47:     Comparison of the total recovered water mass for the Veggie and one ISPR using an 

atmospherically open vs. closed PGC 

 

In the Veggie case, the CHX in the open chamber in total recoveres six times the 
amount of the CHX in the closed chamber. This is because the CCAA recovers a part 
of the overall removed water, including the transpired water from the plants but also 
the water vapor output and sweat runoff of the humans.  

In the closed chamber (5.3.4.2), the CHX is able to recover a high percentage of the 
water transpired by the plants. However, it does not participate in water recovery for 
water produced by human sweat runoff or water vapor output. Consequently, the 
recovered water mass for small setups is low. 

In the ISPR case, in which around 29 kg / week are transpired, the difference between 
the two approaches is reduced to 1 kg / week. These results indicate that the closed 
chamber gets more attractive for higher transpiration rates and consequently 
outmatches the open chamber for larger setups. 

This was analyzed in a follow-up simulation in which the total cultivation area of the 
ISPR (1.84 m²) was used to grow tomatoes on a bulk basis. This setup was solely 
developed for the academic purpose of analyzing the loop closure of the two ARS 
architectures for higher transpiration rates and the setup, in reality, requires a larger 
volume than is available in a rack.The week simulated was chosen to be between the 
point of canopy closure and the point of senescence. Thereby, the period with the 
highest transpiration rate is simulated. The resulting water consumption was 
70 kg / week. 
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Fig. 5-48:     Comparison of the total recovered water mass using an atmospherically open vs. closed 

PGC including the Tomato Bulk case 

  

In the closed chamber 88 % (62 kg) of the consumed water could directly be recovered 
whereas the CCAA in the open chamber in total only recoverd 52 kg. In this case, using 
a atmospherically closed PGC results in a water mass benefit of 10 kg / week. Since 
the water that could not be recovered is inevidebly lost to vacuum, this water mass 
saving is upload mass that otherwise would have to be resupplied. In the next figure, 
the recovered water mass for both ARS architectures is plotted as a function of the 
setups’ consumed water mass for all three analyzed plant setups. The linear functions 
were created using the least-square method in excel. 

 

 
Fig. 5-49:     Recovered water mass plotted over the consumed water mass for both analyzed ARS 

architectures and all analyzed plant setups: The Veggie case (left), one ISPR (center) and the Tomato 
Bulk case (right). Break-even point indicated in orange 

 

The results prove that for larger setups using an atmospherically closed PGC with 
dedicated humidity control leads to a higher water recovery than using an open 
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chamber. For small setups, the open approach is preferrable. Based on the just 
discussed results, the break even point (indicated in orange in Fig. 5-49) between an 
atmospherically closed and an open chamber can be estimated to be at around the 
size of the ISPR case (~ 28 kg of consumed water). This statement is valid for the 
analyzed IMV value of one ACH and the constant CAMRAS operating mode of 26 cfm 
and 6.5 min. For higher IMV rate values or lower CAMRAS performance settings, the 
break-even point shifts to larger setups. 

5.3.4.4 Atmospherically Closed PGC with CCAA in Habitat 

A method to further increase the loop closure is to have an atmospherically closed 
PGC with a dedicated CHX along with a CHX in the Habitat. The results of the latter 
case are descirbed as ‘Closed + Habitat CHX’ in the following diagram. 

 

 
Fig. 5-50:     Comparison of the recovered water masses for the Veggie and one ISPR for all analyzed 

ARS architectures using CAMRAS 

 

In either case, this approach leads to the highest recovered mass. For the Veggie, the 
benefit is limited to 1 kg due to its low transpiration rates. In the ISPR case, additional 
10 kg / week can be recovered. Since the impacts of the plants are largely preserved 
in the PGC, the habitat dew points are mainly unaffected and the amount recovered in 
the habitat CHX does not increase if more plants are added. 

These additional mass benefits come at a comperatively low price since adding a CHX 
to a system that already has a liquid cooling loop cycle only leads to a comperatively 
low mass increase compared to adding the liquid cooling loop cycle in the first place: 
“Dedicated humidity conrol for a small (plant growth) system may seem like an 
additional system cost. But if that humidity control is performed at a higher dew point, 
it may be less of an impact than increasing the size of the low temperature cabin 
condensing heat exchanger” (Anderson et al. 2017a: S.14). 

5.3.4.5 CDRA vs. CAMRAS Loop Closure 

In the last subchapters the open water loop of the CLH CAMRAS architecture was 
increasingly closed. Though, as long as a CAMRAS subsystem is active water loss is 
inevitable. The final analysis therefore compares the recovered water masses of all 
simulated cases including the CDRA case in which all removed water is recovered. 
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Fig. 5-51:     Overall comparison of the Cis-Lunar Habitat water loop closure for all analyzed ARS 

architectures for the Veggie and one ISPR 

 

The figure shows that compared to the CDRA case, all efforts in increasing the loop 
closure in the CAMRAS case are only partially successful. CAMRAS in either case 
domitates water recovery. A solution to this problem is adding a water safe functionality 
to CAMRAS. More on this can be found in the future work chapter. 

5.3.5 Comparison to the International Space Station 

To build a basis of comparison to the ISS three separate locations were simulated for 
the ISPR case in the CLH, too. By only using the CDRA case, influences of the air-
revitalization systems can be excluded. In addition to the Habitat, the Airlock and the 
Logistics Module were selected as possible locations. Orion is the emergency return 
capsule and unlikely to contain any biological system. The results are presented in Fig. 
5-52 in direct comparison to the ISS results. 

In either case, the increase in the module that contains the chamber is the highest. 
The absolute value, though, is dependent on its volume. With 11.8 %, the highest 
increase occurs if the chamber is located in the Logistics Module, which is the module 
with the smallest free air volume (15.3 m³). An increase of 8 % occurs when locating 
the chamber in the Airlock (21.3 m³) and around 5 % if it is in the Habitat (57.4 m³). 
The humidity in all the modules that do not contain the PGC is increased by around 
4 %. 

Fig. 5-52 shows a direct comparison of the results for the CLH and the ISS. Both 
diagrams have the same vertical axis scale. 

Compared to the ISS, the absolute increases in the CLH are higher in either case. This 
is a result of the smaller volumes as well as the fact that the ISS uses five CCAAs but 
the CLH only one. In addition, the impact is spread throughout the habitat. All modules 
that do not contain the PGC are strongly affected as well. This is because the CLH has 
smaller overall dimensions and smaller module volumes but the same IMV rates. On 
the ISS, the impact decreased with the distance.  
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Fig. 5-52:     Comparison of relative humidity increase for one ISPR in the Cis-Lunar Habitat (left) and the International Space Station (right). A positive value 

indicates an increase in rel. humidity compared to the reference case 
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6 Discussion and Future Work 

6.1 Discussion 

6.1.1 Impacts of ‘Pick-and-Eat’ Systems on Space Habitats 

Some general conclusions for ‘Pick-and-Eat’ systems, which turned out to be true for 
both habitats, can be drawn. 

The analyzed systems were not able to effectively contribute to any LSS function. The 
amount of grown biomass was not able to provide an effective contribution to the daily 
diet and neither the amount of carbon dioxide that was taken up nor of oxygen that 
was put out could contribute (effectively) to air-revitalization. On the other hand, even 
for small setups including two Veggie units, the related transpiration rates caused 
noticeable impacts. The studies discussed in chapter 2.4 indicate that this behavior 
would even be intensified if elevated carbon dioxide levels could be considered.  

The water recovery systems in both analyzed habitats were well suited to recover the 
amounts transpired and to keep the relative humidity within the limits. However, 
attention needs to be paid to the resulting higher loads on the water processing 
systems. Especially for atmospherically open plant growth chambers there is no 
possibility to distinguish between water that is transpired by the plants and other water 
in the air, for example the astronaut’s sweat. Therefore, all of the recovered water has 
to be processed equally. Atmospherically closed PGCs might allow to reduce the 
processing effort for the recovered water since the water transpired by plants has white 
water quality (2.2.2.2). However, respective requirements or guidelines have not yet 
been defined. 

6.1.2 Plant Growth on the ISS 

Regardless of the location the available water recovery systems could deal with the 
transpiration rates related to the ‘Pick-and-Eat’ setups analyzed. The results, though, 
indicated that the location strongly influences the humidity increase as well as the 
distribution of the additional water in the CCAAs. Reasons could be found in the 
module volumes, the IMV as well as the higher cooling loop temperature in Columbus. 
By locating the plants in a central module like the US Lab, the impacts are equally 
distributed throughout the station. A dead end with a separate CCAA like JEM leads to 
locally preserved impacts. Due to the large extensions of the ISS, the impacts 
decreased with the distance in either case. These findings can be used to predict an 
optimal location for future plant growth chambers on the ISS. To analyze whether a 
locally preserved or an equally distributed impact is preferable requires additional 
insight in the water processing systems and would go beyond the scope of this work. 
More on this can be found in the future work chapter 6.2.3.8. 

Given the fact that in 2018 the European Advanced Closed Loop System (ACLS), 
which is supposed to release around 4.9 kg of moisture per day to the US Lab 
(Bockstahler et al. 2015), is planned to be flown and tested on the ISS it can be derived 
that the ISS water recovery and processing systems are able to process the additional 
loads related to the currently foreseen ‘Pick-and-Eat’ setups (from 0.44 kg / day for two 
Veggie up to 4.1 kg / day for the ISPR case) until the end of the ISS lifetime. 
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In the Arctic Greenhouse case, which does not belong to the ‘Pick-and-Eat’ systems, 
the water recovery systems were not able to keep the atmospheric composition within 
the limits. From that, it can be deduced that setups able to effectively contribute to air-
revitalization require additional and dedicated water recovery systems and should be 
located in an atmospherically closed PGC. Thereby, the humidity impact on the station 
can be minimized. In terms of carbon dioxide, a permanent reduced partial pressure 
could be seen throughout the station. The difference increases during the light phase 
and decreases during the dark phase. As for the relative humidity, the effect decreased 
with distance. These benefits were limited by the decreasing removal effectivity of 
CDRA at lower partial pressures. 

The produced oxygen by the plants was integrated in the overall ARS architecture by 
reducing the amount of water that is processed in the OGA. As a result, the amount of 
available hydrogen for the Sabatier reaction was reduced, too. Since hydrogen is the 
limiting substance, this reduced the amount of water that could be recovered and 
consequently the amount of water saved. 

The latter results are useful hints of interactions and feedback loops that need to be 
considered when life support system architectures for space habitats including larger 
cultivation areas are designed. 

6.1.3 Plant Growth in the Cis-Lunar Habitat 

6.1.3.1 CDRA vs. CAMRAS 

Humidity increases were spread throughout the station due to the small volumes and 
the comparatively high IMV rates. Independent from the seeding approach, the Veggie 
only led to minor increases in relative humidity whereas the ISPR case caused more 
pronounced impacts. Both water recovery systems could deal with the occurring 
transpiration rates and the relative humidity limits were never exceeded. The 
performed research showed that the humidity increase is proportional to the 
transpiration rate. This information can be used to estimate impacts of other setups. In 
either case, using CAMRAS led to higher increases compared to CDRA. Reasons were 
discussed in chapter 5.3.3. In the CAMRAS case, which suffered from too dry phases 
during the night, growing plants resulted in humidity levels that could meet the 
requirements from chapter 3.2.1. This shows that humidity increases related to plants 
do not necessarily need to be negative but can also be beneficial when applied 
intentionally during the right periods: conventional humidifiers consume power and 
release heat to the cabin. 

6.1.3.2 Increasing the Water Loop Closure 

The results show that using a combination of CAMRAS and a CHX in parallel is a not 
well matching ARS configuration. The resulting low dew points cause a very 
imbalanced water removal distribution in favor of CAMRAS. A sealed, atmospherically 
closed PGC can avoid this problem since both dew points, in the PGC and the habitat 
itself, can be controlled independently. In this case, though, the recovered water is 
limited to the transpired water by the plants which makes this approach ineffective for 
small setups. Based on the analysis presented in 5.3.4.3, the break-even point after 
which the approach of using an atmospherically closed PGC outmatches an open one 



Discussion and Future Work 

 
 

 

Page 116 

can be estimated to be at around the one ISPR case (~28 kg of consumed water, see 
Fig. 5-49). 

Additional benefits of using an atmospherically closed PGC are that the relative 
humidity impacts on the space craft can be reduced to a minimum but the carbon 
dioxide benefits are almost unaffected. Furthermore, plants usually show enhanced 
growth for relative humidity values higher than the maximum allowed values inside a 
space habitat. Therefore, decoupling the plant’s atmosphere from the habitat 
atmosphere represents a unique possibility to set optimal conditions for the habitat and 
the plants.  

Regardless of the ARS architecture, Fig. 5-51 showed that using CAMRAS leads to 
high water losses in either case. This problem could be avoided by adding a water 
save functionallity similar to the version tested on the ISS (Button and Sweterlitsch 
2014). Independent of the dew point or plant setup, a water save functionality reduces 
the amount of water that is lost since it does not ‘compete’ with CAMRAS but the 
amount of water recovered is directly related to the amount of water removed by it. 
Analysis including this functionality is left to future work. 

6.1.4 ISS vs. Cis-Lunar Habitat Comparison 

Differences between both habitats are mainly limited to the relative humidity increases. 
In the CLH, all modules were equally affected due to the high IMV rates and the 
comparatively small volumes and habitat extensions. On the ISS, the impacts 
decrease with the distance. The absolute values in the CLH were consistently higher 
than on the ISS. This, again, can be explained by its smaller volumes along with the 
lower number of active CCAAs. 

Besides from the humidity impacts, the relative impact of the plants in terms of oxygen 
production and carbon dioxide reduction is higher on the CLH than on the ISS. This, 
however, is a result of the reduced crew size and not of the habitat or its ARS 
architecture. 

6.2 Future Work 

The performed research is expendable in many directions and follow-up research is 
certainly not limited to this list. 

6.2.1 CAMRAS 

The available data on the CAMRAS subsystem is very limited. Important values like 
the air volume surrounding the sorbent beds needed to be calculated from air loss test 
data measured with an unknown accuracy. Particularly information on the absorption 
capacities of the filter beds, usually expressed in isotherms, would help to enhance the 
physical representativeness of the model. The general infrastructure to perform flow 
rate and cycle time changes was already implemented so that the available data could 
easily be integrated as soon as it is available.  
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6.2.2 Plant Module 

6.2.2.1 General Fidelity 

Stölzle (2013b) showed that light and carbon dioxide responses of the (M)MEC model 
do not match real test data with a satisfying accuracy and enhanced the plant module 
based on real test data of plant growth studies conducted at KSC. Unfortunately, the 
developed veCROP model is limited to wheat, soybean and potatoes. Effort should be 
made to develop an enhanced model for all available (M)MEC crops since pick-and-
eat crops will be the crops of choice in the near future (see 4.1).  

6.2.2.2 Day and Night Transitions of Transpiration 

The FAO model predicts daily rather than hourly values. Different modeling tasks 
require different levels of fidelity: for analysis of mission concepts like Mars One, in 
which several months or years are simulated and the focus is predominantly biomass 
growth, depicting the day and night transition of the transpiration rate is not necessary. 
In the analysis performed in this thesis, though, in which the primary focus are 
interactions and possible feedback loops between plants and ARS systems, it limits 
the meaningfulness of the performed analysis. Consequently, effort needs to be made 
to analyze possibilities to integrate a day and night transition. In addition, to take 
elevated carbon dioxide responses into account a day and night transition has to be 
implemented first. 

6.2.2.3 Micro-Gravity Influence 

Models able to take micro gravity influences into account are part of the current 
research (Poulet et al. 2017). Even though these models are not ready yet for an 
application in V-HAB, the progress of these developments need to be tracked and 
possible implications on the V-HAB plant module investigated. 

6.2.2.4 Reference Value Updates 

The plant module was correlated to average data stated in the BVAD prior to the 
simulations. However, the BVAD does not give much information on the environmental 
conditions the data was obtained at. During the course of this thesis, additional 
information could be gathered. This information can help to make the plant module 
more reliable and should be incorporated in a future validation run. Also, in personal 
communications it could be confirmed that updates for the BVAD reference values will 
be available in the near future. If so, a new validation run using the updated values 
must be performed. 

6.2.3 Future V-HAB Theses 

6.2.3.1 Advanced Closed Loop System 

This thesis was performed in the course of a stay at the Johnson Space Center and 
consequently the focus was put on the US ARS systems. An additional ISS case 
should assess the impacts growing plants along with using the European ÂCLS, which 
releases around 4.9 kg of moisture per day to the US Lab (Bockstahler et al. 2015). 
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Analyzing the effects of a combined load of both subsystems offers interesting follow-
up research possibilities. The same can be done for the CLH.  

6.2.3.2 Different Cis-Lunar Habitat Configurations 

A final CLH architecture has not been decided yet and different options are possible. 
Amongst others, using a larger, respectively two, habitation modules were discussed 
in meetings at JSC. Analyzing and optimizing different configurations in terms of ARS 
architecture and crew distribution will help to enhance the system understanding. 

6.2.3.3 Deep Space Transport 

Once all testing is done, the current plan foresees to attach the CLH to a bigger Habitat 
including closed loop ECLSS, referred to as Deep Space Transport (DST), in 2027. A 
V-HAB model of the overall system architecture can definitely be seen as a future 
flagship project for V-HAB modeling. The presented work will serve as a useful 
foundation. 

6.2.3.4 CAMRAS Water Save Functionality 

In this thesis, different CLH ARS architectures with partially closed water loops were 
analyzed. As a next step, similar analysis can be performed including a CAMRAS with 
a water save functionality. The results could be compared to the findings presented in 
this thesis and conclusions drawn. 

6.2.3.5 Optimized Lighting Schedule 

A possible application of using light as an active controller and therefore 
photosynthesis as a passive controller could be investigated. For example, 
implementing the light and dark period of the plants contrariwise to the crew schedule 
could avoid too high levels during crew exercise. 

6.2.3.6 Dynamic Transpiration Schemes 

By using transplanting schemes the productivity for most species can be increased by 
10 % to 15 % (Anderson et al. 2015). Now that the framework for simulating plant 
growth in the different habitats is developed, effort could be made to investigate optimal 
transplanting schemes for an ISRP and consequently to analyze the resulting range of 
impact. 

6.2.3.7 Human Model Enhancements 

As described in chapter 2.2.1 the gas composition of the human respiration varies with 
the food uptake. The level of fidelity for V-HAB models including plant growth could be 
enhanced by implementing a human model that is able to take the food uptake into 
account. A more detailed V-HAB human model is already under development at the 
Institute of Aeronautics and could be integrated in the ISS and CLH models in the near 
future. 
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6.2.3.8 Optimal Location for a Plant Growth Chamber on the ISS 

The analysis discussed in 5.2.3 showed that the resulting humidity increase but also 
the distribution of the additional recovered water loads caused by a plant growth 
chamber on the ISS depends on its location. The water consumed by the plants needs 
to be present at the PGC’s location and leads to an increase of crew time if the 
recovered water needs to be frequently transported to the PGC by the crew. Similar to 
the analysis performed by Pütz (2017), the required crew time could by estimated and 
based on the results an optimal location for a plant growth chamber as a tradeoff 
between crew time and humidity increase could be defined. 
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7 Conclusion 

The primary research question of how plant growth affects the air-revitalization 
systems of different sized space habitats could be answered by performing a trade 
study including the International Space Station and the Cis-Lunar Habitat. Before the 
actual trade study could be performed, the required foundation had to be built. 

7.1 Preliminary Work 

Plant growth settings from the past to the distant future were divided up into four 
different categories based upon their underlying use case. For the use cases of 
interest, all necessary aspects for plant growth inside space habitats were defined with 
the help of an extensive literature research. Based on the results reasonable setups 
were developed. In addition, effort was made to analyze plant response to elevated 
carbon dioxide levels and implications for the results of this thesis are discussed. 

7.2 CAMRAS 

CAMRAS is an integral part of the currently foreseen CLH ARS architecture and a new 
model had to be developed. The developed model depicts all internal processes 
correctly while it still runs on a sim factor high enough to use it in a trade study. It was 
verified against transient exercise test data from a test campaign conducted at JSC 
and showed a high accuracy for evenly injected rates and satisfying results for 
frequently changing injections. Reasons were discussed in detail in chapter 3.2.2.6. 

The option to perform cycle time and flow rate changes along with a method to activate 
or deactivate the subsystem was implemented. Due to the lack of data, the operation 
is currently restricted to one constant combination of flow rate and cycle time but its 
adaptability can be further enhanced as soon as additional data is available. 

7.3 The Cis-Lunar Habitat  

A Cis-Lunar Habitat V-HAB model of the currently foreseen NASA system architecture 
was developed by using the already available information as well as by exploiting 
similarities to the ISS. The Cis-Lunar Habitat is still in its concept phase and a final 
ARS architecture has not yet been decided. Consequently, different configurations with 
varying degrees of loop closure were developed. The main tradeoff was to compare 
the currently developed open loop system CAMRAS to the flight proven system CDRA. 

The results of the reference cases without plants represent valuable results of a next 
generation space habitat. Due to its small dimensions and the high IMV rates, the 
atmospheric composition in all modules follows a similar pattern and the impacts of the 
crew exercise are spread throughout the station. 

The results could reveal that all future requirements cannot be met simultaneously if 
CAMRAS is operated at a constant combination of flow rate and cycle time. The carbon 
dioxide levels during the crew exercise exceeded the future upper limits but the 
humidity levels were too dry during the night even though one CAMRAS unit was 
deactivated. Since CAMRAS takes care of humidity and carbon dioxide control, both 
parameters cannot be controlled independently. 
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When using CDRA, the carbon dioxide levels constantly exceeded the future upper 
limits and increasing its flowrate is recommended. In this case, the relative humidity 
values were well within the limits. 

7.4 Trade Study 

Realistic near-term use cases, so called ‘Pick-and-Eat’ systems, do not effectively 
contribute to life support. The amount of edible biomass grown cannot cover a part of 
the daily diet, the amount of oxygen provided is less than 1 % of the total consumed 
amount by the crew and the CO2 partial pressures can only be reduced to a minor 
degree. On the other hand, the related transpiration rates cause not neglectable 
humidity increases and additional loads on the water recovery and processing 
systems. The transpired amount strongly varies with the cultivation area, the crop sort 
as well as the seeding approach.  

In either case, the analyzed ARS could deal with the additional loads and the 
atmospheric compositions stayed within the limits. On the ISS, the impacts were 
influenced by the location of the plant growth chamber. Causes could be identified and 
the findings can be used to predict the optimal location for future plant experiments. 

In the CLH, the impacts were equally distributed throughout the habitat. By performing 
a sensitivity analysis, it could be shown that the humidity increase is directly 
proportional to the water consumption of the setup. This information can be used to 
predict the impacts of other setups (e.g. EDEN ISS) by scaling up or down the 
simulated cultivation areas if other sources of influence (crops, seeding approach etc.) 
are excluded.  

The currently foreseen open-loop ARS architecture of the CLH increases the costs 
related to plant growth. In follow-up simulations, different methods to partially close the 
water loop by adding a CHX were analyzed. Using CAMRAS and a CHX in parallel 
turned out to be a not well matching configuration. The resulting low dew points led to 
an imbalanced water removal in favor of CAMRAS. Atmospherically closed plant 
growth chambers with dedicated humidity control, in which both atmospheric 
compositions can be controlled independently, could be identified as a solution to avoid 
this dilemma. In addition, this allows to grow plants under optimal conditions and 
reduces the humidity impact on the habitat. However, it could be shown that whether 
the approach of using an atmospherically closed or open PGC is favorable depends 
on the amount of water consumed by the plants. For small setups, an open chamber 
is preferable. As the cultivation areas increase (and so the amount of transpired water), 
the closed approach gets more beneficial and finally outmatches the open approach 
after a break-even point at around one ISPR. 

Cultivation areas large enough to contribute to air-revitalization caused humidity levels 
too high to prevent condensation and microbial growth and require atmospherically 
closed chambers with dedicated humidity control. Feedback loops limiting the 
advantage of plants in terms of OGA water savings and CO2 partial pressure decrease 
could be revealed. 

Follow-up research topics to increase the fidelity of the developed model but also for 
future analysis could be revealed. In either case, the presented work will serve as a 
useful foundation. 
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A Appendix 

A.1 Plant Module Verification 

The plant module was verified against data stated by Anderson et al. (2015) and 
against the initial version of the plant module by Saad (2015) (referred to as Saad 
MMEC) prior to the performed simulations. The BVAD states overall life-cycle growth 
rates in terms of grams of biomass per square meter per day and the values presented 
may be composite or average values from several different tests.  

The BVAD does not give much detail on parameters that were used to generate the 
experimental data. As those parameters strongly affect the results this also affects the 
correlation process. Plant densities, wind speed, the relative humidity and the carbon 
dioxide partial pressure needed to be assumed and a certain discrepancy between 
simulation and experimental cannot be avoided.  

As for this validation run, nominal plant densities from the (M)MEC were used and the 
environmental conditions set such that they best possibly meet the expected 
atmospheric compositions in this thesis (1300 ppm carbon dioxide and 50% relative 
humidity). 

 
Table A-1:   Plant module verification 

Crop 
Oxygen Production [g/day/m²] 

BVAD MMEC Saad MMEC Deviation [%]: 

Dry bean 30.67 22.91 23.32 25.30 
Lettuce 7.78 7.82 7.31 -0.53 
Peanut 35.84 22.67 25.81 36.74 

Rice 36.55 32.2 31.12 11.67 
Soybean 13.91 24.15 25.17 -73.3 

Sweet Potato 41.12 22.02 29.06 46.46 
Tomato 26.36 22.67 22.93 14.00 
Wheat 56 88 86.49 -56.76 

White Potato 32.23 23.80 24.71 26.16 

Crop 
Carbon Dioxide Uptake [g/day/m²] 

BVAD MMEC Saad MMEC Deviation [%]: 
Dry bean 42.17 31.51 32.06 25.28 
Lettuce 10.7 10.76 10.03 -0.53 
Peanut 49.28 31.18 36.26 36.73 

Rice 50.26 44.44 42.78 11.65 
Soybean 19.13 33.22 35.57 -73.64 

Sweet Potato 56.54 30.28 39.96 46.45 
Tomato 36.24 31.18 31.53 13.97 
Wheat 77 120.74 118.95 -56.80 

White Potato 45.23 32.72 34.67 27.66 
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Crop 
Water Uptake/Transpiration [kg/day/m²] 

BVAD FAO Saad MMEC Deviation [%]: 

Dry bean 2.53 1.91 2.32 24.66 
Lettuce 1.77 0.67 0.41 62.38 
Peanut 2.77 2.8 2.69 -1.16 

Rice 3.43 4.05 3.82 -18.02 
Soybean 2.88 2.92 2.89 -1.46 

Sweet Potato 2.88 3.07 3.24 -6.52 
Tomato 2.77 2.68 2.65 3.16 
Wheat 11.79 12.56 11.82 -6.50 

White Potato 2.88 2.69 2.81 6.50 

Crop 
Total Biomass [g/day/m²] 

BVAD MMEC Saad MMEC Deviation [%]: 

Dry bean 161.11 118.35 92.49 26.54 
Lettuce 138.65 134.06 123.97 3.31 
Peanut 174.71 106.65 119.46 38.95 

Rice 221.88 177.55 177.53 19.98 
Soybean 74.64 108.80 100.2 -45.76 

Sweet Potato 276.72 98.31 134.52 64.47 
Tomato 301.19 240.91 244.44 20.02 
Wheat 322.73 461.98 397.58 -43.15 

White Potato 195.55 132.60 138.08 32.20 

Crop 
Inedible Biomass [g/day/m²] 

BVAD MMEC Saad MMEC Deviation [%]: 

Dry bean 150 111.40 95.14 25.73 
Lettuce 7.3 3.44 3.15 52.91 
Peanut 168.75 102.16 114.33 39.46 

Rice 211.58 167.58 168.78 20.79 
Soybean 68.04 101.00 88.97 -48.44 

Sweet Potato 225 53.06 77.58 76.42 
Tomato 127.43 104.09 104.32 18.31 
Wheat 300 430.00 361.31 -43.46 

White Potato 90.25 49.58 54.34 45.06 
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Crop 
Edible Biomass [g/day/m²] 

BVAD MMEC Saad MMEC Deviation [%]: 
Dry bean 11.11 6.94 9.35 37.49 
Lettuce 131.35 130.62 120.82 0.55 
Peanut 5.96 4.49 5.13 24.68 

Rice 10.3 9.97 8.75 3.21 
Soybean 6.6 7.69 10.23 -16.46 

Sweet Potato 51.72 45.21 56.94 12.58 
Tomato 173.76 136.81 141.12 21.26 
Wheat 22.73 31.59 36.27 -38.98 

White Potato 105.3 83.02 83.74 21.16 
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A.2 Plant Growth Studies at Elevated Carbon Dioxide Levels 

Table A-2 lists all studies on plant growth at elevated or super-elevated carbon dioxide 
levels that were available to the author. 

 
Table A-2:   Timeline of conducted plant studies at elevated and super-elevated CO2 levels 

Year: Crop: Publication: 

1986 Cucumber (Peet 1986) 

1992 Soybean (Wheeler et al. 1992) 

1994 Soybean / Potatoes (Wheeler et al. 1994) 

1994 Radish (Mackowiak et al. 1994) 

1996 Potatoes (Mackowiak and Wheeler 1996) 

1997 Wheat (Grotenhuis et al. 1997) 

1999 Potatoes / Wheat (Wheeler and Mackowiak 1998) 

2005 Scallion (Levine et al. 2005) 

2006 Lettuce (Edney et al. 2006) 

2008 Wheat (Levine et al. 2008) 

2009 Soybeans (Levine et al. 2009) 

2012 Arabidopsis (Kaplan et al. 2012) 

2015 Chinese Cabbage / Lettuce (Fu et al. 2015) 

2015 Spinach (Wang et al. 2015a) 

2015 Soybean / Maize (Wang et al. 2015b) 

2015 Wheat (Dong et al. 2016) 

2015 Spinach (Wang et al. 2016) 
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A.3 Detailed Information for Plant Growth Setups 

 

Table A-3:   Setup details for the Veggie 

Veggie Scheduled: 

Total Cultivation Area: 0.3 m² 
Averaged Water Consumption:  3 kg / week 
Averaged Oxygen Production: 20 g / week 
Crops: Lettuce 
Cultivar: Waldmann’s Green 
Height @ maturity 20-30 cm 
Photoperiod: 16 h 
PPFD: 300 μmol m-2 s-1 
Number of Trays: 5 
Area per Tray: 0.06 m² 
Planting Density: 19.2 plants / m² 
Plants per Tray: 1.2 
Harvest Time: 35 days 
Harvest Cycle: 7 days 
Edible Biomass per Harvest:  385 g  

  

Veggie Bulk: 

Total Cultivation Area: 0.3 m² 
Averaged Water Consumption:  7.7 kg / week 
Averaged Oxygen Production: 50 g / week 
Crops: Lettuce 
Cultivar: Weidmann’s Green 
Height @ maturity 20-30 cm 

Photoperiod: 16 h 
PPFD: 300 μmol m-2 s-1 
Number of Trays: 1 
Area per Tray: 0.3 
Planting Density: 19.2 plants / m² 
Plants per Tray: 5.67 
Harvest Time: 35 days 
Harvest Cycle: 35 days 
Week Simulated: 26-35 days 
Edible Biomass per Harvest:  1925 g  
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Table A-4:   Setup details for one ISPR 

ISPR: 

Total Cultivation Area: 1.84 
Total Averaged Water Consumption:  28 kg / week 
Total Averaged Oxygen Production: 210 g / week 
Crops: Lettuce, Tomato 
Lettuce Cultivar: Waldmann’s Green 

Tomato Cultivar: Reimann Philippe 
Lettuce Height @ maturity: 20-30 cm 
Tomato Height @ maturity: 35-45 cm 
  
Cultivation Area Lettuce: 0.92 m² 
Photoperiod Lettuce: 16 h 
PPFD Lettuce: 300 μmol m-2 s-1 
Number of Trays Lettuce: 6 
Area per Tray Lettuce: 0.153 m² 
Planting Density Lettuce: 19.2 plants / m² 
Plants per Tray Lettuce: 3 
Harvest Time Lettuce: 35 days 
Harvest Cycle Lettuce: 7 days 

Edible Lettuce Biomass per Harvest:  988 g 
  
Cultivation Area Tomato: 0.92 m² 
Photoperiod Tomato: 12 h 
PPFD Tomato: 625 μmol m-2 s-1 
Number of Trays Tomato: 6 

Area per Tray Tomato: 0.3 
Planting Density Tomato: 6.2 plants / m² 
Plants per Tray Tomato: 1 
Harvest Time Tomato: 77 days 
Harvest Cycle Tomato: 14 days 
Edible Tomato Biomass per Harvest:  1600 g  
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Table A-5:   Setup details for the Arctic Greenhouse 

Arctic Greenhouse 
Total Cultivation Area: 25.92 m² 
Total Averaged Water Consumption:  330 kg / week 
Total Averaged Oxygen Production: 2.87 kg / week 
Crops: Lettuce, Tomato, Sweet Potato 
Lettuce Cultivar: Waldmann’s Green 

Tomato Cultivar: Reimann Philippe 
Potato Cultivar: TU-82-155 
Lettuce Height @ maturity: 20-30 cm 
Tomato Height @ maturity: 35-45 cm 
Potato Height @ maturity: 50-80 cm 
  
Cultivation Area Lettuce: 11.52 m² 
Photoperiod Lettuce: 16 h 
PPFD Lettuce: 300 μmol m-2 s-1 
Number of Trays Lettuce: 6 
Area per Tray Lettuce: 1.92 m² 
Planting Density Lettuce: 19.2 plants / m² 
Plants per Tray Lettuce: 36.9 

Harvest Time Lettuce: 35 days 
Harvest Cycle Lettuce: 7 days 
Edible Lettuce Biomass per Harvest:  12.6 kg 
  
Cultivation Area Tomato: 8.64 m² 
Photoperiod Tomato: 12 h 

PPFD Tomato: 625 μmol m-2 s-1 
Number of Trays Tomato: 6 
Area per Tray Tomato: 1.44 m² 
Planting Density Tomato: 6.2 plants / m² 
Plants per Tray Tomato: 9 
Harvest Time Tomato: 77 days 
Harvest Cycle Tomato: 14 days 
Edible Tomato Biomass per Harvest:  9.12 kg  
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Cultivation Area Potato: 5.67 m² 
Photoperiod Potato: 12 h 
PPFD Potato: 648 μmol m-2 s-1 
Number of Trays Potato: 1 
Area per Tray Potato: 5.67 m² 
Planting Density Potato: 16 plants / m² 
Plants per Tray Potato: 90.72 
Harvest Time Potato: 119 days 
Harvest Cycle Potato: 119 days 
Edible Potato Biomass per Harvest:  30.5 kg  

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



Appendix 

 
 

 

Page 137 

A.4 Sim Factors and Runtimes 

 
Table A-6:   Hardware data 

Operating System: Windows 10 Enterprise 2015 

Prozessor: Intel(R) Core(TM) i7-6700 CPU @ 3.40GHz, 3408 MHz 

Software: MATLAB® R2016b 

 
Table A-7:   ISS simulation factors and run times  

Habitat Case Sim Factor Runtime 

ISS Reference 4.4 220 h 

ISS Veggie Columbus 5.5 220 h 

ISS Veggie JEM 5.5 220 h 

ISS ISPR US Lab 3.4 220 h 

ISS ISPR JEM 3.0 220 h 

ISS ISPR Columbus 2.3 220 h 

ISS Arctic Greenhouse - 220 h 

 
Table A-8:   Cis-Lunar Habitat simulation factors and run times 

Habitat Case Sim Factor Runtime 

CLH CAMRAS Reference 9.6 220 h 

CLH CDRA Reference 24 220 h 

CLH CAMRAS CCAA Reference 9.5 220 h 

CLH CAMRAS ISPR - 220 h 

CLH CDRA ISPR - 220 h 

CLH CAMRAS CCAA ISPR 5.8 220 h 

CLH CAMRAS PGC ISPR 9.2 220 h 

CLH CAMRAS Veggie 7.5 220 h 

CLH CDRA Veggie 19.8 220 h 

CLH CAMRAS CCAA Veggie 7.2 220 h 

CLH CAMRAS PGC Veggie 6.9 220 h 
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A.5 The Veggie Humidity Increase 

 

 
Fig. A-1:       Relative humidity increase for the Veggie Scheduled in Columbus 

 

 
Fig. A-2:       Relative humidity increase for the Veggie Scheduled in the US-Lab 
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A.6 Partial Pressure Benefits ISPR 

 

 
Fig. A-3:       CO2 partial pressure decrease for one ISPR in Columbus 

 

 
Fig. A-4:       CO2 partial pressure decrease for one ISPR in the US Lab 


