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Zusammenfassung 

Die Verwendung physikalisch-chemischer Lebenserhaltungssysteme wird, wegen der 
begrenzten Möglichkeit von Nachschublieferungen, ein begrenzender Faktor auf 
zukünftigen bemannten Langzeit-Raumflugmissionen sein. Der Anbau von Algen in 
Photobioreaktoren ist eine vielversprechende bio-regenerative Alternative für die 
kombinierten Aufgaben der Atemluftaufbereitung, Urinaufbereitung und Produktion 
von Nahrungsergänzungsmitteln. 

Diese Arbeit präsentiert die Entwicklung eines dynamischen Wachstumsmodells der 
grünen Mikroalge Chlorella vulgaris. Das Modell kann dynamisch auf variierende 
Einflüsse reagieren. Diese sind die Kohlenstoffdioxid- und Nährstoffverfügbarkeit für 
Photosynthese, pH Wert des Wachstumsmediums, Temperatur, Kohlenstoffdioxid- 
und Sauerstoffkonzentrationen im Wachstumsmedium und die Verfügbarkeit von 
photosynthetisch aktiver Strahlung. Bestandteil des Modells sind zudem komplexe 
Submodelle zur Berechnung des pH Werts des Wachstumsmediums sowie der 
Verbreitung von photosynthetisch aktiver Strahlung durch die 
Photobioreaktorgeometrie bei variierenden Biomassenkonzentrationen. 

Experimente werden im Rahmen dieser Arbeit durchgeführt und deren Ergebnise 
präsentiert um Daten in Bereichen zu generieren, in denen die Literaturwerte große 
Varianz zeigen oder nur spärlich verfügbar sind. In das entwickelte Modell integriert 
sind Ergebnisse der Experimente in den Bereichen der Bestimmung von 
Wachstumsraten, Abschwächung von photosynthetisch aktiver Strahlung mit 
variierender Biomassenkonzentration und benötigte Oberflächenstrahlungsdichte für 
optimales Wachstum. 

Das Chlorella vulgaris Wachstumsmodell ist in V-HAB implementiert, einem MATLAB 
basierten Simlationsprogramm für Lebenserhaltungssyste, welches seit 2006 am 
Lehrstuhl für Raumfahrttechnik der Technischen Universität München entwickelt wird. 
In der V-HAB Simulationsumgebung ist das Modell in einem hocheffizienten 
Photobioreaktor integriert, welcher derzeit an der University of Colorado Boulder 
entwicklet wird. Dieser Photobioreaktor ist wiederum in eine simulierte Kabine eines 
Raumfahrzeuges mit einem Menschmodell integriert. Die Kombination aus 
Algenmodell in einem Photobioreaktor und den breiten Funktionalitäten von V-HAB 
erlauben die Simulation eines Lebenserhaltungssystems für zukünftige bemannte 
Raumfahrtmissionen. Das simulierte system kann 100 % Luft- und Urinaufbereitung 
leisten und zusätzlich eine Ergänzung zur täglichen Nahrung produzieren. Mit einer 
optimistischen Wachstumsrate ist, abhänging von der erreichbaren Flußkanaldicke 
des Reaktors, ein Wachstumsvolume der Algen von nur 21.5 Litern oder 32 Litern 
nötig, mit einer pessimistischeren werden 500 Liter benötigt, um Luft- und 
Urinaufbereitung für einen Menschen zu gewährleisten. 

Zusätzlich zeigt das Modell die Möglichkeit der Optimierung des 
Photobioreaktordesigns und operationeller Entscheidungen, wie dem 
Wachstumsvolumen, der Kulturtiefe, der optimale Biomassenkonzentration im 
kontinuierlichen Betrieb, dem Profil der photosynthetisch aktiven Strahlung und 
Parametern der Luftversorgung des Reaktors. 
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Abstract 

The use of physico-chemical life support systems will be a limiting factor on future long-
duration human spaceflight missions due to the lack of frequent resupply capability. 
Cultivation of algae in a photobioreactor is a promising bioregenerative alternative for 
combined air revitalization, waste water treatment, and food supplement production. 

This thesis presents the development of a dynamic growth model for the green 
microalgae Chlorella vulgaris. The model can dynamically react to the varying 
influences of carbon dioxide and nutrient availability for photosynthesis, growth 
medium pH, temperature, carbon dioxide and oxygen concentration in the medium and 
the availability of photosynthetic active radiation. Complex sub-models for the 
representation of pH changes in the growth medium and the propagation of 
photosynthetically active radiation through a photobioreactor geometry at varying 
biomass concentrations are also part of the overall model. 

Experiments are conducted and presented in this thesis, which generate data in areas 
where literature sources show a large variance or only scarce data is available. The 
experimental results in the areas of growth rate determination, varying radiation 
attenuation in a growing microalgal culture and required surface irradiances for 
optimum growth are integrated into the model to increase its confidence level. 

The Chlorella vulgaris growth model is implemented in V-HAB, a MATLAB based life 
support system simulation tool, which has been under development at the Institute of 
Astronautics at the Technical University of Munich since 2006. In the V-HAB 
environment, the growth model is implemented in a newly designed high-efficiency 
photobioreactor developed at the University of Colorado Boulder and integrated in a 
simulated cabin environment with a sophisticated human model in the loop. The 
combination of the algae model in a photobioreactor and the borad functionalities of 
the V-HAB simulation environment allows the simulation of a biological life support 
system for future human spaceflight missions. The simulated system is able to reach 
100 % air revitalization and urine processing capability, as well as some food 
supplement production. With an optimistic growth model an algal culture volume of 
21.5 liters or 32 liters is required depending on the attainable flow channel thickness, 
with a more pessimistic one, 500 liters are necessary to support one human in terms 
of air revitalization and urine processing.  

Furthermore, the developed model is shown to have the capability of optimizing 
photobioreactor-designs and operational decisions such as the overall growth volume, 
culture depth, optimum continuous biomass concentration, the profile of provided 
photosynthetically active radiation and air supply parameters. 
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1 Introduction 

The use of physico-chemical life support systems will be a limiting factor on future long-
duration human spaceflight missions due to the lack or high expense of frequent 
resupply capability. Biological life support systems are a sustainable alternative to 
maintain breathable air, water and food supply for the astronauts on these missions. 

The working mechanism behind a plant-based biological life support system is what 
initially turned Earthôs anoxic (oxygen-free) atmosphere into a liveable place at least 
2.5 bilion years ago: photosynthesis [1]. It has the potential to consume carbon dioxide 
and water by utilizing photosynthetically active radiation energy and produce 
carbohydrates and oxygen. Since humans do exactly the opposite, consume oxygen 
and produce carbon dioxide, photosynthetic assimilation is a good counter-mechanism 
to human respiration when a constant atmospheric composition is required. 

Organisms capable of performing photosynthesis are called phototrophs, among which 
are plants, algae and cyanobacteria. While plants need to grow structures (e.g. woody 
stalks in trees) and reproductive organs, in algae none of the tissue is unused in terms 
of photosynthetic growth [2]. Furthermore, algae are ready to perform photosynthesis 
within only 3 to 5 days, which can be an advantage after a catastrophic failure [3]. 
Therefore, the cultivation of algae in a photobioreactor is a promising bioregenerative 
alternative to traditional physico-chemical systems for combined air revitalization, 
waste water treatment, and food supplement production. 

The prediction of algal growth behavior in a photobioreactor is of vital importance to 
the design of a biological life support system, since it determines rate of carbon dioxide 
fixation and oxygen assimilation. While the performance could be assessed with 
hardware tests and compared for different photobioreactor designs and integration 
architectures, this approach would be rather time consuming and costly. It is therefore 
desirable to have high confidence data on a design before it is built for hardware testing 
in order to minimize hardware development and testing iterations. 

An option to generate this data is the use of averages. When talking about averages, 
usually time-averages are meant, which by definition cannot display behavior at a 
time-resolution smaller than the time-interval over which they were averaged. 
However, for spaceflight, where every additional kg launch mass is connected to high 
cost, a system with as little mass-overhead as possible yet high operational confidence 
is necessary. These requirements call for high resolution analysis and optimization 
which can only be done with dynamic calculations, which re-evaluate all system 
parameters at short time intervals. Since this requires a large number of calculation 
steps, these calculations are done with a computer and then called dynamic 
simulations. 

In order to dynamically simulate the behavior of algal growth, an algal growth model is 
required that can adapt to dynamically changing environmental influences. Such a 
dynamic algal growth model is developed in this thesis, integrated in a photobioreactor 
and then used to simulate the photobioreactorôs behavior as a biological life support 
system component with a human in the loop. This is done with the dynamic life support 
system tool V-HAB, which has been under development at the Institute of Astronautics 
at the Technical University of Munich since 2006 [4]. 
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1.1 Scope 

This thesis documents the development of an algal growth model, its integration into a 
photobioreactor and the simulation of the photobioreactorôs performance in a 
spacecraft cabin with a human in the loop. More specifically, a proposed high-efficiency 
photobioreactor design by Tobias Niederwieser [5] is used, which was initially sized 
with averages and is simulated with a dynamic approach in this thesis. 

The developed model is implemented with values for the green algae Chlorella vulgaris 
on which a lot of data exists since it is widely used in scientific experiments. All the 
mechanisms that govern the behavior of Chlorella vulgaris growth are outlined in this 
thesis in two separate chapters. One of them describes the scientific background of 
algal growth in detail and the other is more focused on the implementation of these 
mechanisms in the V-HAB simulation system. Therefore, this thesis should also be 
regarded as a description of algal growth from an engineerôs point of view and not just 
a presentation of simulation results. 

The Chlorella vulgaris growth model can dynamically react to the following varying 
influences: 

¶ Growth medium temperature  

¶ Growth medium pH 

¶ Availability of nutrients for photosynthetic growth 

¶ Availability of carbon dioxide for photosynthetic growth 

¶ Oxygen concentration in the medium 

¶ Carbon dioxide concentration in the medium (not for photosynthetic 
assimilation but as limiting effect at high concentrations) 

¶ Availability of photosynthetically active radiation 

Since literature provides strongly varying or only scarce information on some of the 
influences mentioned above, some experiments with regard to growth and radiation 
parameters are done within the scope of this thesis. The results of the experiments are 
presented in this thesis and implemented in the model. 

The model can be used to simulate the use of a Chlorella vulgaris photobioreactor as 
a biological life support system. The most important simulation results consider: 

¶ Air revitalization (carbon dioxide consumption, oxygen evolution) 

¶ Water processing (urine processing, potable water harvesting) 

¶ Food supplement production (biomass harvesting) 

Furthermore, the model was developed with the clear intent of providing information 
on potential design optimizations by indicating what factors are limiting the growth at 
any given time during the simulation. 

1.1.1 Limitations 

Biological processes are not always calculable as engineers are commonly used to 
and have a certain degree of unpredictable probability. However, for a computer 
simulation, the description of scientific, biological and natural behaviors and effects in 
a mathematical way is essential. In order to do so, the inherent uncertainty of biological 
systems has to be reduced to a degree by using assumptions and averages.  
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The used abstractions are usually only valid on a certain range, for example a certain 
temperature or pH range. The range for which the assumptions are made usually 
coincides with that range that can be expected in a controlled photobioreactor 
environment. The model should therefore not be regarded as a universal algal growth 
model, but specifically as a model for growth in a controlled photobioreactor. For 
example, it is not intended to simulate the algal growth in salty water in an ocean at 
280 K but can simulate the algal growth in a specific culture medium at 300 K in a 
photobioreactor in a spacecraft cabin. 

The model is implemented with the behavior of Chlorella vulgaris. However, not for all 
factors affecting the growth of this microalgae, specific values on the Chlorella vulgaris 
species could be found more general value for the Chlorella genus or simply values 
stated for microalgae were used. It is clearly stated in this thesis in which areas of the 
model this is done. 

Since the abstraction of scientific problems is necessary in most engineering 
disciplines, cell internal processes (for example the assimilation pathway of carbon 
atoms during the photosynthetic process) are not regarded in this model. The Chlorella 
vulgaris cells are treated as a black box. The model should demonstrate how a 
Chlorella vulgaris culture can be incorporated into an engineering system by accepting 
biological findings from experts on biological matters. Nevertheless, all important 
scientific mechanisms are explained in this thesis to that degree that is represented in 
the model. 

One aim of this thesis, besides developing an algae simulation model, was to simulate 
a photobioreactor design proposal by Niederwieser [5]. Since this is a flat panel 
photobioreactor, the areas of the simulation where geometry plays a role are designed 
for such a reactor. Especially the propagation of photosynthetically active radiation 
through the growth medium would have to be extended if cylindrical photobioreactors 
should be modeled in the future. 

1.2 Methods 

This thesis is written in collaboration between the Institute of Astronautics at the 
Technical University of Munich and the Bioastronautics Department at the University 
of Colorado Boulder. Since two parties are involved, two different aims can be 
expected from them and are both reflected in this thesis.  

The Institute of Astronautics at the Technical University of Munich started developing 
the life support system simulation tool V-HAB in 2006 [4] and is continuing this effort 
with the work of PhD, master and bachelor students. This thesis shall therefore provide 
a further contribution to the V-HAB simulation system by developing an algae model 
that is functioning in a photobioreactor and can be used for future simulations. 

Tobias Niederwieser from the Bioastronautics Department at the University of 
Colorado Boulder, presented a highly efficient photobioreactor design for spaceflight 
life support [5]. Since this design was done with averages the other overall goal of this 
thesis is to verify the design in a dynamic simulation environment. The design is 
therefore to be implemented in the dynamic simulation tool V-HAB, combined with the 
developed algae model and its behavior simulated in a spacecraft cabin with a human 
in the loop. 
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1.2.1 Mission Statement and Requirements 

In an early phase, when the project goals were defined, a mission statement and main 
tasks were formulated and communicated with both involved university advisors. 

The originally formulated mission statement reads as follows: 

This thesis aims at updating the existing algal model and creating the flow-
through photobioreactor (under development at the University of Colorado, 
Boulder) in the VHAB Simulation environment. The simulation should be able 
to predict the reactorôs carbon dioxide consumption, oxygen generation and 
the algal growth under varying influences of pressure, carbon dioxide content, 
light and temperature. The simulation should be validated and improved with 
test data and eventually used to size a reactor capable of providing sufficient 
oxygen to a human in a day/night cycle. 

After some initial research, the existing V-HAB algal models were deemed unusable 
for the task at hand. Two of them were too inflexible with regard to changing 
environmental parameters and and the other one aimed at producing hydrogen in a 
discontinuous process instead of oxygen (more information see 2.4). 

From the initially defined main tasks for the work conducted within the scope of this 
thesis, the following top-level requirements were derived and used as a baseline for 
the work in this thesis. 

1. A Chlorella vulgaris growth model shall be created capable of dynamically reacting 
to varying influences of 
1.1. atmospheric pressure 
1.2. carbon dioxide concentration 
1.3. oxygen concentration 
1.4. nitrogen concentration  
1.5. light intensity 
1.6. temperature 

2. The use of urine as a nutrient should be investigated and implemented 
3. The algal growth model shall be implemented in V-HAB 
4. The algal growth model shall be incorporated in a photobioreactor design in order 

to simulate  
4.1. carbon dioxide consumption  
4.2. oxygen generation 
4.3. biomass production 

5. Two gas transfer technologies between the photobioreactor and the atmosphere 
shall be implemented 
5.1. sparging 
5.2. hollow fiber membranes 

6. Areas where biological and hardware tests are sensible shall be identified. 
7. Simulations shall be run that to size a photobioreactor capable of providing 

sufficient air revitalization capability to a human in a day/night cycle with special 
consideration of the 
7.1. interplay between assimilation coefficient (algae) and respiration coefficient 

(human) 
7.2. predicting the waste water input (urine as nutrition) and purified water output 
7.3. predicting the produced biomass 
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After the arrival in Boulder and more communications about the goals of the thesis, it 
became clear that a newly proposed photobioreactor design and integration 
architecture by Tobias Niederwieser shall act as baseline for the simulation cases in 
order to verify the validity of that design. Therefore, two more requirements are added 
to the list: 

8. The newly proposed photobioreactor design and integration architecture shall be 
simulated 
8.1. with values exactly as proposed in the paper 
8.2. with the values as implemented in the model (found in other literature sources) 

9. Means of optimization shall be identified through the simulation results 

1.2.2 Model Development Process 

The development process of the model was governed by the analysis of literature. 
Where possible, journal articles were used, which mainly came from scientific, 
biological or biotechnological journals rather than purely engineering journals. When 
journal articles were unavailable, further resources like conference papers, university 
courses or technical product sheets were used. 

In the initial development phase, a top-level V-HAB system with a growth chamber and 
air supply was implemented with a simplistic growth model. Since the backbone of 
simulated algal growth is a model that calculates the growth rate itself, this was 
implemented as first subsystem. 

Over time, features were added that simulate a certain influence on the algal growth 
(for example temperature, pH, nutrients). And since the calculation of the magnitude 
of these influences require the simulation of the cause of the influence, further 
mechanisms had to be implemented. For example, the influence of pH on the growth 
rate requires the simulation of the pH in the medium, which can then act as a cause of 
the influence. 

Each implemented influence was tested for its individual performance. For example, 
titration experiments with the pH calculation module were made to reproduce known 
behaviors. In a next step they were combined with the existing growth model and other 
factors implemented thus far. This approach ensures the validity of the individual 
calculation mechanisms and gives confidence that they are also capable of functioning 
in a larger context.  

A further step in the model development was the generation of experimental data in 
areas where data was only available scarcely (such as the attenuation of 
photosynthetically active radiation in an algal culture) or showed a wide variance (such 
as the growth rate and maximum achievable cell concentrations). The materials and 
methods used for these experiments are presented in chapter 5, where also their 
results are presented. 

Scaling up to at a larger system context, the developed Chlorella vulgaris model was 
integrated in a photobioreactor V-HAB system. During this integration, certain 
boundary conditions previously set in the algae model were moved up one level to be 
defined by the photobioreactor. This concerned mainly parameters of the 
photosynthetically active radiation, the gas exchange with the atmosphere and the 
integration of a dedicated biomass harvester. 
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Each time a feature was added to the model, it was connected with subsystems that 
were already part of the model. Furthermore, each time a higher order system (e.g. 
photobioreactor or spacecraft cabin) was integrated, more interdependencies were 
added. A map of top-level interdependencies can be drawn that gives an idea of how 
connected the eventually developed model is. This furthermore shows how important 
a dynamic simulation is for an accurate prediction of algal growth, since it depends on 
a variety of factors that can influence its growth. The map is shown in Figure 1-1. 

 

 
Figure 1-1: Map of dependencies between components of the developed algal growth model and 

its integration in a photobioreactor as a life support system component. 

1.3 Nomenclature 

This thesis uses no abbreviations in the running text. Only units and chemical symbols 
are abbreviated. In figures and tables, the use of abbreviations is also avoided where 
possible but used sometimes for the sake of space. For the few abbreviations that had 
to be used in figures and tables, the full word is mentioned in the text and in the list of 
abbreviations. 

This thesis describes the development of a Chlorella vulgaris model. Nevertheless, 
sometimes also terms such as algal culture (instead of Chlorella vulgaris culture) or 
algal growth (instead of Chlorella vulgaris growth) are used in the thesis. These terms 
refer to the same model in which the algal species Chlorella vulgaris is modeled. For 
a non-native English speaker some confusion about the words alga, algae or algal can 
arise which should be explained here. Alga is singular (i.e. one cell), algae the plural 
and algal an adjective. 

Throughout the published literature there is a lot of ambiguity around the words 
describing how many cells are in a volume of growth medium and to how much 
biomass these cells in the volume equate. For this thesis a consistent nomenclature 
shall be used, which is explained here 



Introduction  

 

 

Page 7 

¶ Cell density is the density of the cell itself, measured in kg cell mass per m3 
volume of a single cell. 

¶ Cell concentration is the number of cells per m3 volume of growth medium. 

¶ Biomass concentration is the combined mass of all cells in kg per m3 volume of 
growth medium. 

The source from which the photosynthetic process draws its energy is often referred 
to as light. However, the term light or more precisely visible light is defined as the 
radiation between 400 and 700 nm wavelength, which the human eye can detect [6] 
and since plants do not receive energy or information through eyes, the term light 
should not be used when referring to plant research [7]. Hence, this thesis uses the 
correct term, which is photosynthetically active radiation, where many other 
publications use light. In tables and figures it may be used in its abbreviated form PAR. 
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2 Chlorella Vulgaris Biology, Cultivation and Technology 

The microalgal species Chlorella vulgaris, which will be defined in more detail in 2.1, 
can be utilized in a broad spectrum of useful applications. These applications can be 
both terrestrial and extraterrestrial and are presented in 2.2. When cultivated in an 
industrial manner, Chlorella vulgaris is usually grown in photobioreactors, to which an 
introduction and technology overview is given in 2.3. Lastly this chapter discusses 
previous V-HAB simulation models of algal biotechnology applications in 2.4, which 
also serves as a direct introduction to the main work conducted within the scope of this 
thesis. 

2.1 Algae 

For most people the word algae will call forth images of seaweed or a green film on 
bodies of water. And as different as the appearances of seaweed and a seemingly 
homogenous green film on a pond is, they can still both be referred to as algae. In fact, 
algae is a very broad term for aquatic organisms capable of performing photosynthesis, 
which can range from microscopic unicellular species, such as Chlorella vulgaris used 
in this thesis, to 60 meter long Kelps, spanning seven orders of magnitude in size [8]. 
Alone among the microalgae, 40 000 different types have been discovered so far [9]. 

Algae are eukaryotic organisms, which means that their cells have an organism with 
an enclosed nucleus [10]. They do not have multicellular reproductive structures such 
as plants [8]. The so called blue-green algae or cyanobacterium (also sometimes 
considered for spaceflight applications [10]), has many similarities with eukaryotic 
algae but technically is not considered one [11], [12]. A further means of classifying 
algae is often done by their visual appearance due to the different pigments they 
contain such as green, brown or blue-green algae [8]. 

Since this thesis mainly deals with the green freshwater microalgal species Chlorella 
vulgaris, it shall be introduced in more detail hereafter. 

2.1.1 Chlorella Vulgaris 

First discovered in 1890 by Dutch researcher Martinus Willem Beyerinck [13], Chlorella 
vulgaris is a green eukaryotic fresh water microalgae with a diameter between 2 and 
10 µm [14]. 

The Chlorella vulgaris cell, which is pictured in Figure 2-1, is characterized by a rigid 
outer cell wall, which shields the active components of the cell from harsh 
environments. The single chloroplast inside the Chlorella vulgaris cell holds the 
chlorophyll and carotenoid pigments that capture the photosynthetically active 
radiation energy for the photosynthetic processes that happens in the chloroplast and 
its lower level components [14]. 
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Figure 2-1: Schematic overview of Chlorella vulgaris cell with cell organelles. Copied from [14]. 

The reproductive process of Chlorella vulgaris is asexual and happens in a process 
called autosporulation. During this process, four daughter-cells are formed within the 
mother-cell and burst out of the (at that point no longer existing) mother-cell, when they 
become too large. These daughter-cells each have their own nucleus and chloroplast 
and consume the remainder of the mother cell [14]. 

When looking at Chlorella vulgarisô macromolecular composition, there is a variance 
that can be influenced by the cultivation method and growth medium composition [15]. 
It is composed of 42-58 % proteins, 5-40 % lipids (depending on growth conditions), 
12-55 % carbohydrates (depending on growth medium) and 1-2 % pigments [14]. 
Another source states the following values: 51-58 % proteins, 12-17 % carbohydrates 
and 14-22 % lipids [16]. 

This sub-chapter only serves as a short introduction to cell internal characteristics of 
Chlorella vulgaris. Chapter 3 covers the photosynthetic growth, nutrient metabolism 
and reaction to varying environmental influences of Chlorella vulgaris in detail. 

2.2 Applications of Chlorella Vulgaris 

Applications of Chlorella vulgaris are found in various different fields. Their rigid cell 
walls, make the cells resistant to harsh conditions and invaders and, combined with 
their rapid growth rate, this circumstance makes them well suited for commercial 
industrial production. The terrestrial applications in which these commercially produced 
Chlorella vulgaris cells can be put to use are abundant and outlined in 2.2.1. For space 
applications, which are outlined in 2.2.2, the production will not be of a commercial 
nature and most likely also would not be considered large-scale. 
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2.2.1 Terrestrial 

With an increasing carbon dioxide content in Earthôs atmosphere due to the burning of 
fossil fuels, sustainable biofuels become ever more important. Chlorella vulgaris can 
be used as a feedstock for so called third-generation biofuels, which have the 
advantage of not competing with food sources for humans, not requiring deforestation 
when cultured sensibly [14] and even have the potential to be grown in otherwise 
unusable brackish water [15]. For this application, a high lipid content in the algal cells 
is desired and research regarding the maximization of lipid content is ongoing [14], 
[15]. However, currently the processes of culturing the algal cells and the chemical 
processes to eventually turn them into fuel cannot compete with fossil fuel sources 
from economic and production-energy perspectives [14].  

Chlorella vulgaris is used as a food supplement in the form of tablets, powders and 
extracts due to its ñrichness in proteins, lipids, polysaccharides, pigments and vitaminsò 
[14]. However, breaking the rigid cell walls is a challenge since it is a costly process 
but required to make the cells digestible and the internal components extractable [14]. 

Chlorella vulgaris cells can be used as food for animals, which made up about 30 % of 
total Chlorella vulgaris production in 2007 [16]. The carotenoid pigments in Chlorella 
vulgaris can have a positive pigmentation effect on fish flesh and egg yolk and increase 
health and life expectancy of animals. Furthermore, Chlorella vulgaris as animal food 
can protect the animals against the effects of heavy metals [14]. 

The treatment of municipal, agricultural or industrial wastewaters can be done with 
Chlorella vulgaris cells [14] in a cheaper and more efficient manner than with traditional 
methods [17]. A lot of research, historic and present, is connected to the metabolism 
of water contaminants (especially urine, ammonia and phosphorus) that can serve as 
nutrients to a growing algal culture [15], [18], [19], [20]. 

Other areas of application, which are not further discussed here are the use of Chlorella 
vulgaris as fertilizer for higher plants, in cosmetics and for the production of 
pharmaceutical products [14]. 

2.2.2 Extraterrestrial 

Some of the previously described terrestrial applications of Chlorella vulgaris can be 
transferred to an extraterrestrial application, where algae can also be used in a 
beneficial way. Among these already discussed ones are the potential for food 
production and waste water cleaning. One additional major functionality a growing 
algal culture can have in a spacecraft is air revitalization. An algal culture can turn 
carbon dioxide into oxygen through the process of photosynthesis while producing 
edible biomass and processing urine to potable water. 

The concepts for algae based life support systems vary from a full air revitalization and 
water processing capability [5], over hybrid systems[21] to backup systems for carbon 
dioxide regulation during times of emergency or strong fluctuations in the cabin 
atmosphere [3]. 

While some full scale biological life support system experiments have been done on 
Earth in Russia and the United States as early as the 1960s (involving humans, apes 
dogs and rats) [10], no data on full scale system tests in space could be found.  
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Nevertheless, smaller-scale algal experiments have been done in space. A review 
study [22] found that algal experiment have been done in space since as early as 1960 
and have totaled to 50 individual experiments until the end of 2017 with one additional 
one to be launched in 2018. Not all of these experiments used green algae or Chlorella 
vulgaris specifically, but the main genus used was Chlorella. While most of these 
experiments were done inside the pressurized cabin, one experiment proved the 
survivability of algae and cyanobacteria in the vacuum of space, which indicates that 
they could survive a catastrophic failure and help to recover the atmosphere after such 
an event. [22] 

2.3 Cultivation in Photobioreactors 

When algae are cultured in a controlled manner, this is done in photobioreactors. This 
sub-chapter gives an overview of different photobioreactor designs in open and closed 
types of system architectures. 

At this point two opposing cultivation methods for photobioreactors can also be 
explained. A photobioreactor is usually either run in batch or continuous operation.  

Batch growth refers to starting the culture once and leaving it untouched until it no 
longer grows due to reaching its maximum biomass concentration. The biomass can 
then be harvested as a batch. 

Continuous growth refers to keeping an algal culture growing continuously by 
harvesting biomass and adding nutrients. Biomass is usually harvested to that degree 
that the culture always stays at its highest productivity. 

2.3.1 Open Photobioreactors 

Open systems are typically used for economic large-scale production. They are not 
sealed from the environment, which puts them at a higher risk of pollution, 
contamination with other algal species or invasion of bacteria and evaporative water 
loss [14]. Since the growth in open systems is usually almost uncontrolled, the 
achievable productivity and biomass concentration is low [2]. 

2.3.1.1 Open Pond 

This is the most common, simple and cheap system of a photobioreactor for large scale 
biomass production [14]. As the name already suggests, it is simply an artificial pond 
in which algae can grow without any control or stirring device [2]. 

2.3.1.2 Raceway Pond 

Raceway ponds are an open pond enhanced with a stirring device ï usually a paddle 
wheel ï to prevent sedimentation and improve the aeration. They are considerably 
more productive and stable than open ponds at the cost of higher infrastructure, power 
and maintenance investments [2]. A picture of an experimental raceway pond is seen 
in Figure 2-2. 
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Figure 2-2: Open raceway pond at Texas A&M University [23] 

2.3.2 Closed Photobioreactors 

Closed photobioreactors provide a controlled environment to the growing algal culture. 
The main controlled parameters usually are the radiation intensity, temperature, 
carbon dioxide content and temperature, which are kept at optimum for the growing 
algal culture or can be altered to generate experimental data. They come at the cost 
of construction and maintenance investments and smaller irradiated area and culture 
volume than an open pond system. 

2.3.2.1 Tubular 

Tubular photobioreactors consist of a loop in which the culture is exposed to 
photosynthetically active radiation and moved through an impulsion device to prevent 
sedimentation, and a degasser in which the air exchange happens. Both of these 
devices can be optimized individually to fulfill the needs of the growing algal culture [2]. 

Since it does not rely on rising air to be moved, a tubular photobioreactor could be 
conceptualized for an orbiting spacecraft if the degasser can function in microgravity. 

 
Figure 2-3: Tubular photobioreactor, degasser not shown [24].  
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2.3.2.2 Vertical 

Vertical (or air column) photobioreactors are those most commonly used, when 
studying literature or algal experiments. They are single bodied tubes or flat panels in 
which every aspect of the cultivation (gas exchange, illumination, mixing) takes place 
[2]. Air column photobioreactors are stirred through air rising from the bottom to the top 
through density differences. They can either be implemented as bubble column 
photobioreactors, in which an air stream is induced at the bottom (also called sparging) 
and rises as bubbles or air lift photobioreactors, in which the air is induced into a stream 
of moving culture medium [25]. An image of a vertical bubble column photobioreactor 
is shown in Figure 2-4. 

Issues with these reactors can arise at a large scale, when the pressure at the bottom 
becomes damagingly high to the algae [2]. 

Since they rely on a rising air column, and this cannot happen in microgravity, vertical 
photobioreactors could not be implemented in an orbiting spacecraft. 

 
Figure 2-4: Vertical bubble column photobioreactors [26]. 

2.3.2.3 Membrane 

Membrane based photobioreactors are characterized through a membrane that is 
permeable to at least carbon dioxide and oxygen but not to the algal culture and growth 
medium. The air exchange can either be realized through a membrane wall on a flat 
panel reactor or through hollow fiber membranes submerged in the algal culture. An 
impulsion or stirring device in these reactors is needed since there is no other means 
of mixing. 

These photobioreactors are well suited for microgravity environments since they do 
not rely on aeration through rising gas bubbles. The simulations run within the scope 
of this thesis discuss a flat panel photobioreactor with membrane air exchange for a 
biological life support system in high detail in 6.1. 
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2.4 Current V-HAB Algae Simulation Models 

Since this thesis presents the development of an algal growth model, which is then 
integrated into a photobioreactor, previously developed models shall be introduced and 
discussed in this section. In fact, three previous models of algae have been 
implemented in V-HAB alone, which is the simulation tool that is also used for this 
thesis. 

One model by Steigenberger [27] implemented the unicellular green microalgae 
Chlamydomonas reinhardtii in a photobioreactor in V-HAB. This model aims at 
representing the discontinuous process of producing hydrogen. During this process 
the algae die and a new batch culture with a very specific procedure must be started 
again, when new hydrogen shall be produced. Since this model describes a very 
different process from what this thesis is aimed at, (discontinuous, hydrogen vs 
continuous, oxygen) it was not further investigated. 

Another model, developed by Beck, which was implemented in the first version of 
V-HAB also modeled the behavior of Chlorella (without specifying a species) [28]. Its 
implementation approach was to use a given amount of power that is provided to the 
photobioreactor, which is primarily used to keep the optimum temperature and only 
with second priority provides photosynthetically active radiation to the algal culture. 
The growth modeled in this thesis is based on a stoichiometric composition, consumes 
carbon dioxide and nutrients and produces oxygen and biomass according to the 
biomass growth rate. However, the only actual influence on the growth rate that varies 
with time is the available photosynthetically active radiation and that is also only 
implemented in a way of requiring a certain amount of power in Watts to maintain 
growth. This might be true for a given photobioreactor depth at one certain biomass 
concentration but seems too general an approach for the level of detail desired for this 
thesis. The appearance of the results presented in the thesis allow the assumption that 
the behavior described as dynamic was in fact only time-dependent and not a reaction 
to changing parameters modeled in the simulation environment. This model was 
therefore deemed not to be useful (only available power in Watts dictates the 
simulation behavior in the end) and no benefit was seen in adapting it to new ideas 
and a newer version of V-HAB, since the creation of a new model would probably be 
faster. 

A third model, developed by Schneider, which was also implemented in the first version 
of V-HAB modeled the growth behavior for the cyanobacterium Spirulina platensis in a 
flat panel photobioreactor [25]. Like the Chlorella model mentioned before, mainly the 
availability of photosynthetic active radiation is what is modeled as influencing factor. 
While the previous model by Beck [28] used only a given amount of power in watts, 
this one at least uses the commonly used photosynthetic photon flux density, but only 
by tying it to result from a certain power level. The modeled influence is not continuous 
but divided into four discrete levels depending on the available overall power. 
Interesting aspects of this thesis are the consumption of power of different components 
such as pumps and heaters, and the ability of algae to respire at low power availability. 
Nevertheless, it was also deemed to inflexible (four discrete photon flux density levels 
tied directly to power, no geometry influence, no other influences modeled) for what 
wanted to be done and therefore the decision was made to not use the old models and 
create an entirely new one. 
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3 Scientific Background of Chlorella Vulgaris Model 

This chapter provides an overview of the scientific background of the processes and 
effects that are part of the dynamic Chlorella vulgaris model and the photobioreactor 
that the algae are growing in. These modeled processes can either be the algal growth 
itself, affect the growth or be a result of the growing algal culture. 

The Chlorella vulgaris model is separated into four modules, which each represent a 
distinct part of algal growth in a growth medium. The growth rate calculation module 
determines how much the algae can currently grow. The photosynthesis module uses 
the calculated growth rate to synthesize Chlorella vulgaris cells from carbon dioxide, 
water and nutrients based on stoichiometric relations. The growth medium module 
represents all aspects that happen in the growth medium, while the algae are growing 
such as air exchange or pH changes. The photosynthetically active radiation module 
determines how radiation propagates through the culture medium and photobioreactor 
geometry based on the current biomass concentration. These four modules shall act 
as a logical division for the explanation of the modeled features in this chapter. 

While this chapter exclusively deals with the scientific and mechanistic background by 
describing technical, physical, chemical or biological characteristics of processes 
happening in the growth model and photobioreactor, it does not cover the 
programmatic implementation of the model. However, all aspects, mechanisms and 
phenomena described in this chapter are implemented in the model and a description 
of the implementation can be found in Chapter 4. 

3.1 Growth Rate Calculation Module 

The growth rate calculation module determines how much the algal culture in the 
photobioreactor can increase in the current time step. Initially, an ideal growth rate is 
calculated, which is based on an exponential growth curve and then factors for various 
environmental influences are calculated, which determine how strongly the actually 
achievable growth rate differs from the calculated optimum. 

The growth behavior of microalgae and a mathematical model for the optimum growth 
is presented in 3.1.1, the influence of various environmental parameters on the growth 
rate is described in 3.1.2 and the calculation of the actually achievable growth rate is 
shown in 3.1.3. 

3.1.1 Optimum Growth 

In a batch culture (i.e. one without harvesting or refilling of nutrient during the cultivation 
time), microalgal biomass increase typically follows a distinct growth curve over time 
as shown in Figure 3-1.  

This curve starts with an initial lag phase, in which the algal culture adapts to the 
conditions in the medium (e.g. pH, Temperature) and photobioreactor (e.g. lighting 
conditions). The lag phase is followed by an exponential phase in which the growth 
rate is neither limited by nutrients nor by available radiation energy (i.e. all available in 
abundance). In the linear phase, biomass is produced at a constant rate until nutrients 
become limited and the growth rate starts to decline in the declining growth phase. The 
stationary phase is characterized through a steady biomass concentration in which no 
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net growth occurs, but the macromolecular composition of the cells can change. It is 
followed by the death phase in which the microalgal cells die [29]. 

 
Figure 3-1:  Phases of microalgal growth over time. The blue line represents the qualitative 

evolution of biomass concentration over time and is, along with the phase names, adapted 
from [29]. The orange line represents a qualitative sketch of the growth rate over time. 

In order to mathematically approximate the microalgal growth curve shown in Figure 
3-1, the Gompertz Model can be used [30], [31]. It is a three parameter model and 
commonly used in various fields of biology such as plant, animal, bacteria and cell 
growth [32]. 

The Gompertz Model does not show a linear phase but therefore expands the 
exponential and declining growth phases with the maximum specific growth rate at the 
inflection point between these two phases. It should be noted, that the time dependent 
growth rate described with this model is not symmetric to the inflection point [33], which 
lies at approximately 36.8% of the maximum biomass concentration [32]. The lag time 
of this model is described as the point where 6.6% of the maximum biomass 
concentration (the upper asymptote) are reached [32] and the model furthermore does 
not show a death phase.  

One of the numerous parametrizations of the Gompertz Model is the Zwietering 
modification [34],[32]. It is represented by a relatively simple equation, that uses 
ñparameters with a biologically meaningò [34] shown in Eq. ( 3-1 ), which was adapted 
from [34]. In order to calculate the time dependent biomass concentration, it requires 
the input of a lag time, maximum specific growth rate at the inflection point between 
the exponential and declining growth phase and the maximum biomass concentration 
in the stationary phase. 

” ὸ ”  zÅØÐÅØÐ
‘  zÅØÐρ

”
ᶻὸ ὸ ρ  Eq. ( 3-1 ) 

In the above equation, ” ὸ is the biomass concentration in ËÇÍσϳ  as a function of 

time, ”  the upper asymptote or, in other words, the maximum achievable biomass 

concentration ὯὫάϳ , ‘  is the maximum specific biomass concentration increase 
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in ὯὫά ίzϳ  in the inflection point, ὸ  the lag time in ί, and ὸ the evaluated time 

in ί. 

3.1.1.1 Time Dependent Cell Density Increase Rate 

The biomass concentration increases as a function of time as shown in Eq. ( 3-2 ) can 
be achieved by deriving Eq. ( 3-1 ) with respect to time.  

‘ὸ
Ὠ” ὸ

Ὠὸ

 ‘ ÅzØÐ ÅØÐ
‘ ÅzØÐρ

”
ᶻὸ ὸ ρ

‘ ÅzØÐρ

”
ᶻὸ ὸ ς 

Eq. ( 3-2 ) 

In the above equation, ‘ὸ is the time dependent biomass concentration increase rate 

in ὯὫά ίzϳ . 

Experiments were conducted in order to determine the values that define the growth 
model. The results are shown in 5.2.4. 

An exemplary graph of the evolution of biomass concentration and biomass 
concentration increase rate over time as described by the Gompertz Model is shown 
in Figure 3-2. 

 
Figure 3-2: Evolution of biomass concentration and biomass concentration increase rate over time 

as described by the Gompertz Model. Graphs calculated with Eq. ( 3-1 ) and Eq. ( 3-2 ) for a 

time span of ὸ σπ Ὠ with ὸ ς Ὠȟ ” ρυ  and ‘ ρȢσ 
ᶻ

. 

3.1.1.2 Biomass Concentration Dependent Calculation 

A photobioreactor in a life support system will not be operated in batch mode. It will 
rather be operated continuously to enable a constant stream of carbon dioxide into and 
oxygen out of the photobioreactor. In order to enable the continuous operation, 
biomass must be continuously harvested, and nutrients resupplied into the medium at 
the same time. As soon as the process of harvesting begins, the time is still increasing, 
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but the biomass concentration remains constant or even decreases. As long as 
sufficient nutrients are available and the biomass concentration neither increases nor 
decreases during the harvesting process, the growth rate stays at a constant level. 
Therefore, the time dependent calculation of biomass concentration and growth rate 
cannot be used for a continuously operating photobioreactor. 

Furthermore, non-ideal but survivable growth conditions can lead to a momentarily 
decreased (possibly to zero) growth rate. Since time progresses independently, a 
wrong growth rate would be observed, when ideal conditions are reestablished (i.e. the 
one that would be present at the current time). The effect is similar to a photobioreactor 
with an operating harvester: the actual biomass concentration differs from what it would 
be in a time-controlled ideal growth behavior. The time-dependent growth rate can 
therefore no longer represent the growth rate that would actually be achievable after a 
disturbance is induced. The challenges harvesting, and non-ideal conditions pose to 
the use of a time-dependent growth rate are graphically explained in Figure 3-3. 

 
Figure 3-3: Challenges to a purely time-dependent growth calculation model after disturbances 

such as harvesting or non-ideal conditions are induced between the 6th and 17th day. The 
transparent blue and orange lines in the background show the ideal time-dependent 
behavior. The bold blue and orange lines show the time-dependent behavior with an 

induced disturbance. The dashed blue and orange lines show the behavior of biomass 
concentration and growth rate that would be observed in reality but are not representable 
with a time-dependent growth model. The transparent grey arrows indicate the similarities 

between the ideal behavior and the actual (dashed) and wrongly represented behavior 
(bold). 

In order to predict the current optimum growth rate in a continuously operating 
photobioreactor, which can also be affected by non-ideal growth conditions, the cell 
density increase rate must be determined as a function of the current biomass 
concentration instead of being time dependent. 
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The required equation can be obtained by rearranging the previously presented 
equations Eq. ( 3-1 ) and Eq. ( 3-2 ). First, the biomass concentration equation Eq. ( 
3-1 ) must be rearranged in a way, so it shows the time at which a certain biomass 
concentration is reached. This rearranged form of Eq. ( 3-1 ) is Eq. ( 3-3 ). 

ὸ” ὸ  

” ᶻÌÎ ÌÎ
”
” ρ

‘  zÅØÐρ
  

Eq. ( 3-3 ) 

Since the required equation to calculate the biomass concentration increase should be 
independent of time, the time variable ὸ in in Eq. ( 3-2 ) must be substituted for the 
expression in Eq. ( 3-3 ). The time independent equation for the biomass concentration 
increase can then be simplified to Eq. ( 3-4 ). 

‘”  ‘ ÅzØÐ ÅØÐÌÎ ÌÎ ρ ρ

ÌÎ ÌÎ ρ ς) 

Eq. ( 3-4 ) 

The behavior of the time independent biomass concentration increase rate ‘”  as a 
function of biomass concentration is shown in Figure 3-4 and can be compared to the 
graph shown in Figure 3-2, since the same values were used where necessary. 

 
Figure 3-4: Biomass concentration increase as a function of current biomass concentration. The 

graph was created using Eq. ( 3-4 ) with ” ρυ  and ‘ ρȢσ 
ᶻ

. 

The challenges previously depicted in Figure 3-3 can be overcome with this method of 
growth rate calculation. When biomass is harvested, the growth rate adapts 
accordingly to the changed biomass concentration. At the end of the harvesting or non-
ideal conditions, the growth rate can be determined based on the current biomass 
concentration and not on the time which would then lead to the evolution shown as a 
dashed line instead of the wrong and time-dependent solid line in Figure 3-3. 

By integrating Eq. ( 3-4 ) with respect to time (or from a programmatic standpoint: 
adding resulting growth rates over time), considering that ” can be time dependent 
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when biomass is being harvested, and using a starting biomass concentration 
” ȟ the biomass concentration at any time can be calculated. When the starting 

biomass concentration is used that is calculated when the time dependent Gompertz 
Model Eq. ( 3-1 ) is evaluated at ὸ π, and no biomass is harvested, the evolution of 
biomass concentration shows the same behavior as in Figure 3-2, in which the time 
dependent growth rate equation Eq. ( 3-1 ) is used. 

3.1.2 Limiting Factors on Optimum Growth 

The parameters that affect the Gompertz Model should be selected in a way that 
represent ideal conditions. If the conditions of the photobioreactor or medium deviate 
from these ideal conditions, the cell density increase rate is decreased. 

This sub-chapter presents different limiting factors, establishes their optimum range 
and discusses how they affect the optimum cell density increase rate, which for 
simplicity, is also referred to as growth rate. 

3.1.2.1 Temperature Limitation 

The temperature of the growth medium can strongly affect the growth of microalgae, 
when it deviates from its optimum. Typically, there are lower and upper temperature 
extremes beyond which the culture is lethally damaged. In between these extreme 
boundaries, the algal culture can grow at varying levels depending on how strongly the 
temperature differs from the narrow optimum temperature band, in which the maximum 
growth can be achieved as shown in Figure 3-5. 

 
Figure 3-5: Growth Rate as a function of medium temperature. Steady climb from the lowest 

temperature to the optimum (around 303 K) and then a steep decline to the maximum 
survivable temperature. Copied from [35]. 

Since this temperature values differ between microalgal species and therefore no 
universal statement for all microalgae can be made [35], the values stated here are 
specifically for Chlorella vulgaris. A compilation of literature values is shown in Table 
3-1. 
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Table 3-1:  Compilation of literature values for lower and upper extreme temperature boundaries 
4 Ⱦ  and the boundaries of the optimum temperature band 4 Ⱦ  for Chlorella 

vulgaris. Comments about the source are added for further information in some cases. 

Source ╣□░▪■░█▄ ╚  ╣□░▪▫▬◄ ╚  ╣□╪●▫▬◄ ╚   ╣□╪●■░█▄ ╚  Comment 

[15] - 301 305 311 Review paper, values 
from different 
sources. 

[36] - 293 303 > 303 States that conditions 
above 303 K are 
critical 

[37] - 297 299 - Not stated that best, 
but used for 
experiment 

[38] - 303 303 - States multiple 
sources 

[9]  297 303   

[35] < 283 303 308 > 313 State that 305.4 K is 
optimum. No 
statement about 
minimum, but lowest 
reported growth rate 
is ta 283 K 

[39]  <278 - - - Fig. 1 shows growth 
(albeit low) still 
possible at 5°C. ñCut-
off temperature very 
close to 0ÁCò [39]. 
Storage at 4°C 
possible for longer 
durations (22 weeks 
tested in this article) 

The data in Table 3-1 shows, that the optimum temperature for Chlorella vulgaris is 
around 300 K and the maximum survivable temperature around 310 K. Since the 
optimum operating temperature is rather close to the maximum tolerable temperature, 
a reliable temperature control is vital, especially when considering that the required 
radiation energy can present a significant heat flux into the medium. 

On the other hand, temperatures close to 273 K seem tolerable without long-term 
damage and even a long term storage at 253 K for 22 weeks still yielded a 
photosynthetic activity of 50 % compared to pre-exposure activity in Chlorella vulgaris 
in one article [39]. 

In order to account for temperatures as low as 278 K [39], where Chlorella vulgaris can 
still grow (albeit at a low rate) and a minimum survivable temperature of (at least) 274 
K [39], the behavior shown in Figure 3-5 [35], is amended. The assumption is made, 
that the relative population growth rate in the graph in [1/day] can be translated to a 
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relative cell density increase rate [µ/µopt] which is 1 at the temperature optimum, and 0 
at the lower and upper survivable temperatures. Furthermore, while a steady increase 
of relative growth is assumed between the lower survivable temperature and the 
optimum, a steep drop-off to 0 is assumed when the highest survivable temperature 
documented in the graph in Figure 3-5 is passed. The resulting behavior of the relative 
growth rate with regard to varying medium temperature is shown in Figure 3-6. 

  
Figure 3-6: Relative growth rate of Chlorella vulgaris with respect to medium temperature. Data 

points are blue circles and the orange line represents the growth/rate temperature behavior 
which is a 4th order polynomial on the interval between the lower and upper survivable 

temperatures [274 K, 314 K], and 0 outside of the survivable temperature range. Derived 
from values in [35] and [39]. 

The function representing this graph on the interval between the lower and upper 
survivable temperatures [274 K, 314 K] is a 4th order polynomial and can be obtained 
by entering the data points and applying a curve fitting algorithm. Outside the minimum 
and maximum survivable temperatures, the relative growth rate is zero, since this 
model does not regard negative growth (however, theoretically it is possible due to 
respiration). The equation is shown in Eq. ( 3-5 ). 

А Ὕ

π                                                          ȿ  Ὕ ςχτ

ςȢρz ρπ Ὕz πȢππςτzὝ ρȢπχ zὝȣ
                      ȣ ςπφȢψz Ὕ  ρȢυz ρπ ȿ  Ὕ  ɴςχτ ȟσρτ 

π                                                          ȿ  Ὕ σρτ

  Eq. ( 3-5 ) 

In the above equation А Ὕ is the unitless relative growth rate as a result of 

temperature limitation and Ὕ is the current medium temperature in ὑ. 

3.1.2.2 pH Limitation 

Besides the temperature, the pH of the medium is one of the important parameters that 
affect algal growth [35]. The pH is defined as the negative decadic logarithm of 
hydrogen ion activity in the solution [40]. However, throughout this thesis, the 
assumption of an ideal solution is used, which allows to disregard activities and replace 








































































































































































































































































