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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. 

  



Development of a Dynamic Simulation Model for Performance Prediction 
of Photobioreactors in Biological Life Support Systems for Human 
Spaceflight 
Thomas Ruck, B.Sc. 

 

 

Page VI 

Table of Contents 

1 INTRODUCTION 1 

1.1 Scope 2 
1.1.1 Limitations 2 

1.2 Methods 3 
1.2.1 Mission Statement and Requirements 4 
1.2.2 Model Development Process 5 

1.3 Nomenclature 6 

2 CHLORELLA VULGARIS BIOLOGY, CULTIVATION AND 
TECHNOLOGY 8 

2.1 Algae 8 
2.1.1 Chlorella vulgaris 8 

2.2 Applications of Chlorella vulgaris 9 
2.2.1 Terrestrial 10 
2.2.2 Extraterrestrial 10 

2.3 Cultivation in Photobioreactors 11 
2.3.1 Open Photobioreactors 11 
2.3.2 Closed Photobioreactors 12 

2.4 Current V-HAB Algae Simulation Models 14 

3 SCIENTIFIC BACKGROUND OF CHLORELLA VULGARIS MODEL 15 

3.1 Growth Rate Calculation Module 15 
3.1.1 Optimum Growth 15 
3.1.2 Limiting Factors on Optimum Growth 20 
3.1.3 Achievable Biomass Concentration Increase Rate 34 

3.2 Photosynthesis Module 36 
3.2.1 Chlorella Vulgaris Composition Model 36 
3.2.2 Algal Growth Reactions 38 

3.3 Growth Medium Module 40 
3.3.1 Bold’s Basal Medium 42 
3.3.2 Atmospheric Exchange of Components 43 
3.3.3 Total Inorganic Carbon Balance 46 
3.3.4 Components from Algal Metabolism 48 
3.3.5 Changes of Composition and pH due to acid-base-reactions 48 

3.4 Photosynthetically Active Radiation Module 54 
3.4.1 Photosynthetically Active Radiation as Energy Source 55 
3.4.2 Photosynthetically Active Radiation Growth Domains 57 
3.4.3 Optimum Wavelength within the Photosynthetically Active Radiation Band for 

Chlorella Vulgaris cultivation 59 
3.4.4 Energy Attenuation in Microalgae Cultures 59 
3.4.5 Spatial Separation of Growth Domains in Photobioreactors 62 



Development of a Dynamic Simulation Model for Performance Prediction 
of Photobioreactors in Biological Life Support Systems for Human 
Spaceflight 
Thomas Ruck, B.Sc. 

 

 

Page VII 

3.4.6 Efficiency of Photosynthetic Energy Conversion and Heat Generation 64 

4 IMPLEMENTATION OF CHLORELLA VULGARIS MODEL IN V-HAB 66 

4.1 The V-HAB Life Support System Simulation Tool 66 

4.2 Dynamic Algae Model Implementation Overview 67 
4.2.1 Calculation Mechanism 67 
4.2.2 V-HAB Model Architecture 68 

4.3 Growth Rate Calculation Module Implementation 69 
4.3.1 Theoretical Optimum Growth 70 
4.3.2 Limiting Factors 70 
4.3.3 Achievable Growth 73 

4.4 Photosynthesis Module Implementation 73 

4.5 Growth Medium Module 74 
4.5.1 Bold’s Basal Medium Composition 74 
4.5.2 Atmospheric Exchange Phase to Phase Processors 75 
4.5.3 pH Calculation 76 

4.6 Photosynthetically Active Radiation Module Implementation 77 
4.6.1 Calculation of Growth Domain Volumes 77 
4.6.2 Heat Transfer into the Medium 78 

5 EXPERIMENTS 80 

5.1 Measuring Biomass Concentration 80 
5.1.1 Optical Density to Cell Concentration 80 
5.1.2 Cell Concentration to Biomass Concentration 83 

5.2 Growth Model Parameter Experiments 84 
5.2.1 Aim of Experiments 84 
5.2.2 Experimental Setup 84 
5.2.3 Experimental Procedure 88 
5.2.4 Results 89 

5.3 Radiation Growth Curve Parameter Experiments 96 
5.3.1 Aim of Experiments 96 
5.3.2 Hardware Setup 96 
5.3.3 Experimental Procedure 97 
5.3.4 Results 97 

5.4 Energy Attenuation Experiments 101 
5.4.1 Aim of Experiments 101 
5.4.2 Experimental Setup 101 
5.4.3 Experimental Procedure 102 
5.4.4 Results 103 

6 SIMULATION OF AN ALGAL LIFE SUPPORT SYSTEM 105 

6.1 Niederwieser Photobioreactor Design 105 

6.2 V-HAB Integration 107 



Development of a Dynamic Simulation Model for Performance Prediction 
of Photobioreactors in Biological Life Support Systems for Human 
Spaceflight 
Thomas Ruck, B.Sc. 

 

 

Page VIII 

6.2.1 Photobioreactor Integration 109 
6.2.2 V-HAB Cabin Environment 111 

6.3 Simulation Cases 113 
6.3.1 Niederwieser Photobioreactor with Optimistic Growth Model 114 
6.3.2 Niederwieser Photobioreactor with Experimental Growth Model 115 
6.3.3 Sufficiently sized Niederwieser Photobioreactor with Experimental Growth Model 116 

7 SIMULATION RESULTS 118 

7.1 Comparison Baseline without Photobioreactor 118 

7.2 Niederwieser Photobioreactor with Optimistic Growth Model 120 
7.2.1 Photobioreactor Performance Increase Optimization 124 
7.2.2 Optimization with Harvest Controller Set Point Variation 124 
7.2.3 Optimization with Decreased Culture Depth 131 

7.3 Niederwieser Photobioreactor With Experimental Growth Model 137 

7.4 Sufficiently sized Niederwieser Photobioreactor with experimental Growth 
Model 139 

8 CONCLUSION 143 

8.1 Discussion 143 
8.1.1 Model 143 
8.1.2 Experiment Results 145 
8.1.3 Simulation Results 146 

8.2 Summary 147 

8.3 Conclusions 149 
8.3.1 Fulfillment of Requirements 150 

8.4 Future Work 151 
8.4.1 Model Updates 151 
8.4.2 Further Experiments 152 
8.4.3 Simulation Cases 153 
8.4.4 Publications 153 

  



Development of a Dynamic Simulation Model for Performance Prediction 
of Photobioreactors in Biological Life Support Systems for Human 
Spaceflight 
Thomas Ruck, B.Sc. 

 

 

Page IX 

List of Figures 

 
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. ....................................................................................................................................... 6 

FIGURE 2-1: SCHEMATIC OVERVIEW OF CHLORELLA VULGARIS CELL WITH CELL ORGANELLES. COPIED 
FROM [14]............................................................................................................................................. 9 

FIGURE 2-2: OPEN RACEWAY POND AT TEXAS A&M UNIVERSITY [23].................................................................. 12 
FIGURE 2-3: TUBULAR PHOTOBIOREACTOR, DEGASSER NOT SHOWN [24]. ......................................................... 12 
FIGURE 2-4: VERTICAL BUBBLE COLUMN PHOTOBIOREACTORS [26]. ................................................................... 13 
FIGURE 3-1: PHASES OF MICROALGAL GROWTH OVER TIME.. .............................................................................. 16 
FIGURE 3-2: EVOLUTION OF BIOMASS CONCENTRATION AND BIOMASS CONCENTRATION INCREASE 

RATE OVER TIME AS DESCRIBED BY THE GOMPERTZ MODEL.. ......................................................... 17 
FIGURE 3-3: CHALLENGES TO A PURELY TIME-DEPENDENT GROWTH CALCULATION MODEL AFTER 

DISTURBANCES. .................................................................................................................................. 18 
FIGURE 3-4: BIOMASS CONCENTRATION INCREASE AS A FUNCTION OF CURRENT BIOMASS 

CONCENTRATION.. ............................................................................................................................. 19 
FIGURE 3-5: GROWTH RATE AS A FUNCTION OF MEDIUM TEMPERATURE. COPIED FROM [35]. ......................... 20 
FIGURE 3-6: RELATIVE GROWTH RATE OF CHLORELLA VULGARIS WITH RESPECT TO MEDIUM 

TEMPERATURE. DERIVED FROM VALUES IN [35] AND [39]. .............................................................. 22 
FIGURE 3-7: EFFECT OF PH ON GROWTH AFFECTED BY THE CURRENT TEMPERATURE LEVEL.. ........................... 23 
FIGURE 3-8: LOWER EXTREME PH BOUNDARY AS A FUNCTION OF MEDIUM TEMPERATURE. DERIVED 

FROM DATA (ORANGE DOTS) IN [35]. ................................................................................................ 24 
FIGURE 3-9: LOWER PH BOUNDARY OF OPTIMUM GROWTH AS A FUNCTION OF MEDIUM 

TEMPERATURE. DERIVED FROM DATA (ORANGE DOTS) IN [35]. ...................................................... 24 
FIGURE 3-10: UPPER PH BOUNDARY OF OPTIMUM GROWTH AS A FUNCTION OF MEDIUM 

TEMPERATURE. DERIVED FROM DATA (ORANGE DOTS) IN [35]. ...................................................... 24 
FIGURE 3-11: UPPER EXTREME PH BOUNDARY AS A FUNCTION OF MEDIUM TEMPERATURE. DERIVED 

FROM DATA (ORANGE DOTS) IN [35]. ................................................................................................ 24 
FIGURE 3-12: RELATIVE GROWTH AS A FUNCTION OF TEMPERATURE-DEPENDENT PH BOUNDARIES. ............... 25 
FIGURE 3-13: RADIATION SATURATION CURVE OF PHOTOSYNTHESIS WITH FOUR GROWTH DOMAINS: ........... 26 
FIGURE 3-14: OXYGEN EQUIVALENT PARTIAL PRESSURE INFLUENCE ................................................................... 31 
FIGURE 3-15: OXYGEN EQUIVALENT PARTIAL PRESSURE INFLUENCEADAPTED FROM [57]. ................................ 32 
FIGURE 3-16: CARBON DIOXIDE EQUIVALENT PARTIAL PRESSURE (I.E. CONCENTRATION) INFLUENCE 

ADAPTED FROM [57]. ......................................................................................................................... 34 
FIGURE 3-17: GROWTH MEDIUM COMPONENTS AND REACTIONS.. .................................................................... 42 
FIGURE 3-18: CONCENTRATION VARIATION IN AQUEOUS PHASE (WITH CONSTANT PARTIAL PRESSURE 

IN GAS PHASE) AS A RESULT OF HENRY CONSTANT TEMPERATURE DEPENDENCE. ......................... 45 
FIGURE 3-19: MEMBRANE TRANSPORT FROM THE ATMOSPHERE TO THE GROWTH MEDIUM. .......................... 45 
FIGURE 3-20: RELATION OF INORGANIC CARBON SPECIES CONCENTRATION TO THE TOTAL INORGANIC 

CARBON CONCENTRATION ................................................................................................................ 47 
FIGURE 3-21: QUALITATIVE GRAPH OF SPECTRAL PHOTON FLUX DENSITY PROFILES OF DIFFERENT 

POLYCHROMATIC RADIATION (IN THIS CASE LIGHT). ........................................................................ 56 
FIGURE 3-22: RADIATION SATURATION CURVE OF PHOTOSYNTHESIS WITH GROWTH DOMAINS. I: 

RESPIRATION, II: LINEAR GROWTH, III: PHOTO-SATURATED GROWTH AND IV: PHOTO-
INHIBITED GROWTH. ADAPTED FROM [42]. ...................................................................................... 57 

FIGURE 3-23: OVER-ABSORPTION OF PHOTOSYNTHETICALLY ACTIVE RADIATION. INSPIRED BY [42]. ................ 60 
FIGURE 3-24: DIFFERENT MODELS TO CHARACTERIZE THE ATTENUATION COEFFICIENT 𝐴(𝜆, 𝜌𝑏) 

GRAPH COPIED FROM [95]. ................................................................................................................ 61 
FIGURE 3-25: LIGHT ATTENUATION BELOW THE SURFACE OF AN ALGAL POND IRRADIATED BY 

SUNLIGHT ........................................................................................................................................... 62 
FIGURE 3-26: COMPARISON OF LIGHT ATTENUATION AND RESULTING SPATIALLY SEPARATED 

GROWTH ZONES IN A PHOTOBIOREACTOR. ...................................................................................... 63 



Development of a Dynamic Simulation Model for Performance Prediction 
of Photobioreactors in Biological Life Support Systems for Human 
Spaceflight 
Thomas Ruck, B.Sc. 

 

 

Page X 

FIGURE 4-1: CALCULATION MECHANISM OF CHANGES IN THE DYNAMIC ALGAE MODEL. .................................. 67 
FIGURE 4-2: SYSTEM SKETCH OF THE DYNAMIC ALGAE MODEL WITH THE V-HAB MODELLING CLASSES............ 69 
FIGURE 5-1: THERMO SCIENTIFIC MULTISKAN FC. ................................................................................................. 81 
FIGURE 5-2: EXPERIMENTALLY DETERMINED CORRELATION BETWEEN CELL CONCENTRATION AND 

MEASURED OPTICAL DENSITY.. .......................................................................................................... 82 
FIGURE 5-3: TOP VIEW OF TISSUE FLASK (LEFT) AND 96 WELL CELL CULTURE PLATE (RIGHT) ............................. 85 
FIGURE 5-4: PERCIVAL SCIENTIFIC INCUBATOR WITH DESCRIPTION OF COMPONENTS AND CONTROL 

EQUIPMENT. ....................................................................................................................................... 85 
FIGURE 5-5: SETUP INSIDE THE INCUBATOR WITH POWER SUPPLY, ..................................................................... 87 
FIGURE 5-6: EXPERIMENT CONFIGURATION WITH AIR SUPPLY INTO MEDIUM.. .................................................. 88 
FIGURE 5-7: CELL CULTURE PLATE EXPERIMENT SHOWING STRONG FLUCTUATIONS IN BIOMASS 

CONCENTRATION. .............................................................................................................................. 90 
FIGURE 5-8: EVOLUTION OF BIOMASS CONCENTRATION OVER TIME FOR COMPARISON OF REFILLING 

EVAPORATION LOSS WITH WATER AND BOLD’S BASAL MEDIUM..................................................... 91 
FIGURE 5-9: FORMATION OF AN AIR BUBBLE BETWEEN THE CELL CULTURE PLATE AND SIGMA ALDRICH 

BREATHE EASY MEMBRANE. .............................................................................................................. 91 
FIGURE 5-10: EXPERIMENTAL RESULTS OF CHLORELLA VULGARIS GROWTH IN A CONTROLLED 

ENVIRONMENT. .................................................................................................................................. 92 
FIGURE 5-11: EXPERIMENTAL RESULTS OF CHLORELLA VULGARIS GROWTH IN A CONTROLLED 

ENVIRONMENT. THIS EXPERIMENT USED A TISSUE FLASK WITH A MEMBRANE .............................. 93 
FIGURE 5-12: CULTURE AFTER CRASH AT THE END OF STIRRED ALGAL CULTURE UNDER MEMBRANE 

EXPERIMENT. RESULTS WERE WHITE SUBSTANCE ON MEDIUM AND STRONG COLOR LOSS. ......... 94 
FIGURE 5-13: EXPERIMENTAL RESULTS OF CHLORELLA VULGARIS GROWTH IN A CONTROLLED 

ENVIRONMENT USING AIR BUBBLING THROUGH THE GROWING CULTURE. ................................... 95 
FIGURE 5-14: PROFILE OF PHOTOSYNTHETIC PHOTON FLUX DENSITY WITH INCREASING DISTANCE 

FROM THE CREE HE PHOTO RED LED POWERED WITH 2.65 V AND 1.1 A. ........................................ 98 
FIGURE 5-15: EVOLUTION OF BIOMASS CONCENTRATION OF FOUR FLASKS PLACED AT 50 MM, 62 MM, 

74 MM AND 86 MM DISTANCE FROM THE LED IN ORDER TO DETERMINE THE UPPER 
BOUNDARY OF THE SATURATED GROWTH ZONE. ............................................................................. 99 

FIGURE 5-16: FOUR TISSUE FLASKS WITH ALGAL CULTURE GROWN IN DIFFERENT PHOTOSYNTHETIC 
PHOTON FLUX DENSITIES. .................................................................................................................. 99 

FIGURE 5-17: RADIATION PROFILE OF USED LED OVERLAID WITH EXPERIMENTS CONDUCTED AT 
DIFFERENT DISTANCES AND THEIR ACHIEVED MAXIMUM BIOMASS CONCENTRATION ................ 100 

FIGURE 5-18: INITIAL STATE OF DIFFERENTLY DILUTED ALGAL CULTURES IN WELLS OF CELL CULTURE 
PLATES. ............................................................................................................................................. 102 

FIGURE 5-19: WELL PLATE WITH ALGAL CULTURE AT FURTHER LEVELS OF DILUTION THAN INITIALLY 
MEASURED. ...................................................................................................................................... 103 

FIGURE 5-20: ATTENUATION COEFFICIENT OF RED LIGHT DEPENDING ON BIOMASS CONCENTRATION. ......... 103 
FIGURE 6-1: FLAT PANEL PHOTOBIOREACTOR DESIGN BY T. NIEDERWIESER.. ................................................... 106 
FIGURE 6-2: PROPOSED ARCHITECTURE FOR INTEGRATION OF PHOTOBIOREACTOR INTO CABIN 

ENVIRONMENT. COPIED FROM [5]. ................................................................................................. 107 
FIGURE 6-3: SCHEMATIC OVERVIEW OF THE DEVELOPED DYNAMIC CHLORELLA VULGARIS MODEL IN 

THE PHOTOBIOREACTOR AND INTEGRATION INTO THE CABIN ENVIRONMENT. ........................... 108 
FIGURE 6-4: OVERVIEW OF IN-, OUTPUTS AND INTERNAL PROCESSES OF THE V-HAB HUMAN MODEL 

RELEVANT TO THIS THESIS. .............................................................................................................. 113 
FIGURE 7-1: BASELINE OF OXYGEN (TOP) AND CARBON DIOXIDE (BOTTOM) PARTIAL PRESSURE 

EVOLUTION OVER THE COURSE OF 7 DAYS IN A SPACECRAFT CABIN WITH A HUMAN BUT 
WITHOUT ANY MEANS OF AIR REVITALIZATION. ............................................................................. 119 

FIGURE 7-2: BASELINE FOR EVOLUTION OF URINE STORE MASS ........................................................................ 120 
FIGURE 7-3: BASELINE FOR EVOLUTION OF POTABLE WATER STORE MASS ....................................................... 120 
FIGURE 7-4: BASELINE FOR EVOLUTION OF FOOD STORE MASS ......................................................................... 120 
FIGURE 7-5: EVOLUTION OF OXYGEN (TOP) AND CARBON DIOXIDE (BOTTOM) PARTIAL PRESSURES IN 

THE CABIN AIR WITH NIEDERWIESER PHOTOBIOREACTOR AND OPTIMISTIC GROWTH 
MODEL. ............................................................................................................................................. 121 

FIGURE 7-6: EVOLUTION OF URINE STORE MASS WITH OPTIMISTIC GROWTH RATE ......................................... 122 



Development of a Dynamic Simulation Model for Performance Prediction 
of Photobioreactors in Biological Life Support Systems for Human 
Spaceflight 
Thomas Ruck, B.Sc. 

 

 

Page XI 

FIGURE 7-7: EVOLUTION OF POTABLE WATER STORE MASS WITH OPTIMISTIC GROWTH RATE ........................ 122 
FIGURE 7-8: EVOLUTION OF BIOMASS CONCENTRATION (TOP) REGULATED TO REMAIN AT THE 

CULTURES HIGHEST GROWTH RATE, THE BIOMASS CONCENTRATION-DEPENDENT 
THEORETICAL BIOMASS GROWTH RATE (MIDDLE) AND THE POSSIBLE GROWTH RATE 
(BOTTOM) OVER THE COURSE OF SEVEN SIMULATED DAYS. .......................................................... 123 

FIGURE 7-9: EVOLUTION OF ATTENUATION COEFFICIENT (TOP), THE RADIATION-GROWTH CURVE’S 
BOUNDARY POSITIONS (MIDDLE) AND THE RESULTING PHOTOSYNTHETICALLY ACTIVE 
RADIATION GROWTH FACTOR (BOTTOM). ...................................................................................... 124 

FIGURE 7-10: EVOLUTION OF OXYGEN (TOP) AND CARBON DIOXIDE (BOTTOM) PARTIAL PRESSURES IN 
THE CABIN ATMOSPHERE WITH A DECREASED HARVEST CONTROLLER SET POINT. ...................... 125 

FIGURE 7-11: EVOLUTION OF URINE STORE MASS WITH OPTIMISTIC GROWTH RATE AND HARVEST 
CONTROLLER SET POINT OPTIMIZED. .............................................................................................. 126 

FIGURE 7-12: EVOLUTION OF POTABLE WATER STORE MASS WITH OPTIMISTIC GROWTH RATE AND 
HARVEST CONTROLLER SET POINT OPTIMIZED. .............................................................................. 126 

FIGURE 7-13: EVOLUTION OF NITRATE SUPPLY MASS WITH OPTIMISTIC GROWTH RATE AND HARVEST 
CONTROLLER SET POINT OPTIMIZED ............................................................................................... 126 

FIGURE 7-14: EVOLUTION OF THE HARVESTED CHLORELLA MASS WITH OPTIMISTIC GROWTH RATE 
AND HARVEST CONTROLLER SET POINT OPTIMIZED. ...................................................................... 126 

FIGURE 7-15:EVOLUTION OF OXYGEN (TOP) AND CARBON DIOXIDE (BOTTOM) PARTIAL PRESSURES IN 
THE CABIN ATMOSPHERE WITH A DECREASED HARVEST CONTROLLER SET POINT AND 
SCALED UP VOLUME TO 32 L. ........................................................................................................... 127 

FIGURE 7-16: EVOLUTION OF URINE STORE MASS WITH OPTIMISTIC GROWTH RATE, HARVEST 
CONTROLLER SET POINT OPTIMIZED AND SCALED UP. ................................................................... 129 

FIGURE 7-17: EVOLUTION OF POTABLE WATER STORE MASS WITH OPTIMISTIC GROWTH RATE, 
HARVEST CONTROLLER SET POINT OPTIMIZED AND SCALED UP. ................................................... 129 

FIGURE 7-18: EVOLUTION OF NITRATE SUPPLY MASS WITH OPTIMISTIC GROWTH RATE, HARVEST 
CONTROLLER SET POINT OPTIMIZED AND SCALED UP .................................................................... 129 

FIGURE 7-19: EVOLUTION OF THE HARVESTED CHLORELLA MASS WITH OPTIMISTIC GROWTH RATE, 
HARVEST CONTROLLER SET POINT OPTIMIZED AND SCALED UP. ................................................... 129 

FIGURE 7-20: GROWTH MEDIUM PH INCREASE AS A RESULT OF CARBON DIOXIDE DEPRIVATION. .................. 130 
FIGURE 7-21: POSSIBLE BIOMASS GROWTH RATE WITH OPTIMISTIC GROWTH RATE IN ITS OPTIMUM 

WITH A CULTURE DEPTH BELOW SURFACE OF 0.85 MM. ............................................................... 131 
FIGURE 7-22: EVOLUTION OF OXYGEN (TOP) AND CARBON DIOXIDE (BOTTOM) PARTIAL PRESSURES 

WITH OPTIMISTIC GROWTH RATE AND OPTIMIZED BY DECREASED CULTURE DEPTH OF 
0.85 MM. .......................................................................................................................................... 132 

FIGURE 7-23: EVOLUTION OF URINE STORE MASS WITH OPTIMISTIC GROWTH RATE AND DEPTH 
OPTIMIZED. ....................................................................................................................................... 132 

FIGURE 7-24: EVOLUTION OF POTABLE WATER STORE MASS WITH OPTIMISTIC GROWTH RATE AND 
DEPTH OPTIMIZED. ........................................................................................................................... 132 

FIGURE 7-25: EVOLUTION OF NITRATE SUPPLY MASS WITH OPTIMISTIC GROWTH RATE AND DEPTH 
OPTIMIZED. ....................................................................................................................................... 133 

FIGURE 7-26: EVOLUTION OF THE HARVESTED CHLORELLA MASS WITH OPTIMISTIC GROWTH RATE 
AND DEPTH OPTIMIZED.................................................................................................................... 133 

FIGURE 7-27: EVOLUTION OF OXYGEN (TOP) AND CARBON DIOXIDE (BOTTOM) PARTIAL PRESSURES 
WITH OPTIMISTIC GROWTH RATE, DECREASED CULTURE DEPTH OF 0.85 MM AND 
SCALED-UP VOLUME OF 20 LITERS................................................................................................... 134 

FIGURE 7-28: COMPARISON BETWEEN HUMAN RESPIRATION COEFFICIENT AND ALGAE ASSIMILATION 
COEFFICIENT. .................................................................................................................................... 135 

FIGURE 7-29: EVOLUTION OF URINE STORE MASS WITH OPTIMISTIC GROWTH RATE, DEPTH 
OPTIMIZED AND SCALED UP............................................................................................................. 136 

FIGURE 7-30: EVOLUTION OF POTABLE WATER STORE MASS WITH OPTIMISTIC GROWTH RATE, DEPTH 
OPTIMIZED AND SCALED UP............................................................................................................. 136 

FIGURE 7-31: EVOLUTION OF NITRATE SUPPLY MASS WITH OPTIMISTIC GROWTH RATE, DEPTH 
OPTIMIZED AND SCALED UP............................................................................................................. 136 



Development of a Dynamic Simulation Model for Performance Prediction 
of Photobioreactors in Biological Life Support Systems for Human 
Spaceflight 
Thomas Ruck, B.Sc. 

 

 

Page XII 

FIGURE 7-32: EVOLUTION OF THE HARVESTED CHLORELLA MASS WITH OPTIMISTIC GROWTH RATE, 
DEPTH OPTIMIZED AND SCALED UP. ................................................................................................ 136 

FIGURE 7-33: EVOLUTION OF OXYGEN (TOP) AND CARBON DIOXIDE (BOTTOM) PARTIAL PRESSURES 
WITH NIEDERWIESER DESIGN (15 L VOLUME AND 2.5 MM CULTURE DEPTH) WITH 
EXPERIMENTALLY DETERMINED GROWTH RATE. ............................................................................ 137 

FIGURE 7-34: EVOLUTION OF URINE STORE MASS IN NIEDERWIESER DESIGN (15 L) WITH 
EXPERIMENTAL GROWTH RATE. ...................................................................................................... 138 

FIGURE 7-35: EVOLUTION OF POTABLE WATER STORE MASS IN NIEDERWIESER DESIGN (15 L) WITH 
EXPERIMENTAL GROWTH RATE. ...................................................................................................... 138 

FIGURE 7-36: EVOLUTION OF NITRATE SUPPLY MASS IN NIEDERWIESER DESIGN (15 L) WITH 
EXPERIMENTAL GROWTH RATE. ...................................................................................................... 138 

FIGURE 7-37: EVOLUTION OF THE HARVESTED CHLORELLA MASS IN NIEDERWIESER DESIGN (15 L) 
WITH EXPERIMENTAL GROWTH RATE. ............................................................................................ 138 

FIGURE 7-38: EVOLUTION OF OXYGEN (TOP) AND CARBON DIOXIDE (BOTTOM) PARTIAL PRESSURES 
WITH SCALED UP NIEDERWIESER DESIGN (500 L VOLUME, 5 M2 MEMBRANE AND 2.5 MM 
CULTURE DEPTH) WITH EXPERIMENTALLY DETERMINED GROWTH RATE. ..................................... 140 

FIGURE 7-39: EVOLUTION OF GROWTH MEDIUM PH OVER TIME IN THE SCALED UP NIEDERWIESER 
REACTOR (500 L) WITH THE EXPERIMENTAL GROWTH RATE. ......................................................... 141 

FIGURE 7-40: EVOLUTION OF URINE STORE MASS IN NIEDERWIESER DESIGN (15 L) WITH 
EXPERIMENTAL GROWTH RATE. ...................................................................................................... 141 

FIGURE 7-41: EVOLUTION OF POTABLE WATER STORE MASS IN NIEDERWIESER DESIGN (15 L) WITH 
EXPERIMENTAL GROWTH RATE. ...................................................................................................... 141 

FIGURE 7-42: EVOLUTION OF NITRATE SUPPLY MASS IN NIEDERWIESER DESIGN (15 L) WITH 
EXPERIMENTAL GROWTH RATE. ...................................................................................................... 142 

FIGURE 7-43: EVOLUTION OF THE HARVESTED CHLORELLA MASS IN NIEDERWIESER DESIGN (15 L) 
WITH EXPERIMENTAL GROWTH RATE. ............................................................................................ 142 

 

 

  



Development of a Dynamic Simulation Model for Performance Prediction 
of Photobioreactors in Biological Life Support Systems for Human 
Spaceflight 
Thomas Ruck, B.Sc. 

 

 

Page XIII 

List of Tables 

 
TABLE 3-1:  COMPILATION OF LITERATURE VALUES FOR LOWER AND UPPER EXTREME TEMPERATURE 

BOUNDARIES. ..................................................................................................................................... 21 
TABLE 3-2:  IRRADIATION VALUES FROM DIFFERENT LITERATURE SOURCES ...................................................... 27 
TABLE 3-3:  SURFACE IRRADIANCES USED IN DOCUMENTED EXPERIMENTS ...................................................... 28 
TABLE 3-4: COMPILATION OF LITERATURE VALUES FOR CARBON DIOXIDE CONCENTRATION GROWTH 

LIMITATION. ....................................................................................................................................... 33 
TABLE 3-5:  RELATIVE STOICHIOMETRIC COMPOSITION OF MICROALGAE. ........................................................ 37 
TABLE 3-6:  BOLD’S BASAL MEDIUM COMPOSITION. ADAPTED FROM [80]. ....................................................... 43 
TABLE 3-7:  BASIC AND ACIDIC COMPONENTS OF BOLD’S BASAL MEDIUM ........................................................ 50 
TABLE 3-8: EMPIRICAL PARAMETERS FOR DIFFERENT RADIATION SOURCES. DATA AND TABLE COPIED 

FROM [95]........................................................................................................................................... 62 
TABLE 5-1: COMPILATION OF LITERATURE VALUES FOR THE AVERAGED MASS OF A CHLORELLA 

VULGARIS CELL. .................................................................................................................................. 83 
TABLE 6-1:  MASS BALANCE OF PROPOSED PHOTOBIOREACTOR [5]. PREFIXES CHANGED FROM 

SOURCE TO REFLECT PHOTOBIOREACTOR POINT OF VIEW, NOT CABIN (+ IS INTO 
REACTOR, - IS OUT)........................................................................................................................... 105 

TABLE 6-2:  PHOTOBIOREACTOR AND GROWTH CALCULATION INPUTS TO THE SIMULATION FOR THE 
SIMULATION CASE USING AN OPTIMISTIC GROWTH RATE. ............................................................ 115 

TABLE 6-3:  PHOTOBIOREACTOR AND GROWTH CALCULATION INPUTS TO THE SIMULATION FOR THE 
SIMULATION CASE USING THE EXPERIMENTALLY DETERMINED GROWTH RATE. .......................... 116 

TABLE 6-4:  PHOTOBIOREACTOR AND GROWTH CALCULATION INPUTS TO THE SIMULATION FOR THE 
SIMULATION CASE TO DETERMINE DESIGN PARAMETERS. ............................................................. 117 

TABLE 7-1:  OVERALL MASS BALANCE OF MATTER IN- AND OUTFLOWS. LEFT COLUMN SHOWS THE 
VALUES ORIGINALLY PROPOSED BY NIEDERWIESER [5] AND THE RIGHT COLUMN THE 
AVERAGED VALUES OF THE SIMULATED RESULTS (+ IS INTO REACTOR, - IS OUT). ........................ 122 

TABLE 7-2:  OVERALL MASS BALANCE OF MATTER IN- AND OUTFLOWS. OPTIMIZED DESIGN WITH A 
CHANGED HARVEST CONTROLLER SET POINT (+ IS INTO REACTOR, - IS OUT). ............................... 127 

TABLE 7-3:  OVERALL MASS BALANCE OF MATTER IN- AND OUTFLOWS. OPTIMIZED DESIGN WITH A 
CHANGED HARVEST CONTROLLER SET POINT (+ IS INTO REACTOR, - IS OUT). ............................... 130 

TABLE 7-4:  OVERALL MASS BALANCE OF MATTER IN- AND OUTFLOWS. OPTIMIZED DESIGN WITH 
REDUCED DEPTH (+ IS INTO REACTOR, - IS OUT). ............................................................................ 133 

TABLE 7-5:  OVERALL MASS BALANCE OF MATTER IN- AND OUTFLOWS. OPTIMIZED DESIGN WITH 
REDUCED DEPTH AND INCREASED VOLUME (+ IS INTO REACTOR, - IS OUT). ................................. 136 

TABLE 7-6:  OVERALL MASS BALANCE OF MATTER IN- AND OUTFLOWS. EXPERIMENTALLY 
DETERMINED GROWTH RATE (+ IS INTO REACTOR, - IS OUT). ........................................................ 139 

TABLE 7-7:  OVERALL MASS BALANCE OF MATTER IN- AND OUTFLOWS. SCALED UP REACTOR AND 
EXPERIMENTALLY DETERMINED GROWTH RATE (+ IS INTO REACTOR, - IS OUT)............................ 142 

 

 

  



Development of a Dynamic Simulation Model for Performance Prediction 
of Photobioreactors in Biological Life Support Systems for Human 
Spaceflight 
Thomas Ruck, B.Sc. 

 

 

Page XIV 

Symbols 

 

𝐴 
1

𝑚
 Attenuation coefficient 

𝐴𝑚𝑎𝑥 
1

𝑚
 Maximum attenuation  

  coefficient 

𝐴𝑀 𝑚2 Membrane area 

𝑏 - Empirical constant for  
  attenuation model 

𝑐𝑙𝑖𝑔ℎ𝑡 
𝑚

𝑠
 Speed of light 

𝑐0 
𝑚𝑜𝑙

𝑚3
 Standard molar  

  concentration 

𝑐𝑎 
𝑚𝑜𝑙

𝑚3
 Molar concentration in  

  Water 

𝐶𝑐𝑒𝑙𝑙𝑠 
1

𝑚𝑙
 Cell concentration 

𝐶𝑇 
𝑚𝑜𝑙

𝑚3
 Total inorganic carbon  

  concentration 

𝑐𝑝 
𝐽

𝐾
 Heat capacity 

𝑑𝑀 𝑚 membrane thickness 

∆ - difference 

𝐸𝑝ℎ J Energy of a photon 

𝐸𝑃𝐴𝑅 𝐽 Photosynthetically  
  active radiation energy 

𝜂𝑠𝑜𝑙𝑎𝑟  - Solar energy  
  conversion efficiency 

𝑓𝑑𝑖𝑙 - Dilution factor 

ℎ 𝐽 ∗ 𝑠 Planck’s Constant 

𝐻 
𝑚𝑜𝑙

𝑚3∗𝑃𝑎
 Henry‘s constant 

𝐻𝑟𝑒𝑓 
𝑚𝑜𝑙

𝑚3∗𝑃𝑎
 Reference Henry’s  

  Constant 

𝐼 
𝑊

𝑚2
 Irradiance 

𝐽 
𝑚𝑜𝑙∗𝑚

𝑚2∗𝑃𝑎∗𝑠
 Membrane  

  permeability 

𝐾𝑎𝑋  Acid constant of X 

𝐿 𝑚 Length parameter 

𝐿𝑚𝑖𝑛 𝑚 Position below surface  

  of minimum photon flux  
  density 

𝐿𝑠𝑎𝑡 𝑚 Position below surface  
  of saturation photon  
  flux density 

𝜆 𝑚 Wavelength 

𝑚 𝑘𝑔 Mass 

𝑚𝑐𝑒𝑙𝑙  𝑘𝑔 Mass of one cell 

Ṁ 
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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 Earth’s 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 photobioreactor’s 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 photobioreactor’s 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 engineer’s 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 reactor’s 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 
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• 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 vulgaris’ 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 Earth’s 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 “richness in proteins, lipids, polysaccharides, pigments and vitamins” 
[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 – usually a paddle 
wheel – 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 
“parameters with a biologically meaning” [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. 

𝜌𝑏(𝑡) = 𝜌𝑏𝑚𝑎𝑥  ∗ exp(− exp (
𝜇𝑚𝑎𝑥  ∗ exp(1)

𝜌𝑏𝑚𝑎𝑥
∗ (𝑡𝑙𝑎𝑔 − 𝑡) + 1)) Eq. ( 3-1 ) 

In the above equation, 𝜌𝑏(𝑡) is the biomass concentration in [kg m3⁄ ] as a function of 

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

concentration [𝑘𝑔 𝑚3⁄ ], 𝜇𝑚𝑎𝑥 is the maximum specific biomass concentration increase 
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in [𝑘𝑔 (𝑚3 ∗ 𝑠)⁄ ] in the inflection point, 𝑡𝑙𝑎𝑔 the lag time in [𝑠], and 𝑡 the evaluated time 

in [𝑠]. 

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.  

𝜇(𝑡) =
𝑑𝜌𝑏(𝑡)

𝑑𝑡

=  𝜇𝑚𝑎𝑥 ∗ exp (− exp (
𝜇𝑚𝑎𝑥 ∗ exp(1)

𝜌𝑏𝑚𝑎𝑥
∗ (𝑡𝑙𝑎𝑔 − 𝑡) + 1)

+
𝜇𝑚𝑎𝑥 ∗ exp(1)

𝜌𝑏𝑚𝑎𝑥
∗ (𝑡𝑙𝑎𝑔 − 𝑡) + 2) 

Eq. ( 3-2 ) 

In the above equation, 𝜇(𝑡) is the time dependent biomass concentration increase rate 

in [𝑘𝑔 (𝑚3 ∗ 𝑠⁄ )]. 

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 𝑡 = 30 𝑑 with 𝑡𝑙𝑎𝑔 = 2 𝑑, 𝜌𝑏𝑚𝑎𝑥 = 15 
𝑘𝑔

𝑚3
 and 𝜇𝑚𝑎𝑥 = 1.3 

𝑘𝑔

𝑚3∗𝑑
. 

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. 



Scientific Background of Chlorella Vulgaris Model  

 

 

Page 19 

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 ). 

𝑡(𝜌𝑏) = 𝑡𝑙𝑎𝑔 − 

𝜌𝑏𝑚𝑎𝑥 ∗ (ln (− ln (
𝜌𝑏
𝜌𝑏𝑚𝑎𝑥

)) − 1)

𝜇𝑚𝑎𝑥  ∗ exp(1)
  

Eq. ( 3-3 ) 

Since the required equation to calculate the biomass concentration increase should be 
independent of time, the time variable 𝑡 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 ). 

𝜇(𝜌𝑏) =  𝜇𝑚𝑎𝑥 ∗ exp (−exp ((ln (− ln (
𝜌𝑏

𝜌𝑏𝑚𝑎𝑥
)) − 1) + 1) +

(ln (− ln (
𝜌𝑏

𝜌𝑏𝑚𝑎𝑥
)) − 1) + 2) 

Eq. ( 3-4 ) 

The behavior of the time independent biomass concentration increase rate 𝜇(𝜌𝑏) 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 𝜌𝑏𝑚𝑎𝑥 = 15 
𝑘𝑔

𝑚3
 and 𝜇𝑚𝑎𝑥 = 1.3 

𝑘𝑔

𝑚3∗𝑑
. 

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 𝜌𝑏 can be time dependent 
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when biomass is being harvested, and using a starting biomass concentration 
𝜌𝑏𝑠𝑡𝑎𝑟𝑡 , 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 𝑡 = 0, 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 
Tmin/maxlife  and the boundaries of the optimum temperature band Tmin/maxopt for Chlorella 

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

Source 𝑻𝒎𝒊𝒏𝒍𝒊𝒇𝒆 [𝑲] 𝑻𝒎𝒊𝒏𝒐𝒑𝒕  [𝑲] 𝑻𝒎𝒂𝒙𝒐𝒑𝒕  [𝑲]  𝑻𝒎𝒂𝒙𝒍𝒊𝒇𝒆  [𝑲] 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. “Cut-
off temperature very 
close to 0°C” [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 



Scientific Background of Chlorella Vulgaris Model  

 

 

Page 22 

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 ). 

µ𝑟𝑒𝑙𝑇(𝑇) = {

0                                                          |  𝑇 < 274

2.1 ∗ 10−6 ∗ 𝑇4 + 0.0024 ∗ 𝑇3 − 1.07 ∗ 𝑇2…
                      …+ 206.8 ∗ 𝑇 −  1.5 ∗ 10−4 |  𝑇 ∈  [274 , 314 ]

0                                                          |  𝑇 > 314

  Eq. ( 3-5 ) 

In the above equation µ𝑟𝑒𝑙𝑇(𝑇) is the unitless relative growth rate as a result of 

temperature limitation and 𝑇 is the current medium temperature in [𝐾]. 

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 
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them with concentrations [41]. The pH can then be defined as the negative logarithm 
of hydrogen ion concentration (instead of activity) as shown in Eq. ( 3-6 ). For more 
information on activities and the assumption that allows to use concentrations instead, 
see 3.3.5.1. 

𝑝𝐻 = − log10(
[𝐻+]

𝑐0
)  Eq. ( 3-6 ) 

 

In the above equation, 𝑝𝐻 is the unitless pH value, which typically ranges between 0 

and 14 and [𝐻+] is the concentration of hydrogen ions in [𝑚𝑜𝑙 𝐿⁄ ] and 𝑐0 the standard 
concentration of 1𝑚𝑜𝑙 𝐿⁄  to normalise the units inside the logarithm. 

The medium pH can be altered through components manually added to the medium 
(e.g. acidic and basic salt compounds), components taken up through atmospheric 
exchange (eg. carbon dioxide) and by the algal metabolism (e.g. release of hydroxide 
ions in the nitrate metabolism). More information on how different components affect 
the pH and how it is calculated, see 3.3.5.3. 

Similar to how the growth of Chlorella vulgaris is affected by temperature, there are 
extreme lower and upper pH boundaries, beyond which no growth is possible 
Furthermore, there are lower and upper boundaries of optimum growth between which 
the growth is not affected [35]. Inbetween the extreme boundaries and the bounadries 
of optimum growth, the growth linearly climbs or falls. Inbetween the pH boundaries for 
optimum growth, the growth rate is not affected by the pH. However, these boundaries 
are not static but depend on the current medium temperature as shown in Figure 3-7. 

 
Figure 3-7: Effect of pH on growth affected by the current temperature level. The orange lines 

represent the growth rate as a function of varying pH on four different temperature levels. 
The graph is taken from [35], exchanged lines for better visibility, added grey visual guides 

for better readability and onward data point extraction, added description and visual markers 
for the four boundary categories. 
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Since the effect of the temperature on the growth rate is already covered in the 
previous sub-chapter 3.1.2.1, Figure 3-7 is used to derive a relationship between the 
four pH boundaries and temperature. The absolute level of growth rate is reflected in 
the temperature effect previously outlined and therefore not regarded here. 

When the pH values for the four different boundaries are extracted from the above 
guide are extracted and plotted over the temperature they correspond to, they can 
interpolated with a curve fitting algorithm to yield four separate third order polynomials 
representing the upper and lower extreme and optimum growth pH boundaries as a 
function of medium temperature. The graphs of these functions are shown in Figure 
3-8 - Figure 3-11. 

 
Figure 3-8: Lower extreme pH boundary as 

a function of medium temperature. 
Derived from data (orange dots) in 

[35]. 

 
Figure 3-9: Lower pH boundary of optimum 

growth as a function of medium 
temperature. Derived from data 

(orange dots) in [35]. 

 
Figure 3-10:  Upper pH boundary of optimum 

growth as a function of medium 
temperature. Derived from data 

(orange dots) in [35]. 

 
Figure 3-11: Upper extreme pH boundary as 

a function of medium temperature. 
Derived from data (orange dots) in 

[35]. 

The corresponding third order polynomials, which relate the pH boundaries to the 
medium temperature, are shown in Eq. ( 3-7 ) - Eq. ( 3-10 ). 

𝑝𝐻𝑒𝑥𝑡𝑟𝑙𝑜𝑤(𝑇) =    0.00030 ∗ 𝑇
3 − 0.264 ∗ 𝑇2 + 77.56 ∗ 𝑇 − 7577 Eq. ( 3-7 ) 

𝑝𝐻𝑜𝑝𝑡𝑙𝑜𝑤
(𝑇) =    0.00033 ∗ 𝑇3 − 0.286 ∗ 𝑇2 + 83.99 ∗ 𝑇 − 8201 Eq. ( 3-8 ) 

𝑝𝐻𝑜𝑝𝑡𝑢𝑝(𝑇) = −0.00033 ∗ 𝑇
3 + 0.294 ∗ 𝑇2 − 86.42 ∗ 𝑇 + 8462  Eq. ( 3-9 ) 
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𝑝𝐻𝑒𝑥𝑡𝑟𝑢𝑝(𝑇) = −0.00030 ∗ 𝑇
3 + 0.265 ∗ 𝑇2 − 77.83 ∗ 𝑇 + 7625 Eq. ( 3-10 ) 

In the above equations, 𝑝𝐻𝑒𝑥𝑡𝑟𝑙𝑜𝑤(𝑇) corresponds to the temperature-dependent lower 

extreme pH boundary below which no growth is possible. 𝑝𝐻𝑜𝑝𝑡𝑙𝑜𝑤
(𝑇) corresponds to 

the temperature-dependent lower pH boundary of optimum growth above which the 
growth rate is not affected by pH. 𝑝𝐻𝑜𝑝𝑡𝑢𝑝

(𝑇) corresponds to the temperature-

dependent upper pH boundary of optimum growth below which the growth rate is not 
affected by pH. 𝑝𝐻𝑒𝑥𝑡𝑟𝑢𝑝(𝑇) corresponds to the temperature-dependent upper extreme 

pH boundary above which no growth is possible and 𝑇 to the temperature in [𝐾]. 

Once the temperature dependent pH boundaries are established, the relative growth 
rate µ𝑟𝑒𝑙𝑝𝐻can be determined as shown in Figure 3-12. 

 
Figure 3-12: Relative growth as a function of temperature-dependent pH boundaries. 

Figure 3-12 shows that the relative growth rate is 0, when the pH lies below the extreme 
lower pH value as calculated with the previously stated formulas. Between the lower 
extreme boundary and the lower boundary for optimum growth, the relative growth 
rises linearly with increasing pH. For any pH value between the lower and upper pH 
boundary for optimum growth, the growth rate is not affected by changes in pH. For a 
medium pH above the upper boundary for optimum growth, the relative growth rate 
decreases linearly with rising pH until it reaches 0 for pH values larger than the upper 
extreme pH boundary.  

Since the current pH of the medium is an important aspect when calculating the growth 
of microalgae, a dedicated part of the Medium Module in the simulation calculates the 
current pH based on the medium constitution. More information on this module and the 
pH calculation, which then feeds back to determining the relative growth with respect 
to pH, can be found in 3.3.5. 

3.1.2.3 Photosynthetically Active Radiation Limitation 

When regarding radiation energy for photosynthesis and how it can potentially limit 
algal growth, two aspects must be considered: the correct waveband and the right 
amount of photon flux density. The photosynthetically active radiation, the radiation 
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that plants can use as energy source for photosynthesis, lies within the same wave 
spectrum of 400-700 nm as the radiation that the human eye can sense as light [7]. 

The right dose of photosynthetically active radiation is required to enable growth at the 
algal culture’s full potential. In dense algal cultures, radiation energy can quickly 
become the limiting resource due to attenuation. The availability of radiation energy is 
not homogenous throughout the culture and the limiting effect on growth can therefore 
be a local one (as opposed to temperature or pH limitation, which are assumed to be 
homogenous throughout the medium). This makes the determination of growth 
limitation through photosynthetically active radiation more complex and a dedicated 
module in the simulation accounts for the underlying physical effects. It is described in 
detail in 3.4, where the growth limitation the available radiation energy can have on the 
algal culture is discussed in more detail. 

In general, a relationship between the available photosynthetically active radiation, 
measured in photosynthetic photon flux density [𝜇𝑚𝑜𝑙 (𝑚2 ∗ 𝑠)⁄ ], and the relative 
growth can be formulated which is divided into four domains as shown in Figure 3-13. 

 
Figure 3-13: Radiation saturation curve of photosynthesis with four growth domains: respiration, 

linear growth, photo-saturated growth and photoinhibition / no growth. The blue line 
represents the realistic evolution of relative growth (approximated from [42]) and the orange 

line a simplified one, which is used for the model. 

More details on the background on why the four different domains exist can be found 
in 3.4.2 and only an overview shall be provided here. 

Below the minimum photon flux density not enough radiation energy is available for 
photosynthesis. The algal culture only respires, and oxygen and biomass are being 
consumed, which leads to a negative growth but is regarded to be zero for the 
purposes of this thesis. Once a minimum photon flux density is reached, the relative 
growth rate increases linearly until the saturation photon flux density is reached. 
Beyond this point, a further increase in photon flux density does not increase the 
growth rate because all cells are provided with sufficient radiation power but the speed 
of cell-internal processes is limiting photosynthetic reproduction [42]. However, the 
radiation can penetrate deeper into the algal culture and provide deeper lying cells with 
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sufficient energy for photosynthesis. At a certain point, when the photon flux density is 
further increased, the growth becomes photoinhibited due to cell-internal mechanisms 
which are sensitive to high photon flux [43], [2]. During photoinhibition the growth 
quickly decreases but is assumed to instantly drop to zero in the model, and a further 
increase of photon flux can be lethal to the algal culture. 

The domains of the radiation-saturation curve are defined by their photon flux boundary 
points:  

• 𝑃𝑚𝑖𝑛 below which negative growth occurs due to photorespiration 

•  𝑃𝑠𝑎𝑡 which defines the end of the linear light/radiation-limited growth behavior 
and above which saturated growth behavior exists 

• 𝑃𝑖𝑛ℎ𝑖𝑏𝑖𝑡 which defines the end of the saturated growth behavior domain and 
above which rapidly declining growth occurs due to photoinhibition. 

The literature offers very different values on the radiation properties which, along with 
some comments, are compiled in Table 3-2. 

Table 3-2:  Irradiation values from different literature sources 

Source 𝑷𝒎𝒊𝒏  [
𝝁𝒎𝒐𝒍

𝒎𝟐∗𝒔
] 𝑷𝒔𝒂𝒕 [

𝝁𝒎𝒐𝒍

𝒎𝟐∗𝒔
] 𝑷𝒊𝒏𝒉𝒊𝒃𝒊𝒕 [

𝝁𝒎𝒐𝒍

𝒎𝟐∗𝒔
] Comments 

[43] 1 - 3 200 - 300 300 - 500 For green algae, different species 
listed but not Chlorella vulgaris  

[44] n/a ≤ 197 ≥ 848 Compared different irradiances 
but didn’t determine boundaries. 

Growth at 848 
𝜇𝑚𝑜𝑙

𝑚2∗𝑠
 the same as 

197 
𝜇𝑚𝑜𝑙

𝑚2∗𝑠
 which is an indicator for 

saturation. 

[42] ~ 50 ~ 400 ~ 2000 Values extracted from a graph. 

[45] > 400 > 1600 <2400 Values seem extremely high. 
Experimentally determined but 
possibly stated light intensity, not 
surface irradiance. 

[9] n/a 150 369 State that Chlorella vulgaris 
performs well between 150-350 
𝜇𝑚𝑜𝑙

𝑚2∗𝑠
 

[46] 5 – 10 250 n/a  

While one source states an inhibition value as low as 150 𝜇𝑚𝑜𝑙 𝑚2 ∗ 𝑠⁄ , another one 
indicates that it is higher than 1600 𝜇𝑚𝑜𝑙/(𝑚2 ∗ 𝑠) which is a difference by a factor of 
more than 10. The situation is similar for the inhibition photon flux density which varies 
from 300 𝜇𝑚𝑜𝑙 (𝑚2 ∗ 𝑠)⁄  to 2400 𝜇𝑚𝑜𝑙 (𝑚2 ∗ 𝑠)⁄ . 

When looking at the irradiances that were actually used in experiments documented in 
papers and journal articles, they are a lot closer together. It is advisable to select a 
surface irradiance that is above the saturation and close to the inhibition photon flux 
density. This ensures that deeper lying layers of algal cells also receive a sufficient 
number of photon flux to be growing in the saturated growth domain and, at the same 
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time, prevents the higher layers from being photoinhibited. The values are compiled in 
Table 3-3 along with some comments.  

Table 3-3:  Surface irradiances used in documented experiments 

Source 𝑷𝟎 [
𝝁𝒎𝒐𝒍

𝒎𝟐∗𝒔
] Comments 

[47] 200 ± 50  

[48] 150  

[3] 300 Was supposed to be maintained at around 300 𝜇𝑚𝑜𝑙 (𝑚2 ∗ 𝑠)⁄  

but was actually 350 𝜇𝑚𝑜𝑙 (𝑚2 ∗ 𝑠)⁄ . 

[49] ~ 90 Was ramped up with increasing biomass but not higher than 
90 𝜇𝑚𝑜𝑙 (𝑚2 ∗ 𝑠)⁄ . 

[50] 300 White light used. Value selected with reference to [9] 

[51] 600 Chlorella sp., not specifically vulgaris. Fluorescent lamps used 
with 320 𝜇𝑚𝑜𝑙 (𝑚2 ∗ 𝑠)⁄  each. 

From the data in Table 3-2 and Table 3-3 the conclusion can be drawn, that there is 
no one correct set of values that can be universally agreed on. Since there is such a  
large variation in reported values, experiments were conducted in order to evaluate the 
radiation values that define the radiation-saturation curve. The results are shown in 
5.3.4. The experimentally determined values are 𝑃𝑠𝑎𝑡 = 100 𝜇𝑚𝑜𝑙 (𝑚

2 ∗ 𝑠)⁄ and 
𝑃𝑖𝑛ℎ𝑖𝑏𝑖𝑡 =  400 𝜇𝑚𝑜𝑙 (𝑚2 ∗ 𝑠)⁄ . While the minimum photon flux density could not be 
determined in the experiments conducted for this thesis, it can be assumed to be 
𝑃𝑚𝑖𝑛 = 10 𝜇𝑚𝑜𝑙 (𝑚

2 ∗ 𝑠)⁄  from the data stated in the tables above. 

Once the photon flux density values that define the radiation saturation curve are 
selected, the relative growth can be determined as shown in Figure 3-13. A 
mathematical equation with the assumption of zero growth for lower than the minimum 
photon flux density and higher than the inhibition flux density, is given in Eq. ( 3-11 ). 

µ𝑟𝑒𝑙𝑃(𝑃) =

{
 
 

 
 

  0                              |  𝑃 < 𝑃𝑚𝑖𝑛

                
𝑃𝑠𝑎𝑡 − 𝑃

𝑃𝑠𝑎𝑡 − 𝑃𝑚𝑖𝑛
          |  𝑃𝑚𝑖𝑛 < 𝑃 < 𝑃𝑠𝑎𝑡

                     1                              |  𝑃𝑠𝑎𝑡 < 𝑃 < 𝑃𝑖𝑛ℎ𝑖𝑏𝑖𝑡
       0                              |  𝑃 > 𝑃𝑖𝑛ℎ𝑖𝑏𝑖𝑡

  Eq. ( 3-11 ) 

In the above equation, µ𝑟𝑒𝑙𝑃(𝑃) refers to the unitless relative growth rate with regard to 

the current (two-dimensional consideration) or the current local (three-dimensional 
consideration) photon flux density 𝑃 in [𝜇𝑚𝑜𝑙 (𝑚2 ∗ 𝑠)⁄ ]. 𝑃𝑚𝑖𝑛 is the minimum 

photosynthetic photon flux density in [𝜇𝑚𝑜𝑙 (𝑚2 ∗ 𝑠)⁄ ] required for photosynthesis, 𝑃𝑠𝑎𝑡 
the saturation photosynthetic photon flux density in [𝜇𝑚𝑜𝑙 (𝑚2 ∗ 𝑠)⁄ ] and 𝑃𝑖𝑛ℎ𝑖𝑏𝑖𝑡 the 

photosynthetic photon flux density in [𝜇𝑚𝑜𝑙 (𝑚2 ∗ 𝑠)⁄ ] beyond which no growth occurs 
due to photoinhibition. 

Since the calculation of growth domains and therefore the relative growth factor with 
respect to photosynthetically active radiation is a complex three-dimensional task, a 
dedicated module in the simulation is responsible for this. The purpose of the 
Photosynthetically Active Radiation Module in the simulation is to determine the photon 
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flux in every part of the three-dimensional photobioreactor and then derive the volumes 
of each growth domain. Based on these volumes, an overall relative growth factor can 
be determined.  

For each of these four volumes, the relative growth rate is calculated. For the no-growth 
volume (irradiated below minimum photon flux density and above inhibition photon flux 
density), the relative growth rate is 0. For the saturated growth domain volume, the 
relative growth rate is 1. In the linear growth domain, the growth rate is linearly 
dependent on the available radiation power, not on the spatial position within that 
domain, which shows an exponential decrease of growth rate due to exponential 
attenuation. The relative growth rate is determined by relating a dynamically calculated 
average photon flux density in that zone and relating that to the saturation photon flux 
density at which the relative growth rate would be 1. 

The overall relative growth rate due to photosynthetically active radiation limitation is 
comprised of the three relative growth rates from the growth domains (no, linear and 
saturated growth). Each of the volume’s growth factors is weighted with the relation of 
how much the volume takes up of the total culture volume. The overall growth factor is 
calculated by with Eq. ( 3-12 ). 

µ𝑟𝑒𝑙𝑃 = 1 ∗
𝑉𝑠𝑎𝑡
𝑉𝑡𝑜𝑡

+
𝑃𝑎𝑣𝑙𝑖𝑛
𝑃𝑠𝑎𝑡

∗
𝑉𝑙𝑖𝑛
𝑉𝑡𝑜𝑡

 Eq. ( 3-12 ) 

The overall relative growth rate with regard to photosynthetically active radiation in the 
photobioreactor’s entire volume 𝑉𝑡𝑜𝑡 in [𝑚3] is the unitless µ𝑟𝑒𝑙𝑃 . 𝑉𝑠𝑎𝑡 in [𝑚3] is the 

volume of the photobioreactor irradiated in the saturated growth domain, 𝑃𝑎𝑣𝑙𝑖𝑛 is the 

current average photon flux density in the linear growth domain volume 𝑉𝑙𝑖𝑛 in [𝑚3], 
and 𝑃𝑠𝑎𝑡 in [𝜇𝑚𝑜𝑙 (𝑚2 ∗ 𝑠)⁄ ] the saturation photon flux density in [𝜇𝑚𝑜𝑙 (𝑚2 ∗ 𝑠)⁄ ] 

More information on the calculation module can be found in 3.4 and details on the 
model implementation in 4.6. 

3.1.2.4 Nutrient Limitation 

The availability of nutrients, especially carbon dioxide, nitrogen (in form of nitrate or 
urea) and phosphorus, can be a limiting factor on algal growth. However, the limitation 
is not represented through a limiting factor or relative growth as is the case for pH, 
radiation energy or temperature. Instead the Photosynthesis Module, which is 
described in 3.2, reacts to a lack in nutrient availability by preventing growth, since it is 
not able to synthesize Chlorella vulgaris macromolecules. In contrast to the relative 
growth factors that are determined for pH, radiation energy or temperature and then 
affect the growth rate, the nutrient limitation is not dictated by a calculated relative 
growth factor. If nutrients are not sufficiently available, the optimum growth rate is 
decreased and then a resulting relative growth factor can be calculated by comparing 
how much the algal culture was able to grow compared to what would have been 
possible with abundant nutrients. In other words, if the growth rate is decreased due to 
nutrient limitation, this is not the consequence of a calculated relative growth factor but 
rather a relative growth factor is calculated as a consequence of a reduced growth rate. 

Carbon dioxide enters the growth medium through atmospheric exchange based on 
Henry’s Law and membrane transport mechanisms as outlined in 3.3.2. Furthermore, 
it can speciate to bicarbonate and carbonate with increasing pH and therefore not 
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always be abundantly available – especially when the atmospheric exchange can only 
happen at a slow rate. Therefore, carbon dioxide limitation can most likely occur when 
the growth rate of the algal culture is high, and the membrane transport cannot support 
the rapid carbon dioxide uptake into the algal culture. A high growth medium pH will 
increase the lack of carbon dioxide even further since a fraction of the carbon entering 
the medium speciates to bicarbonate and carbonate and therefore is not available as 
a nutrient to the algal culture. This is problematic, since the Rubisco enzyme in the 
photosynthetic process of carbon dioxide fixation can only use carbon dioxide as a 
substrate [52]. For more information on the speciation of carbon dioxide, see 3.3.3. 

Another nutrient that is required for the algal metabolism is nitrogen. It can be supplied 
as nitrate or from urine in the shape of urea, which is a viable form of nitrogen supply 
for Chlorella vulgaris [53]. In order to not become limiting on growth, its content in the 
medium has to be monitored and frequently added to the medium. More information 
on the nitrogen metabolism in Chlorella vulgaris is given in 3.2.2. 

Furthermore, phosphorus is required as a nutrient to Chlorella vulgaris growth but 
disregarded here, since it only occurs in small quantities and is also not modeled in the 
V-HAB human model’s urine composition. In theory, the lack of phosphorus can 
therefore also limit the growth of Chlorella vulgaris, but for the purposes of this thesis, 
this is not the case. 

3.1.2.5 Oxygen Concentration Limitation 

Oxygen is the main product of photosynthesis besides biomass. However, if it is not 
transported out of the medium, its concentration rises and a high oxygen concentration 
can become limiting on algal growth [54], [55]. The limiting effect arises from the 
competition with carbon dioxide for the RuBisCO enzyme, which is required for the 
process of photosynthetic biomass synthesis through carbon dioxide fixation [56]. 

Although the concept of partial pressures does not apply to liquids, the tolerable and 
inhibitory limits of dissolved oxygen on algal growth are often stated as partial 
pressures or in fractions of atmospheres. What is meant in this context is the equivalent 
concentration the substance would have in equilibrium with the atmosphere according 
to Henry’s law at the stated partial pressure. The stated partial pressure can therefore 
also be regarded as an equivalent partial pressure. For more information on Henry’s 
law see 3.3.2.1. The concept of equivalent (or imaginary) partial pressure is explained 
in more detail in 3.3.2.2. 

Since the effects of oxygen limitation on algal growth vary with literature sources, two 
concepts are presented here. 

Experimental data from [54] is plotted in Figure 3-14 and shows, that the relative growth 
rate due to oxygen concentration in water can be 0.7 at oxygen concentrations 
equivalent to 65 kPa oxygen partial pressure in the medium. It should be noted though, 
that the data showed a varying result for 65 kPa oxygen, where the relative growth was 
0.83 in one run and 0.7 in another. Even stronger reductions in relative growth could 
be observed under conditions where the carbon dioxide concentration was lowered to 
0.4 kPa. 
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Figure 3-14: Oxygen equivalent partial pressure influence (i.e. concentration) on relative growth 

rate. Blue dots represent experimental data from [54] and the orange line a function that 
was generated with a curve fitting tool. Second data point at 65000 Pa was disregarded for 

the curve fitting. The carbon dioxide partial pressure for these data points was 1 kPa. 

The experimental results from [54], which are shown in Figure 3-14, suggest that the 
growth is already reduced by 13 % at the typical oxygen partial pressure of 20 kPa. 
However, most experiments that determine the growth rate of Chlorella vulgaris 
happen under oxygen partial pressures of 20 kPa, since that is roughly the oxygen 
partial pressure at sea level. One could argue that the reported reduction in relative 
growth at 20 kPa should be normalized to be the norm and oxygen partial pressures 
closer to 0 could represent a means of improvement yielding a higher growth than was 
determined as optimum in other experiments.  

Mathematically, the model can be described by Eq. ( 3-13 ). 

µ𝑟𝑒𝑙𝑂2  (𝑝𝑒𝑞
(𝑂2))

= −1.074 ∗ 10−15 ∗ 𝑝𝑒𝑞(𝑂2)
3 + 1.776 ∗ 10−10 ∗ 𝑝𝑒𝑞(𝑂2)

2

− 9.622 ∗ 10−06 ∗ 𝑝𝑒𝑞(𝑂2) + 1 

Eq. ( 3-13 ) 

In the above equation, µ𝑟𝑒𝑙𝑂2  (𝑝𝑒𝑞
(𝑂2)) refers to the unitless relative growth rate as a 

function of equivalent partial pressure of oxygen 𝑝𝑒𝑞(𝑂2) in [𝑃𝑎], which results from the 

concentration of oxygen being in equilibrium with the surrounding atmosphere through 
Henry’s law. 

In a different article, it was reported that algae can grow under conditions of elevated 
oxygen concentration in the medium, as long as the concentration is increased in small 
steps. These steps shall not be larger than 0.2 atm. and sufficient time for the culture 
to stabilize should be given before a new step is made. Until an oxygen equivalent 
partial pressure of 80 kPa, the growth is not affected and drops to around 0.65 
(graphically extracted) at a partial pressure of 95 kPa (equivalent partial pressure 
values are stated as percentages of atmospheres in the source) [57]. The evolution of 
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relative growth with respect to an increasing atmospheric partial pressure of oxygen is 
shown in Figure 3-15. 

 
Figure 3-15: Oxygen equivalent partial pressure influence (i.e. concentration) on relative growth 

rate. Adapted from [57] by graphically extracting values and changing absolute growth rate 
to relative growth by assuming the stated maximum growth rate is the optimum growth. 

Carbon Dioxide partial pressure was maintained at 0.5 kPa. 

The effect of oxygen concentration on Chlorella vulgaris in this publication [57] is far 
less severe than the one from [54], which was previously shown. Again, it should be 
noted that this is only possible, when the increase is not done in large steps and the 
culture can adapt to the changed conditions. This model will be used henceforth since 
it does not see a reduced relative growth rate at 20 kPa oxygen partial pressure and 
with the assumption that the changes in a photobioreactor interacting with a spacecraft 
cabin will not be rapid. 

Mathematically, the model can be described by Eq. ( 3-14 ). 

µ𝑟𝑒𝑙𝑂2  (𝑝𝑒𝑞
(𝑂2))

= {

1                                                            |  𝑝𝑒𝑞(𝑂2) < 80 𝑘𝑃𝑎

−2.33 ∗ 10−5 ∗ 𝑝𝑒𝑞(𝑂2) + 2.867 |  𝑝𝑒𝑞(𝑂2) ≥ 80 𝑘𝑃𝑎

0                                                         |  𝑝𝑒𝑞(𝑂2) ≥ 122 𝑘𝑃𝑎

  
Eq. ( 3-14 ) 

In the above equation, µ𝑟𝑒𝑙𝑂2   (𝑝𝑒𝑞
(𝑂2)) refers to the unitless relative growth rate as a 

function of equivalent partial pressure of oxygen 𝑝𝑒𝑞(𝑂2) in [𝑃𝑎], which results from the 

concetration of oxygen being in equilibrium with the surrounding atmosphere through 
Henry’s law. 

3.1.2.6 Carbon Dioxide Concentration Limitation 

Carbon dioxide is an important nutrient for photosynthetic processes. However, at high 
concentrations in the growth medium it can become a limiting factor on growth. This 
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sub-chapter does not deal with the lack of carbon dioxide for photosynthetic growth, 
as discussed in 3.1.2.4, but rather with the opposite: the excessive abundance of 
carbon dioxide. 

As is the case for the oxygen limitation, which was discussed in the previous sub-
chapter 3.1.2.5, the tolerable and inhibitory limits of dissolved carbon dioxide on algal 
growth are often stated as partial pressures or in fractions of atmospheres. What is 
meant in this context is the equivalent concentration the substance would have in 
equilibrium with the atmosphere according to Henry’s law at the stated partial pressure. 
The stated partial pressure can therefore also be regarded as an equivalent partial 
pressure. For more information on Henry’s law see 3.3.2.1. The concept of equivalent 
(or imaginary) partial pressure is explained in more detail in 3.3.2.2. 

A conflict arises because carbon dioxide in the atmosphere above the medium needs 
to be at a sufficiently high pressure to support a transfer through the membrane (or 
even just the medium surface) that matches the rate of uptake into algal cells through 
photosynthesis. At the same time, Henry’s law dictates, that an increased partial 
pressure will also lead to an increased concentration in the medium, which then can 
limit the algal growth. A photobioreactor therefore requires close carbon dioxide 
monitoring and control to provide sufficient carbon dioxide to the algal metabolism but 
also not exceed a critical threshold, where it can become limiting on the growth rate. 

A compilation of literature values of carbon dioxide equivalent partial pressures that 
limit algal growth is given in Table 3-4. 

Table 3-4: Compilation of literature values for carbon dioxide concentration growth limitation. 

Source 𝒑𝒆𝒒(𝑪𝑶𝟐) [𝑷𝒂] µ𝒓𝒆𝒍 [−] Comment 

[15] 15 000 - Review of other papers. 15% for Chlorella 
vulgaris. Higher values (30-50 % of atm.) 
stated for Chlorella sp. 

[52] 60 000 0 Even in a high-CO2-tolerant microalga, growth 
is suppressed at > 60% CO2 in air (Satoh et 

al., 2004) [52] 

[57] 65 000 

100 000 

- 

0.15 

Start of inhibition when c(CO2) is only 
increased slowly.  

[9] 15 000 0.33 4 % stated as optimum 

“at 15 % CO2 concentration there is a 3-fold 
decline in 

biomass yield when compared to the yield 
produced at a 4% CO2 concentration.” [9]  

Due to its simplicity and continuous availability of data over a wide range of carbon 
dioxide equivalent partial pressure, the data from [57] is used. It states that Chlorella 
vulgaris growth is not affected until a partial pressure of 65 kPa and then declines to a 
relative growth of 0.15 at 100 kPa (equivalent partial pressure values are stated as 
percentages of atmospheres in the source) [57]. 
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Figure 3-16: Carbon dioxide equivalent partial pressure (i.e. concentration) influence on relative 

growth rate. Adapted from [57] by changing absolute growth rate to relative growth by 
assuming the stated maximum growth rate is the optimum growth and simplifying the 

reported evolution (dashed line, approximated) to a linear one.  

The model for the limitation of algal growth through carbon dioxide that is graphically 
represented in Figure 3-16 can be formulated as given in Eq. ( 3-30 ). This equation 
assumes a linear drop in relative growth between 65 kPa and 100 kPa, which actually 
has a more complex course in the source (see dashed line in Figure 3-16). 

µ𝑟𝑒𝑙𝐶𝑂2 (𝑝𝑒𝑞
(𝐶𝑂2))

= {

  1                                                               |  𝑝𝑒𝑞(𝐶𝑂2) < 80 𝑘𝑃𝑎

−2.125 ∗ 10−5 ∗ 𝑝𝑒𝑞(𝐶𝑂2) + 2.275 |  𝑝𝑒𝑞(𝐶𝑂2) ≥ 80 𝑘𝑃𝑎

   0                                                                |  𝑝𝑒𝑞(𝐶𝑂2) ≥ 107 𝑘𝑃𝑎

  
Eq. ( 3-15 ) 

In the above equation, µ𝑟𝑒𝑙𝐶𝑂2 (𝑝𝑒𝑞
(𝐶𝑂2)) refers to the unitless relative growth rate as 

a function of equivalent partial pressure of carbon dioxide 𝑝𝑒𝑞(𝐶𝑂2) in [𝑃𝑎], which 

results from the concetration of carbon dioxide being in equilibrium with the 
surrounding atmosphere through Henry’s law. 

It is important to note, that the above graph does not regard the fact that an extremely 
low carbon dioxide equivalent partial pressure will most likely lead to the lack of carbon 
dioxide as nutrient. In fact, it has been stated, that the growth of Chlorella sp. increases 
with increasing carbon dioxide percentage between 0.5 % and 5 % in the atmosphere, 
while for Chlorella vulgaris an optimum of 2 % was reported and no beneficial effects 
with further increase to 4 % and 8 % [15]. However, the limitation that arises through 
insufficient availability of carbon dioxide is a nutrient limitation and is regarded in the 
Photosynthesis Module as described in 3.1.2.4. The effects previously described in 
this chapter solely deal with a too high carbon dioxide concentration and its limitation 
on growth. 

3.1.3 Achievable Biomass Concentration Increase Rate 

The achievable biomass concentration increase rate can be calculated after the current 
optimum biomass concentration increase rate and the relative growth rates due to 
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limiting factors are determined. Since multiple factors can be limiting algal growth at 
the same time, a decision must be made with regard to how strongly each of these 
factors can affect the biomass concentration increase rate.  

Two main types of models can be applied to the determination of achievable biomass 
concentration increase rate for problems like this one: threshold and multiplicative 
models [29]. 

Threshold models, also called minimum law models, assume that the optimum 
biomass concentration increase rate is only affected by the most limiting factor and 
even if the other relative growth rates also deviate from optimum (but to a lesser 
degree), they are disregarded. Therefore, the achievable biomass concentration 
increase rate is calculated as if there were only one factor limiting the optimum growth. 
The achievable biomass concentration increase rate as a result of a threshold model 
can be calculated with Eq. ( 3-16 ) [29]. 

µ𝑎𝑐ℎ = µ𝑜𝑝𝑡 ∗ min (µ𝑟𝑒𝑙𝑇, µ𝑟𝑒𝑙𝑝𝐻 , µ𝑟𝑒𝑙𝑃 , µ𝑟𝑒𝑙𝑂2 , µ𝑟𝑒𝑙𝐶𝑂2) Eq. ( 3-16 ) 

Multiplicative models regard all limiting factors in the calculation of the achievable 
biomass concentration increase rate by multiplying the relative growth rates of the 
limiting factors. The achievable biomass concentration increase rate as a result of a 
multiplicative model can be calculated with Eq. ( 3-17 ) [29]. 

µ𝑎𝑐ℎ = µ𝑜𝑝𝑡 ∗ µ𝑟𝑒𝑙𝑇 ∗ µ𝑟𝑒𝑙𝑝𝐻 ∗ µ𝑟𝑒𝑙𝑃 ∗ µ𝑟𝑒𝑙𝑂2 ∗ µ𝑟𝑒𝑙𝐶𝑂2 Eq. ( 3-17 ) 

In the two equations stated above, µ𝑎𝑐ℎ is the achievable biomass concentration 

increase rate in [𝑘𝑔 (𝑚3𝑠)⁄ ]. It is calculated from the optimum biomass concentration 

increase rate µ𝑜𝑝𝑡 (as calculated by the Gompertz model) [𝑘𝑔 (𝑚3𝑠)⁄ ] by factoring in 

the unitless relative growth rates µ𝑟𝑒𝑙𝑇  for the temperature dependence, µ𝑟𝑒𝑙𝑝𝐻 for the 

pH dependence, µ𝑟𝑒𝑙𝑃 for the photosynthetically active radiation dependence, µ𝑟𝑒𝑙𝑂2  for 

the oxygen concentration dependence and µ𝑟𝑒𝑙𝐶𝑂2  for the carbon dioxide concentration 

dependence.  

A terminological differentiation must be made between the optimum, achievable and 
actual biomass concentration increase rates. The optimum biomass concentration 
increase rate is the rate calculated by the Gompertz model based on the current 
biomass concentration as outlined in 3.1.1 and the achievable and actual biomass 
concentration increase rates are derived from it.  

The achievable biomass concentration increase is not necessarily the actually 
observable growth since it does not regard nutrient limitation (carbon dioxide, nitrogen 
and phosphorus) in the simulation model. While the effect of limiting factors such as 
temperature and pH affect the ability of the biochemical photosynthetic processes to 
be performed at their optimum rate in a calculable manner, the transformation of 
nutrients is part of the biochemical processes themselves and their limitation is 
therefore regarded in the Photosynthesis Module. When all required nutrients are 
available in the growth medium, the achievable (derived from optimum growth rate with 
limiting factors) and actual biomass concentration increase rate (including possible 
nutrient limitation) are equal. Both models are available to select from, the multiplicative 
model is used for simulations in this thesis, since small deviations are expected and 
these should all be respected. 



Scientific Background of Chlorella Vulgaris Model  

 

 

Page 36 

3.2 Photosynthesis Module 

Algal growth is the product of photosynthesis which uses radiation energy 
(photosynthetically active radiation, see 3.4) to transform carbon dioxide and water to 
carbohydrates (e.g. sugar) and oxygen as shown in Eq. ( 3-18 ). The chemical energy 
stored in carbohydrates can then be used by other biochemical processes in the algal 
cell to metabolize nutrients such as nitrogen (in the form of nitrate, urea or ammonia) 
or phosphorus. 

6𝐶𝑂2 + 12𝐻2𝑂 (+𝐸𝑃𝐴𝑅) ⟹ 𝐶6𝐻12𝑂6 + 6𝑂2 Eq. ( 3-18 ) 

For the purpose of this thesis, the photosynthetic transformation of carbon dioxide and 
water to carbohydrates and oxygen, along with the nitrogen and phosphorus 
metabolism are regarded as one overall process, while the algal cell itself is regarded 
as a black box. Therefore, the processes happening inside the cell are disregarded. 

The Photosynthesis Module is responsible for the photosynthetic and biochemical 
transformation of carbon dioxide, water and nutrients to chlorella cells, oxygen and 
further waste products based on the growth rate calculated by the previously discussed 
growth rate calculation module. This chapter presents different stoichiometric Chlorella 
vulgaris composition models in 3.2.1, outlines the chemical reactions responsible for 
the photosynthetic growth and metabolism of Chlorella vulgaris and discusses the 
metabolism of different nitrogen sources and how these affect the overall reactant 
consumption and reaction product evolution. 

3.2.1 Chlorella Vulgaris Composition Model 

In order to describe the overall photosynthetic growth and biochemical nutrient 
metabolism of algal cells, a stoichiometric model is required. A stoichiometric model of 
the algal cell allows to relate the increase in biomass of the algal culture to the amount 
of carbon dioxide and other nutrients required for the growth and also how much 
oxygen is produced in the process. 

Since algal cells are living organisms that can adapt their composition to changing 
nutrient availability [58], finding a universal stoichiometric composition always requires 
averaging and simplifications. Furthermore, data on the stoichiometric composition of 
Chlorella vulgaris specifically is scarce and the sources typically rather refer to the 
broader genus Chlorella or, even more generalizing, simply microalgae.  

A list of relative stoichiometric compositions from different sources is given in Table 
3-5. Relative in this sense means that the number of atoms stated is relative to the 
absolute number of atoms of that element in an algal cell and therefore also relative to 
the number of atoms in the biomass of the entire algal culture. Stating an absolute 
value for a single cell is nonsensical since the algal cells grow before they separate 
(see 2.1.1) and also because the simulation logic only considers an absolute biomass 
and does not regard the number of discrete algal cells for the growth rate calculation. 
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Table 3-5:  Relative stoichiometric composition of microalgae (mostly Chlorella / Chlorella 
vulgaris) compiled from different literature sources. Only carbon, hydrogen, oxygen, 
nitrogen and phosphorus are regarded. Entries list the relative number of atoms in a 
molecule normalized to carbon and below the mass percentages of each atom in the 

molecule. The resulting relative molar mass is also listed. 

Source C H O N P 𝑴𝒓𝒆𝒍   

[𝒌𝒈/𝒎𝒐𝒍] 

Comment 

[59] 1 

66.9 % 

1.6243 

9.1 % 

0.2394 

21.4 % 

0.0128 

1.0 % 

0.0092 

1.6 % 

0.0179 Compiled from averaged 
mass fractions for Chlorella 
from [60]. Disregarded 
materials with less 
percentage than P. Data used 
by [61]. 

[10] 1 

55.0 % 

1.6775 

7.7 % 

0.3648 

26.8 % 

0.1629 

10.8 % 

0 

0 % 

0.0218 Equations provided on p. 272, 
normalized to carbon. No 
further references. 

Used by [30]. 

[62] 1 

49.9 % 

1.6296 

6.8 % 

0.4025 

26.8 % 

0.1852 

10.8 % 

0.0446 

5.8 % 

0.0241 No specific type of microalgae 
stated. Microalgae grown in a 
medium (clarified domestic 
waste water) containing 
microorganisms. Normalized 
to carbon 

[63] 1 

53.3 % 

1.7 

7.6 % 

0.4 

28.4 % 

0.15 

9.3 % 

0.0094 

1.3 % 

0.0225 Corresponding chemical 
photosynthesis equation in 
[64]  

[18] 1 

52.4 % 

2.4811 

7.4 % 

1.0377 

29.6 % 

0.1509 

9.2 % 

0.0094 

1.3 % 

0.0335 No specific algal type stated. 
Normalized to carbon 

[58] 1 

54.8 % 

1.68 

7.7 % 

0.365 

26.7% 

0.168 

10.7 % 

0.0 

0 % 

0.0219 Chlorella with Nitrate as N 
source. Normalized to 
carbon. Equations provided in 
[65], used by [37].  

[61] 1 

52.8 % 

1.8 

7.9 % 

0.432 

30.4% 

0.143 

8.8 % 

0.0 

0 % 

0.0227 Chlorella with Ammonia as N 
source. Normalized to 
carbon. Equations provided in 
[65], used by [37]. 

[66] 1 

52.6 % 

1.75 

7.7 % 

0.42 

29.4% 

0.15 

9.2 % 

0.008 

1.1% 

0.0228 Chlorella sorokiniana. 
Normalized to carbon 

In order to make them comparable, all values in Table 3-4 are normalized to contain 
one carbon atom. When comparing the stoichiometry and mass percentages listed in, 
a similarity between the values can be recognized.  

When disregarding the first Chlorella composition, which was stated in [59], the carbon 
content ranges between 50 % and 55 %, hydrogen around 8 %, oxygen between 25 % 
and 30 %, nitrogen around 10 % and phosphorus (if considered at all), around 1 % 
(with one exception). The differentiation between different Chlorella species (vulgaris, 
sorokiniana, etc.) therefore seems unnecessary when regarding the stoichiometric 
composition and the statement of values simply for Chlorella, without further 
specifications, seem sufficient. 



Scientific Background of Chlorella Vulgaris Model  

 

 

Page 38 

One of the benefits of the implementation of an algal photobioreactor in a spacecraft 
cabin is the ability to process urine to clean or even potable water. Therefore the 
Chlorella composition 𝐶1𝐻1.75𝑂0.42𝑁0.15𝑃0.008 is chosen for this simulation since the 
source which provided this composition uses urine as growth medium and also 
provides experimentally derived chemical reaction equations for the photosynthetic 
growth and nutrient consumption [65]. Although the stated composition is used for a 
different Chlorella species in the original source, the similarity of stoichiometric 
compositions shown in Table 3-4 allows to assume it can also be used for Chlorella 
vulgaris. 

One set of data even lists a different composition with regard to what nitrogen source 
is used [61]. Since microalgae can adapt their composition to different nutrients and 
media, this can provide an approach to modeling a varying composition of the biomass 
in a simulation environment in the future. 

3.2.2 Algal Growth Reactions 

Since the selected algal composition 𝐶1𝐻1.75𝑂0.42𝑁0.15𝑃0.008 differs from the previously 
stated “pure” photosynthesis biomass 𝐶6𝐻12𝑂6, Eq. ( 3-18 ) cannot be used. A chemical 

reaction has to be found that also considers the nitrogen and phosphorus uptake. An 
overall equation for the Chlorella growth, which is stated in the same source as the 
used stoichiometric composition is shown in Eq. ( 3-19 ) [65]. 

𝐶𝑂2 + 0.15 𝑁𝐻3 + 0.008 𝐻2𝑃𝑂4
− + 0.646 𝐻2𝑂 

⟹ 𝐶1𝐻1.75𝑂0.42𝑁0.15𝑃0.008 + 1.125 𝑂2 + 0.008 𝑂𝐻
− 

Eq. ( 3-19 ) 

Since the human model of the V-HAB simulation environment does not contain 
phosphorus in its urine, an abstraction is made that excludes phosphorus from the 
algal composition, which is then 𝐶1𝐻1.75𝑂0.42𝑁0.15. The resulting equation is slightly 
different and makes up for the lost hydrogen and oxygen from 0.008 𝐻2𝑃𝑂4

− on the 

reactant side by using more water and producing less oxygen on the product side. The 
reaction equation is shown in Eq. ( 3-20 ). 

𝐶𝑂2 + 0.15 𝑁𝐻3 + 0.65 𝐻2𝑂 ⟹ 𝐶1𝐻1.75𝑂0.42𝑁0.15 + 1.115 𝑂2 Eq. ( 3-20 ) 

The provided equations us ammonia (𝑁𝐻3) as nitrogen source, which is in an 

equilibrium with ammonium (𝑁𝐻4
+) in an aqueous solution. The mechanism of nitrogen 

uptake into algae is often reported with ammonium [67] [68] [69], which releases a 
hydrogen ion into the medium when consumed by the algae [65] [67]. The assimilation 
of ammonia has the same overall mass and proton balance as consuming ammonium 
and releasing a hydrogen ion. Since cell-internal processes are not of concern for this 
thesis, only the assimilation of ammonia will be regarded for simplicity. Ammonia shall 
henceforth act as the baseline for nitrogen assimilation and any other nitrogen source 
(such as nitrate or urea), is first transformed to ammonia before it is assimilated by the 
algal cell. 

Since the growth medium pH is a factor in growth rate determination, not only the mass 
balance of the growth reactions must be considered, but also the proton uptake or 
hydroxide ion production. Special care has to be given to ensuring a correct charge 
and proton balance, since the proton balance is often disregarded in literature sources 
when dealing with photosynthetic growth [69]. This is especially the case when dealing 
with nitrate as nitrogen source. 
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This sub chapter presents equations used in the simulation based on the previously 
selected Chlorella composition. The chemical equations are divided into two sections 
depending on the nitrogen source, which can either be nitrate (see 3.2.2.1) or urine 
(see 0). Since the human model of the V-HAB simulation environment does not contain 
phosphorus in its urine, simplified equations without phosphorus are also presented. 

3.2.2.1 Reactions with Nitrate as Nitrogen Source 

Algae such as Chlorella vulgaris can grow on nitrate ions (𝑁𝑂3
−) as nitrogen source. In 

the assimilation process, nitrate is first reduced to nitrite (𝑁𝑂2
−,) then further reduced 

to ammonium [69] [70] and incorporated into amino acids through further cell internal 
processes [68]. Since ammonium is an intermediate step in this process and releases 
a hydrogen ion into the medium when incorporated into biomass, the assumption of 
using ammonia (𝑁𝐻3) as nitrogen source is valid, as long as the process of reducing 
nitrate to ammonia is respected in the overall equation. 

When nitrate is consumed, the medium pH rises steadily [69]. Since nitrate itself is not 
acidic or basic (at a considerable level), the pH increase must be a result of hydrogen 
ion consumption or hydroxide ion production. 

No uniform quantification of proton uptake per nitrate molecule is found in literature. 
The redox state of the nitrogen atom in nitrate is +5 and that in ammonium is -3 [71]. 
One (non-peer-reviewed) source states that 8 hydrogen ions (i.e. protons) are required 
in the process of nitrate reduction [2], which can be assumed to be derived from the 
redox state difference. Other sources state, and experimentally verify, that two 
hydrogen ions are consumed in the reduction of nitrate to ammonium and one 
hydrogen ion released when ammonium is assimilated [67] [72]. When regarding the 
overall reduction of nitrate to ammonium and subsequent uptake of ammonia then one 
proton is consumed, and one hydroxide ion released to the medium. A further article, 
which deals with the pH changes in the soil surrounding roots of higher plants, 
compares different sources and acknowledges that the quantification of proton uptake 
in nitrate reduction is “under discussion” but is larger than 1 per nitrate ion reduced 
[73]. 

It therefore seems fair to assume 1 hydrogen ion per mole nitrate ion reduced to 
ammonia. When assuming water to be the source for the hydrogen atoms in ammonia 
and the oxygen of the nitrate ion to be released as molecular oxygen the overall 
reaction equation is Eq. ( 3-21 ). 

𝑁𝑂3
− +  2 𝐻2𝑂 ⟹ 𝑁𝐻3 + 2 𝑂2 +𝑂𝐻

− Eq. ( 3-21 ) 

This equation can then be integrated in the previously stated equations of algal growth 
with phosphorus (Eq. ( 3-22 )) and without phosphorus (Eq. ( 3-23 ), both (adapted 
from [65])), which represent the algal growth reaction with nitrate as nitrogen source. 

𝐶𝑂2 + 0.15 𝑁𝑂3
− + 0.008 𝐻2𝑃𝑂4

− + 0.946 𝐻2𝑂 
⟹ 𝐶1𝐻1.75𝑂0.42𝑁0.15𝑃0.008 + 1.425 𝑂2 + 0.158 𝑂𝐻

− 
Eq. ( 3-22 ) 

  

𝐶𝑂2 + 0.15 𝑁𝑂3
− + 0.95 𝐻2𝑂 
⟹ 𝐶1𝐻1.75𝑂0.42𝑁0.15 + 1.415 𝑂2 + 0.15 𝑂𝐻

− 
Eq. ( 3-23 ) 
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Generally speaking, nitrate is not the most suitable nitrogen source since it is 
expensive [74] and its metabolism is rather energy intensive [68]. Other viable sources 
are based on ammonium, ammonia or urea, which are preferred by algae over nitrate 
[71]. 

3.2.2.2 Reactions with Urine as Nitrogen Source 

Urine can be the source of nitrogen for Chlorella [51] [53] and other algal species [75] 
[76]. The nitrogen is assimilated by metabolizing urea 𝐶𝑂(𝑁𝐻2)2, which is the main 

nitrogen containing component in fresh urine [65]. 

In an enzymatic reaction, urea is broken up into ammonia and carbon dioxide as shown 
in Eq. ( 3-39 ) [53]. Ammonia then enters an equilibrium with ammonium in an aqueous 
solution but is disregarded here since it yields the same overall equation as regarding 
ammonia. 

𝐶𝑂(𝑁𝐻2)2 + 𝐻2𝑂 ⟹ 2 𝑁𝐻3 + 𝐶𝑂2 Eq. ( 3-24 ) 

This equation can then be integrated in the previously stated equations of algal growth 
with phosphorus Eq. ( 3-25 ) [65] and without phosphorus Eq. ( 3-26 ) (adapted from 
[65]), which represent the algal growth reaction with urea from urine as nitrogen source. 

0.925𝐶𝑂2 + 0.075 𝐶𝑂(𝑁𝐻2)2 + 0.008 𝐻2𝑃𝑂4
− + 0.721 𝐻2𝑂 

⟹ 𝐶1𝐻1.75𝑂0.42𝑁0.15𝑃0.008 + 1.125 𝑂2 + 0.008 𝑂𝐻
− 

Eq. ( 3-25 ) 

  

0.925 𝐶𝑂2 + 0.075 𝐶𝑂(𝑁𝐻2)2 + 0.725 𝐻2𝑂 
⟹ 𝐶1𝐻1.75𝑂0.42𝑁0.15 + 1.115 𝑂2 

Eq. ( 3-26 ) 

The pathway of urea assimilation is less complex than that of nitrate, which also poses 
some major advantages that the algal growth on urea instead of nitrate as nitrogen 
source has. 

The metabolism of urea uptake does not consume any hydrogen ions or produce 
hydroxide ions like nitrate does [69] [77]. It therefore does not affect the medium pH 
when used as a nitrogen source.  

Furthermore, the uptake of urea is less energy demanding. It only requires an 
enzymatic hydrolysis to ammonia and not a redox reaction, like nitrate does, which 
competes for energy with other photosynthetic mechanisms [68]. When both nitrate 
and ammonium are available in the growth medium, algal cells prefer the uptake of 
ammonium since it requires less energy [71]. 

Being a waste product which is produced by the human metabolism, urine is a cheaper 
nitrogen source than nitrate [74]. In a spacecraft the use of urine does not only have a 
monetary advantage but also requires less stored supplies, which would contribute 
toward an increased launch mass and storage space.  

3.3 Growth Medium Module 

The growth medium is the liquid in which the algal cells grow. Ideally, it is composed 
in a way that supports high algal growth and provides sufficient nutrients and also 
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allows the transportation of radiation energy to the algal cells in order to perform 
photosynthesis.  

In a natural environment the growth medium can be an outdoor pond or an ocean. In 
a laboratory environment, a defined medium is used – meaning it is made up of defined 
quantities of ingredients [78]. It is typically water based and consists of a selection of 
chemicals that are added to the photobioreactor. For batch cultures these chemicals 
are added once in the beginning of batch growth and for continuous cultures the 
chemicals have to be provided continuously as they are taken up by the continuously 
growing algae population. 

Besides the manually added chemicals, there are also components in the medium that 
enter the medium through an exchange with the surrounding atmosphere such as 
carbon dioxide and oxygen. Furthermore, products of the algal metabolism enter the 
medium (and may exit to the atmosphere in a next step) and therefore also alter its 
composition.  

The components of the medium, either manually added or taken up from the 
atmosphere, may also react with the water molecules of the medium and create an 
acidic or basic solution. The pH of the solution can then affect the solubility of some 
medium components and therefore determine how much of a certain component can 
be dissolved in the medium under the existing conditions. A schematic overview of 
processes and components of an algal growth medium is shown in Figure 3-17. 
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Figure 3-17: Growth medium components and reactions. Compounds are dissolved in the water 

and split up into their ionic constituent parts and may further react with water if either of their 
compounds is acidic (Ac.) or basic (Bs.) to form hydrogen ions (H+) or hydronium ions (OH-). 

Molecular nutrients (Nut.) and mineral ions (M.) are dissolved in the solution and used for 
photosynthetic processes. Carbon dioxide (CO2) is absorbed from and oxygen (O2) released 

to the atmosphere through the membrane. Carbon dioxide that is not used for 
photosynthesis may react with water to other carbon species. Furthermore, 

photosynthetically active radiation (yellow arrow) penetrates the membrane and medium 
and provides energy for photosynthetic processes in the algal cells (green circles).  

3.3.1 Bold’s Basal Medium  

Depending on what type of algae are grown and what the culture should be used for, 
a variety of growth media recipes exist [78]. Typically, these recipes can be bought as 
a premade concentrate and have to be mixed with a defined amount of water to form 
the desired growth medium. 

Chlorella vulgaris is the algal species of interest within the scope of this thesis and one 
of the most suitable mediums for this species is Bold’s Basal Medium [79]. It is an 
artificial freshwater algae medium made up of inorganic components such as minerals 
and trace metals [80]. A detailed list of Bold’s Basal Medium components and their 
concentrations is shown in Table 3-6. 
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Table 3-6:  Bold’s Basal Medium composition. Adapted from [80].  

Component  Chemical Formula Concentration [kg/m3] 

Sodium Nitrate NaNO3 0.25 

Magnesium Sulfate, anhydrous MgSO4*7H2O 0.03663 

Sodium Chloride NaCl 0.025 

Potassium Phosphate, dibasic K2HPO4 0.075 

Potassium Phosphate, 
monobasic 

KH2PO4 0.175 

Calcium Chloride. anhydrous CaCl2*2H2O 0.0187 

Zink Sulfate * 7 H2O ZnSO4*7H2O 0.00882 

Manganese Chloride *4 H2O MnCl2*4H2O 0.00144 

Cupric Sulfate CuSo4*5H2O 0.00157 

Cobalt Nitrate Co(NO3)2*6H2O 0.00049 

Boric Acid H3BO3 0.01142 

Disodium 
Ethylenediaminetetraacetic 
acid (EDTA) Salt 

Na2C10H14N2O8 0.06361 

Potassium Hydroxide KOH 0.031 

Ferrous Sulfate, anhydrous FeSO4*7H2O 0.00498 

Na2MoO4 Na2MoO4 0.0019 

Sulfuric Acid H2SO4  0.00184 

When prepared correctly with deionized water, it initially has a pH of 4.4 and should be 
adjusted with Potassium Hydroxide to a pH of 6.6 [80]. It should be noted, that the word 
“basal” in this context refers to a medium that supports the growth of a broad variety of 
microorganisms that do not require special nutrient supplements [81] and should not 
be confused with having a pH in the basic range (7-14). 

3.3.2 Atmospheric Exchange of Components 

The surrounding atmosphere composition, to which the medium in a photobioreactor 
is exposed, can also influence the medium composition through matter exchange 
based on Henry’s Law. Among the most notable components in the growth medium 
that are affected by atmospheric exchange are carbon dioxide that enters from the 
atmosphere, and oxygen that is produced in the photosynthetic metabolism and exits 
the medium to the atmosphere.  

It should be noted, that oxygen (like any other atmospheric component) also enters the 
medium through atmospheric exchange, but more importantly, also leaves the medium 
when produced by the algal culture and the oxygen content surpasses what is currently 
dissolvable in the medium.  
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3.3.2.1 Henry’s Law 

In 1803, William Henry introduced a law [82] that postulated the solubility of a species 
in water to be proportional to the partial pressure of the gaseous species above the 
water. The proportionality factor in this relationship is temperature dependent and 
commonly referred to as Henry’s constant [83].  

Although varying definitions of the involved terminology and units exist, the law can be 
defined as given in Eq. ( 3-27 ) [83]. 

𝐻 =
𝑐𝑎
𝑝𝑔

 Eq. ( 3-27 ) 

Where 𝐻 is the Henry’s constant in [𝑚𝑜𝑙 (𝑚3 ∗ 𝑃𝑎)⁄ ], 𝑐𝑎 is the molar concentration of 

a substance in the aqueous phase in [𝑚𝑜𝑙 𝑚3⁄ ] and 𝑝𝑔 is the partial pressure of the 

substance in the gaseous phase above the water in [𝑃𝑎] in equilibrium conditions [83]. 
For a given temperature, each substance will reach its own equilibrium concentration 
and the Henry constant is therefore individually defined for each substance. A 
compilation of values for 4632 substances can be found in [83]. 

Furthermore, the Henry’s constant not only differs between substances but is also 
temperature dependent. Based on a reference temperature, at which the Henry’s 
constant is known, and a factor that represent the temperature dependence, the 
Henry’s constant as a function of temperature can be written as seen in Eq. ( 3-28 ) 
[83]. 

𝐻(𝑇) = 𝐻𝑟𝑒𝑓 ∗ exp (
−∆𝑠𝑜𝑙𝐻

𝑅
(
1

𝑇
−

1

𝑇𝑟𝑒𝑓
)) Eq. ( 3-28 ) 

𝐻(𝑇) is the temperature dependent Henry constant in [𝑚𝑜𝑙 (𝑚3 ∗ 𝑃𝑎)⁄ ] at the evaluated 

Temperature 𝑇 in [𝐾], 𝐻𝑟𝑒𝑓 is the Henry constant in [𝑚𝑜𝑙 (𝑚3 ∗ 𝑃𝑎)⁄ ] at a reference 

temperature 𝑇𝑟𝑒𝑓in [𝐾] and −∆𝑠𝑜𝑙𝐻 𝑅⁄  is a tabulated temperature dependency factor in 
[𝐾] (H in this temperature dependency factor refers to enthalpy, not the henry’s law 
constant H). It should be noted, that with the above equation the temperature 
dependent henry factor can only be accurately calculated for temperatures close to the 

selected reference temperature [83]. Since the reference temperature 𝑇𝑟𝑒𝑓 = 298.15 𝐾 
for the used values is close to the ideal operating point of the photobioreactor at 𝑇 ≈
303 𝐾, the observed temperature range will be sufficiently small to maintain a high 

accuracy. 

For carbon dioxide the values of interest are: 𝐻𝑟𝑒𝑓 = 3.3 ∗ 10−4𝑚𝑜𝑙 (𝑚3 ∗ 𝑃𝑎)⁄  at 

𝑇𝑟𝑒𝑓 =  298.15 𝐾 and −∆𝑠𝑜𝑙𝐻 𝑅⁄ = 2400 𝐾 [83]. A plot of Eq. ( 3-28 ) shown in Figure 
3-18 over a temperature range from 𝑇𝑚𝑖𝑛 =  283 𝐾 to 𝑇𝑚𝑖𝑛 =  313 𝐾 shows, that the 

soluble concentration of carbon dioxide in water (assumed partial pressure 𝑝𝑔 =

5000 𝑃𝑎) decreases with increasing temperature. 
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Figure 3-18: Concentration variation in aqueous phase (with constant partial pressure in gas 

phase) as a result of Henry constant temperature dependence. 

3.3.2.2 Membrane Transport 

In order to separate the growth medium from the atmosphere, to prevent excessive 
water evaporation and contamination but still allow the exchange of carbon dioxide and 
oxygen, a membrane can be utilized. In a weightlessness environment a membrane is 
also required to prevent the liquid from leaving the photobioreactor. 

 
Figure 3-19: Membrane transport from the atmosphere to the growth medium where the difference 

of partial pressures is the driving force. Carbon dioxide is shown as an example. 

Membrane flow depends on a multitude of variables, that can be adjusted to allow the 
desired flow rate of a certain substance. At all times, a partial pressure gradient 
between both sides must be present as a driving force for the membrane transport. In 
the medium the ideal gas law does not apply, and the definition of a partial pressure is 
therefore not sensible. From the concentration of the substance in the medium, an 
equivalent partial pressure in an infinitesimally small volume between the medium and 
the membrane must be used as shown in Figure 3-19. This equivalent partial pressure 
represents the pressure the gas would have if it were in equilibrium with the medium 
and can be calculated with Eq. ( 3-29 ) using the Henry constant at the current 
temperature.  

𝑝𝑒𝑞 =
𝑐𝑎
𝐻(𝑇)

 Eq. ( 3-29 ) 

Where 𝑝𝑒𝑞 is the equivalent partial pressure of the substance in the imaginary air gap 

in [𝑃𝑎] and 𝑐𝑎 is the current molar concentration of the substance in the aqueuous 

phase in [𝑚𝑜𝑙 𝑚3⁄ ]. 
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This equivalent partial pressure, along with characteristics of the utilized membrane, 
can then be used in Eq. ( 3-30 ) to calculate the transport rate through the membrane.  

  

Ṁ =
𝐽 ∗ 𝐴𝑀 ∗ (𝑝𝑔 − 𝑝𝑒𝑞)

𝑑𝑀
 Eq. ( 3-30 ) 

Where Ṁ is the molar flowrate through the membrane in [𝑚𝑜𝑙 𝑠⁄ ], 𝐽 the membrane’s 

permeability in [𝑚𝑜𝑙 ∗ 𝑚 (𝑚2 ∗ 𝑃𝑎 ∗ 𝑠⁄ )], 𝐴𝑀 the membrane surface in [𝑚2] and 𝑑𝑀 the 
membrane’s thickness in [𝑚]. 

The flow of carbon dioxide through the membrane must be sufficiently high to provide 
ample supply to the growing algal culture at all times. Furthermore, it must transport 
the produced oxygen away from the culture sufficiently fast to not be limiting on algal 
growth. The membrane must therefore be able to support the carbon dioxide uptake 
rate and oxygen production rate during the peak of the algal growth rate. Most easily 
this can be achieved by adjusting the membrane surface or the partial pressure 
difference between algal medium and the outside. 

3.3.3  Total Inorganic Carbon Balance 

Carbon dioxide is an essential nutrient to photosynthetic growth and enters the growth 
medium through gas exchange with the atmosphere based on Henry’s Law. However, 
it can speciate to bicarbonate and carbonate ions which means that it is no longer 
available to the photosynthetic processes. Furthermore, the process of aqueous 
carbon speciation releases hydrogen ions to the medium and make it more acidic. The 
involved reactions are shown in Eq. ( 3-31 ), Eq. ( 3-32 ) and Eq. ( 3-33 ) [84]. 

𝐶𝑂2 +𝐻2𝑂
𝐾𝑎𝐶𝑂2
⇔   𝐻2𝐶𝑂3  

Eq. ( 3-31 ) 

𝐻2𝐶𝑂3  
𝐾𝑎𝐻2𝐶𝑂3
⇔     𝐻𝐶𝑂3

− +𝐻+ 
Eq. ( 3-32 ) 

𝐻𝐶𝑂3
−
𝐾𝑎𝐻𝐶𝑂3−
⇔     𝐶𝑂3

2− +𝐻+ 
Eq. ( 3-33 ) 

The sum of these three carbon species concentrations is referred to as total inorganic 
carbon concentrations as shown in Eq. ( 3-30 ) [2]. 

CT = [𝐶𝑂2
∗] + [𝐻𝐶𝑂3

−] + [𝐶𝑂3
2−] Eq. ( 3-34 ) 

CT refers to the total inorganic carbon concentration in [𝑚𝑜𝑙 𝑚3⁄ ] and the brackets 

around the three different species indicate concentrations of these in [𝑚𝑜𝑙 𝑚3⁄ ]. The 
combined concentrations of carbon dioxide and carbonic acid are often represented 
by [𝐶𝑂2

∗] as defined in Eq. ( 3-35 ). 

[𝐶𝑂2
∗] = [𝐶𝑂2] + [𝐻2𝐶𝑂3] Eq. ( 3-35 ) 

Furthermore, a combined acid constant 𝐾𝑎𝐶𝑂2∗
 is used that describes the reaction of 

𝐶𝑂2
∗ to 𝐻𝐶𝑂3

−and 𝐻+. 

Not only does the introduction of carbon dioxide into the medium change the medium 
pH through speciation, but the variation of pH due to other acids or bases will also 
influence the distribution of carbon species. Reason for this is, that the equilibrium 
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reactions are not just influenced by the initial CO2 concentration on the left side, but 
also by the hydrogen ion concentration, which is on the right. If that concentration is 
changed (taken away through bases or increased through other acids, the equilibrium 
of the whole equation is shifted accordingly. Reactions must be strictly regarded as a 
process that can go in both directions, not just left to right, but also right to left.  

The concentration of the individual species of the total inorganic carbon balance can 
be regarded as a function of pH as shown in Figure 3-20. The species concentration 
equivalency points (i.e. where the lines cross) are defined by the temperature 
dependent pKa-values (the negative logarithm of the respective acid constants). 

 
Figure 3-20: Relation of inorganic carbon species concentration to the total inorganic carbon 

concentration as a function of pH. pK1 in the figure represents − log10(𝐾𝑎𝐶𝑂2∗
) and pK2 

represents − log10(𝐾𝐾𝑎𝐻𝐶𝑂3−
) Copied from [85]. 

Since some of the carbon dioxide, that is dissolved in the water, is directly speciated 
to bicarbonate and carbonate ions, the effective Henry’s constant for carbon dioxide is 

in fact higher than the previously stated 𝐻𝐶𝑂2
𝑟𝑒𝑓
= 3.3 ∗ 10−4𝑚𝑜𝑙 (𝑚3 ∗ 𝑃𝑎)⁄ . The actual 

value depends on the pH of the medium and current, temperature dependent, 
equilibrium constants of the carbon species reactions 𝐾𝑎𝐶𝑂2∗

 and 𝐾𝑎𝐻𝐶𝑂3− .  

In a closed system (with no contact to a surrounding atmosphere) or one that is partially 
closed due to a transience-inducing behavior of membrane transport (which is limiting 
the flow of carbon dioxide into the medium), the concentration of carbon dioxide varies 
with pH (e.g. induced by other acids/bases) while the total inorganic carbon 
concentration stays equal (or changes only slowly due to limited membrane transport 
capabilities). In a completely open system, where instantaneous exchange with the 
atmosphere is possible, the variation of pH leads to a varying concentration of total 
inorganic carbon, while the concentration of carbon dioxide remains constant [86] (the 
relative distribution still follows that shown in Figure 3-20, the absolute concentrations 
just become higher or lower).  

As a result, at high pH and transport limitation through the medium surface, even if the 
total inorganic carbon concentration is high, potentially not enough carbon dioxide is 
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available for photosynthesis because the total inorganic carbon equilibrium lies far on 
the side of carbonate ions. Carbon dioxide ions entering the medium are speciated to 
bicarbonate and carbonate before they can be used otherwise. Another consequence 
of the pH dependent concentration of carbon dioxide in a (partially) closed system is 
that other acidic or basic components in the medium can influence how much carbon 
dioxide can be dissolved in medium if the Henry’s law atmosphere-air equilibrium is 
not reached. 

3.3.4 Components from Algal Metabolism 

Besides the increase in biomass, the algal metabolism consumes and releases 
components into the growth medium that change its composition and have the ability 
to change its pH. The components considered here are oxygen and hydroxide ions. 
For more in-depth details on the reactions, products and reactants of photosynthesis, 
refer to 3.2. 

3.3.4.1 Oxygen 

One of the main products of photosynthesis is oxygen which is first dissolved in the 
medium until its equilibrium concentration (with regard to its current Henry Constant) 
is reached and then exits the medium into the atmosphere through the means of 
atmospheric exchange described in the previous section 3.3.2. 

In order to calculate the equilibrium concentrations of oxygen, Eq. ( 3-27 ) and Eq. ( 
3-28 ) can be used analogously to carbon dioxide. For oxygen, the Henry’s law values 

of interest are: 𝐻𝑟𝑒𝑓 = 1.3 ∗ 10−5𝑚𝑜𝑙 (𝑚3 ∗ 𝑃𝑎)⁄  at 𝑇𝑟𝑒𝑓 = 298.15 𝐾 and −∆𝑠𝑜𝑙𝐻 𝑅⁄ =
1500 𝐾 [83], which shows that the molar solubility of oxygen in water is an order of 
magnitude smaller than that of carbon dioxide.  

Since oxygen can be limiting on algal growth at high concentrations in the medium as 
previously outlined in 3.1.2.5, special care should be given to designing the membrane 
to be capable of meeting the oxygen transport needs. 

3.3.4.2 Hydroxide Ion Production 

In the process of algal growth, the nitrate metabolism requires hydrogen ions to turn 
nitrate into amines, which are found in proteins. These hydrogen ions are taken from 
breaking up water, in the process of which, hydroxide ions are released into the 
medium, as outlined in the the discussion of the Photosynthesis Module (see 3.2.2.1). 

Unlike oxygen, the hydroxide ions are not exchanged with the atmosphere and 
contribute to the overall acid-base equilibrium in the medium and therefore influence 
the pH.  

3.3.5 Changes of Composition and pH due to acid-base-reactions 

The pH of the medium can be a limiting factor on algal growth if it is outside of the 
tolerable boundaries, as outlined in 3.1.2.2. Therefore, the knowledge of the current 
medium pH is a vital piece of information when determining the possible algal growth. 
Many of the components of the Bold’s Basal Medium and those added through algal 
metabolism and atmospheric exchange can alter the medium’s pH by contributing or 
consuming hydrogen ions in equilibrium reactions. 
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Substances that have the ability to provide a proton (i.e. positively charged hydrogen 
ion) in an aqueous solution are acids. Those that can accept or receive a hydrogen ion 
from another substance are called bases [87]. 

Acid-base reactions in water can be described by the generalized equilibrium reaction 
as shown in Eq. ( 3-36 ) 

𝐻𝐴 +𝐻2𝑂
𝐾𝑎
⇔ 𝐵− + 𝐻3𝑂

+ Eq. ( 3-36 ) 

In this equation, 𝐻𝐴 stands for an acid with an attached hydrogen atom, and 𝐵− is the 
resulting conjugated base that results from the acid, when the hydrogen ion is passed 

to a water molecule. 
𝐾𝑎
⇔ indicates that the reaction can go in both directions and the 

equilibrium is dictated by the equilibrium constant 𝐾𝑎. 

The mass action law dictates that the equilibrium concentrations of all involved species 
follow the equilibrium constant relation as shown in Eq. ( 3-37 ). The water 
concentration is regarded to remain constant throughout the reaction if it is the solvent 
for the acids and bases involved and is therefore included in the equilibrium constant 
(see simplifications in 3.3.5.1), which, when talking about acids, is also often known as 
acidity constant. 

𝐾𝑎 =
{𝐵−} ∗ {𝐻+}

{𝐻𝐴}
 Eq. ( 3-37 ) 

In the above equation, the curved brackets indicate the unitless molar activities of the 
respective substances. The molar activity represents an effective concentration which 
is lower than the actual concentration of a substance in a non-ideal solution and can 
be obtained by multiplying the concentration with an activity constant [41]. 𝐻+ is the 
hydrogen ion, which is regarded without the water molecule to which it is attached. 

Instead of the 𝐾𝑎 value, acids and bases are often characterized by the better readable 
𝑝𝐾𝑎 value, which is the negative logarithm of a reaction’s equilibrium constant as 

shown in Eq. ( 3-38 ).  

𝑝𝐾𝑎 =  − log10(𝐾𝑎) Eq. ( 3-38 ) 

Since the 𝐾𝑎 value (and the 𝑝𝐾𝑎 as an easier readable version of it) determines how 
far on the side of the reaction products the equilibrium of a reaction lies, it can be used 
to characterize the strength of an acid or base. The smaller the 𝑝𝐾𝑎 value is, the more 
likely the acid is to transfer a hydrogen ion into solution and thereby decreasing the 
pH. A strong acid has a very small pKa and completely deprotonates in water, whereas 
a weak acid only partially deprotonates [87] (potentially only at high pH). 

Some acids are polyprotic (like EDTA salt and potassium phosphate in the Bold’s Basal 
Medium) or polybasic and can provide more than one hydrogen ion each at a different 
𝑝𝐾𝑎. The fact that each mole of substance can provide or accept more than one mole 
of hydrogen ions means they can have a strong impact on medium pH. 

Even though bases in an aqueous solution are typically characterized by their 
𝑝𝐾𝑏 value, which describes their likeliness to accept protons (the smaller, the stronger), 
they can be characterized by the 𝑝𝐾𝑎 value of their conjugate acid (one hydrogen ion 
more) through the relation shown in Eq. ( 3-39 ). A direct result is, that a very weak 
acid (high pKa) has a very strong conjugate base (low pKb). 
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𝑝𝐾𝑎 + 𝑝𝐾𝑏 =  14 Eq. ( 3-39 ) 

This subchapter outlines the calculation of medium pH depending on the 
concentrations and equilibrium constants of various components – either added 
manually or taken up through atmospheric exchange and the algal metabolism. Since 
the calculation is relatively complicated, some simplifications and assumptions are 
outlined in 3.3.5.1, the required set of reaction equations is presented in 3.3.5.2 and 
the pH calculation mechanism is described in 3.3.5.3. 

3.3.5.1 Required Simplifications 

Bold’s Basal Medium consists of 16 different components (including water), of which 
the acids or bases were identified in order to know which components are relevant for 
the pH calculation. They are shown in Table 3-7 with their pKa values. 

Table 3-7:  Basic and acidic components of Bold’s Basal Medium 

Substance pKa at 25° C Acid or Base 

Boric Acid 9.324 [88] weak acid 

Disodium EDTA Salt 2.0, 2.4, 6.2, 10.3 [89] 

First and second 
protonation of EDTA have 
0.26 and 0.96 [90] 

Medium strong acid, pure 
EDTA would be strong 
acid. 

Potassium Hydroxide 23-29 of hydroxide ion [88] strong base 

Dibasic Potassium 
Phosphate 

12.325 of HPO4 [88]  medium weak base 

Monobasic Potassium 
Phosphate 

7.207 of H2PO4[88] medium weak acid 

Since Boric Acid is only a weak acid and its concentration in Bold’s Basal Medium is 
fairly low, it is left out of calculations in the following. Furthermore, the acidity of 
minerals and ions other than those stated above,  

When calculating mass and charge balances, the current concentrations of the 
regarded substances are required. However, when calculating mass action law 
equations with equilibrium constants, activities are required [91]. Ions in solution react 
with each other and show a behavior that suggests a concentration that appears to be 
lower, than it actually is. In order to account for this behavior, unitless activity constants 
are introduced that allow for the calculation of an effective concentration. In an ideally 
dilute solution (concentration tending to zero), the activity constant becomes 1 and the 
effective concentration matches the actual concentration [41].  

The demonstrated calculations in this chapter assume an ideally dilute solution and 
therefore use concentrations instead of activities in order to calculate chemical 
equilibria with mass action law equations. Eq. ( 3-37 ) can then be rewritten with 
concentrations (in brackets) instead of activities (in curly brackets) as shown in Eq. ( 
3-40 ) and since the constant concentration of water is included in the equilibrium 
constant, 𝐾𝑎 by definition becomes the unit [𝑚𝑜𝑙 𝑚3⁄ ] in order to maintain the equations 
correct unit. 
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𝐾𝑎 =
[𝐵−] ∗ [𝐻+]

[𝐻𝐴]
 Eq. ( 3-40 ) 

Water is considered to remain at a constant concentration throughout all reaction and 
calculation steps since its concentration is considerably higher compared to the other 
medium components and therefore hardly varies. At a density of 𝜌𝐻2𝑂 = 1000𝑘𝑔 𝑚

3⁄ , 

the concentration of water is 55.56
𝑚𝑜𝑙

𝑚3
 as can be calculated with Eq. ( 3-74 ). 

𝑐𝑎(𝐻2𝑂) = [𝐻2𝑂] =
𝜌𝐻2𝑂
𝑀𝐻2𝑂

 Eq. ( 3-41 ) 

In the above equation 𝑐𝑎(𝐻2𝑂) and [𝐻2𝑂] are both representations of the 
concentrations of water in water in 𝑚𝑜𝑙 𝑚3⁄ , 𝜌𝐻2𝑂 ist he density of water in 𝑘𝑔 𝑚3⁄  and 

𝑀𝐻2𝑂 the molar mass of water in kg mol⁄ .  

The calculated 55.56𝑚𝑜𝑙 𝑚3⁄  are more than 40 times higher than the highest 
concentration of added reacting substance in the medium, which is dihydrogen 
phosphate (H2PO4) at 1.3𝑚𝑜𝑙 𝑚3⁄ . 

3.3.5.2 Acid-Base Reactions in the Medium 

In order to calculate the medium pH, the concentrations and acidity constants of all 
acids and bases involved in the contribution and consumption of hydrogen ions are 
required. 

As a first step, all added salts of the Bold’s Basal Medium are assumed to completely 
split up into their ions in water. When only regarding the acidic or basic components of 
the Bold’s Basal Medium, four substances have to be considered as outlined in 3.3.5.1. 
Their ionization reactions can be seen in Eq. ( 3-42 ) - Eq. ( 3-45 ). 

𝑁𝑎2𝐸𝐷𝑇𝐴 → 𝐸𝐷𝑇𝐴
2− + 2 𝑁𝑎+ Eq. ( 3-42 ) 

𝐾𝑂𝐻 → 𝐾+ + 𝑂𝐻− Eq. ( 3-43 ) 

𝐾𝐻2𝑃𝑂4 → 𝐾
+ +𝐻2𝑃𝑂4 

−  Eq. ( 3-44 ) 

𝐾2𝐻𝑃𝑂4 →  2 ∗ 𝐾
+ + 𝐻𝑃𝑂4 

2− Eq. ( 3-45 ) 

Henceforth, only the acidic or basic ions 𝐸𝐷𝑇𝐴2−, 𝑂𝐻−, 𝐻2𝑃𝑂4 
–  and 𝐻𝑃𝑂4 

2− are 
regarded for the calculations and the metal ions regarded as inactive but still dissolved 
in the medium. 

In the medium, the added salts further speciate and can form different states 
depending on the pH of the medium. Even states with more hydrogen atoms than 
those, that were initially added can be reached depending on the overall pH of the 
medium and therefore must also be regarded as possible reactions in the medium. 
These reactions are shown in Eq. ( 3-46 ) - Eq. ( 3-52 ). For simplification the weakly 
acidic fifth and sixth deprotonation of EDTA are not regarded. 

 

𝐸𝐷𝑇𝐴 
𝐾𝑎𝐸𝐷𝑇𝐴
⇔     𝐸𝐷𝑇𝐴− + 𝐻+ 

Eq. ( 3-46 ) 
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𝐸𝐷𝑇𝐴−
𝐾𝑎𝐸𝐷𝑇𝐴−
⇔      𝐸𝐷𝑇𝐴2− + 𝐻+ Eq. ( 3-47 ) 

𝐸𝐷𝑇𝐴2−
𝐾𝑎
𝐸𝐷𝑇𝐴2−

⇔       𝐸𝐷𝑇𝐴3− + 𝐻+ 
Eq. ( 3-48 ) 

𝐸𝐷𝑇𝐴3−
𝐾𝑎
𝐸𝐷𝑇𝐴3−

⇔       𝐸𝐷𝑇𝐴4− + 𝐻+ 
Eq. ( 3-49 ) 

𝐻3𝑃𝑂4

𝐾𝑎𝐻3𝑃𝑂4
⇔      𝐻2𝑃𝑂4

− + 𝐻+ 
Eq. ( 3-50 ) 

𝐻2𝑃𝑂4
−
𝐾𝑎𝐻𝑃𝑂4

−

⇔     𝐻𝑃𝑂4
2− + 𝐻+ 

Eq. ( 3-51 ) 

𝐻𝑃𝑂4
2−

𝐾𝑎
𝐻𝑃𝑂4

2−

⇔      𝑃𝑂4
3−  + 𝐻+ 

Eq. ( 3-52 ) 

The hydroxide ions that were provided by potassium hydroxide are respected in              
Eq. ( 3-53 ), which shows the autoprotolysis of water and is an important aspect of any 
acid-base-reactions in an aqueous solution. 

𝐻2𝑂
𝐾𝑊
⇔  𝐻+ +𝑂𝐻− Eq. ( 3-53 ) 

Furthermore, the previously discussed carbon dioxide speciation to bicarbonate and 
carbonate can provide hydrogen ions which contribute to the decrease in pH as shown 
in Eq. ( 3-54 ) and Eq. ( 3-55 ). 

𝐶𝑂2 + 𝐻2𝑂
𝐾𝑎
𝐶𝑂2
∗

⇔    𝐻𝐶𝑂3
− +𝐻+ 

Eq. ( 3-54 ) 

𝐻𝐶𝑂3
−
𝐾𝑎𝐻𝐶𝑂3−
⇔      𝐶𝑂3

2− +𝐻+ Eq. ( 3-55 ) 

3.3.5.3 Determination of Medium pH 

Since the hydrogen ion 𝐻+ is a part of all equations in Eq. ( 3-42 ) - Eq. ( 3-74 ), and 
the concentrations of some substances are present in more than one equation (those 
of polyprotic acids) the reactions cannot be solved individually with their respective 
equilibrium constants. A set of linear equations, that links all the equations together, 
must be derived and solved for the concentration of the hydrogen ion in order to obtain 
the pH. When the concentration of the hydrogen is known, it can be used to solve the 
set of linear equations for the concentration of each substance involved.  

Overall, the reaction equations Eq. ( 3-42 ) - Eq. ( 3-74 ) yield the following unknown 
concentrations:  

[𝐻+], [𝑂𝐻−], [𝐾+], [𝑁𝑎+], [𝐸𝐷𝑇𝐴], [𝐸𝐷𝑇𝐴−], [𝐸𝐷𝑇𝐴2−], [𝐸𝐷𝑇𝐴3−], [𝐸𝐷𝑇𝐴4−], [𝐶𝑂2],
[𝐻𝐶𝑂3

−], [𝐶𝑂3
2−], [𝐻3𝑃𝑂4], [𝐻2𝑃𝑂4

−], [𝐻𝑃𝑂4
2−], [𝑃𝑂4

3−] 

Since there are 16 unknown concentrations of involved substances, 16 equations are 
required to solve the system for the hydrogen ion concentration [𝐻+]. 

Following the algorithm presented in [92] and adapting it to a larger system, formulating 
a charge balance is the first step to solving the system and acts as the first required 
equation. Every unknown concentration listed above goes into the equation once. If 
the ion has a positive charge it goes on the left of the equation, concentrations of 
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negatively charged ions are placed on the right. If the ion has more than one negative 
or positive charge, that goes as a factor in front of the component. 

[𝐻+] + [𝐾+] + [𝑁𝑎+]
= [𝐸𝐷𝑇𝐴−] + 2 ∗ [𝐸𝐷𝑇𝐴2−] + 3 ∗ [𝐸𝐷𝑇𝐴3−] + 4
∗ [𝐸𝐷𝑇𝐴4−] + [𝐻𝐶𝑂3

−] + 2 ∗ [𝐶𝑂3
2−] + [𝐻2𝑃𝑂4

−] + 2
∗ [𝐻𝑃𝑂4

2−] + 3 ∗ [𝑃𝑂4
3−] + [𝑂𝐻−] 

Eq. ( 3-56 ) 

The aim is to find an expression for each concentration in the charge balance, which 
is solely dependent on known values (such as initially added concentrations of a certain 
substance or the acidity constant) and the hydrogen ion concentration, for which the 
charge balance should be solved in the end. 

Further equations are provided through the mass action laws of all involved substances 
as shown in Eq. ( 3-57 ) - Eq. ( 3-66 ). 

𝐾𝑎𝐸𝐷𝑇𝐴  =  
[𝐸𝐷𝑇𝐴−] ∗ [𝐻+]

[𝐸𝐷𝑇𝐴]
 Eq. ( 3-57 ) 

𝐾𝑎𝐸𝐷𝑇𝐴− = 
[𝐸𝐷𝑇𝐴2−] ∗ [𝐻+]

[𝐸𝐷𝑇𝐴−]
 Eq. ( 3-58 ) 

𝐾𝑎𝐸𝐷𝑇𝐴2− = 
[𝐸𝐷𝑇𝐴3−] ∗ [𝐻+]

[𝐸𝐷𝑇𝐴2−]
 Eq. ( 3-59 ) 

𝐾𝑎𝐸𝐷𝑇𝐴3− = 
[𝐸𝐷𝑇𝐴4−] ∗ [𝐻+]

[𝐸𝐷𝑇𝐴3−]
 Eq. ( 3-60 ) 

𝐾𝑎𝐻3𝑃𝑂4 = 
[𝐻2𝑃𝑂4

−] ∗ [𝐻+]

[𝐻3𝑃𝑂4]
 Eq. ( 3-61 ) 

𝐾𝑎𝐻𝑃𝑂4−
= 
[𝐻𝑃𝑂4

2−] ∗ [𝐻+]

[𝐻2𝑃𝑂4
−]

 Eq. ( 3-62 ) 

𝐾𝑎
𝐻𝑃𝑂4

2− =  
[𝑃𝑂4

3−] ∗ [𝐻+]

[𝐻𝑃𝑂4
2−]

 Eq. ( 3-63 ) 

𝐾𝑎𝐶𝑂2∗
=  
[𝐻𝐶𝑂3

−] ∗ [𝐻+]

[𝐶𝑂2]
 Eq. ( 3-64 ) 

𝐾𝑎𝐻𝐶𝑂3− =  
[𝐶𝑂3

2−] ∗ [𝐻+]

[𝐻𝐶𝑂3
−]

 Eq. ( 3-65 ) 

𝐾𝑤 =  [𝑂𝐻
−] ∗ [𝐻+] = 10−14 Eq. ( 3-66 ) 

Further equations can be obtained by formulating mass balance equations. The 
concentration of all species of a certain substance in the medium have to come from 
what was initially added of that substance as shown in Eq. ( 3-67 ) - Eq. ( 3-70 ). In an 
open system, the carbon dioxide concentration is a function of its partial gas pressure 
above the medium and can therefore be easily calculated with the Henry constant in 
Eq. ( 3-71 ). 
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[𝐸𝐷𝑇𝐴] + [𝐸𝐷𝑇𝐴−] + [𝐸𝐷𝑇𝐴2−] + [𝐸𝐷𝑇𝐴3−] + [𝐸𝐷𝑇𝐴4−]
= 𝐶𝑁𝑎2𝐸𝐷𝑇𝐴𝑖𝑛𝑖𝑡𝑖𝑎𝑙 

Eq. ( 3-67 ) 

[𝑁𝑎+] =  2 ∗ 𝐶𝑁𝑎2𝐸𝐷𝑇𝐴𝑖𝑛𝑖𝑡𝑖𝑎𝑙 Eq. ( 3-68 ) 

[𝐾+] =  𝐶𝐾𝑂𝐻𝑖𝑛𝑖𝑡𝑖𝑎𝑙 + 𝐶𝐾𝐻2𝑃𝑂4𝑖𝑛𝑖𝑡𝑖𝑎𝑙 + 2 ∗  𝐶𝐾2𝐻𝑃𝑂4𝑖𝑛𝑖𝑡𝑖𝑎𝑙 Eq. ( 3-69 ) 

[𝐻3𝑃𝑂4] + [𝐻2𝑃𝑂4
−] + [𝐻𝑃𝑂4

2−] + [𝑃𝑂4
3−]

= 𝐶𝐾2𝐻𝑃𝑂4𝑖𝑛𝑖𝑡𝑖𝑎𝑙 + 𝐶𝐾𝐻2𝑃𝑂4𝑖𝑛𝑖𝑡𝑖𝑎𝑙 = 𝐶𝑝ℎ𝑜𝑠𝑝ℎ𝑎𝑡𝑒𝑡𝑜𝑡𝑎𝑙  
Eq. ( 3-70 ) 

[𝐶𝑂2] = 𝐻𝐶𝑂2 ∗ 𝑝𝑔(𝐶𝑂2) = 𝐶𝐶𝑂2𝑖𝑛𝑖𝑡𝑖𝑎𝑙 Eq. ( 3-71 ) 

The 16 equations Eq. ( 3-56 ) - Eq. ( 3-71 ) are sufficient to solve the system for the 16 
unknown equations and ultimately calculate the concentration of hydrogen ions and 
pH. The equations have to be rearranged to only be dependent on known values such 
as initial concentrations or acidity constants and the hydrogen ion concentration. These 
expressions can be found in Appendix B.1. 

The rearranged expressions can then be integrated into the charge balance                   
Eq. ( 3-56 ), terms with equal exponent can be collected and the equation can then be 
numerically solved for the hydrogen ion concentration. In this case, the final equation 
is a polynomial of 10th order of the shape shown in Eq. ( 3-73 ). Since the actual 
equation is rather extensive it can be found in the Appendix B.1. 

𝑎 ∗ [𝐻+]10 + 𝑏 ∗ [𝐻+]9 + 𝑐 ∗ [𝐻+]8 + 𝑑 ∗ [𝐻+]7 + 𝑒 ∗ [𝐻+]6 + 𝑓 ∗ [𝐻+]5

+ 𝑔 ∗ [𝐻+]4 + ℎ ∗ [𝐻+]3 + 𝑖 ∗ [𝐻+]2 + 𝑗 ∗ [𝐻+]1 + 𝑘 = 0 
Eq. ( 3-72 ) 

Once the hydrogen ion concentration is known through numerical solving, the 
previously arranged terms representing the species concentrations (which are only 
dependent on known values and the now known hydrogen ion concentration) can be 
used to calculate the concentration of each species in the system. 

3.4 Photosynthetically Active Radiation Module 

Photosynthetically active radiation provides the required energy for the endothermic 
reactions of the photosynthetic carbon metabolism [38]. Since the transformation of 
carbon dioxide to biomass is the main purpose of photosynthesis, photosynthetically 
active radiation – together with carbon dioxide – can be regarded as the backbone of 
photosynthesis and therefore algal growth.  

The photosynthetically active radiation, which plants can use as energy source for 
photosynthesis, lies within the same wave spectrum of 400-700 nm as the radiation 
that the human eye can sense as light [7]. 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]. 
Despite the fact that the source of photosynthetically active radiation for algal 
photosynthesis can be seen by the human eye as light, this part of the simulation is 
not called Light Module but Photosynthetically Active Radiation Module. 
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3.4.1 Photosynthetically Active Radiation as Energy Source 

The energy an electromagnetic wave carries is a function of its wavelength or 
frequency. If the electromagnetic waves lie within the boundaries of photosynthetically 
active radiation, their radiant energy can be absorbed by photosynthetically active 
organisms where it is transformed to chemical energy stored in biomass-molecules 
along with heat losses. 

3.4.1.1 Radiometric Characterization of Radiation 

Since growth is the increase of biomass over time, a defining factor for biomass growth 
is how much energy in the photosynthetically active radiation band can be provided to 
a photosynthetically active organism within a time interval to enable growth. The 
measurement of electromagnetic radiation properties such as energy in Joules and 
Power in Watts is called radiometry [93]. 

The rate of energy a radiation source emits per time unit is called radiant flux and is 
measured in Watts in SI-units. With increasing distance to the source, the radiant flux 
is spread over an increasingly large area where the incoming radiation per area can 
be measured as irradiance in Watts per square meter in SI-units. It should be noted 
that in radiometry and photometry intensity actually refers to a property of the radiation 
source and should not be used for describing the irradiance on a receiving surface [7].  

3.4.1.2 Quantum Characterization of Radiation 

The quantum mechanical concept of particle-wave duality allows to describe 
electromagnetic radiation either in form of continuous waves or as discrete quanta, 
which are called photons in this case. In terms of photosynthetically active radiation 
the description of radiation phenomena with photons is favorable over treating the 
radiation as a wave [7] and will be used hereafter.  

Each photon travels at the speed of light and has an energy that is a function of its 
wavelength which can be calculated with Eq. ( 3-73 ). 

𝐸𝑝ℎ =
ℎ ∗ 𝑐𝑙𝑖𝑔ℎ𝑡
𝜆

 Eq. ( 3-73 ) 

𝐸𝑝ℎ is the photon’s energy in J, ℎ = 6.63 ∗ 10−34 𝐽 ∗ 𝑠 is the Planck’s Constant, 𝑐𝑙𝑖𝑔ℎ𝑡 =

3 ∗ 108𝑚 𝑠⁄  the speed of light and 𝜆 refers to the photon’s wavelength in meters.  

Similar to the radiometric concept of radiant flux, a radiation source can be regarded 
as emitting a certain number of photons per time unit, which is called photon flux and 
measured in photons per second. With increasing distance from the source, this photon 
flux spreads out over an increasing area where it can be measured as photon flux 
density, which is equivalent to the radiometric irradiance. Photosynthetic photon flux 
density is measured as photons per second per square meters. If only the photons 
from the photosynthetically active radiation band are considered, the photon flux 
density is called photosynthetic photon flux density and the number of photons is 
commonly counted in micro moles [94]. 
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3.4.1.3 Conversion of Units 

For a mechanistic approach towards biological growth, a photon-based description of 
photosynthetically active radiation is favorable. However, when considering energy 
absorption and heat losses, radiometric units are advantageous and the need for 
conversion between the two arises. 

A monochromatic radiation source only emits photons of a single wavelength, which 
makes the conversion between photon and radiometric units a trivial task as seen in 
Eq. ( 3-74 ). 

𝐼 =
𝑃𝑚 ∗ 10

−6 ∗ 𝑁𝐴 ∗ ℎ ∗ 𝑐𝑙𝑖𝑔ℎ𝑡
𝜆

 Eq. ( 3-74 ) 

𝐼 is the radiometric irradiance in [𝑊 𝑚2⁄ ], 𝑃𝑚 the monochromatic photon flux density in 

[𝜇𝑚𝑜𝑙 (𝑚2 ∗ 𝑠)⁄ ], 𝑁𝐴 = 6.022 ∗ 10
23 is the Avogadro Constant, ℎ = 6.63 ∗ 10−34 𝐽 ∗ 𝑠 is 

the Planck’s Constant, 𝑐𝑙𝑖𝑔ℎ𝑡 = 3 ∗ 10
8𝑚 𝑠⁄  the speed of light and 𝜆 the photon’s 

wavelength in meters. 

A polychromatic radiation source emits photons of different wavelengths at the same 
time. Most sources used to provide photosynthetically active radiation, artificial light 
sources and daylight are polychromatic as shown in Figure 3-21. A monochromatic 
radiation source would only be a vertical line at a certain wavelength in this graph.  

 
Figure 3-21: Qualitative graph of spectral photon flux density profiles of different polychromatic 

radiation (in this case light). Blue, green and red lines stand for lights of the respective color 
(adapted from [95]), the yellow line represents daylight (adapted from [96]). 

For a polychromatic radiation source, the transformation of units is more difficult and 
requires detailed knowledge of the spectral photon flux density profile 𝑃𝑇𝑝(𝜆) and 
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integration over the photosynthetically active radiation band of 400 to 700 nm as seen 
in Eq. ( 3-75 ). (This is to determine what is relevant to photosynthetic organisms, parts 
of the profile could lie outside the waveband and would thereby be disregarded.) 

𝐼 = ∫
𝑃𝑝(𝜆)  ∗ 10

−6 ∗ 𝑁𝐴 ∗ ℎ ∗ 𝑐

𝜆

700∗10−9

400∗10−9
 𝑑𝜆 Eq. ( 3-75 ) 

𝐼 is the radiometric irradiance in [𝑊 𝑚2⁄ ] and 𝑃𝑝(𝜆) the spectral photon flux density 

profile in [𝜇𝑚𝑜𝑙 (𝑚2 ∗ 𝑠 ∗ 𝑚)⁄ ]. 

Since the spectral photon flux profile (which results in a spectral photon flux density 
profile when measured at a distance of the source) is a unique feature of every 
radiation source and difficult to measure, the determination of the irradiance of a 
polychromatic light source is challenging. Further details, conversion formulas and 
algorithms can be found in [7], [94] and [95]. 

3.4.2 Photosynthetically Active Radiation Growth Domains 

The energy provided through photosynthetically active radiation enables 
photosynthetically active organisms to metabolize carbon dioxide to biomass and 
releases oxygen from water.  

From a mechanistic standpoint, for each oxygen molecule (O2) released in the process 
of photosynthesis, 8 photons are required but realistically a number between 9 and 10 
photons is required per oxygen molecule due to inefficiencies. This fact holds true for 
most photosynthetic organisms from microalgae to vascular plants [2], [42]. 

When the evolution of oxygen molecules is used as an indicator for photosynthetic 
activity and photosynthetic biomass growth in general, a relationship between photon 
availability and growth can be formulated. This relationship is plotted qualitatively in 
Figure 3-22.   

 
Figure 3-22: Radiation saturation curve of photosynthesis with growth domains. I: respiration, 

II: linear growth, III: photo-saturated growth and IV: photo-inhibited growth. Adapted from 
[42]. 
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3.4.2.1 Domain I: Respiration 

At a photon flux below the required minimum 𝑃𝑚𝑖𝑛, the available energy is not sufficient 

to enable photosynthetic growth. The microalgae cultures only respire. In this process, 
enzymes enable biomass to be oxidized and carbon dioxide to be released from the 
biomass instead of fixed. This leads to a destruction of biomass or, in other words, 
negative growth [97].  

In fact, this process can be assumed to be independent of the photon flux [47] and 
therefore continuously occurs while a photosynthetic organism is growing. In high 
oxygen concentration media [7] and the longer an algal culture is exposed to conditions 
where not enough energy is provided (e.g. dark conditions), this effect can become 
more significant when looking at overall growth [98]. 

3.4.2.2 Domain II: Linear Growth 

When more than the minimum photon flux 𝑃𝑚𝑖𝑛 is provided, growth rises linearly with 
the provided photosynthetically active radiation power. This domain is hence called the 
linear growth domain. 

In the linear growth domain, radiation energy absorption and radiation energy related 
photosynthetic reactions are the limiting factor on photosynthetic growth and the 
growth is therefore light-limited [42]. This behavior can be pictured as a number of cells 
in a two-dimensional microalgae culture that all require a certain number of photons to 
fix a carbon dioxide molecule. Until every algal cell is provided with enough photons to 
perform photosynthesis, the growth potential of the entire culture is not fully exploited.  

3.4.2.3 Domain III: Saturation 

The linear behavior of photosynthetic growth is limited to a certain range of photon flux 
values and stops at the saturation photon flux 𝑃𝑠𝑎𝑡. From this point onward, the growth 
does not increase any further with increasing photon flux and is therefore called the 
saturated growth domain. 

While absorption and transformation of photosynthetically active radiation power are 
the limiting factors in the linear growth domain, this is not the case here since enough 
energy per time unit is now available to allow all cells in the culture to grow. However, 
the (endothermic) chemical reactions that are enabled by the absorbed energy require 
a certain time to complete and therefore limit the growth in the saturated growth 
domain. Most prominently, the carbon reactions (slow enzyme catalysis) and electron 
transfer are limiting the growth [42]. 

Consequently, a two-dimensional microalgae culture with a photon flux density higher 
than saturation penetrating its surface could be regarded as energy-inefficient since 
the additional photons only generate heat and do not contribute to photosynthetic 
growth. However, when regarding the culture as a three-dimensional volume, a surface 
irradiated above saturation can have a positive effect on the overall growth of the 
culture volume. Photons become absorbed and scattered by the layers of algal cells 
close to the surface and shadow the lower lying cells. If more photons than required 
for the top-most layer are available, they can penetrate deeper into the volume and 
enable growth in deeper lying cells despite absorption and scattering [42]. This 
behavior becomes increasingly important in dense algal cultures and is discussed in 
more detail in 3.4.4. 
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3.4.2.4 Domain IV: Photoinhibition 

Increasing the photon flux well above 𝑃𝑠𝑎𝑡 will cause a rapid drop in growth and 

eventually fatal damage to the algal culture. The point at which these effects start is 
called inhibition point 𝑃𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 and this domain of algal growth is therefore called 
photoinhibited domain. 

When exposed to photon flux beyond 𝑃𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛, the photosynthetic activity is 

photoinhibited which results in a rapid decrease in growth. Some parts of the 
photosynthetic apparatus (e.g. the photosystem II) are sensitive to strong irrandiances 
and therefore the weak part of photosynthesis with regard to high photon flux [43]. 
Photoinhibition is a protective measure of the photosynthetic organism to prevent 
photosynthesis happening at a rate that would trigger a damagingly high electron 
transfer [2]. 

When all growth is inhibited, and the photon flux is further increased, photooxidation 
(also called pigment bleaching) occurs, which results in irreversible cell damage and 
death. Irradiance levels beyond the inhibition point should therefore be avoided, 
especially for extended periods of time [99]. 

3.4.3 Optimum Wavelength within the Photosynthetically Active Radiation 
Band for Chlorella Vulgaris cultivation 

Photons of the photosynthetically active radiation waveband can be absorbed by 
Chlorella vulgaris’ radiation receptors carotenoids and chlorophyll a and b. Carotenoids 
can absorb photons of the whole photosynthetically active radiation spectrum and are 
passed on as energy to chlorophyll a and b in the photosystem II and I, where they are 
transformed to chemical energy in the process of photosynthesis [79]. However, since 
chlorophyll a and b can absorb radiation energy and directly transform it to chemical 
energy, the blue and red wavelengths, which can be directly absorbed by these 
pigments, are more efficient for microalgal growth [79]. 

In the case of Chlorella vulgaris, radiation of 680 nm is most suitable to achieve high 
biomass concentrations with the least electrical energy usage [55]. Radiation in this 
waveband is perceived as the color red by the human eye. It should be noted that 
different radiation wavelengths can yield a different macromolecular composition 
(proteins, carbohydrates) of Chlorella vulgaris cells [79]. 

For energy-efficient growth of a culture with a high biomass concentration, providing 
radiation only in the most growth-efficient wavelength is necessary. Due to their narrow 
bandwidth, with close to monochromatic behavior, low energy consumption compared 
to other sources, high reliability and longer life-span, light emitting diodes are the most 
suitable radiation sources [100]. 

3.4.4 Energy Attenuation in Microalgae Cultures 

At high biomass concentrations, cells further away from the irradiated surfaces receive 
less light due to photon absorption from higher lying cells and scattering of photons. 
The combined effects of absorption (uptake of photons into matter), refraction and 
scattering are called attenuation, which describes the gradual loss of photon flux 
density while photons are passing through a medium [101]. 
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3.4.4.1 Photon Absorption and Non-Photochemical Quenching 

The cells in top layers absorb more photons than they can use for photosynthesis or 
can even be photoinhibited. They release the excess energy through a process called 
non-photochemical quenching. This energy, which dissipates into the medium as heat, 
cannot be used for photosynthesis by other cells and is the most important reason for 
reduced efficiency and algal culture productivity [42]. 

 
Figure 3-23: Over-absorption of photosynthetically active radiation (yellow arrows) by microalgae 

(green circles) and heat-loss due to non-photochemical quenching (red arrows) lead to 
spatially separated growth domains in the culture volume. Orange arrows in the cells 

indicate full growth, light colored arrows indicate limited growth. Inspired by [42]. 

3.4.4.2 Radiation Attenuation in Microalgae Cultures 

When considering absorption of photons not as a chemical cellular property but as an 
optical property of a medium, the concept of radiation attenuation becomes of 
importance. Attenuation describes the loss of photon flux through a medium due to 
absorption and scattering [102] as a function of the medium’s optical density properties, 
the radiation’s pathway through the medium and radiation wavelength [95].  

Knowing the photon flux at the irradiated surface of the culture medium 𝑃0 and 
assuming no surface reflection, the photon flux 𝑃 at any point 𝐿 below the surface of 

the medium can be calculated with Eq. ( 3-76 ) [95]. 

𝑃 =  𝑃0 ∗ 𝑒
−𝐿∗𝐴(𝜆,𝜌𝑏) Eq. ( 3-76 ) 

𝑃 is the photon flux in [𝜇𝑚𝑜𝑙 (𝑚2 ∗ 𝑠)⁄ ] at any point 𝐿 below the surface, 𝑃0 is photon 

flux at the surface of the culture medium in [𝜇𝑚𝑜𝑙 (𝑚2 ∗ 𝑠)⁄ ], 𝐿 is any point inside the 
culture medium below the irradiated surface in [𝑚] and 𝐴(𝜆, 𝜌𝑏) is the 

wavelength/radiation source and biomass concentration dependent attenuation 
coefficient in [1 𝑚⁄ ]. 
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The attenuation coefficient characterizes the mediums absorption and scattering 
properties with regard to the traversing radiation. For an algal culture medium, it is 
primarily dependent on the wavelength (monochromatic) or radiation source 
(polychromatic) and biomass concentration and therefore has to be recalculated each 
time one of these parameters change. However, different models can be used to 
determine the attenuation coefficient as a function of biomass concentration [95]. 
Three models, along with experimental data points are shown in Figure 3-24. 

 
Figure 3-24: Different models to characterize the attenuation coefficient 𝐴(𝜆, 𝜌𝑏) as a function of 

biomass concentration (called cell concentration in the graph) for daylight. The linear Beer-
Lambert model is line a, the Cornet-model is line b and the empirical hyperbolic model is 

line c. Experimental data points are included as circles. Graph copied from [95]. 

The linear Beer Lambert model is the simplest one and rises linearly with cell density. 
However, this model is not applicable to heterogenous solutions such as an algal 
solution. A better fit to the actual behavior is the mechanistic Cornet model. It considers 
absorption and scattering but also cannot predict the behavior of the experimental data 
perfectly. The best fit can be achieved through a hyperbolic model which is derived 
from the experimental data. The drawback of an empirical approach is the lack of 
mechanistic representation of the physical effects that cause the light attenuation [95].  

The hyperbolic model allows to calculate the attenuation coefficient with Eq. ( 3-77 ) 
[95]: 

𝐴(𝜆, 𝜌𝑏) =  
𝐴𝑚𝑎𝑥(𝜆) ∗  𝜌𝑏
𝑏(𝜆) + 𝜌𝑏

  Eq. ( 3-77 ) 

𝐴𝑚𝑎𝑥(𝜆) is a radiation source dependent empirical maximum attenuation coefficient in 

[1 𝑚⁄ ] and 𝑏(𝜆) is a radiation source dependent empirical constant. Values for the 
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parameters of the hyperbolic model for different radiation / light sources are given in 
Table 3-8. 

Table 3-8: Empirical Parameters for different radiation sources. Data and Table copied from [95]. 

Parameter Red  Yellow  Green  Blue  Daylight 

𝑨𝒎𝒂𝒙(𝝀) 1283 1025 945.6 1719 1041 

𝒃(𝝀) 1.36 1.04 0.92 1.79 1.03 

When the hyperbolic model is used to calculate the attenuation coefficient of daylight, 
which penetrates the surface of the earth at around 𝑃0 = 2000 𝜇𝑚𝑜𝑙 (𝑚

2 ∗ 𝑠)⁄ , it would 

reach to a depth of around 𝐿 = 1 𝑐𝑚 in a pond with an algal culture of 𝜌𝑏 = 1𝑘𝑔 𝑚
3⁄ . 

A graph of the light attenuation can be seen in Figure 3-25. 

 
Figure 3-25: Light attenuation below the surface of an algal pond irradiated by sunlight. Points that 

mark the boundaries of the growth domains (generic values) are indicated as dashed lines.  

3.4.5 Spatial Separation of Growth Domains in Photobioreactors 

Due to radiation attenuation, the growth regimes described in 3.4.2 are not just a 
function of different surface irradiances but can also exist in a spatial dimension 
perpendicularly inward from the surface of a photobioreactor. While top layers of the 
medium can receive too much radiation and are therefore inhibited from growing, lower 
layers can show saturated and linear growth. Even further away from the surface, there 
might be too little radiation power to support growth at all. For example, a medium with 
a culture depth of 10 mm could be photoinhibited until a depth of 2 mm, saturated until 
a depth of 5 mm, show linear radiation-growth behavior between 5 mm and 8 mm and 
be below the minimum photon flux density between 8 mm and 10 mm.  

Not all of the four growth domains have to exist in a culture volume at all times. The 
inhibited growth area can only exist, if the algae’s inhibition point lies below the surface 
photon flux and the saturated zone only if it is above the algae’s saturation point. In 
early phases of culture growth, the biomass concentration is low and most radiation 
can pass through, which leads to all of the culture being similarly irradiated, possibly 
inhibited if the surface irradiance is too high. At higher cell densities all four growth 
zones can exist in the medium at the same time but are spatially separated. A visual 
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comparison of a low, medium and high biomass concentration medium is shown in 
Figure 3-26. 

 
Figure 3-26: Comparison of light attenuation and resulting spatially separated growth zones in a 

photobioreactor for 1: low biomass concentration, 2: medium biomass concentration, 3: high 
biomass concentration. Photon flux at the surface is assumed to be higher than the algal 
specie’s inhibition photon flux. Photon flux as a function of depth is shown in the overlaid 

graph. 

For all three configurations shown in Figure 3-26, the radiation source irradiates the 
surface with the same photon flux, which lies above the algae’s inhibition photon flux 
𝑃𝑖𝑛ℎ𝑖𝑏𝑖𝑡. At low biomass concentrations (1), only a small fraction of the surface radiation 
is attenuated as it is transmitted through the medium and the entire reactor is irradiated 
above 𝑃𝑖𝑛ℎ𝑖𝑏𝑖𝑡. At higher biomass concentrations (2), enough light is attenuated in 
layers close to the surface, so a saturated growth domain can exist in the reactor 
volume. At very high concentrations (3), all the surface photon flux is attenuated in the 
reactor’s volume as it is transmitted and all four growth domain exist. 

The radiation profile in the saturated growth volume is not of much interest, since the 
growth rate is not dependent on the availability of radiation in this domain. However, it 
is important in the linear growth domain, since the growth rate of the algae rises linearly 
with the availability of photon flux density in this domain (see 3.4.2.2). The average 
availability of photon flux density in the linear growth domain is therefore calculated by 
integrating the attenuation function over the boundary positions of the linear growth 
domain and dividing it by its thickness as shown in Eq. ( 3-78 ). 
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 𝑃𝑎𝑣𝑔𝑙𝑖𝑛 =
1

𝐿𝑚𝑖𝑛−𝐿𝑠𝑎𝑡
∗ ∫ 𝑃0 ∗ 𝑒

−𝐿∗𝐴 𝑑𝐿
𝐿𝑚𝑖𝑛
𝐿𝑠𝑎𝑡

 Eq. ( 3-78 ) 

In the above equation 𝑃𝑎𝑣𝑔𝑙𝑖𝑛 in [𝜇𝑚𝑜𝑙 (𝑚2 ∗ 𝑠)⁄ ] is the average photon flux density in 

the linear growth domain, 𝐿𝑚𝑖𝑛 in [𝑚] the position of the lower end of the linear growth 
domain, 𝐿𝑠𝑎𝑡 in [𝑚] the position of the upper end of the growth domain and 𝑃0 in 
[𝜇𝑚𝑜𝑙 (𝑚2 ∗ 𝑠)⁄ ] the surface photon flux density. 

Attenuation is not linear but exponential with depth. As a consequence, a very thin 
linear growth domain (photon flux density does not reach the minimum photon flux 
density before exiting the photobioreactor at the bottom), has a higher average photon 
flux density than a thick one (extending all the way to the minimum photon flux density) 
and can therefore grow at a higher rate. A thick linear growth volume is therefore 
disproportionately more disadvantageous than a small one, since the growth rate does 
not decrease linearly but exponentially with the growth domain’s thickness/depth.  

In order to achieve highest algal productivity and energy efficiency, the 
photobioreactor’s entire volume should be growing in the saturated growth domain with 
its base being irradiated at the saturated growth domain’s lower boundary 𝑃𝑠𝑎𝑡 (whole 
volume in saturated radiation growth domain but not wasting energy).  

In order to adapt to an increasing biomass concentration, a variable irradiance is 
advantageous for energy efficiency. When the photobioreactor’s base starts to be 
shaded due to attenuation, the photon flux density at the surface has to be increased 
in order for the photobioreactor to remain in the saturated growth zone. A limit is 
reached, when the surface is irradiated with 𝑃𝑖𝑛ℎ𝑖𝑏𝑖𝑡. Any further increase will lead to 

an increasingly large inhibition domain at the top or, with a constant surface photon 
flux, to decreasing saturation and linear domains. 

3.4.6 Efficiency of Photosynthetic Energy Conversion and Heat Generation 

Considering the effects of non-photochemical quenching, refraction and scattering, the 
question arises, what fraction of the penetrating number of photons is actually utilized 
for photosynthesis and what fraction is transformed to heat energy.  

The best conversion efficiency of solar energy to biomass 𝜂𝑠𝑜𝑙𝑎𝑟 is achieved in the 
linear growth domain [42]. Despite the high energy conversion efficiency of growing 
algae in the linear domain, operation of a photobioreactor in the linear domain is not 
feasible since it would not be volume and mass efficient.  

Literature values and observations on the overall conversion efficiency vary but are in 
the same order of magnitude. Sources state conversion efficiencies as low as 3-5% 
[46] or 3-10% [103] for Chlorella vulgaris, others list 6% [104] and 8-10% [42] and 
another source states that microalgal cultivation can achieve an overall conversion 
efficiency of 10% [44]. These values indicate that only 3-10% of the attenuated photons 
are used for photosynthesis and the rest is transformed to heat energy. 

The flux of attenuated photons 𝑃𝑎𝑡𝑡 in [𝜇𝑚𝑜𝑙 (𝑚2 ∗ 𝑠)⁄ ] can be calculated with Eq. ( 

3-79 ) by comparing the surface irradiance 𝑃𝑜 in [𝜇𝑚𝑜𝑙 (𝑚2 ∗ 𝑠)⁄ ] with the photon flux 
density 𝑃𝑒𝑥𝑖𝑡 in [𝜇𝑚𝑜𝑙 (𝑚2 ∗ 𝑠)⁄ ] leaving the culture volume on the opposite side of a 
photobioreactor’s irradiated surface. This can either be done by measuring the exit 
photon flux density or by calculations with Eq. ( 3-76 ) where the length 𝐿 is set to be 

the entire depth below the photobioreactor’s surface. In dense cultures, likely no 
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photons leave the volume and therefore the entire photon flux at the surface is 
attenuated and either used for photosynthesis or transformed to heat.  

𝑃𝑎𝑡𝑡 = 𝑃𝑜 − 𝑃𝑒𝑥𝑖𝑡 Eq. ( 3-79 ) 

Of the attenuated photon flux density, depending on the solar conversion efficiency 
𝜂𝑠𝑜𝑙𝑎𝑟  only 3-10% are used for photosynthesis and the other 97-90% are transformed 

to a heat photon flux density 𝑃ℎ𝑒𝑎𝑡 in [𝜇𝑚𝑜𝑙 (𝑚2 ∗ 𝑠)⁄ ].  

𝑃ℎ𝑒𝑎𝑡 = 𝑃𝑎𝑡𝑡 ∗ (1 − 𝜂𝑠𝑜𝑙𝑎𝑟) Eq. ( 3-80 ) 

The generated heating power �̇�𝑃𝐴𝑅in [𝑊] entering the culture medium depends on the 
energy of the penetrating photons and therefore their wavelength or frequency as 

shown in Eq. ( 3-73 ). The heating power �̇�𝑃𝐴𝑅in [𝑊] of the absorbed photon power 
can then be calculated with Eq. ( 3-81 ) by multiplying the absorbed photon flux power 
with the surface area 𝐴𝑜 in [𝑚

2] of the irradiated surface. 

�̇�𝑃𝐴𝑅 = 𝑃ℎ𝑒𝑎𝑡 ∗ 
ℎ ∗ 𝑐

𝜆
∗ 𝐴𝑜 Eq. ( 3-81 ) 

Depending on the heat capacity 𝑐𝑝 in [𝐽/𝐾] and mass 𝑚 in [𝑘𝑔] of the medium, the 

heating power �̇�𝑃𝐴𝑅 in [𝑊] leads to a temperature increase ∆𝑇 in [𝐾] over time ∆𝑡 in [𝑠] 
that can be calculated with Eq. ( 3-82 ). 

∆𝑇 =
�̇�𝑃𝐴𝑅 ∗ ∆𝑡

𝑚 ∗ 𝑐𝑝
 Eq. ( 3-82 ) 

Since algae react sensitively to high temperatures, high density cultures, in which a lot 
of the penetrating light is attenuated and transformed to heat, must be cooled in order 
to keep the culture alive.  
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4 Implementation of Chlorella Vulgaris Model in V-HAB  

The scientific relations and mechanisms of the dynamic algae model, as previously 
described in chapter 3, are implemented in the virtual habitat simulation tool V-HAB. 
This spacecraft life support system simulation tool allows further integration of the 
dynamic algae model into a higher-level cabin environment, which is presented in 
chapter 6.  

This chapter introduces the used simulation tool V-HAB in 4.1, presents the general 
functionality and architecture of the dynamic algae model in 4.2 and then describes the 
various calculation modules of the dynamic algae model in the following sub-chapters 
4.3 - 4.6.  

The four sub-chapters about the calculation modules 4.3 - 4.6. introduce no new effects 
but should be regarded as an extensive guide to future users of the algae model. For 
readers not concerned with the specific V-HAB implementation, only reading chapters 
4.1 and 4.2 will provide sufficient information about the model. 

4.1 The V-HAB Life Support System Simulation Tool 

The Virtual Habitat (V-HAB) is a dynamic life support system simulation tool that has 
been under development at the Institute of Astronautics at the Technical University of 
Munich since 2006. In a collaborative effort of PhD, Master and Bachelor students, the 
MATLAB based simulation system has been continuously expanded and now allows 
detailed simulations of individual life support system technology components to large 
systems like the International Space Station [4]. 

V-HAB was specifically designed to eliminate average-based estimations of a life 
support system (e.g. the Equivalent System Mass methodology) and rather model 
them from a mechanistic background, detailing the actual behavior. Following this 
bottom-up design philosophy, the simulations are based on the flow and property 
changes of matter represented by a stoichiometric composition [4].  

The simulated matter can be stored in and moved between different phases and stores 
by physics-based solvers, which are available at different levels of detail for simulation 
time concerns. Furthermore, matter processors are available to change the phase (e.g. 
evaporation) or even the composition of mass from one matter to another (e.g. 
chemical reactions). Individually definable and automatically adaptable time-steps for 
all involved components allow fast simulation of (near) steady-state behavior and high 
resolution depiction of transient processes [4]. This fact makes V-HAB well suited for 
large system simulations, which are based on high-detail individual processes, such 
as the detailed algae model, which is based on stoichiometric chemical reactions and 
is integrated into a large context of a simulated spacecraft cabin. 

Various components of different areas of life support system technologies (carbon 
dioxide removal, oxygen production, water processing) are available and can be 
combined to an overall system. Furthermore, a human model is available that can be 
integrated in the system for human-in-the-loop simulations, as is done in this thesis. 
Further information on the used human model is given in 6.2.2.2. 
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4.2 Dynamic Algae Model Implementation Overview 

The model can be viewed and described from two perspectives. One perspective can 
describe the succession of calculation steps within a time step, another perspective 
can look at the overall architecture from the matter-based V-HAB framework. This 
subchapter therefore initially describes what the model does by explaining the 
calculation mechanism and then shows how it does that in the V-HAB framework. 

4.2.1 Calculation Mechanism 

Since the algal growth, as a consumer of carbon dioxide and oxygen as its 
photosynthetic product, is what determines the reactor’s quality as a life support 
system the calculation mechanism is explained here with special focus on the growth 
rate calculation. A schematic overview is shown in Figure 4-1. 

 
Figure 4-1: Calculation mechanism of changes in the dynamic algae model. Numbers in black 

circles show the succession of calculation steps. Blue arrows indicate the passing of an 
information to a next calculation step, red arrows indicate passing of information that directly 

influences the growth medium and algal culture. 

The current biomass concentration in the growth medium phase (1) serves as baseline 
to determine the current optimum growth rate (2). The growth calculation module then 
gathers the current condition in the medium of those factors that could limit the growth 
(3), which are used in the next steps to calculate the relative growth rates for the limiting 
factors (4). By multiplying the relative growth rates, which represent how close the 
growth rate can be to the optimum when influenced by limiting factors, the achievable 
growth rate is calculated (5). 
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From the growth rate calculation module, the achievable growth rate, which is the 
optimum growth rate decreased through the influence of growth limiting factors, is 
passed to the photosynthesis module. The photosynthesis module determines the 
availability of all reactants for the photosynthetic growth, also referred to as nutrients 
(6). Based on the achievable growth rate and availability of nutrients, the actual growth 
rate is determined and then used in the stoichiometric reaction equations (nutrient and 
Chlorella stoichiometry dependent) to calculate the masses of all photosynthesis 
reactants and products (7). These masses are then passed back to the growth medium 
phase, where the masses are changed accordingly (8). 

In the meantime, the growth medium module calculates changes that happen in the 
growth medium, such as gas exchange with the atmosphere or the speciation of 
substances due to a changed pH (9). Furthermore, the photosynthetically active 
radiation module recalculates the positions of the growth domains based on the 
increased biomass concentration (9). 

4.2.2 V-HAB Model Architecture 

From a V-HAB perspective, the model is implemented in the Chlorella in Media system, 
which holds a matter store with two phases, matter processors for phase and matter 
changes and calls calculation classes, the so-called modules, where the behavior of 
all the algal growth and medium related processes is determined. A sketch of the 
system, the V-HAB modelling classes (stores, phases, matter processors and flows), 
calculation modules and selected information flows is shown in Figure 4-2. 

The Chlorella in Media system comprises one Growth Chamber store with the Air flow 
phase and the Medium mixture phase. A manipulator is integrated in the medium 
phase and is responsible for the matter changes due to photosynthesis and chemical 
reactions. Two phase to phase processors – one for oxygen and one for carbon dioxide 
– simulate the membrane transport according to Henry’s law. Furthermore, matter 
branches interface with the photobioreactor parent system, once the model is 
integrated into it (see chapter 6).  

Calculation modules (as outlined in the previous chapter 3) are the actual backbone of 
the simulation of algal growth and all related medium changes and matter transports. 
In these modules the physical, chemical and biological mechanisms defining and 
affecting algal growth are implemented. 

The four calculation modules interface with each other and the matter processors in 
order to enable the simulation of a dynamic behavior. While all of the modules use 
information (mainly matter properties such as temperature or composition) from one or 
both of the two phases in the growth chamber store, they are also linked among each 
other. 



Implementation of Chlorella Vulgaris Model in V-HAB  

 

 

Page 69 

 
Figure 4-2: System sketch of the dynamic algae model with the V-HAB modelling classes (stores, 

phases matter flows and processors), calculation modules, and selected information flows. 

4.3 Growth Rate Calculation Module Implementation 

The growth rate calculation module determines the optimum biomass concentration 
increase rate depending on the current biomass concentration in the medium and 
calculates relative growth rates for potentially limiting factors (temperature, pH, 
availability of photosynthetically active radiation, concentrations of oxygen and carbon 
dioxide). When the potentially limiting relative growth rates are multiplied with the 
optimum biomass concentration increase rate the achievable growth rate is calculated 
(after the biomass concentration increase rate was multiplied with the culture volume 
to yield a mass growth rate). 

The module is implemented as a V-HAB base child class and initially called and stored 
as an object in the Chlorella in Media system. It comprises the biomass concentration 
increase rate calculation based on the Gompertz growth model parameters, calls 
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further classes and instantiates objects responsible for the relative growth rates of the 
limiting factors, and determines the achievable mass growth rate. 

The growth model parameters can be entered in the growth rate calculation module’s 
class constructor to enable the simulation of different growth behaviors. The class 
constructor also calculates the initial Chlorella biomass based on the growth 
parameters and current culture volume. Furthermore, the biomass concentration 
increase rate is derived to find the biomass concentration where it has its maximum. 
This maximum growth biomass concentration is passed back to the photobioreactor 
parent system to establish the set point for the harvester. Additionally, the calculation 
mechanism for the achievable mass growth rate can be defined to be based on a 
multiplicative or minimum threshold model here. 

The update function of the growth module class calls three separate functions in the 
same class that update the theoretical optimum growth rate (see 4.3.1), call the update 
functions in the stored objects calculating the relative growth rates of the limiting factors 
(see 4.3.2) and finally the function to calculate the achievable mass growth rate (see 
4.3.3).  

4.3.1 Theoretical Optimum Growth 

The Gompertz Model, as introduced in 3.1.1 is used to calculate the theoretical 
optimum biomass concentration increase rate.  

During the lag time, the time dependent form is used as introduced in 3.1.1.1, since 
this is a time-dependent behavior. After the lag time, the biomass concentration 
increase rate is not time dependent anymore and is calculated with its biomass 
concentration dependent form as introduced in 3.1.1.2. 

Since this calculation yields a biomass concentration increase rate, it is multiplied with 
the culture volume to yield a mass growth rate. 

4.3.2 Limiting Factors 

The theoretical optimum growth rate is multiplied with relative growth rate factors 
[µ/µopt] which represent the deviation the achievable growth rate has from its optimum. 
These factors are calculated in separate classes’ update functions, which are called 
and instantiated as objects stored in the growth rate calculation module. The 
behavioral mechanisms of these growth limiting factors can be changed in the 
individual classes without having to change anything else in the model. The only thing 
that has to remain consistent with the current implementation is the output of a relative 
growth factor between 0 and 1. 

All of the relative growth rates range between 0, which represents a total inhibition of 
growth to 1, which means that the growth is not limited by this factor. 

4.3.2.1 Temperature 

The temperature influence class’s class constructor allows the definition of the upper 
and lower extreme boundaries beyond which no growth is possible, and of the 
temperature influence curve. In two separate vectors, temperature data points can be 
entered with corresponding relative growth rates, which should be 0 at the extreme 
lower and upper boundary and 1 around the optimum growth rate. The data is then 
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automatically approximated with the MATLAB curve fitting tool to create a 4th order 
polynomial curve, which represents the growth rate with varying medium temperature. 
The currently implemented behavior follows that introduced in 3.1.2.1 shown in Figure 
3-6. 

The update function of the temperature influence class calculates the current relative 
growth rate as a function of medium temperature. The relative growth rate is set to 0, 
if the medium temperature is below the lower or above the upper extreme temperature 
limit and follows the behavior defined in the class constructor. If the upper extreme 
temperature boundary is exceeded, a Boolean parameter is set to true, which indicates 
that the culture is dead. This parameter is passed back to the growth calculation 
module along with the relative growth rate and prevents any further growth from 
happening. 

4.3.2.2 pH 

The boundaries of the pH relative growth depend on the growth medium temperature, 
as presented in 3.1.2.2. The pH influence class constructor allows the vectoral 
definition of the temperature dependent behavior of the pH boundaries. The data is 
automatically approximated with the MATLAB curve fitting tool to create four 3rd order 
polynomial curves, which represents the upper and lower boundaries beyond which no 
growth can occur and the upper and lower boundaries between which the optimum 
growth can occur. The currently implemented behavior follows that introduced in 
3.1.2.2. 

The update function of the pH influence class initially calculates the current 4 boundary 
points of the pH growth curve, based on the 4 polynomials created in the class 
constructor. Since these curves are only valid between the upper and lower extreme 
boundaries, the relative growth is automatically set to zero when the current growth 
medium pH is outside of these boundaries. Otherwise as a function of the current 
growth medium pH, the relative growth rate rises linearly from 0 to 1 between the 
extreme lower and lower boundary of optimum growth, remains at 1 between the lower 
and upper boundary of optimum growth and falls linearly to 0 between the upper 
boundary of optimum growth and the upper extreme boundary. 

4.3.2.3 Photosynthetically Active Radiation Limitation 

The photosynthetically active radiation limitation class is closely linked to the 
photosynthetically active radiation module, from which it retrieves calculation results. 

The update function initially calls the photosynthetically active radiation module to 
calculate the positions below the reactor surface, where the boundary points of the 
radiation saturation curve are reached. These positions are calculated depending on 
the current biomass dependent attenuation coefficient (e.g. culture depth of 10 mm: 
inhibited until 2 mm, saturated until 5 mm, linear until 8 mm dark beyond 8 mm). These 
positions are then used to calculate the volumes of the sub-minimum, linear, saturated 
and inhibited growth domains, which have to add up to the total culture volume. These 
volumes are passed back to the photosynthetically active radiation limitation object. 

For each of these four volumes, the relative growth rate is calculated. For the no-growth 
volume (irradiated below minimum photon flux density and above inhibition photon flux 
density), the relative growth rate is 0. For the saturated growth domain volume, the 
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relative growth rate is 1. In the linear growth domain, the relative growth rate is 
determined by relating the current average photon flux in this zone, which is obtained 
from the photosynthetically active radiation module, to the saturation photon flux 
density, as defined in the photosynthetically active radiation module. 

The overall relative growth rates due to photosynthetically active radiation limitation is 
comprised of the three relative growth rates from the growth domains (no, linear and 
saturated growth). Each of the volume’s growth factors is weighted with the relation of 
how much the respective growth domain volume takes up of the total culture volume 
as presented in 3.1.2.3. 

The overall relative growth factor due to photosynthetically active radiation limitation is 
then passed back to the growth calculation module. 

4.3.2.4 Oxygen 

The oxygen concentration influence class constructor allows the vectoral definition of 
the maximum equivalent partial pressure of oxygen (more information on equivalent 
partial pressures of substances in a liquid, see 3.3.2.2) at which the optimum growth 
can occur (i.e. below which growth is not limited) and to what level the relative growth 
rate falls at 100 kPa partial pressure. 

The update function calculates the current equivalent partial pressure of oxygen in the 
medium by using information from the Henry’s law oxygen phase to phase processor, 
which is part of the growth medium module. It then calculates the relative growth rate 
depending on the behavior entered in the class constructor. Mathematically, the 
relative growth rate could fall to below zero when it is high above the maximum partial 
pressure due to its linearly decreasing behavior. For this reason, a check is 
implemented, which allows 0 as the lowest relative growth rate. Currently the second 
behavior outlined in 3.1.2.5 is implemented.  

4.3.2.5 Carbon Dioxide 

The carbon dioxide influence class constructor allows the vectoral definition of the 
maximum equivalent partial pressure of carbon dioxide (more information on 
equivalent partial pressures of substances in a liquid, see 3.3.2.2) at which the 
optimum growth can occur (i.e. below which growth is not limited) and to what level the 
relative growth rate falls at 100 kPa partial pressure. It is important to note, that this 
limitation is not due to the absence of carbon dioxide as a nutrient for photosynthesis, 
but due to high concentrations, which can also limit algal growth, see 3.1.2.6. 

The update function calculates the current equivalent partial pressure of carbon dioxide 
in the medium by using information from the Henry’s law carbon dioxide phase to 
phase processor, which is part of the growth medium module. It then calculates the 
relative growth rate depending on the behavior entered in the class constructor. 
Mathematically, the relative growth rate could fall to below zero when it is high above 
the maximum partial pressure due to its linearly decreasing behavior. For this reason, 
a check is implemented, which allows 0 as the lowest relative growth rate. Currently 
the behavior outlined in 3.1.2.6 is implemented.  
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4.3.3 Achievable Growth 

Depending on the specification in the class constructor, the achievable growth rate is 
calculated by multiplying all of the relative growth rates with the optimum growth rate 
(multiplicative), or only with the most limiting one (minimum threshold model). The 
achievable growth rate is a mass growth rate [kg/s], which is called by the 
photosynthesis module. Both models are available to select from, the multiplicative 
model is used for simulations in this thesis, since small deviations are expected and 
these should all be respected. 

4.4 Photosynthesis Module Implementation 

The photosynthesis module calculates the changes due to the algal growth rate as 
determined by the growth calculation modules. The mass flows are calculated based 
on the stoichiometric growth equations for different sources of nitrogen. 

The module is implemented as a V-HAB base child class and initially called and stored 
as an object in the Chlorella in Media system. It comprises an update function that 
governs the stoichiometric growth reactions and separate functions to simulate the 
growth on nitrate and urine. The update function is called by the growth medium 
changes substance manipulator in the growth medium phase. 

The class constructor allows to change the stoichiometric relations of the growth 
equations. However, these reactions only change, if the algal composition changes, 
and therefore the matter table also has to be updated for a new molar mass if other 
algal compositions and resulting reactions should be used. The V-HAB human model 
does not contain any urea in its urine, but rather urine solids, which represent an 
average composition of the solid matter diluted in urine. The urine solids are similar to 
the composition of urea but have an additional COH2 group attached. Currently, urine 
solids are treated to be metabolized like urea and the COH2 group is left behind in the 
medium. This has to be respected in the stoichiometric reactions. Currently, the uptake 
of phosphorus is not modelled in the equations, since the V-HAB human model does 
not contain phosphorus in its urine.  

As a first calculation step of this module, the mass growth rate from the growth rate 
module is translated to a molar growth rate based on the relative molar mass of 
Chlorella vulgaris cells in the V-HAB matter table. This is required since stoichiometric 
reactions are based on molar relations and all calculations in this module are based 
on these reaction equations.  

The availability of nitrogen sources in the media is checked thereafter. When both 
nitrate and ammonium/ammonia are available in the growth medium, algal cells seem 
to prefer the uptake of ammonium since it requires less energy [71]. Therefore, if urine 
is available, its use is given precedent over the consumption of nitrate in this model. 
This check simply determines if urine is available and does not guarantee that sufficient 
nitrogen-nutrient is available, since that depends on the stoichiometric equations, 
which are treated in separate functions. 

Based on whether urine or nitrate shall be consumed, the respective functions are 
called with the input of how many moles of Chlorella shall be produced. The function 
then initially determines the required molar changes for all involved substances as a 
first step. Since the availability of all required nutrients is mandatory for the full growth 
to happen in the current timestep, their availability is checked in the functions. If only a 
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fraction of what is required is available, the algal cells only grow until this limited 
nutrient is depleted to avoid negative masses. If one of the reactants is completely 
unavailable, no growth can happen and all mass flows from this function are set to 0. 

The stoichiometric growth functions for nitrate and urea calculate all changes in molar 
terms and only in the last step convert them to mass flow rates with the molar masses 
of the respective substances. A negative prefix indicates that a substance is being 
consumed and a positive one that it is being created. 

These mass flows, along with availability factors of the required reactants carbon 
dioxide and the nitrogen nutrient, are then passed back to the governing update 
function. Depending on the nitrogen source, the current assimilation coefficient is 
calculated and stored, which can be used later as a means of improving the nutritional 
mix for the algae, when trying to match the respiration and assimilation coefficients of 
human and algae. 

The mass flows for all involved substances are then passed back to the substance 
manipulator, which also considers the flow rates of medium changes due to acid/base 
reactions calculated by the growth medium module, which is discussed in the next sub-
chapter 4.5. The substance manipulator in the growth medium phase considers the 
flow rates from both these modules and conducts the actual matter changes in the 
phase. 

4.5 Growth Medium Module 

In the growth medium module those parts of the dynamic algae model are integrated 
that are responsible for substances entering and exiting the medium (e.g. added 
growth medium components or atmospheric exchange) and for the medium changes 
as a result of acid/base reactions. 

The growth medium module is not comprised of one single class but by a class to 
calculate the initial concentrations of Bold’s Basal Medium, presented in 4.5.1, two 
phase to phase processors for the oxygen and carbon dioxide atmospheric exchange, 
presented in 4.5.2 and a class for the acid base calculations of all involved 
components, presented in 4.5.3. 

4.5.1 Bold’s Basal Medium Composition 

Bold’s Basal Medium is used as algal growth medium in the simulations of this thesis. 
As for a real photobioreactor, the growth medium components have to be added in the 
correct amount (depending on the simulated water volume) in the beginning of each 
simulation run.  

The Bold’s Basal Medium Composition class is implemented as a V-HAB base child 
class and initially called and stored as an object in the Chlorella in Media system. It is 
comprised only of the class constructor since this class is only required to calculate the 
composition once. Despite being only called once, it was still decided to store this part 
of the module as an object and not implement it as a function in order to be able to 
store the information about the initial masses and concentrations of the added 
substances for later reference (e.g. the pH calculation and nitrate resupply rely on this 
information being available). 
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The class constructor uses the targeted culture volume (defined in the photobioreactor 
system, see 6.2.1) and the target concentrations as defined by the recipe (more 
information, see 3.3.1) to calculate the masses required to reach those concentrations. 

Although all the recipe concentrations are stored, only those substances are actually 
instantiated that either serve as a modeled nutrient to the algal culture (in this case 
sodium nitrate) or are acidic or basic (list, see 3.3.5.1). Additionally, water is used to 
make up for the remaining mass  

Once the masses are determined, that are needed to reach the desired concentrations 
in the growth medium volume, they are combined in a struct with their respective 
masses. In this struct they are defined to be split into their ions, which would happen 
in water anyway (however, V-HAB currently has no mechanism for this) and is needed 
for later calculations for the algal photosynthetic metabolism and pH calculations.  

The struct with the Bold’s Basal Medium components and masses is combined with 
the initial algal biomass concentration (as defined by the growth calculation module) in 
the calling Chlorella in Media system and then used in the instantiation of the growth 
medium phase. Currently, the Disodium-EDTA salt is implemented to be added at 1.16 
times of its recipe mass. This 16 % increase in mass is required to bring the simulated 
pH in line with the measured one of Bold’s Basal Medium. 

4.5.2 Atmospheric Exchange Phase to Phase Processors 

The atmospheric exchange phase to phase processors are the interface between the 
air flow phase and the growth medium mixture phase. In these phase to phase 
processors, the solubility of the respective substance in the growth medium is 
determined based on Henry’s law (more information, see 3.3.2.1) and a transport 
through a membrane is simulated (more information, see 3.3.2.2). 

The atmospheric exchange is implemented as a stationary V-HAB phase to phase 
processor and set between extract-merge processors of the growth medium and air 
phase in the growth chamber store. By entering a substance property as an input, it is 
defined which substance – oxygen or carbon dioxide – the instance of this processor 
is responsible for. 

The class constructor sets the Henry’s law properties according to the substance and 
the membrane material, which is set in the photobioreactor definition (see 6.2.1). 
Different commercially available membranes, or no membrane at all can be selected. 

When the update function is called, it calculates the current Henry’s constant based on 
the growth medium temperature. Using the partial pressure of the respective 
substance (oxygen or carbon dioxide) in the air phase, it calculates what concentration 
of this substance should be in the medium in equilibrium with the atmosphere. If no 
membrane is used, the flow rate from the air phase to the growth medium phase 
through the phase to phase processor is set by comparing the current concentration 
and what the concentration should be in equilibrium. This model assumes that the 
water surface itself does not limit the transport itself, which is not true in reality. 
However, the assumption is based on the idea that for a photobioreactor a membrane 
will be used in most cases, especially in a zero-g environment, and that the used 
membrane will pose a much stronger resistance to matter transport than the water 
surface, which can therefore be neglected. 
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When a membrane is used, the transport can be limited through this membrane. Since 
the concentration in the growth medium changes by mass from the air phase being 
transported through a membrane into the growth medium phase, the membrane 
transport capability is calculated in the next step. As outlined in 3.3.2.2, the membrane 
transport is driven by a pressure gradient and therefore the current concentration in 
the medium is transformed to an equivalent partial pressure. This equivalent partial 
pressure is based on Henry’s law and would be equal to the air phase partial pressure 
if the concentration were at equilibrium with the partial pressure in the air phase. The 
flow rate can then be calculated in the next step by factoring in the membrane 
properties. 

Besides the membrane properties, a flow factor is recorded which compares the 
current membrane transport to what is being consumed (carbon dioxide) or produced 
(oxygen) by the photosynthetic processes. When assuming that there should be a 
steady state between photosynthetic flow rate and membrane flow rate, this factor can 
give an indication whether the membrane is sufficiently sized. However, this should be 
viewed as an indication and not a definitive measure, since the growth medium poses 
as a buffer that has the capability to store oxygen and carbon dioxide, which can 
equalize short term differences in these flows. One example would be that the 
membrane flow is too low to support the oxygen flow from photosynthesis, the flow 
factor drops below 1. The concentration in the water rises and thereby also raises the 
equivalent partial pressure, which increases the driving force and thereby the 
membrane transport. As long as the driving force is strong enough before the effect of 
oxygen becomes limiting on algal growth, the membrane transport does not limit 
growth and this factor should therefore be viewed only as an indication. 

4.5.3 pH Calculation  

Another major part of the growth medium module is the pH calculation and the 
speciation of substances due to the change in pH. For example, this determines the 
short-term availability of carbon dioxide in the growth medium, as outlined in 3.3.3. 

The calculation is implemented as a V-HAB base child class and initially called by the 
Chlorella in Media system. It comprises an update function that governs the chemical 
acid base reactions with all the involved substances. The update function is called by 
the growth medium changes substance manipulator in the growth medium phase. 

The class constructor instantiates the initial masses of the substances added through 
the Bolds Basal Medium Composition and the equilibrium constants for all involved 
acid base reactions.  

The update function, which is called by the growth medium changes substance 
manipulator, initially gathers the current molar concentrations of all acid/base active 
substances in the medium (currently 14). Based on the current molar concentrations 
of all involved substances and the initial molar concentrations of the added acid/base-
active ions, an 11th order polynomial is solved to determine the hydrogen ion 
concentration. The polynomial is solved with the MATLAB roots function, which yields 
a vector with a number of polynomial roots equivalent to one more than the 
polynomial’s order. Since the roots represent the target hydrogen ion molar 
concentration, only one of these roots can be the correct solution. Therefore, all 
negative and imaginary roots are eliminated. This leaves one real and positive solution, 
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which represents the molar concentration of the hydrogen ions in the medium given 
the current molar concentration of substances in the medium. 

With the target molar concentration of hydrogen ions, the resulting equilibrium molar 
concentrations for all involved substances can be calculated in the next step. When 
comparing the current and the target molar concentrations, the difference between 
them defines what currently is in the medium and what should be. This molar difference 
can then be multiplied with the molar mass to yield a mass difference, which is divided 
by the current time step to yield a mass flow rate. The mass flow rate is then passed 
to the calling substance manipulator. There it is combined with flow rates from the 
photosynthesis module to change the matter in the growth medium phase. 

The polynomial that is used to determine the hydrogen ion concentration cannot be 
created by hand calculations due the large number of involved equilibrium equations 
and its resulting size. Therefore, a separate function is provided that uses the MATLAB 
Symbolic Toolbox to determine the polynomial. This function, which takes the involved 
chemical equilibrium equations and other constraints of the linear equation system 
(information, see 3.3.5) as input can be used to determine a new polynomial, if different 
substances should be used. 

4.6 Photosynthetically Active Radiation Module Implementation 

The photosynthetically active radiation module determines the availability of radiation 
power for photosynthesis in the medium and calculates the heat transfer into the 
medium due to absorbed, but unused energy.  

The module is implemented as a V-HAB base child class and is initially called and 
stored as an object in the Chlorella in Media system. It comprises a class constructor 
specifying the radiation growth curve and attenuation relevant parameters, an update 
function that calculates the defining positions of the radiation-growth curve based on 
the current attenuation coefficient and a function that calculates the heat transfer into 
the medium. 

The class constructor allows the definition of the photon flux densities that define the 
radiation growth curve’s shape. They are the minimum, saturation and inhibition photon 
flux density (more information, see 3.1.2.3 and 3.4), which are defined by the algal 
species used. Currently the experimentally determined ones (more information, see 
5.3). Furthermore, the class constructor takes a radiation source as an input and 
instantiates the attenuation parameters accordingly. Radiation sources available come 
from literature sources (more information, see 3.4.4.2) and experiments conducted 
within the scope of this thesis (more information, see 5.4). The radiation source can be 
specified in the Photobioreactor system and is called by the class constructor. 

4.6.1 Calculation of Growth Domain Volumes 

The update function of this module is called by the class calculating the relative growth 
due to photosynthetically active radiation limitation. Its purpose is to determine the 
positions below the irradiated surface where the photon flux density values are reached 
that define the boundaries of the radiation saturation curve (e.g. culture depth of 
10 mm: inhibited until 2 mm, saturated until 5 mm, linear until 8 mm dark beyond 
8 mm). From these positions, growth volumes can be calculated that determine what 
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part of the photobioreactor is in what radiation growth domain (inhibited, saturated, 
linear, shaded off). 

The first step of the update function is to calculate the current attenuation coefficient 
based on the biomass concentration in the medium and the specified radiation source. 
This attenuation coefficient can then be used as specified in 3.4.4.2 to calculate the 
positions of the radiation growth curve’s boundary photon flux densities. These 
positions can lie outside of the actual culture volume due to the nature of the equations, 
which simply calculate a position away from the irradiated surface (positive or 
negative), where the respective photon flux density is reached with a constant 
attenuation coefficient. To correct this, the positions have to be set to lie on the surface 
if they lie above it or set to lie on the bottom of the reactor if they lie below it. For 
example, the position, where saturation starts is calculated to lie at -3 mm (i.e. 3 mm 
above the surface). When multiplied with a surface area, this would yield a volume, 
which extends to 3 mm above the photobioreactor (which does not make any sense 
since the reactor only reaches to its surface defined at 0 mm). When the saturation 
position is set to 0 mm (on the reactor surface), only that volume is counted to be in 
the saturated growth domain, which is between the reactor surface and the beginning 
of the linear growth domain. 

Once the positions are established, the corresponding growth domain volumes can be 
calculated by multiplying the depth of each growth domain with the surface area of the 
photobioreactor. In this step the photoinhibited volume and sub-minimum photon flux 
density volume are combined to form one no-growth volume, since no growth is 
possible in both of them. Currently, only the calculation for a flat panel photobioreactor 
is implemented. 

The radiation profile in the saturated growth volume is not of much interest, since the 
growth rate is not dependent on the availability of radiation in this domain. However, it 
is important in the linear growth domain, since the growth rate of the algae rises linearly 
with the availability of photon flux density in this domain. The average availability of 
photon flux density in the linear growth domain is therefore calculated by integrating 
the attenuation function over the boundary positions of the linear growth domain as 
explained in more detail in 3.4.5. 

The growth domain volumes and the average photon flux in the linear growth domain 
are passed to the object calculating the relative growth rate due to photosynthetically 
active radiation limitation. 

4.6.2 Heat Transfer into the Medium 

The heat transfer calculation function determines the absorption in the different 
radiation growth domains by assuming that all attenuated radiation is absorbed (no 
scattering and refraction) and subtracting the radiation energy used for photosynthesis.  

The first calculation steps determine the photon flux density attenuated in each of the 
growth domains. This is done by subtracting the exiting and incoming photon flux 
densities of the respective growth domains and assuming that all the photon flux 
attenuated in-between is absorbed. 

Thereafter the amount of energy turned to heat and used for photosynthesis is 
determined. In the photoinhibited domain, all absorbed energy is assumed to be 
transformed to heat, since no photosynthesis is happening there. In the saturated and 
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linear growth domains the photosynthetic efficiency determines how much is used for 
photosynthesis and the rest of the absorbed energy is assumed to be transformed to 
heat. 

The heat flux of the absorbed photon flux is calculated as outlined in 3.4.6 with the 
assumption that the light is monochromatic to avoid having to integrate over an 
unknown spectral curve. The representative wavelength used for this assumption is 
stored in the object’s properties and set in the class constructor along with the 
attenuation parameters of the selected radiation source. 

In a last step the heat flux is multiplied with the irradiated surface of the photobioreactor 
to yield a heating power. This heating power is used by the Chlorella in Media system 
thermal structure to set the thermal power of a heat source in the growth medium.  

Currently a simple cooler (heat source with negative heating power) is also 
implemented there to take away all the entering power and therefore keep the 
temperature constant. This can be exchanged for a more sophisticated cooling system 
at a later point in time. 
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5 Experiments 

The reported values on certain aspects of algal growth have high variance or are 
scarcely available. Among those with high variance are the growth rate and maximum 
achievable biomass concentration presented in 3.1.1 and the lighting growth 
parameters, presented in 3.1.2.3. Very scarce data is available on the attenuation of 
light in an algal culture, especially Chlorella vulgaris, with varying biomass 
concentration as described in 3.4.4. In fact, only one source [95] was found regarding 
this subject. 

This chapter presents experiments that were performed in order to generate data in 
fields where a large variance of reported data exists, or data is scarcely available. 

Initially, this chapter introduces the experimental procedure of determining cell 
concentration and translating that to a biomass concentration in 5.1. The 
documentation of the performed experiments is separated with regard to three different 
areas: the determination of the growth model parameters is presented in 5.2, the 
determination of the boundaries of the photosynthetically active radiation growth 
domains is presented in 5.3 and the energy attenuation with regard to the current 
biomass concentration is presented in 5.4.  

Each of the sub-chapters documenting the experiments initially present the aims of the 
experiments in this area, then describe the hardware setup and procedure and finally 
present the results of the performed experiments. 

5.1 Measuring Biomass Concentration 

The tracking of biomass concentration 𝜌𝑏 in [
𝑘𝑔

𝑚3
] is of paramount importance for all the 

experiments conducted within the scope of this thesis. For the growth and radiation 
growth curve domain experiments, the evolution of biomass concentration must be 
measured and documented over time and for the energy attenuation experiments the 
biomass concentration is required to determine a biomass concentration dependent 
attenuation coefficient. 

Most conveniently, the biomass is determined by measuring the dimensionless optical 
density through a defined culture depth, correlating the optical density to a cell 
concentration (typically stated in [𝑐𝑒𝑙𝑙𝑠 𝑚𝑙⁄ ]) through an experimentally determined 
lookup table, and then multiplying the cell concentration with an averaged cell mass in 
order to obtain the biomass concentration (in this thesis treated as [𝑘𝑔/𝑚3]). 

The steps of this process are outlined in this sub chapter, which is further divided into 
a description of obtaining the cell concentration from the optical density in 5.1.1 and a 
subsequent description of using an average cell mass to calculate the biomass 
concentration in 5.1.2. 

5.1.1 Optical Density to Cell Concentration 

As light passes through the algal culture, some of its energy is lost due to absorption 
and scattering. In the case of an algal culture, the radiation is mostly scattered rather 
than absorbed and therefore leads to the reduced irradiance when it exits the culture 
[105]. The optical density is a measurement for how much of the radiation energy is 
lost as it passes through the culture. Mathematically speaking, the optical density is 
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the negative decadic logarithm of the relation between the exiting and entering a 
medium as shown in Eq. ( 5-1 ) [106](error in source, missing minus).  

𝑂𝐷 = − log10(
𝑃

𝑃0
) Eq. ( 5-1 ) 

In the above equation, 𝑂𝐷 refers to the unitless optical density. Other units of irradiance 

(e.g. [
𝑊

𝑚2
]) can also be used instead of photon flux density, as long as the same units 

are used for 𝑃 and 𝑃0. 

The optical density can be measured with a device such as the Thermo Scientific 
Multiskan FC, which was used for the experiments within the scope of this thesis. A 
picture of the device is shown in Figure 5-1. 

 
Figure 5-1: Thermo Scientific Multiskan FC at laboratories of Bioserve Space Technologies. 

Device used to measure the optical density of probes in 200 µl wells of cell culture plates, 
which are placed on a retractable tray (shown in the extended position with an inserted well 

plate, is drawn in for measurements). 

The measured optical density can then be correlated to a cell concentration in 
[𝑐𝑒𝑙𝑙𝑠 𝑚𝑙⁄ ]. The correlation between optical density and cell concentration was 
determined in previous cell count experiments and documented in unpublished 
findings from T. Niederwieser. The correlation, along with two trend lines shown in 
Figure 5-2. 
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Figure 5-2: Experimentally determined correlation between cell concentration and measured 

optical density. Black dots are measured data points, orange line is a quadratic trendline 
encompassing all data points, blue line is a linear trend line, of optical density values 

between 0 and 1.15 for calculations with a corrected optical density. Both stated with the 
relating equation. Measurements and correlation obtained from unpublished 

documentations from T. Niederwieser. 

By using the chart and equations in Figure 5-2, the current cell concentration can be 
determined based on the measured optical density. 

However, at optical densities larger than a critical optical density, the correlation 
becomes unreliable. The probe has to be diluted to obtain a measurement below the 
critical density and then multiplied with the dilution factor to generate a corrected optical 
density 𝑂𝐷𝑐𝑜𝑟𝑟 [105]. The critical optical density is reported as 𝑂𝐷𝑐𝑟𝑖𝑡 = 0.4 by one 

source [105] while another source uses 𝑂𝐷𝑐𝑟𝑖𝑡 = 1 for experiments [100] 

For the purpose of this thesis, the dilution factor is defined as the ratio of solution to 
solute as shown in Eq. ( 5-2 ) and is used in the calculation of the corrected optical 
density as shown in Eq. ( 5-3 ). 

𝑓𝑑𝑖𝑙 =
𝑉𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
𝑉𝑠𝑜𝑙𝑢𝑡𝑒

 Eq. ( 5-2 ) 

𝑂𝐷𝑐𝑜𝑟𝑟 = 𝑂𝐷𝑑𝑖𝑙 ∗ 𝑓𝑑𝑖𝑙 Eq. ( 5-3 ) 

The dilution factor 𝑓𝑑𝑖𝑙 is unitles, 𝑉𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 is the total volume of the solution in [𝑚3], 
which is the sum of the solvent (here: water) and solute (here: high concentration algal 
culture). 𝑉𝑠𝑜𝑙𝑢𝑡𝑒 is the volume of solute in [𝑚3], which is the high concentration algal 
culture in this case. 𝑂𝐷𝑑𝑖𝑙 is the unitless optical density of the diluted solution and the 
calculated 𝑂𝐷𝑐𝑜𝑟𝑟 the unitless corrected optical density. 

For example, one part of the initial algal culture and 9 parts water yield a dilution factor 
of 10, the measured optical density of the diluted solution, must be multiplied with 10 
in order to obtain the corrected optical density. 
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This optical density can then be used with the linear trend line, which is shown in Figure 
5-2, and formulated in Eq. ( 5-4 ), to calculate the current cell concentration: 

𝐶𝑐𝑒𝑙𝑙𝑠 = 4 ∗ 10
7 ∗ 𝑂𝐷𝑐𝑜𝑟𝑟 − 3 ∗ 10

6 Eq. ( 5-4 ) 

The cell concentration is 𝐶𝑐𝑒𝑙𝑙𝑠 and measured in [𝑐𝑒𝑙𝑙𝑠 𝑚𝑙⁄ ], and 𝑂𝐷𝑐𝑜𝑟𝑟 is the corrected 
optical density. 

For the experiments performed within the scope of this thesis, the dilution was done 
for optical densities larger than 𝑂𝐷𝑐𝑟𝑖𝑡 = 1. The rationale is that the experimentally 
determined linear relation between cell concentration and optical density holds true 
until around 𝑂𝐷 = 1.15 as shown in Figure 5-2. 

5.1.2 Cell Concentration to Biomass Concentration 

Since the simulation model operates on the absolute biomass concentration in 
[𝑘𝑔 𝑚3⁄ ], the cell concentration [𝑐𝑒𝑙𝑙𝑠 𝑚𝑙⁄ ] has to be multiplied with an averaged cell 
mass [𝑘𝑔 𝑐𝑒𝑙𝑙⁄ ] to obtain the biomass concentration. A compilation of literature values 

for the averaged cell mass is shown in Table 5-1. 

Table 5-1: Compilation of literature values for the averaged mass of a Chlorella vulgaris cell. 

Source Cell Mass [
𝒌𝒈

𝒄𝒆𝒍𝒍
] Comment 

[74] 6.2×10-14 For Chlorella in general, not 
vulgaris. Calculated from stated 
cell- and biomass concentration. 

[107] (2.24±0.16)×10-14  

[48] 1×10-14,  

1.5×10-14, 

1.7 1×10-14 

Depending on growth media used, 
but Bold’s Basal Medium not 
analyzed. Graphically extracted. 

In general, very few sources are available that state the mass of an individual cell or 
even state a biomass concentration along with a cell concentration, which would allow 
the calculation of an averaged cell mass. Although all the stated values in Table 5-1 
seem extremely small, the largest value is still 6 times larger than the smallest. This 
variance becomes critical, when the cell concentration is used to calculate the biomass 
concentration, which can then also have a difference of the factor 6. 

Since an experimental determination of cell mass was not possible within the scope of 
this thesis, an assumption has to be made. The average of the stated values stated in 
the three different sources is formed, while the three values stated in [48] are treated 
as one averaged value to not give this source more weight than the others. The 
average is then 𝑚𝑐𝑒𝑙𝑙 = 3.34 ∗ 10

−14 𝑘𝑔 and shall be used henceforth. 

The biomass concentration can be calculated from the optical density by combining 
the previously stated equation for cell concentration and the information on the average 
cell mass with Eq. ( 5-5 ). 

𝜌𝑏 = (4 ∗ 10
13 ∗ 𝑂𝐷𝑐𝑜𝑟𝑟 − 3 ∗ 10

12) ∗ 𝑚𝑐𝑒𝑙𝑙  Eq. ( 5-5 ) 
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𝑂𝐷𝑐𝑜𝑟𝑟 is the unitless corrected optical density, and 𝑚𝑐𝑒𝑙𝑙  the averaged cell mass of a 

Chlorella vulgaris cell in [𝑘𝑔 𝑐𝑒𝑙𝑙⁄ ]. 

5.2 Growth Model Parameter Experiments 

The main set of experiments is performed to determine the parameters of the 
Gompertz growth model, which is presented in 3.1.1. In the simulation, the growth 
model is used to determine the optimum growth. Hence, the parameters of the growth 
model must be determined under optimum conditions in order to represent the optimum 
growth. 

The obtained parameters can then be entered in the simulation model in order to 
generate a realistic growth behavior during the simulation. 

5.2.1 Aim of Experiments 

The main goal of the growth model parameter experiments is the determination of the 
parameters of the Gompertz growth model in three different scenarios: 

• Still algal culture under a membrane 

• Stirred algal culture under a membrane 

• Algal culture with air bubbling 

For each of these scenarios the growth parameters shall be determined. The three 
growth model parameters, as outlined in 3.1.1, are: 

• the lag time 𝑡𝑙𝑎𝑔 [𝑠] 

• the maximum growth rate µ𝑚𝑎𝑥 [𝑘𝑔 𝑚
3 ∗ 𝑠⁄ ] 

• the asymptote of the maximum biomass concentration 𝜌𝑏𝑚𝑎𝑥 [𝑘𝑔 𝑚3⁄ ] 

A requirement for obtaining the best possible growth model parameters is to provide 
and maintain optimum growth conditions while these experiments are being performed. 
Therefore, the determination of conditions that deviate from the optimum conditions 
and identification of operational constraints during experiments and the operation of a 
photobioreactor, is also an aim of the growth model parameter experiments. 

5.2.2 Experimental Setup 

The Chlorella vulgaris cells were taken from the stock culture kept at the laboratories 
of Bioserve Space Technologies at the University of Colorado, Boulder The stock 
culture sample was diluted to 1*106 cells/ml and prepared with Bold’s Basal Medium 
by mixing a 50x concentrate [80] and deionized water. 

The algal cells were initially cultured in 96 well cell culture plates under a Sigma Aldrich 
“Breathe Easy” membrane. The rationale of choosing a very small cell culture volume 
(200 µL per well) was to provide sufficient radiation energy throughout the culture. 
Furthermore, the well plates offer the capability of providing experiment replicates with 
very similar conditions (e.g. surface irradiance, temperature) due to their small spatial 
separation. 

After evaporation problems that were determined during the first set of experiments, 
algae were later cultured in 20 ml tissue flasks. Both, a tissue flask and well plate are 
shown in Figure 5-3. 
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Figure 5-3: Top view of tissue flask (left) and 96 well cell culture plate (right) with dimensions. 

Ripples visible on the well plate are from the attached membrane and the green tint in the 
flask and some of the wells stems from the Chlorella vulgaris culture. 

In order to maintain optimum growth conditions, Chlorella vulgaris cells were cultured 
in a Percival Scientific incubator. This incubator is capable of controlling temperature, 
relative humidity and carbon dioxide content in the internal atmosphere. A picture of 
the used incubator is shown in Figure 5-4 

 
Figure 5-4: Percival Scientific incubator with description of components and control equipment. 

The temperature was maintained through an integrated heater and cooler and set to 
28.5 °C in accordance with the optimum temperature range previously shown in Table 



Experiments  

 

 

Page 86 

3-1. Furthermore, fans were used in direct proximity of the algal culture and LED in 
order to achieve an even heat distribution. 

The carbon dioxide content was controlled through controller / sensor combination and 
a solenoid valve which were attached to a > 99 % carbon dioxide high pressure gas 
bottle, which acted as carbon dioxide supply. The carbon dioxide content in the 
incubator was set to 6 %, which equates to a partial pressure of around 5 kPa, when 
the altitude of Boulder, CO is taken into account, where the absolute atmospheric 
pressure is roughly 20 % less than at sea level (1624 m above mean sea level, 
𝑝𝑎𝑏𝑠𝐵𝑜𝑢𝑙𝑑𝑒𝑟  ≈ 84 𝑘𝑃𝑎 at 𝑇 = 298 𝐾 [108]). The controller was calibrated by filling a 

flexible volume from a 5 % (w/w) carbon dioxide high pressure supply, reading and 
then adjusted for the decreased absolute atmospheric pressure in Boulder, CO by 
adding 20 % (5 % * 1.2 = 6 %) of the control value in order to represent the sea level 
partial pressure equivalent to 5 % (i.e. 5 kPa). The high carbon dioxide content was 
chosen to always provide sufficient carbon dioxide to the culture and to have a strong 
partial pressure gradient across the membrane.  

The relative humidity was set to be controlled at 100 % in order to keep evaporation 
from the culture medium at a minimum. Due condensation of humidity on a cooling 
plate, the relative humidity usually was not able to rise above 90-95 %. 

Inside the incubator, a HE Photo Red LED from CREE at 1.1 A and 2.85 V provided 
radiation energy to the growing algal culture. This specific LED was chosen since it 
has a narrow radiation bandwidth around 660 nm [109], which is in the band where 
Chlorella vulgaris cells absorb radiation energy at high efficiency as outlined in 3.4.3. 
The power for the LED was provided by a laboratory power supply, which was placed 
inside the incubator. The LED was attached to a frame that allowed height adjustments 
in order to control the surface photon flux density and allowed accurate positioning of 
the well plate. 

5.2.2.1 Unstirred Algal Culture Under a Membrane 

Initial experiments determined the growth rate of an unstirred algal culture in 96 well 
cell culture plates. The well plates were separated from the surrounding environment 
by a semi-permeable Sigma Aldrich Breathe Easy membrane. The setup is shown in 
in Figure 5-5. 
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Figure 5-5: Setup inside the incubator with power supply, adjustable frame with an attached LED 
and a well plate. Not shown are two small fans that were placed on either side of the well 

plates to carry away heat produced by the LED. 

This experiment’s setup was later changed to be done with tissue flasks, since strong 
evaporation was observed through the membrane on the cell culture plate, as outlined 
in 5.2.4.1. The tissue flasks have an integrated membrane in the lid and were also not 
stirred during growth. It was placed so that the medium surface was 62 mm below the 
LED. 

5.2.2.2 Stirred Algal Culture Under Membrane 

In a different setup the growth rate of a stirred algal culture was determined. Since the 
volume in the well plates is too small to include a magnetic stirrer, and evaporation 
was a problem (determined in preceding experiments), these experiments were 
performed in a tissue flask with a magnetic stirrer. It was placed so that the medium 
surface was 62 mm below the LED. 

This setup was chosen to determine the different growth rates between a sole 
membrane transport and bubbling, because bubbling air through a reactor is 
impossible in a zero-g environment but is often used in terrestrial applications. In this 
setup, the sole means of carbon dioxide supply and oxygen removal is the transport 
through the membrane in the lid of the culture flask.  

The setup used a magnetic stirrer inside a tissue flask, which was placed on a magnetic 
stirring table under the previously described LED.  

5.2.2.3 Algal Culture with Air Bubbling 

At a later point, the setup was extended to include a pump and hose connection to the 
algal culture to determine the effects of air bubbling on algal growth. Although air 
bubbling is not possible in space, many previous experiments and terrestrial 
applications employ this method and therefore the results allow a comparison with 
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other experiments. A tissue flask was used since the wells of a cell culture plate have 
too small a volume for an operational implementation of air bubbling without significant 
evaporation loss. It was placed so that the medium surface was 64 mm below the LED. 

The pump provided a steady stream of air through the culture medium, which provided 
carbon dioxide, carried away oxygen and also stirred the medium to counter 
sedimentation of algal cells. In order to keep evaporation of the medium at bay, the air 
was enriched with water by bubbling it through a water bottle before directing it to the 
flask containing the algal culture. The air then left the flask through a vent hole at the 
top. This setup is shown in Figure 5-6. 

 
Figure 5-6: Experiment configuration with air supply into medium. Augmented with visual guides 

for better visibility. The air is pumped from the incubator’s internal atmosphere, directed 
through a water bottle in order to enrich it with water vapor and prevent evaporation as it 

passes through the culture medium, where it provides the culture with carbon dioxide, 
removes oxygen and induces a constant movement to prevent algal sedimentation. The air 

leaves the culture flask through a vent hole in the top.  

5.2.3 Experimental Procedure 

The cell culture was initially prepared at a cell concentration of 1*106 cells/mL with 
Bolds Basal Medium. Multiple wells of the cell culture plates were filled in close 
proximity to create replicates. When tissue flasks were used, only one was filled. Due 
to their size, uniform lighting properties could not be guaranteed with the use of one 
LED (only one was available), which would have made replicates useless. 

During the growth period, the optical density was usually measured and documented 
twice daily, on some days only once, but not less. The optical density was then used 
to calculate the current biomass concentration as outlined in 5.1. Experiments in cell 
culture plates were measured directly (and the optical density of the membrane 
subtracted), and for experiments performed in tissue flasks, 200 µl of the culture were 
placed in a well of a cell culture plate for measurement and then replaced into the flask. 
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Each measurement was done with at least one duplicate to average over and hence 
mitigate measurement errors. Along with each documentation of biomass 
concentration, the current temperature, humidity and atmospheric carbon dioxide 
content were documented. 

The experiments were stopped, when no noticeable growth could be observed 
anymore and an asymptotic behavior of the biomass concentration over time could be 
observed. 

The biomass concentration over time was plotted after all the data was gathered and 
the growth rate determined by calculating the differential between the current 
measurement and the next one, mathematically speaking a forward differential. This 
approach leads to the growth rate curve being slightly shifted to the left, since the 
growth rate that would be observed between two data points is attributed to the first of 
the two data points. The absolute values, which are of concern for the growth model, 
are still correct. Furthermore, the growth rate at the last documented time is not 
representable, since no forward value is available for calculation. Using a central 
difference, which produces less error, would sacrifice the growth rate at the first and 
last data point and was therefore also not chosen due to the rather low number of 
measurements (usually 10-15). 

At the end of each experiment run, limiting factors on the growth (e.g. temperature, 
surface irradiance, nutrient resupply, evaporation, membrane transport) were identified 
and changes implemented for the next one.  

5.2.4 Results 

Initially, some results on the operation of growth experiments, membrane transport and 
medium maintenance are presented that came up during the growth experiments. 
Thereafter results of the growth experiments themselves are presented grouped with 
regard to the previously introduced three different scenarios: still/stirred with 
membrane and air bubbling. 

5.2.4.1 Experiment Operation, Membrane Transport and Medium Maintenance 

The growth parameter experiments were initially planned to be done in cell culture 
plates with Sigma Aldrich Breathe Easy membranes, which allow the exchange of 
carbon dioxide and oxygen with the atmosphere. The rationale behind this setup was 
to choose a small volume that is always sufficiently lit. 

However, despite the high relative humidity in the incubator, these membranes also 
allowed a high degree of medium evaporation, most likely water, from the wells of the 
cell culture plates, which made the determination of algal growth almost impossible. In 
order to compensate the evaporation loss, the mass was tracked, and the wells refilled 
according to the lost mass, as shown in Figure 5-7. 



Experiments  

 

 

Page 90 

 
Figure 5-7: Cell culture plate experiment showing strong fluctuations in biomass concentration due 

to evaporation mass loss. The blue line represents the evolution of biomass over time, the 
red line the varying mass of the cell culture plate and its volume due to evaporation. Vertical 

red lines represent times where the wells were refilled. 

The overall growth behavior trend, which was previously described in 3.1.1, can be 
seen to contain an initial lag phase, then a growth phase, and an eventual stationary 
phase. However, the biomass concentration evolution in Figure 5-7 shows very 
strongly fluctuating values due to the fluctuations in medium mass as a result of 
evaporation. The strongest mass loss of 3 g total, before the first refill, equates to 
37.5 % of the 8.2 g total mass of the 41 filled wells in this experiment. It should be 
noted, that 5 wells were used for pH testing, and therefore the first refill does not 
reestablish the initial mass, since these 5 plates were not refilled. 

What can be clearly seen is that a decreased culture volume due to evaporation, yields 
lower measurements (or even decreasing, when the culture should actually be grown.), 
than would be expected. This is clearly seen before the first refill. The wells therefore 
have to be refilled, in this case with water. This is a challenge in itself, since not all 
wells showed a uniform evaporation loss and therefore could not be refilled with the 
lost mass evenly divided over all the used wells.  

After the first refill the cell concentration was measured in the expected range, 
however, the next measurements showed almost no increase in cell concentration, 
which leads to the assumption, that the culture has to adapt to the refill with a new lag 
time, as clearly seen after the first refill, when the biomass concentration almost does 
not change over time. 

In order to mitigate this lag time after refilling, another experiment was performed, 
where one half of the wells were refilled with water, and the other with Bolds Basal 
Medium, and the biomass concentrations of these two groups tracked separately. The 
results are graphically shown in Figure 5-8. 
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Figure 5-8: Evolution of biomass concentration over time for comparison of refilling 
evaporation loss with water and Bold’s Basal Medium. The blue line represents the 

growth in the wells refilled with water, the purple line the growth in the wells that were 
refilled with Bold’s Basal Medium. 

Figure 5-8 shows that although the refill with Bold’s Basal Medium is slightly better than 
the refill with water, both do not see a significant improvement of growth after the 
procedure. In fact, as was seen in the other experiments, the biomass concentration 
can rise to more than double of what is seen in this graph. What is also seen in this 
graph is that the culture adapted to a depletion of the carbon dioxide supply, which 
was reestablished as the culture was refilled with water and Bolds Basal Medium. 

A further concern of the use of membranes for atmospheric exchange on cell culture 
plates is that some of the experiments showed limited gas transport capability across 
the membrane. This was observed through air bubbles (of unknown composition) 
forming underneath the membrane as shown in Figure 5-9. This leads to the 
conclusion, that despite the small volume of algal culture in the cell culture plates, the 
membrane transport capability is limited. 

 
Figure 5-9: Formation of an air bubble between the cell culture plate and Sigma Aldrich Breathe 

Easy membrane. Indicating a limited transfer capability of the membrane. 



Experiments  

 

 

Page 92 

The experiments using cell culture plates showed that they pose a challenge to algal 
growth experiments. The extremely small volume of the wells reacts very sensitively to 
evaporation. In general, refilling evaporated medium with water or medium solution 
seems to create a lag time, which is unfavorable. However, in order to compensate 
evaporation loss of the wells of cell culture plates, they have to be refilled and are 
therefore not suited for long term algae experiments.  

Tissue flasks with an integrated membrane were eventually chosen for the growth 
parameter experiments due to their larger volume, after cell culture plates were 
deemed not useful. 

5.2.4.2 Growth Parameters of Unstirred Algal Culture Under a Membrane 

Initially, the growth experiments using a membrane, were designed to be done with 
cell culture plates under a Sigma Aldrich Breathe Easy membrane. However 
evaporation from the extremely low volume of only 200 µl per well through the 
membrane, made these experiments impossible to produce accurate results. Efforts of 
compensating the evaporation loss with water or bolds basal medium were 
unsuccessful as previously outlined in 5.2.4.1. 

After restarting well plate with membrane experiments 6 times and trying to overcome 
membrane- and small-volume-related challenges, a tissue flask with an integrated 
membrane was chosen for these experiments. The rationale was that the 100 times 
larger volume of the tissue flask (20 ml) compared to wells of a cell culture plate (200 
µl) would not be as sensitive to evaporation. 

Despite showing some fluctuations the data shows the trends previously described for 
the mathematical Gompertz growth model. The data of the best experiment integration 
using an unstirred algal culture in a tissue flask is shown in Figure 5-10. 

 
Figure 5-10: Experimental results of Chlorella vulgaris growth in a controlled environment. This 

experiment used a tissue flask with a membrane to grow the algal culture in. The culture 
was only stirred on a shaker, twice daily before measurements. The blue line represents the 

evolution of biomass concentration over time and the orange line represents the biomass 
concentration increase (i.e. growth rate) over time. 
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From the behavior of biomass concentration and growth rate over time, the parameters 
of the Gompertz model can be gathered. For the unstirred culture under a membrane, 
they are: 

• the lag time 𝑡𝑙𝑎𝑔 = 109230 𝑠 

• the maximum growth rate µ𝑚𝑎𝑥 = 9 ∗ 10
−6 𝑘𝑔

𝑚3∗𝑠
 

• the asymptote of the maximum biomass concentration 𝜌𝑏𝑚𝑎𝑥= 2.2
𝑘𝑔

𝑚3
 

The strong fluctuations in the growth rate are due to short measurement intervals that 
did not show major increases in biomass concentration, as shown by the plateaus in 
the blue line representing the biomass concentration. An interesting conclusion can be 
drawn from this circumstance. It seems like the culture has to adapt even to small 
changes, such as a few seconds of shaking before a measurement. This process is 
necessary to mix the sedimented algae into the growth medium and allow a correct 
measurement of an evenly dispersed cell culture. However, after the measurement, 
when the flask is placed back in the incubator, the growth seems to be inhibited for 
some time due to this disturbance, which leads to a similar biomass concentration at 
the next measurement. An algal culture, that is constantly stirred, but also shaken 
before the measurement, does not show this behavior as shown in the following sub-
chapter 5.2.2.2. 

5.2.4.3 Growth Parameters of stirred Algal Culture Under a Membrane 

In the previously described experiments with an unstirred algal culture, in both cell 
culture plates and tissue flasks, strong sedimentation of algal cells was visible. A tissue 
flask was therefore equipped with a magnetic stirrer and placed on a stirring table in 
order to counteract sedimentation. The growth behavior of this experiment is shown in 
Figure 5-11. 

 
Figure 5-11:  Experimental results of Chlorella vulgaris growth in a controlled environment. This 

experiment used a tissue flask with a membrane to grow the algal culture in. The culture 
was stirred with a magnetic stirrer The blue line represents the evolution of biomass 

concentration over time and the orange line represents the biomass concentration increase 
(i.e. growth rate) over time. 
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From the behavior of biomass concentration and growth rate over time, the parameters 
of the Gompertz model can be gathered. For the unstirred culture under a membrane, 
they are: 

• the lag time 𝑡𝑙𝑎𝑔 = 142080 𝑠 

• the maximum growth rate µ𝑚𝑎𝑥 = 1.6 ∗ 10
−5 𝑘𝑔

𝑚3∗𝑠
 

• the asymptote of the maximum biomass concentration 𝜌𝑏𝑚𝑎𝑥= 2.65
𝑘𝑔

𝑚3
 

The lag time is larger than for the unstirred culture. However, since the lag time of the 
Gompertz model is defined by the time, when the algal culture has 6.6 % of its 
maximum biomass concentration [32], and not an absolute biomass concentration, the 
comparison is not easily possible. When the time is compared, where the algal culture 
reaches a certain absolute concentration, the stirred culture reaches it faster, which is 
also a result of the higher growth rate the stirred culture can reach (almost double that 
of the unstirred culture). 

In this experiment, another interesting observation could be made. After the stationary 
phase at the maximum biomass concentration was reached, the culture crashed on 
the 8th day after the experiment was started. The crash caused a rapid decrease in 
biomass concentration, visible color loss from dark green to brown, and white residue 
forming on top of the culture medium as shown in Figure 5-12. The reason for the crash 
unknown, since no further examination of the medium was done, but could result from 
contamination. 

 
Figure 5-12: Culture after crash at the end of stirred algal culture under membrane experiment. 

Results were white substance on medium and strong color loss. 
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5.2.4.4 Growth Parameters of Algal Culture With Air Bubbling 

The experiment that employed a pump to bubble air through the culture showed the 
smoothest results with regard to biomass concentration and growth rate evolution over 
time as shown in Figure 5-13. 

 
Figure 5-13: Experimental results of Chlorella vulgaris growth in a controlled environment using air 

bubbling through the growing culture. The blue line represents the evolution of biomass 
concentration over time and the orange line represents the biomass concentration increase 

(i.e. growth rate) over time. 

With the maximum growth rate recorded at a biomass concentration of 
𝜌𝑏  =  1.02𝑘𝑔 𝑚3⁄ , which is 33 % of the maximum, this behavior matches the 
mathematical Gompertz growth model best, which sees the maximum growth rate at 
36.8 % of the final biomass concentration. The parameters for the Gompertz model, 
which can be obtained from the experimental data are:  

•  the lag time 𝑡𝑙𝑎𝑔 = 117547 𝑠 

• the maximum growth rate µ𝑚𝑎𝑥 = 2.4 ∗ 10
−5 𝑘𝑔

𝑚3∗𝑠
 

• the asymptote of the maximum biomass concentration 𝜌𝑏𝑚𝑎𝑥= 3.2
𝑘𝑔

𝑚3
 

The lag time of this experiment was the shortest, the maximum growth rate the highest 
and the reached maximum biomass concentration was also the highest. Therefore the 
conclusion can be drawn, that air bubbling is the most efficient way to grow Chlorella 
vulgaris. 

It should be noted though, that air bubbling, as was done in this experiment, is not 
possible in a zero-g environment, since bubbles cannot rise upward and leave the 
reactor in a controlled manner, as they do when under the influence of gravity. 
Nevertheless, this experiment can act as a baseline with regard to what algal growth 
is possible. 
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5.3 Radiation Growth Curve Parameter Experiments 

Four growth domains exist, when growth is regarded as a function of the available 
radiation energy, as outlined in 3.4.2. The relative growth rate follows a distinct 
radiation growth curve, when plotted over the photon flux density. At low irradiances, 
growth is inhibited due to the lack of sufficient radiation power for photosynthetic 
growth. When the minimum required photon flux density is reached, the relative growth 
rate rises linearly with increasing photon flux density until a saturation point is reached. 
Above that the relative growth rate does not further increase with rising photon flux 
density, until the inhibition photon flux is reached. Above the inhibition photon flux, the 
growth decreases rapidly and algal cells eventually take lethal damage.  

There is large variance on the reported photon flux density values, that mark the 
boundaries of the growth domains and therefore determine the shape of the radiation 
growth curve, as outlined in 3.1.2.3. 

5.3.1 Aim of Experiments 

The aim of the radiation growth curve parameter experiments is to determine the 
photon flux density values that mark the boundaries of the radiation growth curve 
domains. They are: 

• Minimum Photon Flux Density 𝑃𝑚𝑖𝑛 

• Saturation Photon Flux Density 𝑃𝑠𝑎𝑡 
• Inhibition Photon Flux Density 𝑃𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 

5.3.2 Hardware Setup 

The algal culture was prepared in the same way as for the growth model parameter 
experiments (see 5.2.2) and filled into multiple tissue flasks. The culture was grown in 
20 ml tissue flasks in the previously described incubator. The temperature was 
controlled at 28.5 °C, the humidity was around 90 % throughout the experiment and 
the carbon dioxide partial pressure around 5 kPa. 

The tissue flasks were placed at different distances from the LED (50/62/74/86 mm), 
which were in a range previously identified as being the range, where the sought-after 
values would most likely be reached. 

The previously described HE Photo Red LED from CREE was used as radiation 
source, while running at 2.85 V and 1.1 A. In order to determine the profile of the 
photosynthetic photon flux density as a function of distance away from the LED, 
measurements were made. The Photosynthetic photon flux densities were measured 
with a LI-COR LI-190R Quantum sensor. This sensor had not been calibrated for 22 
years when it was used, but was the only available sensor capable of reliably 
measuring in the used LED’s waveband of around 660 nm. It was therefore cross 
calibrated with newer sensors and different light sources. It showed a deviation of only 
0.85 % below the measurement of a new sensor, when the sunlight at noon was 
measured (old Li-COR LI-190R: 2007 µmol/m2s, new Apogee MQ200 1990 µmol/m2s) 
and 5.6 % above the newer sensor measurement of a white LED. The sensor was 
therefore deemed sufficiently capable of measuring the 660 nm LED. 
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5.3.3 Experimental Procedure 

The cell culture was initially prepared at a cell concentration of 1*106 cells/mL with 
Bolds Basal Medium. The culture and medium were then filled into four 20 ml tissue 
flask, which have a membrane in the lid that allows the exchange of oxygen and carbon 
dioxide. The content of the flasks was not stirred. 

During the growth period, the optical density was usually measured and documented 
twice daily, on some days only once, but not less. The optical density was then used 
to calculate the current biomass concentration as outlined in 5.1. Each measurement 
was done with at least one duplicate to average over and hence mitigate measurement 
errors. 

Along with each documentation of biomass concentration and pH, the current 
temperature, humidity and atmospheric carbon dioxide content were documented. 

The experiment was stopped, when no noticeable growth could be observed anymore 
and an asymptotic behavior of the biomass concentration over time could be observed.  

After the growth period, the radiation values at the respective positions of the flasks 
and further points (larger / smaller distances than the flasks) were measured in order 
to relate the achieved culture growth to the lighting conditions and eventually determine 
the boundaries of the radiation growth curve domains. 

5.3.4 Results 

After initial growth experiments, which placed the algae between 17 mm and 30 mm 
away from the LED, showed no growth at all, the distance was increased gradually to 
determine where algae would grow. 

At a distance of 40 mm away from the LED, growth was observed despite slow, 
indicating that growth was photoinhibited, but not to a degree where growth is 
impossible. In other words, around 40 mm away from the LED, the photon flux is 
decreased to a level, where it reaches the upper boundary of the saturated growth 
domain. Moving the probe further away will expose it to photon flux densities that lie 
within the saturated growth zone.  

This sub-chapter presents the measured photon flux density over distance profile, 
results of growth experiments at different distances from the radiation source and 
draws a conclusion on the parameters of the radiation growth curve. 

5.3.4.1 Photosynthetic Photon Flux Density Profile 

The photosynthetic photon flux density profile with increasing distance from the used 
LED was measured as described in 5.3.2. Since the LED reacts to the power it is being 
fed, it is important to note, that the LED was powered with 2.65 V and 1.1 A during the 
growth experiments and the measurements. The profile is shown in Figure 5-14. 
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Figure 5-14: Profile of photosynthetic photon flux density with increasing distance from the CREE 

HE Photo Red LED powered with 2.65 V and 1.1 A. Logarithmic scale on vertical axis to 
cover wide band width of measurements. 

As seen in Figure 5-14, the band width of measured photosynthetic photon flux 
densities is rather large and decreases exponentially with increasing distance from the 
LED. While the measurements at very small distances seem extremely high, they lie 
in the photoinhibited zone anyway, so an accurate measurement is not as important, 
as of the values from 40 mm onwards, where the algal cultures started growing. 

5.3.4.2 Boundaries of the Radiation Curve Growth Domains 

Operating the radiation profile of a photobioreactor close to the upper boundary of the 
saturated growth zone is advantageous. This has the effect that the radiation can 
penetrate as deep as possible into the medium without inhibiting growth in the upper 
layers. It was therefore especially of importance to find this upper boundary of the 
saturated growth domain. 

Four tissue flasks were placed in the incubator at the same time at different distances 
of the LED. The evolution of biomass concentration of all four of them is shown in 
Figure 5-15. 
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Figure 5-15: Evolution of biomass concentration of four flasks placed at 50 mm, 62 mm, 74 mm and 

86 mm distance from the LED in order to determine the upper boundary of the saturated 
growth zone.  

As seen in Figure 5-15, the biomass concentration of the three flasks at 62 mm,74 mm 
and 86 mm rises almost simultaneously, while the growth in the flask placed at 50 mm 
away from the LED is slightly slower. The conclusion can be drawn, that the 
photoinhibited growth zone starts at a photosynthetic photon flux density measured 
between 50 mm and 62 mm away from the LED. 

Although the achieved growth in the flask at 50 mm away from the LED is only slightly 
lower than in the other three, the difference in color is a visual indicator for different 
growth conditions, as can be seen in Figure 5-16. 

 
Figure 5-16: Four tissue flasks with algal culture grown in different photosynthetic photon flux 

densities (achieved by different distances from the LED, as indicated in the picture). Visible 
difference in color of the closest flask. 



Experiments  

 

 

Page 100 

When all conducted experiments and their achieved growth is overlaid with the 
previously introduced radiation-distance-profile, the boundaries can be determined. 
The graph is shown in Figure 5-17. 

 
Figure 5-17: Radiation profile of used LED overlaid with experiments conducted at different 

distances and their achieved maximum biomass concentration as color coded dots. Red 
represents no growth, orange represents some, but limited, growth, and green represents 

full growth. 

Since the model treats photoinhibition with immediately setting the growth rate to zero, 
the distances where some growth was observed (indicated as orange dots), can be 
assumed to yield no growth in the model. Analyzing Figure 5-17 allows to determine 
the upper boundary of the saturated growth domain of the radiation growth curve. The 
inhibition photon flux density 𝑃𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 lies somewhere close to 50 mm as can be 
concluded from the data presentend in Figure 5-15, where the flask placed at 50 mm 
(𝑃 = 474 µ𝑚𝑜𝑙 (𝑚2 ∗ 𝑠) ⁄ ) shows a slightly lower growth rate than the one placed at 

62 mm (𝑃 = 320 µ𝑚𝑜𝑙 (𝑚2 ∗ 𝑠) ⁄ ). A conservative approximation, by using the middle 
between the two values, 𝑃𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 = 400 µ𝑚𝑜𝑙 (𝑚

2 ∗ 𝑠) ⁄  will be used henceforth as 
the experimentally determined inhibition photon flux density. 

Although the minimum and saturation photosynthetic photon flux density could not be 
determined in the performed experiments, they can be estimated.  

For the photon flux density that marks the end of the linear growth domain and start of 
the saturated growth domain, no data could be experimentally determined. What can 
be concluded is, that it lies below 𝑃 = 100 µ𝑚𝑜𝑙 (𝑚2 ∗ 𝑠) ⁄ , as can be seen in the data 

presented in Figure 5-17. As a conservative estimate, 𝑃𝑠𝑎𝑡 = 100 µ𝑚𝑜𝑙 (𝑚
2 ∗ 𝑠) ⁄  will 

therefore be assumed henceforth. 
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The minimum photon flux density, below which no growth occurs at all, was not 
observed experimentally and will be used as stated in literature 
𝑃𝑚𝑖𝑛 =  10 µ𝑚𝑜𝑙 (𝑚2 ∗ 𝑠) ⁄  [46]. 

5.4 Energy Attenuation Experiments 

The attenuation of radiation energy as it passes through the algal culture seems to be 
a field that is not well documented. Only one literature source was found that 
documents a varying attenuation coefficient as function of the biomass concentration. 

However, this knowledge is vital from an operational view point for the optimization of 
radiation profiles (e.g. always provide sufficient photon flux but never too much to save 
power on electricity on cooling). Furthermore, it is of high importance for the simulation 
in order to calculate the volumes of the different growth domains as described in 3.4.5. 

In order to generate some additional data to the one source that was found, a set of 
experiments were performed with regard to the energy attenuation with varying algal 
biomass concentration in a culture medium. 

5.4.1 Aim of Experiments 

The aim of the energy attenuation experiments is the determination of the attenuation 
coefficient 𝐴(𝜆, 𝜌𝑏) as a function of biomass concentration and wavelength. 
Furthermore, the generated data should be able to fit the hyperbolic model, which was 
outlined in 3.4.4.2 and the parameters 𝐴𝑚𝑎𝑥(𝜆) and 𝑏(𝜆) determined.  

Since radiation that is visible to the human eye as the red colored light is most efficient 
for energy conversion by algal cells (see 3.4.3), and the experiments performed within 
the scope of this thesis were also done with a red LED (narrow waveband around 660 
nm of CREE HE Photo Red), the focus of these experiments lies on the determination 
of the attenuation of radiation in this waveband. 

5.4.2 Experimental Setup 

This set of experiments did not require to grow algae. Different stages of biomass 
concentration were generated by diluting the high-biomass-concentration stock culture 
and performing measurements. 

The stock solution with a high optical density (measured at 450 nm) was diluted with 
deionized water to a multitude of different dilution factors and placed in wells of cell 
culture plates as shown in Figure 5-18.  
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Figure 5-18: Initial state of differently diluted algal cultures in wells of cell culture plates. From the 

top left downward each row has 20 µl more water and 20 µl less algal culture. The range is 
from 200 µl algal cells / 0 µl water in the top left to 20 µl algae /180 µl water on the lower of 

the two probes on the right.  

The cell and biomass concentration in the wells was measured as outlined in 5.1. The 
attenuation of red light was measured with the same Thermo Scientific Multiskan FC 
that is used for the determination of cell concentration, but with a different filter for red 
light (670 nm). 

5.4.3 Experimental Procedure 

The stock solution with a high optical density (measured at 450 nm) was diluted with 
deionized water to a multitude of different dilution factors and placed in wells of cell 
culture plates as shown in Figure 5-18. The dilution factor ranged from 1 (no water) to 
10 (20 µl stock culture and 180 µl water). Each level of dilution was measured with one 
duplicate to average over and hence mitigate measurement errors. 

The wells were then measured at 450 nm to generate data on the current cell 
concentration. This data was used to calculate the biomass concentration as outlined 
in 5.1. In order to generate data on the attenuation of red light at 690 nm with varying 
biomass concentration, the optical density of each well was also measured with red 
light and documented.  

These optical density measurements with red light at 690 nm are eventually used to 
determine the attenuation coefficient, which can be calculated with Eq. ( 5-6 ). 

𝐴 =
− ln(10−𝑂𝐷)

𝐿
 Eq. ( 5-6 ) 

Since the lowest dilution factor of 10 still yielded a higher cell concentration than the 
lowest concentration used in the previous growth and pH experiments, further 
experiments were performed to generate data over a large area of biomass 
concentration. After the initial set of 10 dilution factors, the content of the wells was 
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further diluted in 50 % steps, the biomass concentration documented, the optical 
density of the current red light measured and the process repeated until the cell 
concentration was as low as 1*106 cells per ml. The well plate with further diluted algal 
culture is shown in Figure 5-19. 

 
Figure 5-19: Well plate with algal culture at further levels of dilution than initially measured after the 

highest dilution level still had a cell concentration higher than the lowest level used in other 
experiments. Each level with one duplicate. Further levels of dilution, which were mixed 

after the picture was taken, were also measured to generate data over a wide range of cell 
concentrations. 

5.4.4 Results 

The aim of this set of experiments was to generate data on the biomass concentration 
dependent attenuation coefficient of red light (as it is used in these experiments). The 
measured data points, along with a polynomial trend line, are plotted in Figure 5-20. 

 
Figure 5-20: Attenuation coefficient of red light depending on biomass concentration. Dots are 

measured data points, line is 2nd order polynomial trend line. 
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The measured results show attenuation coefficients that are on the same order of 
magnitude, but slightly smaller than those reported by another source [95]. While the 
source states an attenuation coefficient of 𝐴 = 6001 𝑚⁄  at 𝜌𝑏 = 1.5𝑘𝑔 𝑚

3⁄ , the 
experimentally measured data shows the attenuation coefficient to be 𝐴 = 5001 𝑚⁄ , 

which is 20 % more. The experimentally determined values therefore allow a deeper 
algal culture under otherwise same lighting conditions, since less light is attenuated as 
it passes through the media, than was previously assumed from the data stated in the 
obtained literature source [95].  

Furthermore, the experimentally generated data covers a wider range of biomass 
concentration (0 - 4 kg/m3) than the data stated in the source (0 - 1.5 kg/m3) [95]. 

The trend line generated from the data points is a second order polynomial and is given 
in Eq. ( 5-7 ). 

𝐴 = −18.325 ∗ 𝜌𝑏
2 + 363.24 ∗ 𝜌𝑏 − 3.1281 Eq. ( 5-7 ) 

When fitted to the hyperbolic form used in [95], which was previously introduced in 
3.4.4.2, the two required parameters can be defined as 𝐴𝑚𝑎𝑥 = 3619 and 𝑏 = 8.379.  
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6 Simulation of an Algal Life Support System 

The developed dynamic algae model is used to simulate a biological life support 
system in a spacecraft that is based on algae. More specifically, the algal 
photobioreactor is sized to be able to perform air revitalization for one crew member 
and furthermore, process urine to produce potable water and produce biomass that 
can be harvested and supplemented to the astronaut’s diet. 

The V-HAB simulation system is used to integrate a photobioreactor into a spacecraft 
cabin in which an astronaut is simulated by the V-HAB human model. Besides the 
human model and the photobioreactor, the spacecraft cabin contains a common cabin 
air assembly which keeps the humidity and temperature in the cabin constant. 
Furthermore, food, water, urine and feces storages are modeled in the cabin, of which 
some interface with the photobioreactor. 

The photobioreactor design and integration architecture is based on a proposal by 
Tobias Niederwieser from the University of Colorado, Boulder, which was presented at 
the 69th International Astronautical Congress [5]. One of the overall aims of this thesis 
is to verify the functionality of this design and identify areas for future optimization. 

This chapter introduces the simulation environment of the photobioreactor in a 
spacecraft cabin with an astronaut in the loop. Initially, the design of the proposed 
photobioreactor design and integration architecture by Niederwieser is introduced in 
6.1, followed by a description of the programmatic integration into the V-HAB 
simulation environment and the used V-HAB systems in 6.2. Finally, three simulation 
scenarios are presented in 6.3. 

6.1 Niederwieser Photobioreactor Design 

The aim of the proposed photobioreactor design is to provide one astronaut with 
sufficient steady state air revitalization capability, while also producing potable water 
from urine and producing food supplement by harvesting biomass. It was sized in a 
first order feasibility analysis by using optimistic values gathered from previous 
research. The design was presented at the 69th International Astronautical Congress 
in Bremen, Germany in 2018 [5]. 

The proposed design captures 1.04 kg of carbon dioxide and produces 0.816 kg of 
oxygen per day (see Table 6-1), which is sufficient for one astronaut. Furthermore, 
urine is processed, nutrients supplied and water and biomass harvested [5].  

Table 6-1:  Mass Balance of proposed photobioreactor [5]. Prefixes changed from source to 
reflect photobioreactor point of view, not cabin (+ is into reactor, - is out). 

Substance Productivity [kg/d] 

Oxygen - 0.816 

Carbon Dioxide + 1.040 

Biomass - 0.255 

Nutrients + 0.11 

Pre-Processed Water - 1.589 

Urine + 1.6 
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In order to maintain breathable air for one astronaut, 15 liters of culture volume are 
required, which are housed in a photobioreactor of 0.407 m3 total volume. The whole 
system has a mass of 127 kg and requires 3992 watts of power, which is mainly 
attributed to the LEDs. These parameters make the system lighter and smaller, but 
more power consuming, than the current International Space Station systems it could 
replace (oxygen generation assembly and urine processing assembly) [5]. 

At the core of the design by Niederwieser is a flat panel photobioreactor that consists 
of a stack of panels. They are each made up of a flow channel at the core, through 
which the algal culture flows. They are enclosed by transparent air exchange 
membranes, over which the air flows on the outside to supply carbon dioxide to and 
carry oxygen away from the algae. The outermost layer of each panel is made up of a 
fiber optics panel on either side, which transmit photosynthetically active radiation from 
an LED panel on the outside of the reactor through the air gap and membrane to the 
growing algal culture [5]. A sketch is shown in Figure 6-1. 

 
Figure 6-1: Flat panel photobioreactor design by T. Niederwieser. On the left the stack of panels is 

shown that makes up the photobioreactor. On the right is an exploded view that shows the 
composition of an individual panel. Compiled from two images in [5] and augmented with 

visual guides and descriptions. 

Each of the flow channel sheets has dimensions of 20 x 20 x 0.5 cm, with 0.127 mm 
thick air exchange membranes on either side. One sheet can hold a volume of 163 ml, 
which requires a total of 92 sheets to contain the 15 liters of required culture volume. 
The 0.8 mm thick fiber optics panels are used instead of directly mounting LEDs on 
either side in order to achieve a denser packaging and implement a less complex 
cooling system that carries away the heat from the LEDs [5]. 

One significant feature of the proposed architecture is the air supply for the 
photobioreactor. The air supply does not directly interface with the cabin, since it is 
designed to use a higher carbon dioxide and lower oxygen partial pressure in order to 
create favorable conditions for the membrane transport of carbon dioxide into and 
oxygen out of the algal culture. The air passing over the membranes has a carbon 
dioxide partial pressure of 95 kPa and the oxygen partial pressure is regulated at 
5 kPa. This is realized by selectively removing carbon dioxide from the cabin through 
a removal system and enriching the air that is circulated through the photobioreactor. 
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The achieved pressure gradients make a membrane area of 4.9 m2 sufficient to fulfill 
the gas exchange needs of the photobioreactor without limiting algal growth [5]. 

Furthermore, the design incorporates an ultrasonic harvester (currently at low 
technology readiness level), which separates the algae from the medium surrounding 
it. This enables the harvesting of 70 % of the algal biomass passing through the 
harvester at 25 mL/min [110]. The harvested biomass can then be collected, dried and 
supplemented to the astronauts’ daily diet. Furthermore water is harvested, which has 
to be fed to a processor to produce potable water [5]. 

A schematic overview of the integrated architecture is shown in Figure 6-2. 

 
Figure 6-2: Proposed architecture for integration of photobioreactor into cabin environment. 

Copied from [5]. 

6.2 V-HAB Integration 

This sub-chapter describes the implementation of the previously presented 
photobioreactor and integration architecture into the V-HAB simulation environment. 
From the perspective of this thesis, there are two parts that have to be connected in 
the simulation. The photobioreactor with the dynamic algae model which is described 
in 6.2.1, and the rest of the V-HAB cabin environment, including further subsystems, 
described in 6.2.2. 

The dynamic algae model is integrated in a photobioreactor based on the operational 
principle of that proposed by Tobias Niederwieser [5]. The photobioreactor sets 
boundary conditions for the algae model, provides the required supply of nutrients and 
lighting and has an integrated harvester that harvests algal biomass and water. 

The photobioreactor is integrated into a spacecraft cabin that also houses an 
astronaut, which is represented through the V-HAB human model. A common cabin 
air assembly is also integrated into the cabin to regulate humidity and temperature of 
the spacecraft cabin air. The human model, the common cabin air assembly and the 
photobioreactor are child systems of the spacecraft cabin system. The photobioreactor 
is connected to the air, water, food and urine stores of the spacecraft cabin to create a 
dynamic interaction between the photobioreactor and the human, which is also 
connected to these stores. A full system overview is provided in Figure 6-3. 
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Figure 6-3: Schematic overview of the developed dynamic Chlorella vulgaris model in the 

photobioreactor and integration into the cabin environment. Colored boxes represent V-HAB 
systems, solid black boxes stores of the system they share the same color with and dashed 

boxes are phases in the stores. The state of the phase is given in a black circle. Black 
arrows represent branches directly connected to the photobioreactor or algae model, grey 

lines represent branches of the V-HAB components used but not developed for this 
simulation. Dashed arrows are V-HAB phase to phase processors. 



Simulation of an Algal Life Support System  

 

 

Page 109 

6.2.1 Photobioreactor Integration 

They dynamic algae model, which was described in chapters 3 and 4, is integrated in 
a photobioreactor that follows the design and architecture proposed by Tobias 
Niederwieser [5]. 

The definition of the photobioreactor system allows to set design and operation 
parameters. The reactor size is defined by setting the growth volume and depth below 
surface (important parameter for the photosynthetically active radiation module) for the 
algal culture. The membrane surface and thickness, as well as the membrane type 
(different commercially available membranes available to select from) are defined. The 
radiation conditions are set by defining the photosynthetic photon flux density on the 
reactor surface and the light color. Furthermore, the use of urine to supply nutrients 
can be activated. 

Besides housing the algal culture in a child system and providing important design 
parameters, the photobioreactor system incorporates three modules, that interact with 
the dynamic Chlorella vulgaris model. 

6.2.1.1 Air Supply Module 

The air supply module provides high carbon content and low oxygen content air to the 
algal photobioreactor to ensure a sufficient pressure gradient over the membrane 
interfacing with the growth medium.  

The cabin air is circulated through a buffer flow phase in the photobioreactor 
subsystem. Through phase to phase processors for carbon dioxide and oxygen, this 
flow phase interfaces with a high carbon dioxide content phase. From this high carbon 
dioxide content phase, the air is circulated through the air flow phase in the growth 
chamber, which is part of the previously described dynamic algae model. This air flow 
phase is the interface to the growth medium. 

Since the algal growth becomes limited at high carbon dioxide concentrations (see 
3.1.2.5), the proposed constant high carbon dioxide partial pressure of 95 kPa from 
Niederwieser cannot be implemented. This value was therefore set to 60 kPa 
equivalent partial pressure, since growth is not limited then. If membrane transport 
becomes a critical issue due to the reduced partial pressure, a dynamically increasing 
partial pressure could be implemented, which matches the membrane transport rate to 
the photosynthetic uptake but ensures that the concentration in the medium does not 
reach critical levels. 

As the algal culture consumes carbon dioxide and produces oxygen, the partial 
pressures of these two substances in the high carbon dioxide content phase change. 
In order to keep the partial pressures at their desired values, phase to phase 
processors transfer oxygen out to the cabin air flow phase (i.e. increasing the cabin air 
oxygen content) and resupply carbon dioxide from the cabin air flow phase (i.e. 
lowering the cabin air carbon dioxide content). The previously mentioned dynamically 
calculated pressure set point is used as the middle of a hysteresis controller for the 
phase to phase transfer rate between the cabin air flow and the high carbon dioxide 
content phase, while oxygen is regulated statically at 5 kPa with a hysteresis controller. 
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6.2.1.2 Harvesting Module 

The harvesting module is responsible for harvesting algal biomass and water from the 
photobioreactor. 

The algal biomass is circulated through the harvesting filter, which is represented 
through a flow phase and based on the ultrasonic harvester [110] used in the 
Niederwieser design [5]. It shows a 70 % filtration efficiency at a circulation flow rate of 
25 ml/min [110]. From the filter flow phase, phase to phase processors can selectively 
harvest algae (at 70 % filtration efficiency) and water and transfer them to algae and 
water phases in the harvesting store. These substance phases in the harvester store 
then interface with the food store and potable water storage, to where the algae and 
water are transferred respectively and can be consumed by the V-HAB human model. 

Harvesting biomass is not only vital for the production of edible biomass, but also for 
maintaining growth in the photobioreactor at the highest possible rate. The growth rate 
peaks at a certain biomass concentration, which lies at 38.7 % of the maximum 
biomass concentration in the Gompertz model. In order to ensure the maximum 
possible consumption of carbon dioxide and production of oxygen, the photobioreactor 
should always be operated at a biomass concentration, where the growth rate peaks.  

The control logic in the harvesting module determines this optimum biomass 
concentration automatically based on the current settings of the growth module. This 
is done by deriving the growth rate equation, which is based on the Gompertz equation 
as presented in 3.1.1.2, to obtain the biomass concentration where the growth has its 
maximum value. The biomass concentration, at which the highest growth rate occurs 
is then used as control point for the harvester. The harvester is implemented as a 
hysteresis controller and starts to harvest biomass when the biomass concentration is 
5 % above the control point and stops, when it has fallen to below 5 % of the control 
point. 

The water harvester is implemented to respond to the input of urine. The amount of 
water in the urine supplied to the medium (the amount of urine is determined by the 
nutrient demand) translates to the amount of water harvested by the water harvester 
phase to phase processor in the harvester module. Harvested water is directly 
transferred to the potable water store in the cabin system without further processing. 
This procedure is not in accordance with the Niederwieser design, which uses a water 
processing assembly to clear contaminants [5]. In the implemented simulation 
environment, the contaminants are left behind in the growth medium since the phase 
to phase processor only withdraws pure water from the filter flow. 

6.2.1.3 Medium Maintenance Module 

The medium maintenance module of the photobioreactor is responsible for supplying 
water to the photobioreactor and maintaining the growth medium in an optimum 
condition with regard to nutrient supply. 

The medium maintenance store has three phases, one buffer phase for water, one 
storage phase for nitrate and one buffer phase for urine. The urine and water buffer 
phases are connected to their respective counterparts in the cabin system. 

When urine or water is supplied to the medium, their buffer phases in the 
photobioreactor are kept at a constant mass, while the cabin stores are gradually 
emptied.  
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When the urine supply is activated in the photobioreactor system (defined through 
Boolean urine use parameter in class constructor), urine can be used to supply 
nutrients to the growing algal culture. The supply is implemented as a hysteresis 
controller and starts, when the nitrogen equivalent is at or lower than 10 % of the initial 
nitrate concentration in Bold’s Basal Medium and ends when the amount of nitrogen 
supplied through the urine is equivalent to the initial nitrate concentration in Bold’s 
Basal Medium. Since urea (and the urine solids in the V-HAB matter table) contains 2 
nitrogen atoms per molecule and nitrate only one, the nitrogen equivalent is reached 
after only half the molecules of urine solids or urea, than would be required with nitrate. 
An amount equivalent to the amount of water in the supplied urine is harvested at the 
same time by the harvesting module of the photobioreactor system. 

Since urine is not necessarily always available or should not be used for other reasons, 
nitrate can also be used to supply nitrogen to the algal culture. It is stored in abundance 
in the nitrate phase of the photobioreactor’s medium maintenance store. 

The processes of photosynthesis and nutrient metabolism consume water, which has 
to be refilled from time to time, especially when urine is not being used. The water 
phase in the medium maintenance store can provide this water. A control logic 
automatically activates the water supply from this phase, when the water mass in the 
growth medium falls below 95 % of the initial value and stops the process of refilling, 
as soon as the initial level is reached. 

6.2.2 V-HAB Cabin Environment 

The photobioreactor is integrated in a spacecraft cabin to simulate its use as a life 
support system. The V-HAB human model is used to simulate the reciprocal influences 
between photobioreactor performance and crew activities. Furthermore, a model of the 
International Space Station’s common cabin air assembly is used in the spacecraft 
cabin to keep the temperature and humidity within tolerable bounds for the astronauts. 

The human model, its integration into a spacecraft cabin (along with the instantiation 
of supply and waste stores and phases) and the common cabin air assembly were not 
developed within the scope of this thesis. However, they were used to create a realistic 
image of a spacecraft environment that is influenced by crew activities and the 
developed photobioreactor. They are therefore not documented in detail here, but only 
described at a level that is sufficient to understand their purpose in the simulation 
environment and in- and outputs. 

6.2.2.1 V-HAB Spacecraft Cabin 

The V-HAB spacecraft cabin (in this case, based on the human model tutorial) acts as 
a parent system to the common cabin air assembly, the human model and the 
photobioreactor and has the ability to connect these child systems. 

In the case of this simulation environment, the cabin system contains five stores that 
are designed for the human to interact with: 

• The cabin air, which holds the cabin air phase with a varying composition 
depending on the crew activities and photobioreactor performance. 

• The food store, which contains different types of stored foods 

• The potable water store, which holds potable water for the crew to drink from 
and, in this case, to resupply water to the photobioreactor 
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• The urine store, which holds urine that is produced by the human and can be 
transferred to the photobioreactor from there if desired  

• The feces store, which holds the feces produced by the human. 

The most connected of these stores is the cabin air store with its gaseous cabin air 
phase. The volume of this store and phase defines what is commonly understood as 
the spacecraft cabin volume, since it defines what volume the pressurized part of the 
spacecraft has in which the astronauts live. The cabin air phase interfaces with the 
crew through respiration and heat transfer, with the common cabin air assembly where 
it is cooled and dried and with the photobioreactor, to which it supplies carbon dioxide 
and from which it is supplied with oxygen. 

6.2.2.2 V-HAB Human Model 

The V-HAB human model creates in- and outputs of the substances it consumes and 
produces while it performs a set of daily activities governed by a schedule. 

A schedule for each crew member can be implemented with various daily activities of 
different levels of intensity. The metabolic and respiratory system of the model react to 
these different levels of intensity and demand a related amount of oxygen, water and 
food. An amount of carbon dioxide relative to the consumed oxygen and current 
respiratory coefficient is exhaled along with respiratory water. The respiratory 
coefficient, which relates the produced carbon dioxide to consumed oxygen, reacts to 
different food sources. Urine and feces are produced in relation to the consumed water 
and food. A heat flux equivalent to an activity’s intensity level leaves the simulated 
human and enters the cabin air phase.  

The processes relevant to the interaction of the human with a photobioreactor as life 
support system are graphically presented in Figure 6-4. 
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Figure 6-4: Overview of in-, outputs and internal processes of the V-HAB human model relevant to 

this thesis. 

6.2.2.3 V-HAB Common Cabin Air Assembly 

A model of the common cabin air assembly, which is used on the International Space 
Station, is included in the simulation environment to control humidity and temperature 
of the cabin air phase. 

The astronaut exhales water and releases a heat flux to the cabin atmosphere. Both 
at a level depending on the intensity level of the performed activity level. Without 
regulation and disregarding any other means of heat transport (e.g. radiation to space), 
the cabin would heat up and become extremely humid. In order to keep the 
temperature and humidity at tolerable values, the common cabin air assembly 
regulates these two parameters. 

Since the common cabin air assembly does not directly interface with the 
photobioreactor, no detailed knowledge of this subsystem’s functionality, beyond what 
was previously explained, is required within the scope of this thesis. 

6.3 Simulation Cases 

The simulation architecture presented in the previous article is used to simulate the 
behavior of a photobioreactor as a biological life support system. This sub-chapter 
describes the different cases that are simulated. While the boundary conditions are the 
same, the differences between the simulated cases are the use of a growth model that 
is more optimistic than the growth model that is used otherwise and the volume of the 
simulated photobioreactors. 

The boundary conditions are the same for all simulated cases by simulating one human 
with the same schedule in all three cases. The cabin air volume is set to 65 m3, which 
equates to roughly one sixth of the habitable volume of the International Space Station 
[111]. The rationale for choosing the habitable volume over the (larger) total 
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pressurized volume is to reduce effects of the buffering capability of a large air mass 
since the simulation only covers seven days. 

The aim of all cases is to demonstrate that a photobioreactor can sufficiently produce 
oxygen for one crew member over the course of one week. Since the lag time before 
growth even starts is around 1.5 days, it is set to zero or the purpose of these 
simulations. This choice allows to reach a steady state of carbon dioxide consumption 
and oxygen evolution faster. 

6.3.1 Niederwieser Photobioreactor with Optimistic Growth Model  

The first set of simulations is connected to the originally proposed design of the 
Niederwieser photobioreactor. The main difference of the Niederwieser design and the 
algae model of this thesis is the attained growth rate and maximum biomass 
concentration. 

Since this design was done in a first order feasibility analysis with averaged values, a 
dynamic evaluation of the design is yet to be done. The first simulation case therefore 
accepts the optimistic growth model and uses it for the simulation model. 

The optimistic growth model, is based on an assumed oxygen evolution of 

μO2  = 53.1 g L*d⁄  = 6.146 ∗ 10−4 kg (m3*s)⁄  [5]. When the photosynthesis equation for 

urine consumption (no phosphorus) is used, each algal molecule produced yields 
1.115 molecules of oxygen. This relation leads to a biomass growth rate of 

µ𝑚𝑎𝑥= 3.89*10
-4 kg m3*s⁄  = 33.6 g L*d⁄ , which is 24 times higher than the 

experimentally determined maximum growth rate of µ𝑚𝑎𝑥= 1.6 ∗ 10
−5 kg (m3*s)⁄  for a 

stirred algal culture under a membrane (see 5.2.2.2). 

Furthermore, a cell concentration of 𝜌𝑐𝑒𝑙𝑙𝑠 =  2 ∗ 10
8 𝑐𝑒𝑙𝑙𝑠 𝑚𝑙⁄ = 2 ∗ 1015 cells m3⁄  is 

assumed in the paper [5]. By using an average cell mass of                              
𝑚𝑐𝑒𝑙𝑙 =  3.34 +  10−14 𝑘𝑔 𝑐𝑒𝑙𝑙⁄  the biomass concentration can be calculated as 

𝜌𝑏𝑜𝑝𝑡 =  6.68k𝑔 𝑚3⁄ . It is insinuated that the reactor is continuously operated at this 

biomass concentration. It will be therefore treated as the biomass concentration of 
optimum growth for this simulation case. The mathematical relations of the Gompertz 
growth model yield the maximum biomass concentration to be 𝜌𝑏𝑚𝑎𝑥 = 18.15k𝑔 𝑚3⁄ . 

This value is high, but higher ones have been reported [100]. 

On a side note, there seems to be a misconception about the relation between high 
biomass concentration and efficiency of a photobioreactor. The source states that 
𝜌𝑐𝑒𝑙𝑙𝑠 =  2 ∗ 10

8 𝑐𝑒𝑙𝑙𝑠 𝑚𝑙⁄  is a good compromise between high cell concentration and 
radiation penetration depth [5], which can be interpreted to suggest that a high cell 
concentration is of advantage. It is the growth rate that determines the biomass 
productivity, carbon dioxide consumption and oxygen evolution and not a high biomass 
concentration. Even if cell cultures that reach a higher cell concentration could possibly 
also have a higher growth rate, the cell concentration is not the determining factor for 
the quality of an efficient photobioreactor, the maximum growth rate is. In a batch 
culture, the high biomass concentration has the advantage of enabling a longer growth 
period and therefore more overall biomass yield and oxygen production. Since the 
growth rate peaks at a certain biomass concentration 𝜌𝑏𝑜𝑝𝑡, and a continuously 

growing culture should be kept at this optimum, a higher than optimum growth rate has 
no advantage in a continuously growing culture. 
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In brief: the aim of this simulation case is to verify the functionality of the proposed 
design including the optimistic growth rate and compare the initially presented results 
of inputs and outputs to those of the dynamic simulation. 

The used parameters for the photobioreactor design for this simulation case are 
summarized in Table 6-2. 

Table 6-2:  Photobioreactor and growth calculation inputs to the simulation for the simulation case 
using an optimistic growth rate. 

Parameter Value Unit 

Light Color Red Experimental - 

Surface Photon Flux 
Density 

400 µ𝑚𝑜𝑙

𝑚2𝑠
 

Growth Volume 0.015 𝑚3 

Depth Below Surface 0.0025 𝑚 

Membrane Material SSP-M823 Silicone - 

Membrane Surface 5 𝑚2 

Membrane Thickness 0.0001 𝑚 

Lag Time 0 s 

Max. Growth Rate 3.89*10-4 kg

m3*s
 

Max. Biomass Conc. 18.15 k𝑔

𝑚3
 

6.3.2 Niederwieser Photobioreactor with Experimental Growth Model 

Since the first simulation case is done with an optimistic growth rate, this simulation 
case uses the previously introduced experimentally determined growth rate with an 
otherwise same design. Most importantly, the culture volume is left at 15 liters as 
proposed  

The aim of this simulation case is to verify the functionality of the proposed design 
without the optimistic growth rate and compare the initially presented results of inputs 
and outputs from [5] to those of the dynamic simulation with the experimentally 
determined growth rate. 

The used parameters for the photobioreactor design for this simulation case are 
summarized in Table 6-3. 
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Table 6-3:  Photobioreactor and growth calculation inputs to the simulation for the simulation case 
using the experimentally determined growth rate. 

Parameter Value Unit 

Light Color Red Experimental - 

Surface Photon Flux 
Density 

400 µ𝑚𝑜𝑙

𝑚2𝑠
 

Growth Volume 0.015 𝑚3 

Depth Below Surface 0.0025 𝑚 

Membrane Material SSP-M823 Silicone - 

Membrane Surface 5 𝑚2 

Membrane Thickness 0.0001 𝑚 

Lag Time 0 s 

Max. Growth Rate 1.6*10-5 kg

m3*s
 

Max. Biomass Conc. 2.65 k𝑔

𝑚3
 

   

6.3.3 Sufficiently sized Niederwieser Photobioreactor with Experimental 
Growth Model 

While the first two cases verify a design, this case determines a design. This simulation 
case is aimed at finding the volume of a sufficiently sized photobioreactor capable of 
providing oxygen to a human over the course of 7 days.  

Since the first simulation case is done with an optimistic growth rate and the second 
one with a much lower experimentally determined one but still uses the rather small 
growth volume of just 15 liters, this simulation case uses the previously introduced 
experimentally determined growth rate but a scaled-up volume, that is actually capable 
of providing sufficient oxygen to a human over the course of one week. 

The aim of this simulation case is to find a reactor design that matches the inputs and 
outputs and present the deviations in design from [5] that are necessary to attain the 
presented inputs and outputs. 

The used parameters for the photobioreactor design for this simulation case are 
summarized in Table 6-4. 
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Table 6-4:  Photobioreactor and growth calculation inputs to the simulation for the simulation case 
to determine design parameters. 

Parameter Value Unit 

Light Color Red Experimental - 

Surface Photon Flux 
Density 

400 µ𝑚𝑜𝑙

𝑚2𝑠
 

Growth Volume tbd → result 𝑚3 

Depth Below Surface tbd → result 𝑚 

Membrane Material SSP-M823 Silicone - 

Membrane Surface tbd → result 𝑚2 

Membrane Thickness 0.0001 𝑚 

Lag Time 0 s 

Max. Growth Rate 1.6*10-5 kg

m3*s
 

Max. Biomass Conc. 2.65 k𝑔

𝑚3
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7 Simulation Results 

This chapter presents the simulation results of different photobioreactor configurations 
as core of a biological life support system with a human in the loop. 

All simulations are run with the design of the Niederwieser photobioreactor (see 6.1) 
in the previously introduced spacecraft cabin integration architecture (see 6.2.2). The 
cases differ by the attained algal biomass growth rate and the photobioreactor size as 
outlined in 6.3. 

The results are grouped in the same categories as the previous description of the 
simulation cases. For comparison, baseline values without a simulated photobioreactor 
are given in 7.1. In 7.2 the simulation results of the published Niederwieser 
photobioreactor design with an optimistic growth model are presented and some 
means of optimization and their results presented in the sub-chapters, which also 
demonstrates the optimization capabilities the developed model provides. 7.3. 
presents the results of the next simulation, which uses the experimentally determined 
growth rate from 5.2.4.3 instead of the published optimistic one case. The simulation 
results of a scaled-up Niederwieser design that uses the experimentally determined 
growth rate is presented in 7.4. 

While the main focus of result presentation lies on the ability of the photobioreactor to 
provide sufficient carbon dioxide assimilation and oxygen production capability, other 
results are also shown. These additional results are related to urine processing, food 
production and other interesting findings. 

7.1 Comparison Baseline without Photobioreactor 

The results presented in this sub-chapter represent a comparison baseline that was 
created without an active photobioreactor in the loop (achieved by turning of the 
photobioreactor’s radiation energy source). Therefore, air is not revitalized, the urine 
not processed and no algal food supplement created. This baseline allows to assess 
the quality of a photobioreactor’s performance, by comparing the baseline values with 
the simulated results, when an active photobioreactor is in the loop.  

As shown in Figure 7-1, the oxygen partial pressure declines to around 11 kPa partial 
pressure, which is low but still survivable, since it equates to an altitude on Earth of 
about 5000 m above sea level. Following the almost linear downward trend of oxygen 
evolution, the oxygen partial pressure will further drop to a level not survivable for 
humans after a few ore simulation days. The carbon dioxide partial pressure rises to a 
level above 8 kPa over the course of 7 days. Even for just one hour of exposure, the 
maximum allowable carbon dioxide content is only 2 kPa for a spacecraft cabin [112]. 
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Figure 7-1: Baseline of oxygen (top) and carbon dioxide (bottom) partial pressure evolution over 

the course of 7 days in a spacecraft cabin with a human but without any means of air 
revitalization. 

The steps in the oxygen and carbon dioxide partial pressure occur, when the human 
is exercising. During this short time period the intensity level is strongly increased, to 
which the human model responds by requiring more oxygen (step downward in graph) 
and producing more carbon dioxide (step upward in graph) than normal. Not pictured 
here are the visible increase in humidity (due to increased respiration and connected 
exhaling of water) and the increased temperature (heat transfer from human) of the 
cabin atmosphere. 

An assumption made for the simulation is that potable water can be directly harvested 
from the photobioreactor, in the proposed Niederwieser design a water processing 
assembly would be required [5]. Without a photobioreactor in the loop, which has the 
potential to turn urine into potable water, the potable water store is reduced by 22.74 kg 
over the course of seven days (see Figure 7-3), and the urine store filled with 17.75 kg 
(see Figure 7-2). The mass difference between the two arises through the production 
of respiratory water which is captured by the common cabin air assembly, where it is 
stored and not further processed in this simulation. The food store is depleted by 
14.52 kg over the course of the seven simulated days (see Figure 7-4). 

The stepped shape of the displayed graphs is not a sign of low data resolution but due 
to the fact that the water and food are not ingested continuously but in lumps during 
meal and drink times and urine only excreted during bathroom breaks. 

x 
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Figure 7-2: Baseline for evolution of urine 

store mass 

 
Figure 7-3: Baseline for evolution of potable 

water store mass 

 
Figure 7-4: Baseline for evolution of food store mass 

7.2 Niederwieser Photobioreactor with Optimistic Growth Model 

The photobioreactor with the optimistic growth model provides some, yet insufficient, 
air revitalization capability, when compared to the baseline without a photobioreactor.  

The evolution of oxygen and carbon dioxide partial pressures in the cabin air is given 
in Figure 7-5. Over the course of seven days, the oxygen partial pressure falls to 
around 15 kPa, which is unproblematic since it is roughly the same oxygen partial 
pressure as in Boulder, CO. However, the carbon dioxide partial pressure is definitely 
problematic, since it rises to a partial pressure of above 5 kPa during this time period. 
That is well beyond, the upper threshold for what humans are allowed to be exposed 
to as defined by the National Aeronautics and Space Administration’s Human 
Integration Design Handbook [112]. 

Overall the air revitalization capability of this configuration is insufficient since the 
oxygen partial pressure follows a downward trend that will eventually reach critical 
levels and the carbon dioxide concentration already reaches a dangerously high partial 
pressure at the end of day 2, where even the threshold for short term exposure of 
2 kPa [112] is passed. 
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Figure 7-5: Evolution of oxygen (top) and carbon dioxide (bottom) partial pressures in the cabin air 

with Niederwieser photobioreactor and optimistic growth model. 

The urine processing and water generation capability of the configuration reduces the 
net generated (and stored) urine mass from 17.75 kg (as shown in the comparison 
baseline values) to 0.852 kg as seen in Figure 7-6 (the store is initially filled with 1.6 kg 
of urine). This represents a urine recovery capability of 95 %. Instead of 22.74 kg 
depleted potable water in the comparison baseline, the potable water store is only 
depleted by 6.14 kg when the photobioreactor is continuously feeding processed urine 
into it, as shown in Figure 7-7. This scenario can therefore reduce the traditional urine 
processing system capability by 95 % and the required potable water storage by 73 %. 
Additionally, 2.075 kg of algal biomass are harvested and could be added as food 
supplement. If added in total, this food supplement could reduce the stored food mass 
by 14 %. 

Since the urine store is never fully depleted, urine is always available as nitrogen 
source for the algal culture and therefore no further nutrients have to be added, which 
is in contrast to the initially proposed design by Niederwieser [5]. The photobioreactor’s 
overall mass balance of matter in- and outflows is given in Table 7-1 as daily averages 
over the course of seven days. 

x 
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Figure 7-6: Evolution of urine store mass 

with optimistic growth rate 

 
Figure 7-7: Evolution of potable water store 

mass with optimistic growth rate 

Table 7-1:  Overall mass balance of matter in- and outflows. Left column shows the values 
originally proposed by Niederwieser [5] and the right column the averaged values of the 

simulated results (+ is into reactor, - is out). 

Substance Niederwieser Proposal 
[kg/d] 

Simulation case 
averages [kg/d] 

Oxygen - 0.816 - 0.463 

Carbon Dioxide + 1.040 + 0.527 

Biomass - 0.255 - 0.296 

Nutrients + 0.11 0 

Pre-Processed Water - 1.589 - 2.33 

Urine + 1.6 + 2.417 

Since this design was calculated to be capable of providing sufficient oxygen 
production and carbon dioxide removal capability with the optimistic growth rate, the 
question arises, why the simulation shows that it is not. As seen in Figure 7-8, the 
achievable growth rate is only at around 60 % of its theoretical maximum while the 
biomass concentration is regulated successfully at the concentration where maximum 
growth should actually be occurring, in this case 𝜌𝑏𝑜𝑝𝑡 = 6.68k𝑔 𝑚3⁄ .  

On a side note: the theoretical biomass growth rate (absolute value [k𝑔 𝑠⁄ ], not 

biomass concentration increase [k𝑔 𝑚3 ∗ 𝑠⁄ ]) is slightly decreasing over time due to 
water being used for photosynthesis, thus increasing the biomass concentration. The 
harvester reacts by harvesting more algal cells until the biomass concentration set 
point is reached again, which reduces the overall culture size and therefore less algal 
culture is available to perform photosynthesis. 
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Figure 7-8: Evolution of biomass concentration (top) regulated to remain at the cultures highest 

growth rate, the biomass concentration-dependent theoretical biomass growth rate (middle) 
and the possible growth rate (bottom) over the course of seven simulated days. 

The answer to the question about the reduced growth rate can be found in the 
photosynthetically active radiation available to the growing algal culture. In fact, the 
reason for the limited growth is due to two thirds of the algal culture being in the linear, 
“light limited”, and not saturated growth domain as seen in Figure 7-9. 

As the biomass concentration increases (see Figure 7-8), the attenuation coefficient 
rises. The more radiation is attenuated as it passes from the photobioreactor’s surface 
through the algal culture, the less radiation reaches the lower lying layers of the algal 
culture. As seen in the graph in the middle of Figure 7-9, only about 0.85 mm below 
the surface is irradiated in the saturated growth domain, where full growth can occur. 
Between 0.85 mm and 2.5 mm below the irradiated surface, the algae are light limited 
and can only grow at a less than optimum growth rate. The larger the linear growth 
zone becomes, the less photon flux density is available inside of it on average. Almost 
10 liters of the culture volume, two thirds of the entire reactor, are growing at only about 
30 % (calculated by simulation, data not shown here) of the theoretical optimum. 
Consequentially, the resulting overall growth factor representing the effect of 
photosynthetically active radiation is 0.6 (see Figure 7-9 bottom graph) and decreases 
the theoretically possible growth by 40 %. 

x 

x 
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Figure 7-9: Evolution of attenuation coefficient (top), the radiation-growth curve’s boundary 

positions (middle) and the resulting photosynthetically active radiation growth factor 
(bottom). 

7.2.1 Photobioreactor Performance Increase Optimization 

The information in Figure 7-8 and Figure 7-9 can be used in a next step to optimize the 
design toward an increased growth rate in two different ways.  

One option is related to changing the set point of the biomass harvest controller to a 
lower biomass concentration, which is outlined in 7.2.2. 

Another option is connected to decreasing the plate thickness (also called culture 
depth) of the photobioreactor to eliminate the linear growth zone altogether. This 
means of optimization is outlined in 7.2.3.  

7.2.2 Optimization with Harvest Controller Set Point Variation 

In this case, one has to accept that some of the photobioreactor’s volume will be in the 
linear growth zone, but it should be kept as small as possible.  

The graph at the bottom of Figure 7-8 shows, that initially the achievable growth rate 
increases but then starts to fall again after a peak at µ𝑎𝑐ℎ𝑖𝑒𝑣𝑎𝑏𝑙𝑒𝑜𝑝𝑡 = 3.987 ∗ 10

−6 𝑘𝑔 𝑠⁄  

due to the increasingly strong effect of attenuation. Although it is not the absolute 
optimum growth, which is µ𝑎𝑐ℎ𝑖𝑒𝑣𝑎𝑏𝑙𝑒 = 5.835 ∗ 10

−6 𝑘𝑔 𝑠⁄ , it is better than the 

µ𝑎𝑐ℎ𝑖𝑒𝑣𝑎𝑏𝑙𝑒 = 3.379 ∗ 10
−6 𝑘𝑔 𝑠⁄  that is reached in the steady state.  

The biomass harvest controller is set for the biomass concentration at which the 
theoretical optimum growth rate occurs. However, this theoretical growth rate is not 
reachable in this case because the simulation shows that it is decreased due to the 
strong attenuation of photosynthetically active radiation. If the harvest controller is set 
to the biomass concentration, at which the achievable optimum growth occurs, the 

x 
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growth rate will remain at that point constantly. In this case, the achievable optimum 
growth rate µ𝑎𝑐ℎ𝑖𝑒𝑣𝑎𝑏𝑙𝑒𝑜𝑝𝑡 = 3.987 ∗ 10

−6 𝑘𝑔 𝑠⁄  occurs at 𝜌𝑏 = 3.149k𝑔 𝑚3⁄ , which shall 

be treated as new harvester set point for this optimization analysis. All other 
parameters, especially the membrane surface of 5 square meters and the culture 
volume of 15 liters are left the same. 

The simulation results show, that the volume of the photobioreactor in the saturated 
growth domain has increased from 5 L to 6.5 L and furthermore, the average photon 
flux density in the linear growth volume (9 L) has increased from 30 to 60 µmol/m2s. 
As a result, the growth limitation due to the attenuation of photosynthetically active 
radiation decreases from 40 % to 15 %. This leads to an improved effect on the cabin 
atmosphere, as seen in Figure 7-10. 

 
Figure 7-10: Evolution of oxygen (top) and carbon dioxide (bottom) partial pressures in the cabin 

atmosphere with a decreased harvest controller set point. 

While the effect of this optimization is not very strong, some differences can be 
observed. The oxygen partial pressure only decreases to 15.4 kPa and the carbon 
dioxide partial pressure increases to 5 kPa.  

This case reaches a 100 % urine regeneration capability, as seen in Figure 7-11 and 
supplies 18.6 kg of potable water to the potable water store as seen in Figure 7-12. 
The net water usage over the course of seven days is at 18 % (a large part of this is 
attributed to the respiration water captured by the common cabin air assembly, which 
is currently not used any further) During the course of 7 days, 2.5 kg of dry Chlorella 
biomass is generated as seen in Figure 7-14. Since the urine is slightly insufficient in 
this case to provide all the nitrogen to the algal culture, some additional nitrate is 
supplied as shown in Figure 7-13.  

An overall balance of masses that enter and leave the photobioreactor as daily 
averages over the course of seven days is shown in Table 7-2. 

x 
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Figure 7-11: Evolution of urine store mass 

with optimistic growth rate and 
harvest controller set point optimized. 

 
Figure 7-12: Evolution of potable water store 

mass with optimistic growth rate and 
harvest controller set point optimized. 

 
Figure 7-13: Evolution of nitrate supply mass 

with optimistic growth rate and 
harvest controller set point optimized 

 
Figure 7-14: Evolution of the harvested 

Chlorella mass with optimistic growth 
rate and harvest controller set point 

optimized. 
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Table 7-2:  Overall mass balance of matter in- and outflows. Left column shows the values 
originally proposed by Niederwieser [5], the middle column the averaged values of the 

simulated results of the proposed design and the right column the averaged results of the 
optimized design with a changed harvest controller set point (+ is into reactor, - is out). 

Substance Niederwieser 
Proposal [kg/d] 

Simulation case 
averages [kg/d] 

Optimized 
Averages [kg/d] 

Oxygen - 0.816 - 0.463 - 0.550 

Carbon Dioxide + 1.040 + 0.527 + 0.619 

Biomass - 0.255 - 0.296 - 0.355 

Nutrients + 0.11 0 + 0.006 

Pre-Processed 
Water 

- 1.589 - 2.33 - 2.62 

Urine + 1.6 + 2.417 + 2.714 

Since the optimization did not lead to a large improvement in oxygen and carbon 
dioxide cabin atmosphere partial pressures, the reactor’s volume is scaled up to a size, 
where – with the optimistic growth model and a culture depth of 2.5 mm, optimized with 
a varied harvest controller set point – it can support one human over the course of one 
week in terms of air revitalization. 

7.2.2.1 Optimization with Harvest Controller Set Point Variation and Increased 
Volume 

The previously described photobioreactor using a decreased harvest controller set 
point is scaled up to a volume of 32 L and the is then capable of providing sufficient air 
revitalization, as seen in Figure 7-15. The membrane surface area is left at 5 m2. 

 
Figure 7-15: Evolution of oxygen (top) and carbon dioxide (bottom) partial pressures in the cabin 

atmosphere with a decreased harvest controller set point and scaled up volume to 32 L. 
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The oxygen partial pressure fluctuates with about 300 Pa throughout the course of the 
day, but shows an overall upward trend after a slight initial drop and does not fall below 
its starting value after day 2. The carbon dioxide partial pressure fluctuates with about 
300 Pa throughout the course of the day and shows an overall downward trend. The 
carbon dioxide partial pressure does not climb above 680 Pa, which is the 180 day 
long term exposure limit defined by the National Aeronautics and Space 
Administration’s Human Integration Design Handbook [112]. The lag time is not 
simulated in this case to achieve a steady behavior faster. However, the time it takes 
for the biomass concentration to reach the point where the algal culture is growing in 
its optimum takes about three hours (in this case not the absolute optimum, since the 
reactor design was optimized for a given plate thickness). In these three hours, less 
than the exhaled carbon dioxide is consumed by the algae leading to an increase in 
carbon dioxide partial pressure which has an effect over the next 2 days. This fact 
shows that even a short downtime on the scale of hours has a noticeable adverse 
effect on the cabin atmosphere, which can be noticed over the scale of days, since the 
photobioreactor is sized to be as small as possible and has no extra capacity. A larger 
photobioreactor could compensate this more easily but would be limited in growth by 
the lack of carbon dioxide at least some of the time and therefore not operating in its 
optimum. 

This simulation case also provides urine processing and food production capability. 
Since the algae are now growing at a higher growth rate than previously, the urine 
provided by one human is insufficient and nitrate must be added additionally. The mass 
evolution of the stored urine is shown in Figure 7-16, where the times of urine depletion 
(regulated to always leave 0.1 kg of mass in the store) can be seen as horizontal lines 
and nitrate is supplied during these times, as seen in Figure 7-18. This scenario shows 
a 100 % urine processing capability and about 1 kg of nitrate are used additionally over 
the course of seven days, while producing a total 4.8 kg of algal biomass (see Figure 
7-19). With a net water usage of only 3.94 kg over this time period, the algal 
photobioreactor shows the potential to reduce water usage by 83 %. Since all the urine 
is processed, the 17 % of water “lost”, can be attributed to the stored feces, to be 
consumed by the biomass in the process of photosynthesis and most importantly, 
captured by the common cabin air assembly from respiratory water. 
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Figure 7-16: Evolution of urine store mass 

with optimistic growth rate, harvest 
controller set point optimized and 

scaled up. 

 
Figure 7-17: Evolution of potable water store 

mass with optimistic growth rate, 
harvest controller set point optimized 

and scaled up. 

 
Figure 7-18: Evolution of nitrate supply mass 

with optimistic growth rate, harvest 
controller set point optimized and 

scaled up 

 
Figure 7-19: Evolution of the harvested 

Chlorella mass with optimistic growth 
rate, harvest controller set point 

optimized and scaled up. 

A consequence of the use of nitrate is the release of hydroxide ions into the medium 
as outlined in 3.2.2.1, which increases the pH of the medium. The evolution of the 
medium pH is shown in Figure 7-20. At first glance it seems to be of low resolution due 
to the visible steps, especially during day 1 and 2. However, the steps are a result of 
discontinuous nitrate supply. Due to the nitrate metabolism, the pH increases during 
the times, when nitrate is supplemented. If urine is available, its supply has precedent 
over nitrate, which can be seen in the horizontal parts of the pH evolution graph, since 
the urine metabolism in algae has no impact on the pH. Another observation that can 
be made from the graph in Figure 7-20 is the strong impact the phosphate and 
bicarbonate buffers have on the medium pH evolution. While nitrate is supplied at 
rather continuous intervals (see Figure 7-18), the pH does not increase significantly 
over the first five days once it reaches a value of around seven. 
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A further interesting observation can be made with regards to the medium pH being 
affected by carbon dioxide. As shown in Figure 7-20, it increases rather smootly until 
day 5 and then shows strong fluctuations. The effect for this can be found in the low 
carbon dioxide partial pressure in the cabin from day 5 onward (see Figure 7-15), which 
translates to a decreased partial pressure of carbon dioxide in the photobioreactor air 
supply. The membrane transport can not be kept sufficiently high and the concentration 
of carbon dioxide in the medium drops. Besides not being available for photosynthesis, 
which is also shown through the CO2 availability factor in Figure 7-20, the lack of 
carbon dioxide leads to a decrease of total inorganic carbon and a hydrogen ion 
consuming shift to the left in the total inorganic carbon balance (see 3.3.3), which 
means that less hydrogen ions are in the medium and thus the pH rises. 

 
Figure 7-20: Growth Medium pH increase as a result of carbon dioxide deprivation. 

An overall mass balance of the simulation case and this optimization is given in Table 
7-3. 

Table 7-3:  Overall mass balance of matter in- and outflows. Left column shows the values 
originally proposed by Niederwieser [5], the middle column the averaged values of the 

simulated results of the proposed design and the right column the averaged results of the 
optimized design with a changed harvest controller set point  (+ is into reactor, - is out). 

Substance Niederwieser 
Proposal [kg/d] 

Simulation case 
averages [kg/d] 

Optimized 
Averages [kg/d] 

Oxygen - 0.816 - 0.463 - 1.286 

Carbon Dioxide + 1.040 + 0.527 + 1.338 

Biomass - 0.255 - 0.296 - 0.6925 

Nutrients + 0.11 0 + 0.146 

Pre-Processed 
Water 

- 1.589 - 2.33 - 2.66 

Urine + 1.6 + 2.417 + 2.75 
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7.2.3 Optimization with Decreased Culture Depth 

Since the position below the surface, where the linear growth domain begins is known, 
and it is desirable to keep the entire photobioreactor in the saturated growth domain, 
this information can be used as a means of optimization.  

The new depth below surface of the photobioreactor is decreased to the thickness, that 
the previous simulation showed to be in the saturated growth domain. In this case the 
depth below the surface, where the saturated growth domain ends and the linear 
growth domain starts, is at just 0.85 mm below the surface. When irradiated from two 
sides, like proposed by Niederwieser, then the culture depth of 0.85 mm would result 
in a 1.9 mm plate thickness. 

All other parameters, especially the membrane surface of 5 square meters and the 
culture volume of 15 liters are left the same. Furthermore, the harvester biomass 

concentration set point is set to 𝜌𝑏𝑜𝑝𝑡 = 6.68k𝑔 𝑚3⁄ , which is where the absolute 

optimum growth rate of this growth model occurs (as opposed to the previous sub-
chapter, where it was reduced). 

The simulation results show, that all the algal cells are now in the saturated growth for 
the entire duration of seven days. Another proof for this is that the photosynthetic 
photon flux density exiting the photobioreactor is above the saturation photon flux 
density of 𝑃𝑠𝑎𝑡 =  100µ𝑚𝑜𝑙 (𝑚

2 ∗ 𝑠)⁄ . The growth is now no longer limited as seen in 
Figure 7-21. 

 
Figure 7-21: Possible biomass growth rate with optimistic growth rate in its optimum with a culture 

depth below surface of 0.85 mm. 

The evolution of oxygen and carbon dioxide partial pressures is shown in Figure 7-22. 
While the oxygen partial pressure now only falls by 3 kPa to 18 kPa, the carbon dioxide 
pressure still rises to levels way above acceptable limits.  
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Figure 7-22: Evolution of oxygen (top) and carbon dioxide (bottom) partial pressures with optimistic 

growth rate and optimized by decreased culture depth of 0.85 mm. 

This simulation case also provides urine processing and food production capability. 
Since the algae are now growing at a higher growth rate than previously, the urine 
provided by one human is insufficient (Figure 7-23) and nitrate must be added 
additionally. A direct consequence of a 100 % urine recovery is a 83% water savings 
capability as previously described in 7.2.2.1 Figure 7-25 shows that a total of 0.5 kg 
nitrate are used additionally over the course of seven days. Figure 7-26 shows that this 
scenario produces 3.5 kg of dry algal biomass over the course of seven days. 

 
Figure 7-23: Evolution of urine store mass 

with optimistic growth rate and depth 
optimized. 

 
Figure 7-24: Evolution of potable water store 

mass with optimistic growth rate and 
depth optimized. 
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Figure 7-25: Evolution of nitrate supply mass 

with optimistic growth rate and depth 
optimized. 

 
Figure 7-26: Evolution of the harvested 

Chlorella mass with optimistic growth 
rate and depth optimized. 

The reactor is still not capable to sustain a breathable cabin atmosphere for a human 
in the long run, since oxygen is decreasing over time and carbon dioxide increasing 
(albeit at a slower rate than before). This can also be attributed to the fact, that the 
assumptions for the human oxygen consumption and carbon dioxide production in the 
Niederwieser proposal deviate from those simulated by the V-HAB human model (e.g. 
1.37 kg/d CO2 and 1.15 kg/d O2 on day 1). The values presented in Table 7-4, show 
that the optimized reactor (culture volume 15 liters, depth 0.85 mm) reactor would 
already be able to support the Niederwieser assumption for human oxygen 
consumption, but not yet fully clear all the carbon dioxide. This is due to the fact that 
the algal assimilation coefficient does not perfectly match the human respiration 
coefficient – a challenge which is also discussed in the next sub-chapter 7.2.3.1. 

Table 7-4:  Overall mass balance of matter in- and outflows. Left column shows the values 
originally proposed by Niederwieser [5], the middle column the averaged values of the 

simulated results of the proposed design and the right column the averaged results of the 
optimized design with reduced depth (+ is into reactor, - is out). 

Substance Niederwieser 
Proposal [kg/d] 

Simulation case 
averages [kg/d] 

Optimized 
Averages [kg/d] 

Oxygen - 0.816 - 0.463 - 0.86 

Carbon Dioxide + 1.040 + 0.527 + 0.925 

Biomass - 0.255 - 0.296 - 0.5 

Nutrients + 0.11 0 + 0.068 

Pre-Processed 
Water 

- 1.589 - 2.33 - 2.65 

Urine + 1.6 + 2.417 + 2.75 

Since the growth is now occurring at the optimum of what the algal culture can achieve, 
the only further means of optimization and reaching sufficient air revitalization 
capability is to scale the reactor up. 
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7.2.3.1 Optimization with Decreased Culture Depth and Increased Volume 

Even with a decreased culture depth to just 0.85 mm below the irradiated surface and 
the optimistic growth rate proposed by Niederwieser, the photobioreactor with 15 liters 
of culture volume is still not capable of supporting a human over the course of one 
week. The only further improvement that can be made in this case is to scale up the 
reactor. For this optimization case it is increased by 43 % to a volume of 21.5 liters, 
the membrane was kept at 5 m2. 

The evolution of the cabin atmosphere oxygen and carbon dioxide partial pressures is 
shown in Figure 7-27. The oxygen partial pressure fluctuates over the course of each 
day but never falls below less than 300 Pa of the starting value of 20.8 kPa. In fact, 
there is an upward trend of oxygen partial pressure over the course of the seven 
simulated days, ending at 21 kPa partial pressure. The carbon dioxide partial pressure 
also fluctuates throughout the course of the day with a steep increase during times 
when the human exercises and a decrease during daily activities and sleep. The 
carbon dioxide partial pressure remains below 680 Pa for most of the day, which is the 
180 day long term exposure limit defined by the National Aeronautics and Space 
Administration’s Human Integration Design Handbook [112]. It climbs slightly above 
that for around 7 hours after the exercise with a peak at 720 Pa, which is still below the 
24 hour exposure limit of 1.3 kPa. Slightly increasing the reactor volume would push 
these peaks to below 680 Pa if required.  

 
Figure 7-27: Evolution of oxygen (top) and carbon dioxide (bottom) partial pressures with optimistic 

growth rate, decreased culture depth of 0.85 mm and scaled-up volume of 20 liters. 

An interesting observation that can be made when looking at the results from this 
simulation case is the deviation of carbon dioxide and oxygen partial pressure trends: 
the carbon dioxide partial pressure remains rather constant, while the oxygen partial 
pressure increases in the long run. The reason is that the human respiration coefficient 
(mol CO2 exhaled per mol O2 consumed) and algal assimilation coefficient do not 
match each other perfectly. While the human respiration coefficient varies depending 
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on the consumed food, the algal respiration coefficient varies due to what nitrogen 
nutrient is used. Overall the algal assimilation coefficient is lower than the human 
respiration coefficient as shown in Figure 7-28. This means that for a given amount of 
carbon dioxide exhaled by the human and consumed by the algal culture, the algae 
produce more oxygen than is taken up by the human to produce that amount of carbon 
dioxide. 

 
Figure 7-28: Comparison between human respiration coefficient and algae assimilation coefficient 

(mol CO2 consumed per mol O2 produced). Respiration coefficient is decreasing due to diet 
and algae assimilation coefficient fluctuating due to nitrogen nutrient variation (urine vs 

nitrate). 

This simulation case provides urine processing and food production capability. Since 
all available urine is used (Figure 7-29), the reactor provides a 100 % urine processing 
and 83 % water savings (see Figure 7-30), capability, as in previous cases. A total 1 kg 
nitrate is supplied during times of urine depletion, as seen in Figure 7-31. Figure 7-32 
shows that this scenario produces 4.5 kg of dry algal biomass over the course of seven 
days.  

The summary with the overall mass balance of this optimization is provided in Table 
7-5. From where a further result of this simulation case and the following optimization 
can be obtained: the Niederwieser model assumes too low rates of oxygen 
consumption and carbon dioxide production, when compared to the V-HAB human 
model, since 20 % more carbon dioxide removal capability are required than initially 
assumed.  
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Figure 7-29: Evolution of urine store mass 

with optimistic growth rate, depth 
optimized and scaled up. 

 
Figure 7-30: Evolution of potable water store 

mass with optimistic growth rate, 
depth optimized and scaled up 

 
Figure 7-31: Evolution of nitrate supply mass 

with optimistic growth rate, depth 
optimized and scaled up. 

 
Figure 7-32: Evolution of the harvested 

Chlorella mass with optimistic growth 
rate, depth optimized and scaled up. 

Table 7-5:  Overall mass balance of matter in- and outflows. Left column shows the values 
originally proposed by Niederwieser [5], the middle column the averaged values of the 

simulated results of the proposed design and the right column the averaged results of the 
optimized design with reduced depth and increased volume (+ is into reactor, - is out). 

Substance Niederwieser 
Proposal [kg/d] 

Simulation case 
averages [kg/d] 

Optimized 
Averages [kg/d] 

Oxygen - 0.816 - 0.463 - 1.194 

Carbon Dioxide + 1.040 + 0.527 + 1.251 

Biomass - 0.255 - 0.296 - 0.666 

Nutrients + 0.11 0 + 0.137 

Pre-Processed 
Water 

- 1.589 - 2.33 - 2.66 

Urine + 1.6 + 2.417 + 2.75 
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7.3 Niederwieser Photobioreactor With Experimental Growth Model 

When the small volume of 15 liters of the Niederwieser photobioreactor design is 
combined with the experimentally determined growth rate, it is not capable to 
sufficiently turn carbon dioxide into oxygen. 

The evolution of carbon dioxide and oxygen partial pressures over the course is shown 
in Figure 7-33. The oxygen partial pressure drops to levels as low as 11.44 kPa, just 
200 Pa above the comparison baseline, where no photobioreactor was used. The 
carbon dioxide level increases to 8.2 kPa, which is 20 times the level of its initial 
concentration and well above any tolerable limits for humans defined by the National 
Aeronautics and Space Administration’s Human Integration Design Handbook [112].  

 
Figure 7-33: Evolution of oxygen (top) and carbon dioxide (bottom) partial pressures with 

Niederwieser design (15 L volume and 2.5 mm culture depth) with experimentally 
determined growth rate. 

This simulation case provides almost no urine processing and food production 
capability. The mass evolution of the stored urine mass is shown in Figure 7-34, which 
climbs to only 1 kg below the baseline, where no photobioreactor is used. This scenario 
therefore shows a 5.6 % urine processing capability. Consequentially the net water 
usage is only 1 kg below the comparison baseline as seen in Figure 7-35. Since the 
urine is never depleted, no nitrate must be added and the store remains at its initial 
value of 100 kg as seen in Figure 7-36. As a result of harvesting to maintain the 
optimum growth rate, Figure 7-37 shows that this scenario only produces 0.23 kg of 
dry algal biomass over the course of seven days.  
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Figure 7-34: Evolution of urine store mass in 

Niederwieser design (15 L) with 
experimental growth rate. 

 
Figure 7-35: Evolution of potable water store 

mass in Niederwieser design (15 L) 
with experimental growth rate. 

 
Figure 7-36: Evolution of nitrate supply mass 

in Niederwieser design (15 L) with 
experimental growth rate. 

 
Figure 7-37: Evolution of the harvested 

Chlorella mass in Niederwieser 
design (15 L) with experimental 

growth rate. 

The Niederwieser photobioreactor combined with the experimentally determined 
growth rate is too small to support a human in terms of air revitalization and also only 
provides insignificant amounts of urine processing and food production as shown in 
Table 7-6. 

The simulation results show, that no factor is limiting the algal growth but the low 
growth rate itself. The experimental growth rate, combined with the very small volume 
of just 15 L is insufficient to support a human. When the experimentally determined 
growth rate is used, the photobioreactor has to be scaled up significantly to provide 
sufficient air revitalization. This is done in the next sub-chapter 7.4. 
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Table 7-6:  Overall mass balance of matter in- and outflows. Left column shows the values 
originally proposed by Niederwieser [5] and the right column the averaged values of the 

simulated results with the experimentally determined growth rate (+ is into reactor, - is out). 

Substance Niederwieser Proposal 
[kg/d] 

Simulation case 
averages [kg/d] 

Oxygen - 0.816 - 0.032 

Carbon Dioxide + 1.040 + 0.037 

Biomass - 0.255 - 0.033 

Nutrients + 0.11 0 

Pre-Processed Water - 1.589 - 0.141 

Urine + 1.6 + 0.146 

7.4 Sufficiently sized Niederwieser Photobioreactor with 
experimental Growth Model 

Using the experimentally determined growth rate, the originally proposed design by 
Niederwieser must be scaled up significantly in order to be able to support a human in 
terms of air revitalization. The scaling is done through iterations, where too large 
designs are characterized by being able to provide sufficient air revitalization but being 
growth limited through a lack of carbon dioxide at times. Too small designs are shown 
to have increasing carbon dioxide and decreasing oxygen partial pressures as shown 
in some of the previous simulation cases. 

A size that works sufficiently has a culture volume of 500 L and is therefore 33 times 
larger than the originally proposed design by Niederwieser. This is on the order of 
magnitude of a 24 times higher growth rate and accounting for the fact that the 
originally proposed Niederwieser design is not sufficiently able to support the simulated 
oxygen consumption and carbon dioxide production of the V-HAB human model (even 
when its plate thickness is reduced to not be limited by the available photosynthetically 
active radiation). The evolution of oxygen and carbon dioxide partial pressure in the 
cabin atmosphere are shown in Figure 7-38. 

The trend of oxygen partial pressure is slightly increasing and carbon dioxide slightly 
decreasing, while both are showing fluctuations between 200 and 300 Pa throughout 
the day. This behavior is already described in detail for other results in the previous 
sections of this chapter.  
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Figure 7-38: Evolution of oxygen (top) and carbon dioxide (bottom) partial pressures with scaled up 

Niederwieser design (500 L volume, 5 m2 membrane and 2.5 mm culture depth) with 
experimentally determined growth rate. 

One interesting observation can be made here, since the initial phase of carbon dioxide 
evolution differs from previous results. Previous results show a stark increase in carbon 
dioxide partial pressure, which builds up until the reactor is producing oxygen at the 
maximum growth rate and then takes 3-5 days for the photobioreactor to catch up with. 
Here the trend is different, the carbon dioxide partial pressure sees an initial drop in 
the beginning of the simulation, and only peaks on day 2. This is despite the fact that 
the maximum growth rate is not reached until 17 hours into the simulation, compared 
to only 3-4 hours with the optimistic growth rate. The decrease is due to the reactor’s 
large volume, which can dissolve about 0.36 kg of carbon dioxide with a carbon dioxide 
partial pressure above the membrane of 60 kPa. This amount equates to around 30 % 
of what the V-HAB human model produces in an entire day. For oxygen this is not the 
case, since it is les soluble in water and the growth chamber partial pressure is only at 
5 kPa, which results in only 0.006 kg being dissolved in the growth chamber in steady 
state. 

Interestingly, the simulation results show that a membrane surface of 5 m2 is still 
sufficient even at a 33 fold increased volume. The reason can be found in the 
mechanism of the membrane transport, which is driven by a pressure gradient. The 
larger volume of the reactor leads to a larger buffering capacity until concentrations 
become critical or the driving force strong enough. Once a steady state between 
membrane transport and photosynthesis is reached, the pressure difference is the 
same as with the smaller volume and the membrane transport through a 5 m2 
membrane sufficient. 

A further observation, presented in Figure 7-39, is that this culture volume has less of 
an increase in pH than the results of previous simulations with smaller reactors, which 
are also able to support a human over the course of seven days. 

x 
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Figure 7-39: Evolution of growth medium pH over time in the scaled up Niederwieser reactor 

(500 L) with the experimental growth rate.  

The pH only rises to 6.7 in this simulation case, while it rises to 7.8 (when carbon 
dioxide is sufficiently available) in the harvester set point optimized and scaled up 
simulation case (see 7.2.2.1). The reason for this differing behavior can be found in 
the Bold’s Basal Medium components, which are added in the beginning of the 
simulation to match the recipe concentrations. Since the growth medium volume of this 
simulation case is so much larger, a higher total mass than in a smaller volume is 
required to reach the required concentrations. Nevertheless, the amount of released 
hydroxide ions is still the same in both cases, since the amount of added nitrate is also 
the same. However, in the larger volume the hydroxide ions have less impact, since 
the absolute number of hydrogen ions, which have to be equalized by hydroxide ions 
to increase the pH, is so much larger. 

This simulation case provides similar urine processing and water savings capability as 
the previous cases that were able to support a human in terms of air revitalization. The 
reactor provides a 100 % urine processing (see Figure 7-40) and 83 % water savings 
(see Figure 7-41) capability, as in previous cases. A total 1 kg nitrate is supplied during 
times of urine depletion, as seen in Figure 7-42. Furthermore, Figure 7-43 shows that 
this scenario produces 4.45 kg of dry algal biomass over the course of seven days.  

 
Figure 7-40: Evolution of urine store mass in 

Niederwieser design (15 L) with 
experimental growth rate. 

 
Figure 7-41: Evolution of potable water store 

mass in Niederwieser design (15 L) 
with experimental growth rate. 
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Figure 7-42: Evolution of nitrate supply mass 

in Niederwieser design (15 L) with 
experimental growth rate. 

 
Figure 7-43: Evolution of the harvested 

Chlorella mass in Niederwieser 
design (15 L) with experimental 

growth rate. 

When comparing the urine and water tank mass evolution over time in Figure 7-40 and 
Figure 7-41 to those of previous results where the reactor is able to maintain a 
breathable cabin atmosphere, the graphs presented here look more step than spike 
shaped. This behavior can be traced back to the supply logic of nitrate, which is refilled 
to its initial concentration in Bolds Basal Medium. Since the volume of the reactor is so 
much larger than that of previous results, the concentration can only be reached with 
a higher absolute mass. This can also be seen in the evolution of the nitrate mass tank 
in Figure 7-42, which has less but larger steps. Since the algal culture is still consuming 
it at a comparable rate to previous results, once the nitrate is added it lasts longer. 
Therefore, the urine can remain in the tank longer until the nitrate is used up, the urine 
is supplied and water harvested. 

An overall mass balance of averaged in and outflows of the reactor in this simulation 
case is given in Table 7-7. 

Table 7-7:  Overall mass balance of matter in- and outflows. Left column shows the values 
originally proposed by Niederwieser [5] and the right column the averaged values of the 

simulated results with the scaled up reactor and experimentally determined growth rate (+ is 
into reactor, - is out). 

Substance Niederwieser Proposal 
[kg/d] 

Simulation case 
averages [kg/d] 

Oxygen - 0.816 - 1.22 

Carbon Dioxide + 1.040 + 1.273 

Biomass - 0.255 - 0.624 

Nutrients + 0.11 0.133 

Pre-Processed Water - 1.589 - 2.66 

Urine + 1.6 + 2.71 
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8 Conclusion 

This chapter wraps up the conducted work by critically discussing the work and results 
of this thesis in 8.1, provides a summary of the model and the obtained experimental 
and simulation results in 8.2, draws conclusions in 8.3 and outlines some steps for 
future work to further improve and build upon the presented model in 8.4. 

8.1 Discussion 

This subchapter highlights and discusses some assumptions and architectural 
decisions that are made for the model and critically discusses the results of the 
experiments and simulations. 

8.1.1 Model 

A model is an abstraction of reality, which requires assumptions to be made. Especially 
with regard to simulating biological phenomena, such as algal growth, assumptions 
and generalizations are key to being able to formulate relations and mechanisms in a 
mathematical manner. 

8.1.1.1 Growth Rate Calculation Module 

One important aspect of this model is that it reacts to multiple environmental influences 
happening at the same time, no model could be found in literature that takes into 
account as many varying influences as this one does. Most other existing models only 
simulate, for example, growth as a function of the available nutrients or as a function 
of the available photosynthetically active radiation or maybe a combination of two 
influence factors - this model factors them in all at once. While this is definitely one of 
the strong suits of this model, this also leaves a lot of room for discussion.  

Especially with regard to the modeled relative growth rates, the architectural decisions 
can be challenged. The achievable growth rate is calculated by factoring in multiple 
relative growth rates from various influence factors. The minimum threshold model only 
picks the worst relative growth rate to be factored in and at the same time disregards 
other non-ideal factors. It therefore possibly calculates a best case when multiple 
factors are deviating from optimum. The multiplicative model leads to a worsening 
achievable growth rate with the number of non-ideal conditions factored in. 

For example, when 5 factors affecting the algal growth are factored in and all currently 
have a relative growth rate of 0.9, the minimum threshold model will only multiply one 
of them with the optimum growth rate, while the multiplicative model will multiply it with 
0.95=0.59. If the number of factors is increased to 10, again all at 0.9, the minimum 
threshold model will still only use the worst of them – 0.9 – and the multiplicative model 
will now determine the overall relative growth factor to be 0.910=0.35, which is a lot less 
than the 0.9 of each of the individual factors. 

A similar effect happens for a small number of factors, when they are strongly 
deviating. Where the actual relative growth rate lies is difficult to determine, since it 
would require to model the cross-influence between the factors affecting the growth, 
which in turn requires experiments on the cross-influence of all these factors. This is 
usually done for 2 factors, for example temperature and radiation [39], but not for more. 
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The model is therefore not ideal to represent strong deviations from optimum in multiple 
factors at the same time, since their cross influence is unknown and.  

However, it works well for deviations by one factor at a time or small deviations of 
multiple ones. And since the model is intended to simulate a photobioreactor in a 
spacecraft, which commonly is a well-controlled environment, one can expect possibly 
one component to fail (e.g. radiation source, cooling or the harvester), but not all of 
them at once, since broken parts will be exchanged quickly. 

The relative growth rates were taken from many different sources, which is why for 
many of the implementation choices in the model, a table is provided in this thesis that 
gives an overview over the range of reported values. Since so many different sources 
were used, one has to accept that not all the experiments were conducted under the 
same conditions. Nevertheless they are treated as “ideal” in this thesis, which is 
another assumption one has to accept, when using data from multiple different 
sources. Furthermore, not all values could be obtained for Chlorella vulgaris 
exclusively, since they sometimes were only available for the Chlorella species or 
“microalgae” in general.  

8.1.1.2 Photosynthesis Module 

As already addressed in the description of the photosynthesis module, abstractions 
have to be made with regard to the stoichiometric composition and especially the 
growth reactions. This thesis regards the cell as a black box, since the modelling of 
cell internal processes is a highly complex subject, which should be left to biologists. 
However, for example the assimilation of nitrate is defined by cell internal processes, 
which have to be represented to at least some extent, since an important part of the 
nitrate metabolism is not just the incorporation of the ion into the cell but a preceding 
metabolism. This releases hydroxide into the medium and therefore has the potential 
to change the composition of the medium by altering its pH. However, the amount of 
hydroxide ions released into the medium is reported differently, as outlined in 3.2.2.1, 
and the final assumption of this model to use one hydroxide ion per nitrate ion 
consumed, can and should be challenged in future works. 

Furthermore, the consumption of phosphorus by the algae was excluded since the 
V-HAB human model does not excrete any phosphorus in its urine. Nevertheless, 
phosphorus is often regarded as the fifth important element in the algal composition 
(besides C, H, O, N) and theoretically could be taken from the phosphate in Bold’s 
Basal Medium. This was excluded from the simulation for reasons of simplifications 
although it would have an effect on the medium pH by removing ions from the 
phosphate buffer. 

8.1.1.3 Medium Module 

The growth medium is based on Bold’s Basal Medium, of which only the higher 
concentrated and acid/base relevant components are modelled. It is questionable 
though, if this should be exchanged for water, since it does not provide any nutrients 
to the algal culture modeled in this simulation (e.g. trace models) besides nitrate, which 
can be exchanged for urine (if available) and has to be refilled rather quickly when the 
algae grow.  
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Theoretically one could argue that there is no necessity to model the medium. 
Nevertheless, there are some benefits. Due to the initially low pH of around 4.5, the 
culture can grow for longer without supplying any substance to decrease the pH before 
reaching growth limiting levels. Furthermore, the buffering effect of the phosphate 
buffer is advantageous for the same reason. 

The EDTA mass concentration in the simulation had to be increased by 16 %, when 
compared to the recipe concentrations to match measured pH values of Bold’s Basal 
Medium. While this is only one component and concentrations of Bold’s Basal Medium 
overall are rather low, the question arises why this was necessary. Possibly it is due to 
the fact that not all of the medium’s components were modelled (e.g. boric acd was left 
out, since it only has a low concentration), or the obtained values for the acidity 
constants are slightly incorrect. This could be the case, since the acidity constant 
values for disodium-EDTA could only difficultly be obtained and were only available 
from one source. They can be changed in the model if desired. 

8.1.1.4 Photosynthetically Active Radiation Module 

The photosynthetically active radiation module involves geometric calculations, which 
are rather simple for a cuboid shape but become more complex for cylinders. Despite 
the fact that cylinders are a commonly used shape for photobioreactors, the model 
currently does not offer the opportunity to model the radiation propagation through a 
cylindrical photobioreactor.  

Since this model was specifically designed with the goal to simulate the flat panel 
photobioreactor by Niederwieser the possibility to include a cylindrical shape was 
never implemented. Especially with regard to how thin the culture depths have to be 
for a high (volume) efficient growth, it could be interesting to have different options to 
choose from with regard to geometry. 

8.1.2 Experiment Results 

Although they were not the main focus of this thesis, some experiments were also 
conducted to gather data in areas, where the reports were varying or only scarcely 
available. 

The largest uncertainty with regards to the experiments is the conversion between cell 
concentration, which is used for measurements, and biomass concentration, which is 
used in the model (e.g. for stoichiometric relations and radiation attenuation). The 
conversion is done with an average cell mass. Not only is there scarce reporting on 
the average cell mass, the reported values also differ from the lowest to the largest by 
a factor of 6. When looking at the absolute number in the order of 10-14 kg/cell, this 
might not seem much, however one has to consider, that this propagates to the 
biomass concentration. For example, this could either be 2 kg/m3 or 12 kg/m3 for the 
same cell concentration, which is a major difference in absolute values. Even more 
important for this model is that the growth rate, and therefore carbon dioxide fixation 
and oxygen production can also differ by a factor of 6 due to this uncertainty. The used 
average is in the middle of the reported values but can definitely be challenged since 
it’s variance probably has one of the largest effects on the overall performance of a 
simulated photobioreactor’s performance. 
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Furthermore, the procedural requirement of having to use a corrected optical density, 
when above a critical optical density was not known during the first experiments and 
therefore only the actual optical density measured. This led to the loss of some data 
from previous experiments, which could not be repeated due to time constraints. Due 
to the corrected optical density, the values of measured cell concentration are lower 
than if they were measured with an uncorrected optical density. When analyzing 
literature, the question arises, if this requirement is known to all the experimenters 
reporting values measured by optical density (which is the most common method of 
measurement). 

The growth rate curves do not show very smooth behavior but generally follow the 
profile known from literature sources. In relative terms the results are as expected, the 
absolute values however are questionable by the previously discussed cell mass 
assumptions. Furthermore, the determined growth rates are among the lower ones 
reported, which begs the question, if the growth rates designed to be an 
optimum-baseline can actually be used as such. They are used nevertheless but 
should be regarded as a more conservative estimate, when evaluating the 
performance they show in a photobioreactor. 

8.1.3 Simulation Results 

Interestingly, a V-HAB simulation has an opposing design philosophy from the 
evaluated paper by Niederwieser. While V-HAB uses a bottom up approach, which 
models molecular-level mechanisms and sees how they perform on a larger scale, the 
paper by Niederwieser uses a top-level approach that does not take these mechanisms 
into account and uses averages to represent them. 

As characterized in the title of the simulation case using the very optimistic growth rate 
suggested by Niederwieser, and clearly described in the simulation case description, 
the growth rate used for this model is considerably higher than the experimentally 
determined one. It should therefore be regarded as a very-best-case scenario. Some 
assumptions had to be made since it is based on an oxygen evolution rate and was 
transformed to an absolute biomass concentration growth rate with the modeled 
stoichiometric equations, which could yield potential sources of error. 

When accepting the optimistic growth rate, the design still cannot provide sufficient air 
revitalization for a human over the course of seven days for two reasons.  

Firstly, the V-HAB human model produces more carbon dioxide and consumes more 
oxygen than the baseline assumed in the Niederwieser design proposal. Since the 
human model is simply used for the simulations and is not developed or even changed 
in this simulation, these values are simply accepted. 

Secondly, the design is strongly limited in growth due to the attenuation of 
photosynthetically active radiation. Instead of a proposed culture depth of 2.5 mm 
below an irradiated surface (5 mm flow channel thickness), only 0.85 mm would be 
required to eliminate this limitation. Even when this is combined in a plate with 1.7 mm 
thickness, which is irradiated from two sides, it is questionable if this could be 
successfully implemented from a mechanical standpoint. This would also increase the 
overall volume of the reactor, since more radiation panels per culture volume would be 
required. Another aspect to consider would be the high sensitivity in the extremely thin 
plates to heat flux fluctuations, to which it would quickly respond with temperature 



Conclusion  

 

 

Page 147 

changes. A more realistic approach would be to run the photobioreactor at a lower 
biomass concentration (and therefore growth rate) and double the culture volume to 
account for the efficiency decrease. 

Combining the experimentally determined growth rate with the reactors yields a 
significantly lower – almost non-existent – performance due to the 24-fold lower growth 
rate. Only when scaled up to 500 m culture volume, the design is sufficiently large to 
support one human in terms of air revitalization. 

The claim in Niederwieser’s proposal [5] that more urine is required than can be 
provided by one human, is confirmed by the simulation results, where nitrate is 
supplied additionally. Interestingly, the assumption for urine produced by one human 
in the Niederwieser proposal are 35 % lower than the urine mass produced by the V-
HAB human model. As a consequence of urine consumption by the algal culture, 
potable water is produced in the simulation, which is transferred to the potable water 
tank in the cabin. The modeled process is very simplistic, since it only removes an 
equivalent amount of water to what water was added in the supplied urine. In reality 
will probably require additional water processing devices as proposed by Niederwieser 
[5]. 

Overall, one shortcoming of the developed model and the generated simulation results 
is that the model was never put to a test itself. The individual mechanisms are based 
mainly on reviewed journal articles and some conference papers and are therefore 
trusted to represent the individual mechanisms (e.g. temperature response) correctly. 
However, they were never validated with test results in combination. No flat panel 
photobioreactor with membrane air exchange hardware was available for testing, 
which means that the simulation results could not be verified as a whole. This is a 
general challenge that arises when something is modeled that has not been built yet 
and should be usually validated with comparable test data to minimize the error. As 
the experiments in this thesis show, the behavior of a culture with induced bubbles 
strongly differs from that of a culture under a membrane, even when it is stirred. This 
means that the available bubble column reactor hardware could also not be used for 
model verifications, since the model was developed for a flat panel reactor with 
membrane air exchange (the reason being that bubble column reactors cannot work 
in weightlessness).  

Noteworthy results of the simulation case are not just the calculated oxygen and carbon 
dioxide evolutions and resulting required reactor volumes, but the potential to use data 
generated by the simulation to improve the design iteratively. This is an important 
feature of the model, since many control values are created during the simulation, 
which allow to monitor what is currently limiting algal growth in the reactor. This can be 
an important feature for evaluating different designs in the future. 

8.2 Summary 

This thesis was done in collaboration between Institute of Astronautics at the Technical 
University of Munich and the Bioastronautics Department at the University of Colorado 
Boulder, where most of the work was done. It documents the development of a 
dynamic algae growth model for the life support system simulation tool V-HAB and its 
integration in the larger context of a simulated spacecraft cabin with a human in the 
loop. 
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The aim was to assess the dynamic behavior of a newly proposed photobioreactor 
design as a biological life support system component and use the developed model in 
the V-HAB environment as a basis to demonstrate means of design and operational 
optimization. 

The starting point of this thesis was the goal of using an algae model for the dynamic 
design verification of an algal photobioreactor proposed by Tobias Niederwieser [5] 
from the University of Colorado Boulder. After reviewing existing V-HAB 
implementations of algae models, of which two were too simplistic and inflexible and 
the other aimed at producing hydrogen instead of oxygen, the decision was made that 
these could not be used and a new one had to be developed.  

The first step of the model development was the identification of factors affecting the 
growth of microalgae, which was mainly done by reviewing published literature. 
Personal discussions, with advisors from both involved university departments, about 
what factors would be interesting to model, further contributed to what bases the model 
should cover. 

Mainly, journal articles were used to quantify and mathematically describe the 
mechanisms and effects of algal growth. In fields, where no journal articles were 
available, conference papers, university course materials and technical product sheets 
were used. In many areas, assumptions and simplifications had to be made, which are 
clearly outlined throughout this thesis.  

The eventually developed algae growth model is implemented in a V-HAB system 
environment and comprises four calculation modules of different areas. The main 
functionality of the developed model is that an optimum growth rate is dynamically 
determined, and external influences can decrease this growth rate when they deviate 
from their ideal value. 

Some experiments were executed in order to generate data for the model in areas 
where literature data showed a large variance or was only scarcely available. However, 
some uncertainty with regard to the results exists since a transformation between cell 
concentration and biomass concentration had to be made via an average cell mass, 
on which only scarce and varying information is available. 

The algae model was integrated in a photobioreactor system, which allows the 
definition of inputs on geometry, boundary conditions, used materials and the source 
of photosynthetically active radiation. This photobioreactor system with clearly defined 
interfaces will be available to future V-HAB users and does not require the deep 
understanding of the internal mechanisms. The photobioreactor system was then 
integrated in a cabin environment with a human in the loop to verify the viability of a 
photobioreactor as a biological spacecraft life support system. 

The simulation of the proposed photobioreactor design and integration architecture by 
Niederwieser [5] showed that it has to be scaled up to a larger growth volume since it 
is limited due to the attenuation of photosynthetically active radiation and furthermore 
was designed for oxygen and carbon dioxide flows lower than those produced by the 
V-HAB human model. Nevertheless, the capability of the model to simulate algal 
growth and provide means of optimization were demonstrated with the simulation 
cases and allowed to generate values for a sufficiently sized Niederwieser reactor. 
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8.3 Conclusions 

This thesis demonstrates the successful development of an algal growth simulation 
model implemented in the V-HAB simulation tool. The model can dynamically react to 
varying environmental influences and provides the most reliable results, when 
deviations are small or only one factor is deviating at a time. It records the degree at 
which influencing factors are limiting the growth for subsequent design and 
architectural improvements. 

The model shows high modularity and is designed so it can be changed in the future, 
as more information about certain mechanisms is implemented or more growth 
influencing factors added. 

While individual mechanisms are based on credible sources and some experiments, 
the overall model is not validated with test data of a flat panel photobioreactor with 
membrane air exchange, since such hardware was unavailable for testing. 

The implementation in a V-HAB cabin environment with a simulated human model was 
successful and uses the photobioreactor design and integration architecture by 
Niederwieser [5]. The simulation results show that the design uses an extremely 
optimistic growth model and even then, is still too small to support the human model 
with sufficient air revitalization. Nevertheless, the developed simulation model can be 
used to sufficiently size a photobioreactor capable of providing air revitalization for one 
human and additionally producing potable water and food supplement. 

Besides the implementation in this specific cabin and air supply architecture, the 
modeled PBR works as a standalone system in the V-HAB environment with clearly 
defined interfaces. A tutorial file is provided with the programing work of this thesis that 
enables future users to implement an algal photobioreactor without going into the 
scientific and technical details of algal growth. 

The model is well suited for the design verification of photobioreactor life support 
systems as demonstrated by this thesis. Furthermore, or even more importantly, it can 
be used in the optimization process of reactor designs by showing limiting factors of 
the growth in the reactor. Potential optimizations that can be done with the model are 
the following ones: 

• Culture growth volume by monitoring the evolution of cabin atmosphere partial 
pressures. 

• The required plate thickness at a defined biomass concentration design point 
by using the positions of radiation growth domains. 

• The membrane size by comparing what can be transported through the 
membrane and what is required by the algal culture. 

• The optimum growth rate and resulting biomass harvester set point, when 
accepting growth limiting conditions 

• Energy usage by only running lights at a limit necessary to support algal growth 
at the current biomass concentration. This can also save cooling power. 

• Energy usage by only running the carbon dioxide supply system at a pressure 
necessary to maintain sufficient membrane transport for the current algal carbon 
dioxide consumption. 

• The pH of the growth medium can be optimized or maintained by using different 
nutritional profiles. Urine for neutral behavior, nitrate to increase pH, ammonium 
salts to decrease pH. 



Conclusion  

 

 

Page 150 

• The algal assimilation coefficient by supplying different nutrients. 

8.3.1 Fulfillment of Requirements 

Top-level requirements were defined in the beginning of this thesis, which were derived 
from a mission statement and main goals that were communicated with the advisors 
from both departments in Munich and Boulder. They acted as a basis during the work 
on this thesis and their fulfillment shall be reflected here.  

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 

While requirements 1.2 – 1.6, which concern the modeling of different environmental 
influences were fulfilled, one influence not modeled was the atmospheric pressure on 
the algae itself (requirement 1.1). This was omitted when it became clear that the 
expected atmospheric pressures in a spacecraft (70 kPa proposed Exploration 
Atmosphere to about 100 kPa on International Space Station) had no significant effect 
on algal growth [79]. Additionally to those requirements above, the influence of pH on 
algal growth was added along with a complex model to calculate the current growth 
medium pH. This was done since it was identified to have an effect on growth and 
various mechanisms in the growth medium can alter the pH.  

2. The use of urine as a nutrient should be investigated and implemented 

The integration of urine processing capability was upgraded from a nice-to-have to a 
must have requirement during the development process, since this is a vital part of a 
biological life support system. 

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 

The requirements 3 and 4 were fulfilled. 

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

Both of the requirements 5.1 and 5.2 were not implemented. Sparging is nonsensical 
for an orbital spacecraft since it relies on gravity and hollow fiber membranes are a 
very specific implementation of a membrane. A more general membrane transport 
membrane was implemented, which could be adapted to hollow fiber membranes if 
their surface area and permeability is known. 

6. Areas where biological and hardware tests are sensible shall be identified. 
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These areas were identified to be the determination of the optimum growth rate, the 
defining photon flux densities of the radiation growth domains and the biomass 
concentration dependent radiation attenuation in the Chlorella vulgaris culture. 

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 

The requirements 7.1-7.3 were fulfilled.  

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) 

Both requirements 8.1 and 8.2 were fulfilled. 

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

Requirement 9 was fulfilled.  

While the overall goal of the thesis – the development of an algal growth model and its 
integration in a V-HAB simulation – was clear from the beginning and did not change, 
details were updated, old requirements neglected, and new ones added. The 
involvement of two different universities, thousands of kilometers apart from each 
other, demanded somewhat of an agile approach to changing aims of the thesis. These 
changing aims could also be viewed as an upgrade of aims since most of them came 
about when discussing the topic further and finding newer or better ideas of aspects 
that would be interesting to implement. 

Overall, the conclusion can be drawn that for both of the involved departments – in 
Boulder and Munich – some useful outcome was created in this thesis, which will be 
usable for future projects. The model was successfully developed and is available to 
future V-HAB users and the newly developed photobioreactor was simulated and 
optimization pathways presented. 

8.4 Future Work 

During the model development, implementation and simulation, new ideas arise 
constantly that could enhance the model. However, not all of these can be 
implemented due to time constrains. Nevertheless, these ideas are gathered here and 
provide an outlook on how to further improve the model in the future or how it could be 
put to use. Furthermore, an overview of planned publications in relation to this thesis 
is given. 

8.4.1 Model Updates 

The model was purposefully designed so it could be modified and extended. 

The most important piece of future work is to gather some overall model validation data 
with some tests on a flat panel photobioreactor with membrane air exchange. This 
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could not be done in this thesis due to the unavailability of a flat panel photobioreactor 
and the lack of time to build one. Nevertheless, it is strongly suggested to design tests 
and build hardware in order to gain higher confidence in the model as a whole and its 
generated predictions. Another first step in this direction would be the implementation 
of a cylindrical geometry and bubble column air exchange in order to be able to use 
the existing photobioreactor at the Bioserve Space Technologies laboratories for 
model validation. 

Some sources suggest a varying macromolecular composition of algal cells with 
different lighting and medium conditions. This could be implemented in the model by 
implementing a variable Chlorella composition with one model for ammonia uptake and 
one for nitrate uptake as outlined in [61]. This would allow the calculation of an overall 
current composition, which could be changing over time depending on how much of 
either reactant is used. From a V-HAB perspective, this would require the specification 
of more than one Chlorella vulgaris cell composition in the matter table. 

Although it did not show to be critical over the course of the simulated seven days, the 
pH showed an upward trend, mainly attributed to the metabolism of nitrate, which has 
to be supplied additionally to urine. Therefore, maintaining an uncritical pH for long 
term algal growth is imperative. This could be implemented by automatically supplying 
nitrate and ammonia as nitrogen, due to their ability to increase (nitrate) or decrease 
(ammonia) pH [69]. A challenge to consider is that algae prefer the uptake of ammonia 
over the metabolism of nitrate, which means that they cannot be supplied by a mix but 
have to be supplied after the other is used up. 

The photosynthetically active radiation module currently is only suited to calculate the 
radiation propagation through flat panel photobioreactors (cuboid shape). These 
calculations could be updated to include a cylindrical shape to make the simulation 
results comparable to a wider range of experiments described in literature. 
Furthermore, a day night cycle or “flashing-light” influence could be implemented, 
which is currently not the case, but is reported have a positive effect on algal growth 
[46]. 

8.4.2 Further Experiments 

A flat panel photobioreactor, or at least a subsection of the proposed Niederwieser 
design, should be built and tests designed to validate the model developed within the 
scope of this thesis.  

A previously mentioned, the cross influence of various limiting parameters is unknown 
and therefore the validity of simulated results is unclear, when more than one factor is 
deviating from its optimum. Experiments to determine the reciprocal influence between 
multiple parameters are probably complex but would be of great value.  

Since the assumed average cell mass has such a large influence on the growth rate 
and radiation attenuation (which in term influences the plate thickness), it would be 
ideal to either find/create reliable data for the average cell mass or, even better, find a 
way of determining biomass concentration in a fast way right away during experiments. 
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8.4.3 Simulation Cases 

The conference paper that presents the Niederwieser design [5], also compares the 
design to currently used systems on the International Space Station by using a top-
level approach with averages. It would be interesting to use V-HAB with its International 
Space Station life support library components to make a dynamic comparative analysis 
of the reactor to the physico-chemical systems currently used. 

One of the great advantages of a simulation tool is that control mechanisms can be 
implemented for almost every parameter in the simulation environment, even if this is 
not or only difficultly possible in real life. This gives a system designer the freedom to 
test the performance of different control logics and establish if this control mechanism 
is wort researching more in order to implement it in hardware at a later point in time. 

Some of these control mechanisms that could be tested in future simulations are 
harvesting at varying biomass concentrations set different growth rates according to 
what is currently needed. This could also be done by implementing a controller that 
switches the LED panels providing the photosynthetically active radiation on or off. 
This could be further extended to only switching off part of the reactor in order to 
achieve different levels of oxygen production, while having some reserve for when 
more performance is required.  

A further control and architectural design considerations that is worth investigating is 
related to the air supply. It would be interesting to investigate two different architectures 
and compare their masses and performance. One architecture lets the photobioreactor 
draw the carbon dioxide it can process from the cabin directly and (if no strong 
fluctuations should be allowed) accepts that the reactor will be lacking carbon dioxide 
supply at times of low carbon dioxide production in the cabin and is therefore oversized. 
An alternative architecture uses a buffer pump and tank that maintain a constant 
carbon dioxide partial pressure in the cabin (at the cost of higher periphery mass), 
which will result in a smaller reactor volume and mass while it can always operate in 
its optimum working point. 

8.4.4 Publications 

The previously mentioned architectural considerations about implementing a carbon 
dioxide buffer tank or choosing a larger reactor volume will be evaluated in more detail 
with the model from this thesis in a paper that will be presented at the International 
Conference on Environmental Systems in July 2019 in Boston, MA, USA. 

Furthermore, a journal article is planned to be written on the simulated design of the 
Niederwieser reactor and design optimizations that are possible with the simulation 
model. The article will be handed in for the Acta Astronautical Journal sometime in 
early 2019. 
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B Appendices 

B.1 Further pH-Calculation Equations 

Equations representing the concentrations of acid/base contributing substances as a 
function of known values and the hydrogen ion concentration. 

[𝐸𝐷𝑇𝐴−]

=  
𝐶𝑁𝑎2𝐸𝐷𝑇𝐴 ∗ [𝐻

+]3 ∗ 𝐾𝑎,𝐸𝐷𝑇𝐴
[𝐻+]4  + 𝐾𝑎,𝐸𝐷𝑇𝐴 ∗ [𝐻

+]3  + 𝐾𝑎,𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎,𝐸𝐷𝑇𝐴− ∗ [𝐻
+]2 + 𝐾𝑎,𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎,𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎,𝐸𝐷𝑇𝐴2− ∗ [𝐻

+]  + 𝐾𝑎,𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎,𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎,𝐸𝐷𝑇𝐴2− ∗ 𝐾𝑎,𝐸𝐷𝑇𝐴3− 
 

 

[𝐸𝐷𝑇𝐴2−]

=  
𝐶𝑁𝑎2𝐸𝐷𝑇𝐴 ∗ [𝐻

+]2 ∗ 𝐾𝑎,𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎,𝐸𝐷𝑇𝐴−

[𝐻+]
4
 +  𝐾𝑎,𝐸𝐷𝑇𝐴 ∗ [𝐻

+]
3
 + 𝐾𝑎,𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎,𝐸𝐷𝑇𝐴− ∗ [𝐻

+]
2
+ 𝐾𝑎,𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎,𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎,𝐸𝐷𝑇𝐴2− ∗ [𝐻

+]  +  𝐾𝑎,𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎,𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎,𝐸𝐷𝑇𝐴2− ∗ 𝐾𝑎,𝐸𝐷𝑇𝐴3−  
 

 

[𝐸𝐷𝑇𝐴3−]

=  
𝐶𝑁𝑎2𝐸𝐷𝑇𝐴 ∗ [𝐻

+] ∗ 𝐾𝑎,𝐸𝐷𝑇𝐴 ∗  𝐾𝑎,𝐸𝐷𝑇𝐴− ∗  𝐾𝑎,𝐸𝐷𝑇𝐴2−

[𝐻+]
4
 +  𝐾𝑎,𝐸𝐷𝑇𝐴 ∗ [𝐻

+]
3
 + 𝐾𝑎,𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎,𝐸𝐷𝑇𝐴− ∗ [𝐻

+]
2
+ 𝐾𝑎,𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎,𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎,𝐸𝐷𝑇𝐴2− ∗ [𝐻

+]  +  𝐾𝑎,𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎,𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎,𝐸𝐷𝑇𝐴2− ∗ 𝐾𝑎,𝐸𝐷𝑇𝐴3−  
 

 

[𝐸𝐷𝑇𝐴4−]

=  
𝐶𝑁𝑎2𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎,𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎,𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎,𝐸𝐷𝑇𝐴2− ∗ 𝐾𝑎,𝐸𝐷𝑇𝐴3−  

[𝐻+]
4
 +  𝐾𝑎,𝐸𝐷𝑇𝐴 ∗ [𝐻

+]
3
 + 𝐾𝑎,𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎,𝐸𝐷𝑇𝐴− ∗ [𝐻

+]
2
+ 𝐾𝑎,𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎,𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎,𝐸𝐷𝑇𝐴2− ∗ [𝐻

+]  +  𝐾𝑎,𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎,𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎,𝐸𝐷𝑇𝐴2− ∗ 𝐾𝑎,𝐸𝐷𝑇𝐴3−  
 

 

 

[𝐻𝐶𝑂3
−] =

𝐶𝐶𝑎𝑟𝑏𝑡𝑜𝑡 ∗ 𝐾𝑎𝐶𝑂2+𝐻2𝑂∗[H
+]

[H+]2 +𝐾𝑎𝐶𝑂2+𝐻2𝑂 ∗ [H
+] + 𝐾𝑎𝐶𝑂2+𝐻2𝑂 ∗ 𝐾𝑎𝐻𝐶𝑂3 

 

 

[𝐶𝑂3
2−] =

𝐶𝐶𝑎𝑟𝑏𝑡𝑜𝑡 ∗ 𝐾𝑎𝐶𝑂2+𝐻2𝑂 ∗ 𝐾𝑎𝐻𝐶𝑂3 
[H+]2 + 𝐾𝑎𝐶𝑂2+𝐻2𝑂 ∗ [H

+] + 𝐾𝑎𝐶𝑂2+𝐻2𝑂 ∗ 𝐾𝑎𝐻𝐶𝑂3 
 

 

[𝐻2𝑃𝑂4
−]

=
[𝐻+]2 ∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗ (𝐶𝑝ℎ𝑜𝑠𝑝ℎ𝑎𝑡𝑒𝑡𝑜𝑡𝑎𝑙 )

[𝐻+]3 + 𝐾𝑎𝐻3𝑃𝑂4 ∗
[𝐻+]2 + 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 ∗

[𝐻+] + 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂42−
 

 

[𝐻𝑃𝑂4
2−]

= (
[𝐻+] ∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ (𝐶𝑝ℎ𝑜𝑠𝑝ℎ𝑎𝑡𝑒𝑡𝑜𝑡𝑎𝑙 )

[𝐻+]3 + 𝐾𝑎𝐻3𝑃𝑂4 ∗
[𝐻+]2 + 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 ∗

[𝐻+] + 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂42−
    

 

[𝑃𝑂4
3−]

=
𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂42−

∗ (𝐶𝑝ℎ𝑜𝑠𝑝ℎ𝑎𝑡𝑒𝑡𝑜𝑡𝑎𝑙 )

[𝐻+]3 + 𝐾𝑎𝐻3𝑃𝑂4 ∗
[𝐻+]2 + 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 ∗

[𝐻+] + 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂42−
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[𝑂𝐻−] =
𝐾𝑤
[𝐻+]

 

 

10th order polynomial to solve the system for the hydrogen ion concentration 

0 = [𝐻+]10  

 

+[𝐻+]9 ∗ (𝐶𝐾𝐻2𝑃𝑂4𝑖𝑛𝑖𝑡𝑖𝑎𝑙 +  2 ∗ 𝐶𝐾2𝐻𝑃𝑂4𝑖𝑛𝑖𝑡𝑖𝑎𝑙 + 𝐶𝐾𝑂𝐻𝑖𝑛𝑖𝑡𝑖𝑎𝑙 + 𝐾𝑎𝐻3𝑃𝑂4 + 𝐾𝑎𝐸𝐷𝑇𝐴)     

 

+[𝐻+]8 ∗ (𝐶𝐾2𝐻𝑃𝑂4𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐻3𝑃𝑂4 − 𝐶𝐶𝑂2𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐶𝑂2+𝐻2𝑂 − 𝐾𝑤 − 𝐶𝑁𝐴2𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴
+ 𝐶𝐾𝐻2𝑃𝑂4𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 +  2 ∗ 𝐶𝐾2𝐻𝑃𝑂4𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 + 𝐶𝐾𝑂𝐻𝑖𝑛𝑖𝑡𝑖𝑎𝑙
∗ 𝐾𝑎𝐻3𝑃𝑂4 + 𝐶𝐾𝑂𝐻𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 + 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 + 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴

+ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴−) 

 

 +[𝐻+]7 ∗  (𝐶𝐾2𝐻𝑃𝑂4𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 − 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑤 −  2 ∗ 𝐶𝐶𝑂2𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐶𝑂2+𝐻2𝑂 ∗

𝐾𝑎𝐻𝐶𝑂3 − 𝐶𝐶𝑂2𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐶𝑂2+𝐻2𝑂 ∗ 𝐾𝑎𝐻3𝑃𝑂4 − 𝐶𝐾𝐻2𝑃𝑂4𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 −

 𝐶𝑁𝐴2𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 − 𝐶𝐶𝑂2𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐶𝑂2+𝐻2𝑂 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 − 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑤 −  2 ∗

𝐶𝑁𝐴2𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− + 𝐶𝐾𝐻2𝑃𝑂4𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− +  2 ∗ 𝐶𝐾2𝐻𝑃𝑂4𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗

𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− + 𝐶𝐾𝑂𝐻𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐻3𝑃𝑂4
∗ 𝐾𝑎𝐻𝑃𝑂4 

+ 𝐶𝐾𝑂𝐻𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐻3𝑃𝑂4
∗ 𝐾𝑎𝐸𝐷𝑇𝐴 +

 𝐶𝐾𝑂𝐻𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− + 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂42−
+ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 ∗

𝐾𝑎𝐸𝐷𝑇𝐴 + 𝐾𝑎𝐻3𝑃𝑂4
∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− + 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴2−

)   

 



Appendices 
 

 

 

Page 164 

+[𝐻+]6 ∗  (𝐶𝐾2𝐻𝑃𝑂4𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− − 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑤 − 𝐾𝑎𝐸𝐷𝑇𝐴

∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑤 −  2 ∗ 𝐶𝐶𝑂2𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐶𝑂2+𝐻2𝑂 ∗ 𝐾𝑎𝐻𝐶𝑂3 ∗ 𝐾𝑎𝐻3𝑃𝑂4 − 𝐶𝐶𝑂2𝑖𝑛𝑖𝑡𝑖𝑎𝑙
∗ 𝐾𝑎𝐶𝑂2+𝐻2𝑂 ∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 −  2 ∗ 𝐶𝐾𝐻2𝑃𝑂4𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 
∗ 𝐾𝑎

𝐻𝑃𝑂4
2− − 𝐶𝐾2𝐻𝑃𝑂4𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂42−

−  2 ∗ 𝐶𝐶𝑂2𝑖𝑛𝑖𝑡𝑖𝑎𝑙
∗ 𝐾𝑎𝐶𝑂2+𝐻2𝑂 ∗ 𝐾𝑎𝐻𝐶𝑂3 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 − 𝐶𝐶𝑂2𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐶𝑂2+𝐻2𝑂 ∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴
− 𝐶𝑁𝐴2𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 − 𝐶𝐾𝐻2𝑃𝑂4𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 
∗ 𝐾𝑎𝐸𝐷𝑇𝐴 −  2 ∗ 𝐶𝑁𝐴2𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− − 𝐶𝐶𝑂2𝑖𝑛𝑖𝑡𝑖𝑎𝑙
∗ 𝐾𝑎𝐶𝑂2+𝐻2𝑂 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− − 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑤 −  3 ∗ 𝐶𝑁𝐴2𝐸𝐷𝑇𝐴
∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴2−

+ 𝐶𝐾𝐻2𝑃𝑂4𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴2−
+  2 ∗ 𝐶𝐾2𝐻𝑃𝑂4𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴2− + 𝐶𝐾𝑂𝐻𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐻3𝑃𝑂4
∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂42−

+ 𝐶𝐾𝑂𝐻𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 + 𝐶𝐾𝑂𝐻𝑖𝑛𝑖𝑡𝑖𝑎𝑙

∗ 𝐾𝑎𝐻3𝑃𝑂4
∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− + 𝐶𝐾𝑂𝐻𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴2−

+ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂42−
∗ 𝐾𝑎𝐸𝐷𝑇𝐴 + 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴

∗ 𝐾𝑎𝐸𝐷𝑇𝐴− + 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴2− + 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴−

∗ 𝐾𝑎𝐸𝐷𝑇𝐴2− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴3−)   
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+ [𝐻+]5 ∗ (𝐶𝐾2𝐻𝑃𝑂4𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴2− − 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 

∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑤 − 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑤 − 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴−

∗ 𝐾𝑎𝐸𝐷𝑇𝐴2− ∗ 𝐾𝑤 −  2 ∗ 𝐶𝐶𝑂2𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐶𝑂2+𝐻2𝑂 ∗ 𝐾𝑎𝐻𝐶𝑂3 ∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 
− 𝐶𝐶𝑂2𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐶𝑂2+𝐻2𝑂 ∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂42−

−  2 ∗ 𝐶𝐶𝑂2𝑖𝑛𝑖𝑡𝑖𝑎𝑙
∗ 𝐾𝑎𝐶𝑂2+𝐻2𝑂 ∗ 𝐾𝑎𝐻𝐶𝑂3 ∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 − 𝐶𝐶𝑂2𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐶𝑂2+𝐻2𝑂 ∗ 𝐾𝑎𝐻3𝑃𝑂4
∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 − 𝐶𝑁𝐴2𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂42−

∗ 𝐾𝑎𝐸𝐷𝑇𝐴 −  2

∗ 𝐶𝐾𝐻2𝑃𝑂4𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂42−
∗ 𝐾𝑎𝐸𝐷𝑇𝐴 − 𝐶𝐾2𝐻𝑃𝑂4𝑖𝑛𝑖𝑡𝑖𝑎𝑙

∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂42−
∗ 𝐾𝑎𝐸𝐷𝑇𝐴 −  2 ∗ 𝐶𝐶𝑂2𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐶𝑂2+𝐻2𝑂 ∗ 𝐾𝑎𝐻𝐶𝑂3 

∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− − 𝐶𝐶𝑂2𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐶𝑂2+𝐻2𝑂 ∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴−

−  2 ∗ 𝐶𝑁𝐴2𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− − 𝐶𝐾𝐻2𝑃𝑂4𝑖𝑛𝑖𝑡𝑖𝑎𝑙
∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− −  3 ∗ 𝐶𝑁𝐴2𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴
∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴2− − 𝐶𝐶𝑂2𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐶𝑂2+𝐻2𝑂 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴2−
− 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂42−

∗ 𝐾𝑤 −  4 ∗ 𝐶𝑁𝐴2𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴−

∗ 𝐾𝑎𝐸𝐷𝑇𝐴2− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴3− + 𝐶𝐾𝐻2𝑃𝑂4𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴2−
∗ 𝐾𝑎𝐸𝐷𝑇𝐴3− +  2 ∗ 𝐶𝐾2𝐻𝑃𝑂4𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴2− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴3−
+ 𝐶𝐾𝑂𝐻𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂42−

∗ 𝐾𝑎𝐸𝐷𝑇𝐴 + 𝐶𝐾𝑂𝐻𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐻3𝑃𝑂4
∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− + 𝐶𝐾𝑂𝐻𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴−

∗ 𝐾𝑎𝐸𝐷𝑇𝐴2− + 𝐶𝐾𝑂𝐻𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴2− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴3− + 𝐾𝑎𝐻3𝑃𝑂4
∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂42−

∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− + 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴

∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴2− + 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴2− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴3−) 

 

 +[𝐻+]4 ∗  (𝐶𝐾2𝐻𝑃𝑂4𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴2− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴3− − 𝐾𝑎𝐻3𝑃𝑂4 ∗

𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑤 − 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴2− ∗ 𝐾𝑤 − 𝐾𝑎𝐸𝐷𝑇𝐴 ∗

𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴2− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴3− ∗ 𝐾𝑤 −  2 ∗ 𝐶𝐶𝑂2𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐶𝑂2+𝐻2𝑂 ∗ 𝐾𝑎𝐻𝐶𝑂3 ∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗

𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂42−
−  2 ∗ 𝐶𝐶𝑂2𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐶𝑂2+𝐻2𝑂 ∗ 𝐾𝑎𝐻𝐶𝑂3 ∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 −

 𝐶𝐶𝑂2𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐶𝑂2+𝐻2𝑂 ∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂42−
∗ 𝐾𝑎𝐸𝐷𝑇𝐴 −  2 ∗ 𝐶𝐶𝑂2𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐶𝑂2+𝐻2𝑂 ∗

𝐾𝑎𝐻𝐶𝑂3 ∗ 𝐾𝑎𝐻3𝑃𝑂4
∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− − 𝐶𝐶𝑂2𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐶𝑂2+𝐻2𝑂 ∗ 𝐾𝑎𝐻3𝑃𝑂4

∗ 𝐾𝑎𝐻𝑃𝑂4 
∗

𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− −  2 ∗ 𝐶𝑁𝐴2𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂42−
∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− −  2 ∗

𝐶𝐾𝐻2𝑃𝑂4𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂42−
∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− − 𝐶𝐾2𝐻𝑃𝑂4𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗

𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂42−
∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− −  2 ∗ 𝐶𝐶𝑂2𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐶𝑂2+𝐻2𝑂 ∗ 𝐾𝑎𝐻𝐶𝑂3 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗

𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴2− − 𝐶𝐶𝑂2𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐶𝑂2+𝐻2𝑂 ∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴2− −  3 ∗

𝐶𝑁𝐴2𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴2− − 𝐶𝐾𝐻2𝑃𝑂4𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗

𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴2− −  4 ∗ 𝐶𝑁𝐴2𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗

𝐾𝑎𝐸𝐷𝑇𝐴2− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴3− − 𝐶𝐶𝑂2𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐶𝑂2+𝐻2𝑂 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴2− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴3− −
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Page 166 

 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂42−
∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑤 + 𝐶𝐾𝑂𝐻𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂42−

∗

𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− + 𝐶𝐾𝑂𝐻𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴2− +

 𝐶𝐾𝑂𝐻𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴2− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴3− + 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 ∗

𝐾𝑎
𝐻𝑃𝑂4

2− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴2− + 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴2− ∗

𝐾𝑎𝐸𝐷𝑇𝐴3−)  

 

+[𝐻+]3 ∗ (𝐶𝐾𝑂𝐻𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂42−
∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴2−

− 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴2− ∗ 𝐾𝑤 − 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴
∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴2− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴3− ∗ 𝐾𝑤 −  2 ∗ 𝐶𝐶𝑂2𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐶𝑂2+𝐻2𝑂 ∗ 𝐾𝑎𝐻𝐶𝑂3 
∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂42−

∗ 𝐾𝑎𝐸𝐷𝑇𝐴 −  2 ∗ 𝐶𝐶𝑂2𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐶𝑂2+𝐻2𝑂 ∗ 𝐾𝑎𝐻𝐶𝑂3 

∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− − 𝐶𝐶𝑂2𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐶𝑂2+𝐻2𝑂 ∗ 𝐾𝑎𝐻3𝑃𝑂4
∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂42−

∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− −  2 ∗ 𝐶𝐶𝑂2𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐶𝑂2+𝐻2𝑂 ∗ 𝐾𝑎𝐻𝐶𝑂3 

∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴2− − 𝐶𝐶𝑂2𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐶𝑂2+𝐻2𝑂 ∗ 𝐾𝑎𝐻3𝑃𝑂4
∗ 𝐾𝑎𝐻𝑃𝑂4 

∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴2−
−  3 ∗ 𝐶𝑁𝐴2𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐻3𝑃𝑂4

∗ 𝐾𝑎𝐻𝑃𝑂4 
∗ 𝐾𝑎

𝐻𝑃𝑂4
2− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴2− −  2 ∗ 𝐶𝐾𝐻2𝑃𝑂4𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐻3𝑃𝑂4

∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂42−
∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴2− − 𝐶𝐾2𝐻𝑃𝑂4𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐻3𝑃𝑂4

∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂42−
∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴2− −  2 ∗ 𝐶𝐶𝑂2𝑖𝑛𝑖𝑡𝑖𝑎𝑙

∗ 𝐾𝑎𝐶𝑂2+𝐻2𝑂 ∗ 𝐾𝑎𝐻𝐶𝑂3 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴2− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴3− − 𝐶𝐶𝑂2𝑖𝑛𝑖𝑡𝑖𝑎𝑙
∗ 𝐾𝑎𝐶𝑂2+𝐻2𝑂 ∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴2− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴3− −  4

∗ 𝐶𝑁𝐴2𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴2− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴3−
− 𝐶𝐾𝐻2𝑃𝑂4𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐻3𝑃𝑂4

∗ 𝐾𝑎𝐻𝑃𝑂4 
∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴2−

∗ 𝐾𝑎
𝐸𝐷𝑇𝐴3−

− 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂42−
∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑤 + 𝐶𝐾𝑂𝐻𝑖𝑛𝑖𝑡𝑖𝑎𝑙

∗ 𝐾𝑎𝐻3𝑃𝑂4
∗ 𝐾𝑎𝐻𝑃𝑂4 

∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴2−
∗ 𝐾𝑎

𝐸𝐷𝑇𝐴3−
+ 𝐾𝑎𝐻3𝑃𝑂4

∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂42−
∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴2− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴3−) 

 

+[𝐻+]2 ∗ (𝐶𝐾𝑂𝐻𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂42−
∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴2− ∗

𝐾𝑎𝐸𝐷𝑇𝐴3− − 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴2− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴3− ∗ 𝐾𝑤 −  2 ∗

𝐶𝐶𝑂2𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐶𝑂2+𝐻2𝑂 ∗ 𝐾𝑎𝐻𝐶𝑂3 ∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂42−
∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− −  2 ∗

𝐶𝐶𝑂2𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐶𝑂2+𝐻2𝑂 ∗ 𝐾𝑎𝐻𝐶𝑂3 ∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴2− −

 𝐶𝐶𝑂2𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐶𝑂2+𝐻2𝑂 ∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂42−
∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴2− −  2 ∗

𝐶𝐶𝑂2𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐶𝑂2+𝐻2𝑂 ∗ 𝐾𝑎𝐻𝐶𝑂3 ∗ 𝐾𝑎𝐻3𝑃𝑂4
∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴2−

∗ 𝐾𝑎
𝐸𝐷𝑇𝐴3−

−

 𝐶𝐶𝑂2𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐶𝑂2+𝐻2𝑂 ∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴2− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴3− −  4 ∗

𝐶𝑁𝐴2𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂42−
∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴2− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴3− −  2 ∗

𝐶𝐾𝐻2𝑃𝑂4𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂42−
∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴2− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴3− −
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Page 167 

 𝐶𝐾2𝐻𝑃𝑂4𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂42−
∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴2− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴3− −

 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂42−
∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴2− ∗ 𝐾𝑤)   

 

+ [𝐻+] ∗ (− 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂42−
∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴2− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴3− ∗ 𝐾𝑤

−  2 ∗ 𝐶𝐶𝑂2𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐶𝑂2+𝐻2𝑂 ∗ 𝐾𝑎𝐻𝐶𝑂3 ∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂42−
∗ 𝐾𝑎𝐸𝐷𝑇𝐴

∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴2− −  2 ∗ 𝐶𝐶𝑂2𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐶𝑂2+𝐻2𝑂 ∗ 𝐾𝑎𝐻𝐶𝑂3 ∗ 𝐾𝑎𝐻3𝑃𝑂4
∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴2− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴3− − 𝐶𝐶𝑂2𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐶𝑂2+𝐻2𝑂

∗ 𝐾𝑎𝐻3𝑃𝑂4
∗ 𝐾𝑎𝐻𝑃𝑂4 

∗ 𝐾𝑎
𝐻𝑃𝑂4

2−
∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴2−

∗ 𝐾𝑎𝐸𝐷𝑇𝐴3−
) 

 

 − 2 ∗ 𝐶𝐶𝑂2𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝐾𝑎𝐶𝑂2+𝐻2𝑂 ∗ 𝐾𝑎𝐻𝐶𝑂3 ∗ 𝐾𝑎𝐻3𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂4 ∗ 𝐾𝑎𝐻𝑃𝑂42−
∗ 𝐾𝑎𝐸𝐷𝑇𝐴 ∗ 𝐾𝑎𝐸𝐷𝑇𝐴− ∗

𝐾𝑎𝐸𝐷𝑇𝐴2− ∗ 𝐾𝑎𝐸𝐷𝑇𝐴3−  
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