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Abstract 
 

Microalgal cultivation systems for biopharmaceutical production are currently limited and 

current biopharmaceutical bioreactors are not optimized in terms of efficient light and substrate 

supply for algae. This project aims to address this gap, by establishing a process to convert and 

optimize a bioreactor system which is already established in the biopharmaceutical sector into 

a photo-bioreactor (PBR) system, facilitating axenic microalgae growth at an industrial scale 

in a regulated environment. The system to be converted is an industrially used single-use 

bioreactor, for which an optimization platform was designed including both physical and digital 

components. The physical part consisted of a 200 L PBR and a scaled down 20 L PBR, both 

mimicking physical characteristics of the industrial bioreactor, thereby enabling the rapid 

testing of new illumination systems. Different methods, such as gassing-in method (mass 

transfer), pH- and dye-method (mixing time) and optical particle tracing (hydrodynamic flow) 

were utilized to characterise the system and validate the down-scaling process, which revealed 

similar cultivation features compared to the industrial bioreactor. The predominant focus of the 

optimization platform was the supply of light: as such, accurate and precise data of the light 

attenuation were needed. A novel, practical, and easily applicable optical method using 

modified cameras for measuring the light distribution of complex light sources was developed 

to address this – Direct Chlorophyll Fluorescence Imaging (DCFI). DCFI was applied to 

Phaeodactylum tricronutum and Chlorella vulgaris cultures at different cell concentrations for 

a variety of LED wavelengths, yielding precise light maps of the light distribution into the 

culture. These light maps and the particle tracing data were combined in a computer aided 

design (CAD) process which enabled the calculation of the best configuration of the artificial 

light system (LEDs) according to the optimal light experience for the microalgae cells. The 

CAD forms the digital component of the optimization platform and completes the system. The 

optimization platform and the underlying methodology builds the foundation for a streamlined 

approach to convert existing bioreactor systems or to optimize alternative PBR systems. As 

such, this technology can help in establishing microalgae as a cultivation system in the 

biopharmaceutical sector.  
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1.1   Introduction 

Biopharmaceutical production is a steadily growing industry, with a global market value of 

$USD 188 billion in 2017 [1], and a predicted value of $USD 278.2 billion in 2020 [2]. 

Biopharmaceuticals are medical drugs which are produced or refined in biological systems. 

Bacteria, yeast and mammalian cells are the prevalent biopharmaceutical hosts used in this 

industry, although it is primarily dominated by mammalian cells with 79% of approved 

products in 2015-2017 [1]. Mammalian cells are industrially favoured for their high yield, the 

robust tools for genetic modification readily available, and their complex post-translational 

modification (PTM). The PTM, including protein folding and the N-glycosylation of the amino 

acids, are essential for the activity of complex proteins: absence or limitations of the PTM can 

change the protein characteristics, their function and structure [3]. Yeast and bacteria lack PTM 

machinery [4], hence complex protein production in these hosts need to be additionally 

modified in the downstream processes to obtain the native protein activity, which gives 

mammalian cells an edge is this regard. However, challenges with using mammalian cells are 

the costly growth media, the delicate cultivation conditions and the high susceptibility to 

culture crashes, which makes yeast and bacteria with its lower production cost, simple 

handling, and the exceptional culture scalability, preferable for proteins with simple post-

modifications. 

Microalgae are a relatively new pharmaceutical production platform, with outstanding 

advantages compared to the conventional production hosts (see Table 1-1), meaning they could 

be cost efficient and reliable production systems. Microalgae are a diverse group of 

photosynthetic organisms. Taxonomically, microalgae belong to almost every major 

supergroup in the eukaryotic tree of life. However, in industry terms, cyanobacteria 

(photosynthetic prokaryotes) are also referred to as microalgae[5]. Eukaryotic microalgae are 

capable of correctly assembling and folding complex proteins with the potential secretion of 

final product into the culture media [6], all of which ultimately diminishes down-stream 

processing [7]. In terms of operational costs, microalgae have lower raw material costs 

compared to other hosts: for example, in the case of a human antibody production system, the 

cost is approximately $USD 150 g-1 for mammalian cells in comparison to less than $USD 0.05 

g-1 for microalgae [8]. Microalgae have been recognised as a food source for centuries, which 

facilitate some of the species to be classified as “Generally Recognized as Safe” (GRAS) [9]. 

This status is given to organisms that present no harm for human consumption, and can 

therefore reduce the processing cost and toxicity concerns of biopharmaceuticals using these 
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hosts [10][11]. Regarding their cultivation, microalgae are less demanding than mammalian 

cells. They can endure broader fluctuations of temperature, pH, and substrate limitation during 

cultivation without the risk of culture crashes, which makes large scale systems more feasible 

[12]. Furthermore, microalgae do not carry the risk of endotoxin contamination [13], nor are 

there currently any known transferable human/mammalian pathogenic plant viruses [14][15]. 

Terrestrial plants share these benefits, yet their significantly longer cultivation time and higher 

scale-up costs are disadvantageous when compared to microalgae [16]. Pharmaceutical interest 

in microalgae is also reflected in the increase of publications in this field. In the last decade, 

the number of publication of microalgae in relation with biopharmaceuticals increased annually 

by around 10% to nearly 6000 publications in 2020 (Figure 1-1).  

 

Table 1-1: Comparison of diverse biopharmaceutical expression systems. Modified from [15][16][17]  

Expression 
Systems 

Bacteria Yeasts 
Cultured 

Mammalian 
Cells 

Animals Plants Microalgae 
Plant cell 
culture 

Protein folding 
accuracy 

Low Medium High High High High High 

Glycosylation None Incorrect Correct Correct 
Minor 

Differences 
Minor 

Differences 
Minor 

Differences 

Product quality Low Medium High High High High High 

Protein yield Medium High High High High High High 

Production 
scale 

Limited Limited Limited Limited Worldwide High Limited 

Production 
time 

Short Medium Long Long Long Short Medium 

Scale-up 
capacity 

High High Very low Low Very high High Medium 

Scale-up cost High High High High Medium Low - 

Overall cost Medium Medium High High Low Low Medium 

Contamination 
risk 

Endotoxins Low High High Low Low Low risk 

Safety Low Unknown High High High High 
Non- 

specific 
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Figure 1-1: Annual publications in the field of microalgae and biopharmaceuticals from Google scholar. Key 
words: “Microalgae & biopharmaceuticals”, “Microalgae & pharmaceuticals”, or “Microalgae & recombinant 
protein”  

 

 

1.1.1   Current work on genetically modified algae 

Genetic engineering has emerged as a compelling strategy for optimizing the product yield 

in the biotechnology sector [18]. Nearly 40 years ago, the first successful DNA transformation 

of the microalgae Chlamydomonas reinhardtii was described [19], and since then genetic 

modification of microalgae has massively gained traction. Biopharmaceutical production in 

microalgae has been shown in over 50 cases, including antibodies, recombinant proteins, and 

vaccines [16][20][21]. One noteworthy example is Erythropoetin (EPO), a hormone that 

stimulates red blood cell production and is used for anaemia and cancer treatment. EPO was 

one of the most widely sold biopharmaceuticals in 2009 [22] and has an anticipated global 

market value of  $USD 14.4 billion by 2024 [23]. The hormone was produced in 

Chlamydomonas reinhardtii and reached a concentration of 100 µg L-1 in initial trials [24], 

although this is still comparably lower than commercially used CHO cell lines that produce 

typically 50 mg L-1 [25]. Analysis of the glycosylation are still pending, but the hormone 

produced had a molecular weight of 33 kDa compared to 34 kDa of the native protein, 

suggesting that complex glycosylation took place. Another example of antibody expression in 

microalgae is the anti-Hepatitis B antibody produced in Phaeodactylum triconutum, which 

secreted up to 2.55 g L-1 [6]. The antibody showed a different binding affinity to the two 

receptors compared to the native mammalian protein due to a deviation of protein N-

glycosylation. Future work will focus on glycoengineering of the microalgae to enhance this 

protein activity [26].  
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Genetic engineering of microalgae typically targets the chloroplast or the nucleus. The 

chloroplast is an organelle of prokaryotic origin [13] with high protein expression levels, 

eukaryotic-like ribosomes, but no post-translational glycosylation machinery [27]. In the 

nucleus, expression is much lower, yet specific post-translational modification can be targeted 

[28]. Furthermore, the total soluble protein concentration is higher in the chloroplast, with up 

to 10% of soluble protein, compared to the nucleus (0.2%) [28]. Selection of the genetic 

engineering site is particularly relevant in cases such as the recombinant protein production of 

Pfs25, a malaria transmission blocking vaccine [29]. Pfs25 consists of structurally complex 

subunits with disulfide bonds that does not need post-translational glycosylation. The particular 

expression process in the Chlamydomonas reinhardtii chloroplast folds the Pfs25 protein with 

its disulfide bonds, but does not glycosylate the protein. Typically the production of this protein 

in other hosts lead to unwanted glycosylation or incorrect folding [29], which makes the 

chloroplast expression in microalgae an appealing platform for genetic modification for this 

type of protein. This demonstrates the capability of microalgae to work with both proteins that 

require PTM, and those that do not, with the potential of genetic modification to establish 

microalgae as industrially relevant production hosts. However, the low titre achieved also 

showcases the substantial amount of work that still needs to be done. 

 

1.1.2   Legislation covering genetically modified algae  

The environmental impact of genetically modified organisms (GMO) on other species and 

the surrounding biodiversity are difficult to test or predict, and therefore pose an unknown risk 

in the event of an environmental release [30][31]. During cultivation, either special 

containment measurements must be in place to prevent the release of the GMO or extensive 

proof of the GMO safety has to be provided to mitigate these potential risks [32]. Currently, 

several genetically modified (GM) plants are internationally cultivated or are approved to be 

cultivated outdoors for food or biomass production [33]. According to International Service for 

the Acquisition of Agri-Biotech (ISAAA), Australia and European Union have about 107 (EU) 

and 135 (AUS) commercially accepted GM plants, including cotton, maize, potato, and 

soybean, with 17 of these accepted GM crops currently grown outdoors in Australia [34]. In 

the U.S., 203 plant GM species are commercially allowed for outdoor cultivation, which might 

reflect the higher acceptance of GM plants in the U.S. [35]. The approval process for 

uncontained cultivation is substantial, including risk assessments and conformity to national 
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regulations, which, combined with the low public acceptance of GMO products in some 

countries, has encouraged producers to avoid the whole GMO issue altogether. 

There is no globally agreed upon definition for what constitutes a genetically modified 

organism. Regulations in U.S., European Union, and Australia distinguish GMOs depending 

on the method of manipulation, the transferred content, and the stability of the modification 

over several generations [36][37]. Gene modifications can be either from mutations induced 

by chemicals and radiation, or by targeted gene editing. Chemical mutagenesis is frequently 

not included in the GMO category, with the argument that this process solely accelerates 

naturally appearing mutations, does not introduce foreign DNA into the cell genome, and 

leaves no sign of the artificial modification in the strain [36][38][39]. These methods are rather 

random and need elaborate strain screening [40]. Targeted gene editing technics are more 

precise in modifying specific regions of the DNA and are preferred for their greater control, 

the reduced need for strain screening, and the ability to introduce foreign DNA into the cell 

genome [41]. Typically, these techniques rely on vectors (i.e., plasmids) that are introduced 

into the cell, which modifies the genome or the post-translational system of the cell [42]. 

Similar to chemically induced treatments, these techniques can be designed to leave minimal 

trace of an artificial modification in the strain [43].  

The definition of what is classified as GMO is determined by each country or region. In 

Europe, the European Food Safety Authority (EFSA) is responsible for the regulation of GMO 

crops and assessment of GMO applications. EFSA’s Panel on Genetically Modified Organisms 

carries out risk assessments of GMO applications based on molecular characterisation, 

comparative analysis, evaluation of potential toxicity and allergenicity, and evaluation of 

potential environmental impact [44]. Currently, European regulations classify organisms based 

on the methodology used for modification. Methods that exceed the accelerated natural 

mutation approach, for instance by introducing foreign DNA into the cell, are categorized as 

GMO. This includes targeted mutations, even if the final strain shows no sign of the mutation 

(e.g. knock-out) [45]. 

Australia and the US have similar regulations regarding GMOs. In Australia, the regulation 

of genetically modified organisms and the regulatory scheme is operated by the Office of the 

Gene Technology Regulator (OGTR). This department supplies information about how GMOs 

are regulated in Australia [46]. In the United States, GM crops are regulated by three regulatory 

agencies, with each performing different roles, i.e. the Environmental Protection Agency 

(EPA), the Food and Drug Administration (FDA), and the U.S. Department of Agriculture 

(USDA) [47]. Australia and the U.S. give the GMO classification primarily based on the 
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resulting strain and on the traceability of the artificial modification and transgenes in the strain 

[48][49]. Targeted mutagenesis that show no trace of an artificial modification beyond 

naturally occurring mutations can potentially avoid the label. Several organisms in the U.S. 

receiving a gene modification with these techniques were not classified as GMO and can be 

normally cultivated [50]. One example of this is the white button mushroom (Agaricus 

bisporus) engineered to reduce the browning of sliced mushrooms. This was achieved by 

disabling a core sequence responsible for the encoding of polyphenol oxidase enzyme with the 

CRISPR-Cas9 technique. The USDA stated that without a trace of the artificial modification, 

the GMO regulation does not apply to this strain [51]. By the end of 2020, more than 125 

engineered plants were exempt from regulation [52].  

These cases represent mainly higher plants for food application, but they have paved the 

way for modified microalgae and their uncontained cultivation. Current work on microalgae 

modified with accelerated mutation could avoid the GMO label entirely, and even GMO 

classified microalgae could possibly be cultivated outdoors, as seen with higher plants, if they 

satisfy GMO regulations in a particular country. 

The GMO regulations concern the containment of potential GMOs and their possible 

release. Biopharmaceutical production however also has to consider additional guidelines 

affecting the product quality. The most common and worldwide recognized regulatory 

guideline is Good Manufacturing Practice (GMP). GMP covers all aspects of production and 

ensures that products are consistently produced and controlled to a certain standard of quality. 

Minimum requirements and thresholds for the production process are provided, which have to 

be met in order for the product to be released on the market [53]. GMP highly emphasizes 

contamination prevention and the impact of the used materials and chemicals on the final 

product. In terms of production, each piece of equipment which is used has to qualify for their 

intended use. This can be challenging for new microalgal technologies since the cultivation 

systems have limited manufacturing data to build on to demonstrate that they adhere to the 

strict guidelines. Conformity to GMP guidelines are crucial for the production and 

commercialisation of biopharmaceuticals, and needs to be addressed early in the development 

process. As such, microalgal specific technologies either have to go through rigorous testing in 

order to demonstrate that the whole novel production system is GMP compliant, or has to 

convert existing technologies, and only have to prove that the modification achieve 

compliance. 
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1.1.3   Current methods for large scale algal production 

Efficient cultivation systems need to supply certain substrates to the culture to prevent 

substrate limitation. In regard to microalgae production, this means light and CO2. CO2 is the 

fundamental component for the synthesis of more complex molecules. A photobioreactor 

(PBR) that is incapable of providing a sufficient mass transfer will limit culture growth, 

especially in cases of high culture volumes and high cell concentrations. Microalgae in these 

scenarios directly absorb dissolved CO2 from the media, meaning cells in less aerated or mixed 

regions of the PBR will be starving. Light, i.e., photons, are the source of energy for the cells, 

rendering it as another significant limitation factor of growth – and the most challenging one 

to ensure. Light attenuation in microalgae cultivation increases during the cultivation due to 

self-shading of the cells. Microalgae cells near the illuminated surface absorb the light, leaving 

cells deeper in the culture starving for photons [54]. This effect can be countered by enlarging 

the illuminated surface in relation to culture volume, which can be challenging for industrial 

scale productions. Mixing is also relevant in this regard as it improves the photosynthetic 

photon flux density (PPFD) within the culture by distributing photons to more cells [55]. 

Efficient photobioreactors systems need to consider not only possible light limitation, but also 

light inhibition, in which cells suffer increased photo-damage by high exposures of photons, 

which will also limit microalgae growth.  

The most common designs of PBRs for microalgal cultivation can be categorized into open 

and closed systems. These two types of systems have different advantages and disadvantages 

that depend on the cultivated species, the production scale, and final product. 

1.1.3.1   Open systems 

Open systems can be broadly separated into two designs: raceway and open-pond systems. 

At industrial scale, these systems cover vast open areas which are typically uncontained, and 

therefore in direct contact with the environment. The exposed culture surface usually serves as 

the interface for the transmission of sunlight and CO2, which leads to constraints on the amount 

of optimization that can be done to improve these parameters [56]. Light distribution can only 

be adjusted by reducing the depth, which improves the surface to volume ratio. Mass transfer 

in open pond occurs solely on the water surface, while in raceway ponds additional agitation 

of the culture with paddles, jets, and airlift system improves the mass transfer, although it also 

increases the energy demand. Due to their low CAPEX and OPEX, these open systems are 

widely used for low value products such as oil, biomass, and pigments [57]. However, open 
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systems hold inherent disadvantages for the use of genetically engineered microalgae (GEM), 

especially for pharmaceutical production.  

Maintaining controlled culture conditions in open systems is difficult due to the large culture 

volume and the impact of external environmental conditions (e.g. seasonality, precipitation, 

etc.), which presents a challenge for the production of high value products in a GMP 

environment. Relevant culturing parameters such as pH, temperature, and light exposure are 

highly dependent on environmental conditions, which can be difficult to control. One improved 

design was able to maintain the temperature in a 8,500 L raceway pond by adjusting the culture 

volume flow and preventing overheating due to sun irradiance by keeping parts of the pond 

covered [58][59]. Control of the pH has been accomplished in a pilot-scale airlift raceway pond 

by active aeration used to buffer the pH, but also to keep the culture in motion [60]. However, 

fine control is still limited in open systems. 

By the very nature of an open design, the culture is in direct contact with the environment 

which elevates the risk of product contamination. Natural competitors, bacteria, or viruses can 

overgrow or infest the GEM, resulting in decreased productivity or the loss of the complete 

batch [61]. Cultivation of higher plants for biopharmaceuticals face similar challenges to meet 

GMP compliance with potential microbial contaminations in the soil. In order to contain 

sources of contamination, higher plants are grown in fully automated and sterile hydro-cultures 

facilities, thereby reducing contamination risks and costs [62]. Theoretically, this approach 

could also be applied to open pond cultivation with glasshouses and containment facilities as a 

quasi-sterile environment, yet clearly, this would reduce the open pond advantage of low 

CAPEX and OPEX. A more appropriate solution is something like the Pharma-Planta project, 

a GMP compliant production of monoclonal antibodies in higher plants for a stage 1 clinical 

trial [63]. In this project, genetically engineered tobacco plants were grown in partially 

controlled, but not completely contained, greenhouse facilities on common soil and municipal 

water [64], hence in non-sterile environment. The approval of the European regulatory bodies 

was gained by splitting the production in specific up- and downstream process phases. The first 

phase, including cultivation, harvesting, and primary processing, took place in the greenhouse 

facility, an unsterile- and non-GMP environment, yet with standard operational procedures for 

processes and materials to keep the product quality risks to a minimum. In phase two, the plant 

extract was transferred to a GMP-certified facility and further processed [63]. This approach 

was adopted into the “Guideline On The Quality Of Biological Active Substances Produced 

By Stable Transgene Expression In Higher Plants” [65]. Although this strategy includes only 

higher plants, the guideline could be used as a primer for the cultivation of GEM in open ponds 
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using less strict clean room conditions, or even uncontained cultivation. However, open 

cultivation systems still have a high contamination load that could possibly affect the product.  

A commonly used technique to control contamination of ponds is the use of selective media 

and culture conditions that work in favour of the desired microalgae. Depending on the strain, 

this can be done with high salinity, pH, chemicals, pesticides, or antibiotics and resistance 

genes in the microalgae [66]. However, with increased cultivation volume, the chemical dosage 

required is elevated which can reduce the economic feasibility. On the other hand, the chemical 

consumption of the system can be controlled by identifying the dominant contamination source 

in the culture. By knowing the main contaminant, the chemical and pesticide usage can be 

adjusted for the contamination type and its severity [61]. Another approach is the use of 

selective nutrients in the media that can only be utilised by the desired host, which makes 

pesticides and antibiotics unnecessary. A strain of Chlamydomonas reinhardtii was designed 

to grow specifically in a selective media. The microalgae was modified to express phosphite 

oxidoreductase, enabling it to grow on both phosphite and phosphate as a phosphorus source 

[67]. Even though phosphite is ubiquitous in the environment [68], it is present in far smaller 

concentrations compared to phosphate. While natural phosphite metabolism does occur in 

some bacteria and yeasts [69], laboratory experiments demonstrated that the modified algae 

with phosphite-only media has an advantage over most microbial competitors. Even after the 

introduction of native contaminants, the microalgae culture was able to thrive for 16 days [67]. 

So far, this has only been demonstrated at laboratory-scale, but the potential for application in 

outdoor cultures could reduce the overall load of contaminants [70]. However, it does not 

completely prevent them, which might leave traces of contamination in the final product.  

Prevention of product contamination is important for the economic feasibility and safety 

concerns of the product, but equally relevant is the risk of a release of GEM into the 

environment and the resulting impact on the surrounding ecosystem. Typically, microalgae are 

introduced by wind and fauna from the open pond into the natural habitat, with one of the main 

concerns being that the GEM could outcompete local species in their natural habitat, or 

introduce foreign DNA into the natural system via horizontal gene transfer or sexual transfer 

[71][72]. Large-scale trials were conducted in the U.S. to estimate the proliferation of GEM in 

the environment and its consequences on the natural systems [73]. Acutodesmus dimorphus 

was genetically augmented for enhanced fatty acid biosynthesis and the expression of a 

recombinant green fluorescent protein. Cultivated in an open pond, the spread of the GEM was 

monitored in water filled ponds, situated around the cultivation pond at different distances. 

qPCR detected the GEM primarily in traps that were in the path of the prevailing wind direction 
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from the culture, up to the 50 m away. However, the study did not prove that GEM outcompeted 

the natural species after 50 days. In fact, other studies showed that GEM might be less fit 

compared to wild types, due to their higher genetic load and special nutrient requirements [30]. 

This suggests that released GEMs would not pose a threat for the natural environment; 

however, the impact on the ecosystem as a whole is not predictable and might differ according 

to the type of GEM released [74].  

One strategy is to reduce the survivability of the GEM which can be done with different 

genetic modifications. The aforementioned phosphite method was used in the cyanobacterium 

Synechococcus elongatus, which was genetically modified to grow selectively on phosphite as 

the essential phosphorus source [75]. In this case, this was done to reduce its survivability in 

the natural habitat of the area where it was to be cultivated. In case of an accidental release into 

the environment, the inability to absorb natural phosphate and the insufficient supply of 

phosphite in nature would lead to its extinction. Another approach is the use of suicide genes 

that would further increase the biosafety of a strain. The switch would induce a self-destruction 

mechanism in the cell under specific environmental conditions, such as the presence or absence 

of a substrate or molecules. These systems rely on a strong genetic promoter that starts 

expressing essential or terminative proteins that induce cell destruction [76]. Several 

applications are possible, depending on culture and environmental conditions, such as: i) 

permanently induced expression of an essential protein while in the culture media, leading to a 

termination when no longer in that specific media (e.g. in the wild); or ii) induction of a 

terminating protein when exposed to certain environmental conditions [77]. The feasibility of 

these death switches was shown in the cyanobacterium Synechocystis sp., with the metal-ion 

induced promoter (copM). The promoter was induced at high metal ion concentration in the 

media and expressed a non-specific nuclease NucA (originally from another cyanobacteria, 

Anabaena). Variations in the metal-ion concentration of the media resulted in nuclease 

expression, thereby resulting in DNA degradation in the cell which ultimately led to cell death 

[76]. A similar approach is the constitutive expression of a toxin and the induced expression of 

an antitoxin in the cyanobacterium Synechocystis sp.. By removing the inducing signal for the 

antitoxin expression, the cell cannot neutralize the expressed toxins anymore, which results in 

cell termination. Both methods could be successfully utilized as a death switch [76]; however, 

they are highly dependent on a strong inducible promoter and the technology transfer into 

eukaryotic microalgae may pose a challenge for these methods. 
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Future cultivation of GEM in outdoor systems will depend upon risk assessments which 

should consider the fitness of the strain in the environment, possible gene transfer, and toxicity 

to the natural habitat. Evaluations have to be performed on a case by case basis, and the 

potential benefit has to be weighed against potential environmental ramifications [78]. The 

cultivation of GEM in open ponds might be viable in the future, however, open systems need 

further developments in their design to meet the regulatory challenges for pharmaceutical 

production. 

 

1.1.3.2   Closed photobioreactors  

Closed PBR systems represent a more promising production platform for biopharmaceutical 

production in microalgae. These systems can be similar to existing bioreactors (such as 

fermenters) which are already widely used for the GMP regulated production of bacteria, yeast, 

and mammalian cells. The design of a closed photobioreactor differs from commonly used 

stainless steel systems however, since there is the additional need to provide light to the culture 

for microalgae to grow. Typically, the PBR shell is made of transparent material (e.g., plastic, 

glass), thereby enabling light to penetrate into the culture through the side walls. Another 

option is internal illuminations systems – light sources that are submerged into the culture in 

order to distribute light more evenly [79][80]. These systems increase the illuminated surface 

of the PBR and diffuse light into the culture with optical fibres or transparent rods, and have 

been shown to have a positive impact on the culture growth rate [81][82]. A potential drawback 

of these systems is the possible interference with the mixing, which is an important aspect of 

closed systems. Closed systems typically need active mixing to perform efficiently. Mixing 

ensures the homogeneity of the culture and can be supplied via impellers, aeration, or media 

agitation by pumping [83]. Mixing supports the mass transfer of the crucial CO2 required for 

photosynthesis, which is typically supplied via membrane or direct aeration [84].  

There are many PBR designs in use for different applications, with the main types  

categorized as: tubular, flat panel, and fermenter-type bioreactors, with detailed descriptions 

found in various reviews [56][85]. Most closed systems have a high cultivation reproducibility 

due to the tight environmental control, good mass transfer, and comprehensive monitoring 

systems, even at larger scales. The drawback of these systems is the higher energy 

consumption, which can be 500 times higher for a tubular PBR compared to an open system 

[86]. Contamination risks in closed systems are significantly lower. Nevertheless, a second 
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containment level should be in place to prevent the transfer of GEM through spills, in the 

unlikely event of an incident [77].  

Product contamination in traditional durable bioreactor (BR) systems occur mainly because 

of incomplete cleaning, sterilization, or incorrect process handling [87]. Even for an established 

processes such as fermenters, the cleaning and sterilization procedures are extensive and, 

especially in the GMP environment, require thorough process design and documentation [88]. 

Since cleaning and sterilization measures are a high cost factor [89], there is increased research 

and development focused on minimizing these. One solution is the use of single-use 

technology, which is becoming increasingly popular in GMP production [90]. In single-use 

systems, any reactor parts that comes into direct contact with the pharmaceutical product are 

replaced with new, pre-sterilized components after each production run, which eliminates the 

need for cleaning and in-place sterilization. Additionally, the technology offers more process 

flexibility with its adjustable and rearrangeable components, and reduced turnaround time 

between batches [91]. Analysis for monoclonal antibody production reported 22% lower OPEX 

compared to a traditional stainless steel facility [92]. This technology can be utilized in single 

process steps or for whole systems, which can lead to an efficient mix of durable stainless-steel 

and single-use systems [87]. The retrofit of a clinical plant with single-use systems lowered the 

annual costs of water for injection (WFI) and labour costs by $USD 250,000 and $USD 60,000, 

respectively [92]. Besides economic factors, environmental impacts of single-use systems must 

be considered. Single-use systems have the disadvantage of more plastic waste, yet the overall 

environmental impact of single-use is lower compared to traditional fixed-in-place technology 

due to the lower water, detergent and energy usage over the lifespan of the equipment [93] 

[94]. 

For microalgae cultivation, single use systems provides additional advantages: the plastic 

layer used in these applications are typically transparent, allowing more flexibility for 

illumination systems attached outside the bags [95][96][97]. Furthermore, the cultivation of 

marine microalgae in saltwater media would increase the maintenance effort for stainless steel 

systems due to higher potential for corrosion and salt residues – factors that can be avoided 

with single-use systems [98]. An industrial example for the pharmaceutical production of 

phototrophic microorganisms in single-use systems is the moss cultivation by Greenovation 

[99]. These single cell moss strains are currently producing drugs for several orphan diseases 

(Fabry disease, C3 glomerulopathy (C3G), and Pompe disease). They are cultivated in single-

use wave bag bioreactors (up to 500 L) which are artificially illuminated and operated in an 

approved GMP environment [100]. There are several novel challenges inherent in single-use 
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technology, such as the diffusion of leachables from the plastic materials into the culture [101]. 

These leachables can negatively impact the growth of the microalgae, the product yield, or its 

quality. However, the moderate cultivation conditions for most phototrophic microalgae 

cultivation, absence of organic solvents and ambient cultivation temperatures (often around 

23˚C), in addition to careful selection of the single-use material might diminish the potential 

for material leachate [102]. The utilization of single use systems in pharmaceutical production 

are furthermore promoted by new guidelines such as the EU GMP Annex 1 guideline and 

organisations such as the International Society for Pharmaceutical Engineering (ISPE), with 

the caveat that the interaction between the product and product contact surface is carefully 

understood [103][104].  

Industrialization of microalgae for biopharmaceuticals is not yet fully realised, mostly due 

to the absence of a highly productive strain (e.g., high product titre). Nevertheless, from a 

regulatory and economic perspective, closed systems seem to be the preferable choice for high 

value production, especially in case of GMOs, for the foreseeable future. 

 

1.1.4   Bottlenecks/ Challenges in commercialisation  

1.1.4.1   Upstream: Challenges in production strain creating 

The establishment of microalgae as a valid production host in the biopharmaceutical sector 

currently has several limitations. One important challenge is the genetic modification of the 

algae with a robust transformation process. Currently Clamydomonas reinhardtii is the only 

microalgal species for which chloroplast transformation is well established, which highlights 

the pressing need for a more diverse toolbox for genetic modification. Furthermore, it is not 

uncommon that foreign genes introduced to a transformant cannot be expressed, potentially 

due to the lack of stable transformation systems due to codon bias [86][87]. The codon-

optimization method has been improved in C. reinharditti [107] and software for codon-pairing 

is available [108]; however, there is still a need for further development with other microalgae 

species. Random integration of transgenes [109] and unstable transgene expression by gene 

silencing [110] also poses problems for successful nuclear transformation. Alternatively, 

CRISPR-Cas9 system could be utilised for targeting transgenes into specific regions of the 

genome, offering a solution for random integration of transgenes through nuclear 

transformation [111][112][113]. As the regulation of GMP production relies on master cell 

banks with identical clones that have been previously characterised and approved [114], any 

source of genetic instability arising within GEM may limit their use in GMP production. Some 
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microalgae can be stored over a long period of time via cryopreservation, although 

cryopreservation protocols are not necessarily interchangeable between algae species and are 

not developed for all species [115]. Optimization of the cryopreservation process based on the 

microalgal strain is necessary to increase the viability of the cells after thawing; this is 

particularly challenging for GEM strains that are potentially more sensitive to the process 

[116]. Furthermore, the freezing process can also influence the functional performance of the 

strain, which might affect the productivity [117]. Chloroplast transformation may present a 

more promising strategy for precise engineering and high-level expression of transgenes due 

to its ability to target transgenes into specific genomic regions via homologous recombination 

[118][119]. However, this method of transformation can sometimes exclude post-translation 

modification of proteins [24], resulting in the production of untargeted proteins.  

The surge in the development of molecular tools, including methods to enhance gene 

expression and transformation, have the potential to improve algal biopharmaceutical 

production. Genome information is currently restricted to a few species, commonly used in 

research and industry. The application of new sequencing techniques may provide 

opportunities for sequencing new microalgae species, some of which might be easier to 

manipulate or natively show higher production rates [120]. This should allow for higher 

product titre per algal cell, which are currently still lagging behind the more well-established 

hosts. 

 

1.1.4.2   Cultivation challenges 

Economic viability of microalgae depend on how the PBR supports the productivity of the 

algae. Typically, high biomass yield translates into a high overall product titre. One of the most 

challenging aspects of microalgae cultivation is the supply of light. Self-shading of the cells, 

due to absorption and scattering of light, results in a gradual decrease in the light penetration, 

which is particularly true in later stages of cultivation with high cell densities. Major constraints 

for achieving substantial biomass arise from light limitation, a state in which the cells do not 

receive sufficient photons for photosynthesis, and light inhibition, a state of increased photo-

damage due to over exposure from too many photons [121][122]. Growth rate limitations at 

industrial scale are predominantly caused by inferior light supply [123], hence, there is a need 

for special consideration of the illumination source when designing photo-bioreactors. Optimal 

growth can only be achieved by balancing the light saturation with the mass transfer, such that 
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the cells are exposed to sufficient photons without over- or under-saturating them and have 

sufficient access to the substrates required.  

 

1.1.4.3   Downstream challenges  

Downstream processing is key for transforming algal biomass into the desired product(s). 

The economic viability of microalgae-based products depends on reducing the technological 

limitations of downstream processing of microalgae products [124]. Downstream processing 

is a major cost factor and can exceed 80% of the total production cost of biopharmaceuticals 

in higher plants and microbial production hosts [125][126]. Once the product is extracted, the 

processing can be quite similar to other host systems. The harvesting and extraction process 

however will be unique to algae. The high-water content of algal biomass during the cultivation 

step makes dewatering unavoidable as a first step to reduce the overall volume and the 

corresponding processing cost. For microalgal biomass production (e.g. for biofuels), this cell 

harvesting step can take up to 30% of the production costs [127], highlighting the need for 

process optimization that could be done at this step. This can be achieved by improved 

harvesting technologies [128], and/or by increasing biomass concentration in the growth 

culture phase by improving the cultivation systems .  

 

1.1.5   Conclusion 

Microalgae are a promising alternative to established hosts, with the promise of a cheap and 

robust production system for biopharmaceuticals. However, the technology is currently in the 

preliminary stages of research and validation. There is ongoing research into improving 

production strains, which will most certainly rely on genetic modification to improve 

productivity and product expression.  

Outdoor cultivations at this point are unlikely, considering the heightened regulation of 

GMO containment and product quality requirements. However, GMP requirements could 

potentially be satisfied by separating the production processes and ensure the product quality 

in the downstream process, as seen with higher plants [63], while the risk of environmental 

release could be minimised by physical containment or genetic restraints. Still, genetic 

containment is in its infancy, and mechanical isolation increases the investment cost, hence 

counteracting the cost advantage of open systems. Since significant work is still required to 

improve the product titre, avoidance of the GMO label for production strains will be rather 

unlikely, even with the utilization of new engineering technologies. Modification of 
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biopharmaceutical strains can be considerable and might include transgenes, which nearly 

always means that they are currently classified as GMO. Closed systems for cultivation pose a 

better option in this scenario. The production can be tightly controlled, and regulatory 

requirements are easier to apply, which suggests closed PBR systems, especially single-use 

systems, are a promising cultivation system for future biopharmaceutical microalgal 

production.  

 

1.2   Project outline 

Microalgae are an exciting new host system for the production of biopharmaceuticals. 

However, currently the growth systems utilized in the biopharmaceutical industry are not 

optimized for the efficient cultivation of microalgae, as they are not designed with autotrophic 

organisms in mind. This can lead to poor conversion of existing bioreactors, which leads to 

suboptimal growth resulting in low product titre, further increasing down-stream costs. For 

microalgae to compete with traditional production hosts in the biopharmaceutical market, 

investment and operational costs of production must be lowered. Designing such a photo-

bioreactor (PBR) is a challenge. A completely new design may take time to achieve the 

necessary certification [129]. As such, one option is to use an existing bioreactor widely used 

in the pharmaceutical industry and adapt it for use with microalgae. 

In order to design such a system, an optimization platform to convert an existing bioreactor 

was established in this thesis. The platform includes physical PBRs, a computer assisted design 

(CAD) process, and a methodology for conversion and optimization of an existing bioreactor 

into a PBR (Figure 1-2). The methodology for the conversion was designed to be flexible, with 

the intent to adapt bioreactors of different geometry, volume-scale, and different microalgal 

species. Several aspects needed to be considered for the initial bioreactor system: compliance 

with current (GMP) regulations, containment of GMOs, and process control. The proposed 

PBR system is based on a GE Xcellerex bioreactor system: a single-use application consisting 

of a control unit, a cooling jacket, and a single-use bag with integrated impeller-aeration system 

and modifiable tube connectors. The Xcellerex is a fermenter-type closed bioreactor that is 

tightly controllable, and is commonly used to cultivate bacteria and mammalian cells in the 

pharmaceutical industry (GMP environment) [130].  

System optimization was predominantly focused on improving the light distribution into the 

PBR. The aim was to design a PBR that provides sufficient light of the correct wavelength to 

the cells, so that the culture can grow optimally without suffering from light limitation or excess 
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level of light. Designed like a fermenter, the shape of the initial bioreactor system suffers from 

its the relatively low surface to volume ratio. The cylindrical shape, with its large diameter, 

limits the ability to supply light through surface illumination. Light attenuation due to self-

shading of the cells leads to a lack of light supply after a few centimetres, especially in cultures 

with high cell density. Typically, a narrow PBR vessel is favoured to increase the surface area 

(supplied light) per culture volume. However, the light exposure of the cells is dynamic and 

depends on the flow pattern of the culture within the bioreactor. A favourable mixing pattern 

and an optimized illumination system could compensate for this design flaw by improving the 

light distribution in the converted BR.  

Typically, light attenuation is obtained by manually measuring the light intensity inside a 

PBR or calculating the light attenuation through models such as the Beer-Lambert law. 

However, these methods have limitations for complex PBR shapes or illumination systems, 

and can be time consuming to empirically determine the relevant constants for each new 

species and density. Therefore, a more practical method was developed for this thesis which 

enabled the creation of high-resolution light maps (Chapter 2). The Direct chlorophyll 

fluorescence imaging method (DCFI) captures emitted fluorescence from algae cultures with 

cameras and converts the images into light intensity images. These images (light maps) were 

of a resolution of 10 µm and can be further transformed into three dimensional volumes. An 

initial calibration step is needed for each new species, but it can then be used for that species 

across a wide range of PBR designs. 

Modifications of a sophisticated existing system, such as the Xcellerex, can be costly and 

time-consuming, since material costs are high and physical modifications cannot be easily 

applied. Therefore, the optimization platform was designed to freely retrofit the process 

parameters, and illumination system. The optimization platform consists of three parts: 1) a 

200 L cage bioreactor, used to test final modification before changes are applied to the 

Xcellerex system; 2) three scaled-down PBRs of 20 L culture volume, used to evaluate 

modification impacts on growth in a more rapid manner; and 3) a computer model of the system 

to optimize the cell exposure to light and accelerate testing of modification on design and 

cultivation parameter. Optimizations can be rapidly made in silico, and then translated into the 

20 L and the 200 L PBR for testing. The improved setup can then be transferred into the 

industrial system (Figure 1-2). 
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Figure 1-2: Project overview. The PBR systems (part 1 and 2) were based on the industrial GE Xcellerex system 
geometry and physical parameters were validated. Characteristics of hydrodynamic flow (particle tracing 
method) and the light distribution (DCFI method) were measured, and the resulting hydrodynamic data were 
combined with the light maps in a CAD process to calculate the optimal LED configuration. This optimized 
design can then be transferred and tested back in the PBR systems. 

 

 

The 200 L cage PBR (Part 1) was designed with the dimensions of the original Xcellerex 

system. Similar performance of the optimization platform is essential to translate modifications 

to the industrial system. The ability to replicate the industrial bioreactor was tested for the 200 

L PBR with the mass transfer and mixing time (Chapter 3). Furthermore, the scale-down 

approach of the 200 L PBR to the 20 L PBR was validated. The 20 L PBRs (Part 2) were 

dimensionally scaled down to keep the illuminated surface / volume ratio proportional to the 

200 L PBR. This scale-down approach was chosen to keep the surface area ratio consistent 

during scaling. However, this scaling method cannot ensure a similar light distribution into the 

PBR since the light penetration of the LEDs can, even with adapted light intensity, not easily 

be scaled. Correct scaling of certain process parameters, such as mass transfer rate and mixing 

time, was crucial in order to correlate the 200 and 20 L PBRs. Chapter 3 additionally analyses 

the hydrodynamics of the optimization platform by applying a particle tracing method to track 

movement within the bioreactor and highlight laminar and turbulent zones within the PBR.  

The computer model (Chapter 4) combined the hydrodynamic data with the light maps to 

calculate the dynamic light exposure of the cells during cultivation. Culture mixing induced by 

aeration moves cells continuously through different light zones of the bioreactor. By tracing 

the liquid flow through these light zones, a light history of the cell can be estimated, facilitating 
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the calculation of the duration and intensity of the light exposure, as well as the total exposed 

light experienced during cultivation. Both the mixing rate and the arrangement of the illumi-

nation system can impact these light exposures. The results of this model can be used to con-

figure the artificial illumination system to optimally fit different mixing rates and microalgae 

species, thereby potentially leading to increased growth, while reducing the material and 

energy costs of the system.  

The project designed an optimization platform capable of converting the single-use 

Xcellerex bioreactor into an efficient PBR system. Furthermore, the established platform 

allows ongoing optimizations efforts while the converted industrial PBR is used in production.  

 

The specific aims of this project are: 

Aim 1: Characterization of the illumination system used for the bioreactor conversion  

Objectives: 

• Identification of suitable illumination system for industrial cultivation 

• Development of a method to accurately measure the illumination system 

• Characterisation of the illumination system in regards to light distribution and light 

attenuation.  

Aim 2: Validation of the optimization platform and verification of the down-scaling 

approach 

Objectives: 

• Design of the physical components based on the industrial bioreactor system 

• Analysis of mass transfer and mixing time of the optimization platform and 

verification against the industrial bioreactor 

• Analysis of the hydrodynamic flow pattern with an empirical particle tracing 

method 

Aim 3: Calculation of the ideal light source configuration based on the light exposure of 

microalgae cells 

Objectives: 

• Developing a computer aided design process to combine light distribution 

measurements with particle tracing data and calculating ideal light configuration 

for different settings. 
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Chapter 2     

Light attenuation in a photo-bioreactor; 

a practical approach of light mapping algae culture to 

optimize illumination of photo-bioreactors 
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2.1   Introduction 

Microalgae are photosynthetic microorganisms that are capable of producing complex 

molecules with CO2 and light in a nutrient rich medium. They are primarily cultivated for lipid 

or biomass production, but are also gaining increased interest as a biopharmaceutical produc-

tion platform [21]. The production cost of recombinant proteins in algae is predicted to be lower 

compared to traditionally used host systems, such as mammalian or yeast cells, which makes 

this technology attractive to industry [131]. Furthermore, microalgae are simpler to culture with 

reduced contamination risks and high volume scalability [16].  

Microalgae are typically cultivated in photo-bioreactors (PBR) which use natural or artifi-

cial illumination to supply essential photons to the cells. PBRs range from closed benchtop 

bioreactors to open raceway ponds for industrial applications, where the desired product 

imposes restrictions on the type of bioreactor used. Different light distribution occurs in these 

bioreactors depending on the shape of the bioreactor, the light source, and the microalgae 

species. Furthermore, the cell concentration influences the light attenuation: incoming photons 

are absorbed and scattered by algae cells, gradually diminishing photon availability for cells 

further from the light source (self-shading) [132]. This is particularly true in later stages of 

cultivation with increased cell concentrations. For example, in Chlorella vulgaris cultures a 

decrease of 35% and 92% in photosynthetic photon flux density (PPFD) was observed at cell 

densities of 0.09 g L-1 and 1.34 g L-1 respectively within 2 cm of the light source [133]. This 

light gradient through the culture creates several zones in the PBR: a dark zone, a light saturated 

zone, and an optimal growth zone. Dark zones can be defined as the area in which the PPFD is 

not sufficient for photosynthesis. Microalgae in this zone experience light undersupply, 

resulting in diminished or no growth. On the other hand, in the light saturated zone the exposure 

to high irradiances induces light inhibition in these cells. Typical photon saturation thresholds 

vary around 150–400 μmol m-2 s-1 depending on the species and wavelength [134]. Beyond this 

irradiance, stress can occur where the photosystem is damaged and the cells redirect energy 

into cell repair and light protection (photoinhibition), resulting in reduced cell division [135]. 

The optimal growth zone is located between these two areas, in which the cells are exposed to 

enough photons for photosynthesis, yet are not saturated, with enough time for the photosystem 

to regenerate after high light exposure [136].  

However, not only is the intensity (quantity) of light crucial, but the wavelength (quality) 

also impacts cell growth. Algae have specific light absorption spectrums that are influenced by 
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the occurrence of specific pigments in the cells. These pigments absorb light of different wave-

lengths, enabling the cells to grow using a broader light spectrum. Typically, algae have a low 

absorption in the green spectrum and a high absorption of blue and red light (see Table 2-1) 

[137]. This absorption, together with the scattering characteristics of microalgae, are funda-

mental for light penetration into the liquid culture. Less absorbed wavelengths can penetrate 

deeper into the culture compared to strongly absorbed wavelengths [138]. The mix of different 

light qualities, or their exclusion, should be considered when designing PBR lighting.  

 

Table 2-1: Light absorption peaks and pigments typically be found in different algae species. 

Algae species Cell pigments Absorption peaks (nm) Ref. 

Phaeodactylum 
tricornutum 

Chl a, Chl b, Fucoxanthin 435 500 680 [139] 

Chlorella vulgaris 
Chl a, Chl b, 435 485 680 [139] 

-carotene, astaxanthin, and lutein 410–430 450 640–660 [140] 

Chlamydomonas 
reinhardtii 

Chl a, Chl b, Carotenoids 440 495 630, 680 [141][142] 

Summary  420–440 450–500 630–680  

 

 

Microalgae growth and cell composition can differ with the light quality. Illuminating 

Chlorella vulgaris with blue light caused an increase in cell size, whereas red light resulted in 

small-sized cells with high division potential [143]. Colours such as blue, green, and purple 

showed a significantly lower growth rate compared to white in Chlorella sp.. Curiously, purple 

light, created by combining blue and red light (2:8 parts), had significantly lower growth rates 

than solely red light, implying that the supplemented blue light had a severe inhibiting effect 

[144]. However, Chlamydomonas reinhardtii requires blue light to grow, even in very low 

quantities such as when mixed in with other lights [138][145]. Interestingly, mixing in other 

wavelengths (e.g. yellow) can reduce the overall light stress in the algae, thereby promoting 

growth overall [146]. In general, blue and red illumination promotes the best growth in 

Chlamydomonas reinhardtii and many other microalgae [147]. Further examples are listed in 

Table 2-2. 
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Table 2-2: Impact of wavelength on different algae species. 

Wavelength 
(nm) 

Algae Effect Ref 

~430-460 
Dunaliella tertiolecta, 

Thalassiosira rotula 
Increased protein synthesis, carbon uptake and respiration [148] 

460 
Phaeodactylum 
tricronutum 

Increase in protein concentration, but decrease in 
carbohydrate concentration compared to 660 nm 

[149] 

520 Chlorella vulgaris Decreased fatty acid production [144] 

550 Nanochloropsis sp. Increased fatty acid methyl ester production [150] 

~600-650 
Dunaliella tertiolecta, 

Thalassiosira rotula 
Increased protein synthesis, carbon uptake and respiration [148] 

> 700 Duneliella bardawil 
Decreased lag phase at cultivation start and increase in 
growth rate. Increases carotenoid production (irradiance 
protection). Decreased cell density 

[151] 

 

 

Light quantity and light quality have to be balanced in order to provide beneficial wave-

lengths to the cells without inducing photoinhibition [152], which emphasises the need for 

precise illumination systems to optimise cell growth. Knowledge about the type of irradiance 

and the abundance of specific wavelengths are crucial to optimize the PBR. Typically these 

details are understood by mapping the illuminated culture manually with Photosynthetically 

Active Radiation (PAR) sensors [153][154][155], or by calculating the light attenuation based 

on the Lambert-Beer-Law [156]. In the case of manual mapping, the PAR sensor has to sample 

the whole PBR in order to generate an accurate overview of the light distribution, with separate 

iterations for different species and culture conditions. This can result in extensive labour 

requirements for a complex PBR system, especially for high resolution light maps [153]. The 

mathematical approach does not account for certain PBR reflections or the complex light 

profile of a non-homogeneous LED light source. Photon flux is calculated as homogeneously 

distributed from the surface, which is sufficient for reactor systems illuminated by sunlight, but 

not for PBRs with artificial light sources (such as LEDs) directly attached to the reactor vessel, 

or PBRs with complex geometry. Particular optical characteristics such as absorption and 

scattering of the different microalgae must be incorporated, and must be obtained empirically. 

These properties are species-specific and factors like the growth medium, culture health, accli-

matisation to variations in light quality and quantity [157] have to be considered for a detailed 

calculation of light distribution.  
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In this study, a practical method of fluorescence imaging was designed and applied to create 

light profiles of LEDs in a cylindrical bag photo-bioreactor. These light maps describe the 

PPFD inside the PBR, resulting in a precise light pattern of the LEDs and potential light reflec-

tions of the reactor walls. The resolution from using this method is higher and more precise 

than light maps obtained by manual mapping with a PAR sensor. When compared with 

conventional imaging measurements that uses visible light [158], the fluorescence imaging 

technique has the advantage that only fluorescence emissions of microalgae are recorded. 

Regions of the PBR that show fluorescence emission can be assumed to have photosynthetic 

activity with sufficient irradiance of the specific PAR wavelengths. This method is adaptable 

to complex photo-bioreactor geometries and could be used to identify light saturated areas. The 

setup was designed to be easy to use with a domestic camera system and enables rapid 

measurement of different illumination systems and microalgae species. Two microalgae 

species and three LEDs (red, blue, and white) were analysed in regards to light penetration and 

light distribution at different cell concentrations. The algae species were chosen for their 

contrasting characteristics in morphology, cell size and cell composition, and served as initial 

model species to validate the method. 

 

2.2   Method 

2.2.1   Theoretical background 

The underlying principle behind this method was first proposed for terrestrial leaves [159], 

and modified for algae using Normalized Chlorophyll Fluorescence Imaging (NCFI) ([160] 

unpublished). This method was further refined and adapted for this project. NCFI overlayed a 

normalized fluorescence image with a grid of PAR measurements. Both datasets are correlated 

by known Cartesian coordinates, thereby pixel values could be converted into PPFD, resulting 

in a converted fluorescence image (light map). Unlike the NCFI approach, the Direct 

Chlorophyll Fluorescence Imaging (DCFI) method links the captured pixel value directly with 

the measured PPFD by taking calibration images of the sensor position in the PBR and relating 

them with the corresponding pixel values in the fluorescence image. These calibration images 

allow for a more flexible placement of the sensor, which allows for easier utilization of the 

method in bigger and more complex PBR geometries. As such, the method does not require 

precise distance measurement and needs less effort compared to the NCFI, since the image 

processing does not require additional normalization or cropping steps in order to convert the 
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fluorescence images. These changes to NCFI made it necessary to design a new data processing 

procedure to process the fluorescence images.  

The method measures light distribution indirectly through the fluorescence characteristics 

of microalgae. Microalgae are excited by a particular wavelength and their emitted fluores-

cence is recorded. The wavelength absorption of the microalgae depends on the pigment 

composition of the cell [161]. Pigments are photon collecting molecules that absorb specific 

wavelengths. Their concentration and composition in the cell vary among species and may 

change according to the health of the culture [12]. Photons captured by pigments are absorbed, 

causing its electrons to be converted to a higher energy level. This energy is transferred to the 

reaction centre of the photosystem and is used in photosynthesis, dissipated as heat, or is 

emitted as fluorescence [162]. Chlorophyll fluorescence is a dynamic process that depends on 

the photosynthetic state, but if the sample is saturated under continuous illumination it reaches 

a steady state of emission. In such a saturated state, fluorescence is directly proportional to 

light intensity [159]. The emitted fluorescence is captured by the camera images, and by 

superimposing the location of light intensity measurements in the fluorescence image, it is 

possible to relate the pixel value with the light intensity. With several of these measurements, 

at different sites around the bioreactor, it is possible to obtain a calibration formula which, 

when applied to the fluorescence image, converts them into a 2D light map, with a converted 

PPFD value for each pixel.  

 

2.2.2   Microalgae species and growth conditions 

This method was applied to two microalgae species, Chlorella vulgaris CS-41 (Australian 

National Algae Culture Collection), and Phaeodactylum tricornutum CCMP632 (National 

Centre for Marine Algae and Microbiota). C. vulgaris is a freshwater algae with a cell size of 

1–5 μm, has a spherical shape, and shows a greenish reflectance spectrum with a low absorption 

in greenish spectrum [163]. P. tricornutum is a marine diatom, with a cell size of 5–10 μm; it 

is a fusiform diatom, and shows a brownish reflectance spectrum [164]. These species were 

chosen for their cell size, shape and different absorption spectra. Furthermore, P. tricornutum 

incorporates silica into its cell walls that might affect light scattering and the shape of the light 

path [165]. Absorption spectra of both species were measured with a spectrophotometer (Cary 

60 UV-Vis Spectrophotometer, Version 2.00, Scan Version 5.1.0.1016, Agilent Technologies 

Inc). C. vulgaris was maintained in MLA media (4-part concentrate, Algaboost™). P. 

tricornutum was maintained in F/2 media [166] based on natural seawater with a salinity of 34-
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35 ppt (Rose Bay, Sydney). Stock cultures were maintained at 21°C under constant halogen 

light. Experimental cultures were grown in 10 L aerated flasks till exponential phase (white 

halogen light 100 μmol m-2 s-1, 20:4 hours light:dark cycle, 23°C). Cultures were collected at 

different points of the exponential phase and diluted with sea- or dechlorinated tap water, as 

needed. Cell counting for each biological replicate was done before each experiment using a 

haemocytometer. Microscopic imaging and ImageJ (version 1.52p, [167]) was used to measure 

the cell size. Effective quantum yield of photosystem II (PSII) was recorded at the beginning 

of the experiment with a pulse amplitude modulated (PAM) fluorometer (Walz). Cultures with 

an effective quantum yield of 0.7–0.8 for C. vulgaris and 0.6–0.7 for P. tricornutum were used 

for the experiment. Additionally, the culture was light-adapted for at least 5 minutes to reach a 

steady chlorophyll emission (S-phase), before each experiment [168]. The culture was manu-

ally stirred before the measurement to ensure uniform distribution of light adapted cells.  

 

2.2.3   Experimental setup 

The measurement chamber was designed to simulate the vertical half of a bag PBR with the 

radius of 13.5 cm and a height of 10 cm. It was made of a metal mesh structure to support a 

plastic bag (Polyethylene (PE)) (Figure 2-1). The design was based on a 200 L plastic bag 

bubble column bioreactor in regards to its geometry and material. The chamber was filled with 

microalgae culture until the water level was 2 to 3 cm above the non-reflecting plate. Low 

reflective material was used in the measurement chamber as the bottom layer to prevent 

unwanted reflections and create a flat surface (Figure 2-1). The LED was located on one edge 

of the measurement chamber, 0.5 cm above the low reflecting layer. The side perspective of 

the measurement chamber created a light contour of the light source that was used for calibra-

tion and the analysis of the light behaviour in the culture. The top view, captured a precise 

cross-section of the light cone that was used later to calculate the light exposure (Chapter 4). 

  



Chapter 2 

28 
 

 

 

1) LED 
2) Short pass filter <710 nm 
3) PAR sensor position 
4) Long pass filter >840 nm 

5) Camera top 
6) Camera side 
7) Low reflecting material 
8) Image of the measurement chamber 
 

 
Figure 2-1: Experimental setup of the DCFI measurement. LED light is emitted through a short pass filter (< 710 

nm) into the microalgae culture. The culture either processes the photons, scatters them, or re-emits them with 
higher wavelength (fluorescence). The scattered light is filtered out by a long pass filter (>840 nm) so only 
fluorescence light reaches the camera sensor. Grey spheres in the measurement chamber show the 
representative positions of the PAR sensor. Also displayed is the actual measurement chamber.  

 

 

In the first step of this experiment, the light intensity and the position of the sensor was 

recorded. The required PAR measurements (4-Pi-quantum sensor, LI 250A, LI-COR) were 

conducted inside the measurement chamber at different positions, by placing the sensor on the 

plastic layer of the side profile (Figure 2-1). At each position, the measured PPFD value in the 

culture and an image of the side profile was captured (calibration image). This procedure was 
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repeated for several positions of different light regimes. In the second step, fluorescence images 

of the side and the top profile without the light sensor were taken. For this step, the algae culture 

was light-adapted for at least 5 minutes, ensuring that the chlorophyll fluorescence reached 

stable emission (S-phase). While keeping the light setups constant, the side images (calibration 

image) of step one and two can be superimposed and the pixel values of the sensor positions in 

the fluorescence image can be extracted. The conversion is done with a calibration formula, 

obtained by plotting the pixel values with the PAR measurements (section 2.2.2   ). This 

calibration has to be done once for each species, LED colour and cell concentration, but can 

then be applied to similar set ups (e.g., same algae with same LED) without additional 

measurements.  

 

2.2.4   Camera 

Two cameras (modified Canon EOS 1500D, with Canon EF 50mm f/1.8 STM lens) were 

positioned in front of the side and on top of the measurement chamber, creating a side and top 

profile of the LED (Figure 2-1). Images with both cameras were captured simultaneously. In 

each experiment, the camera setup was held constant. The internal optical filter of the cameras 

was replaced with a full spectrum filter to allow the detection of fluorescence wavelengths 

> 900 nm. The camera modification was tested with a spectrometer, and the image sensor was 

able to detect wavelengths of 1780 nm. Camera lenses can create optical distortions at the edges 

of the camera field of view, so to avoid flawed measurements, the cameras were situated further 

away (80 cm side camera and 110 cm top camera) from the measurement chamber and posi-

tioning the chamber in the image centre. Additionally, the lens distortion was tested by 

recording a grid image (chessboard) and analysing the distortion with ImageJ. No distortion 

was detected. Images were taken with a wide variety of shutter speeds at an aperture of 1.6, 

ISO6400, and no image correction. Files were stored in raw .cr2 format. Dark current for both 

cameras was measured as a mean pixel value of ~200 in 16-bit images with a shutter speed 

between 640 – 0.5 s-1. 

 

2.2.1   Optical filter and LEDs 

The LED wavelengths were chosen for their known impact on microalgae metabolism and 

to reduce potential light stress of the cells induced by other wavelengths of the PAR spectrum 

[169]. The specific LEDs had peak emissions at wavelengths that matched the absorption 

spectrum of the algae (Figure 2-2). Blue LED of 450 nm (16,000 μmol m-2 s-1, 0.7 Ampere, 
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PCB chip with lens) was used because of its high absorption rate in microalgae, and good 

market availability. The high wavelength band in the blue spectrum was chosen as it is 

described to have a lower photoinhibition effect on cells [170][171]. Red LED of 670 nm 

(6,000 μmol m-2 s-1, 0.7 Ampere, PCB chip with lens) was selected for its high absorption in 

the red spectrum. Additionally, a cool white LED (3997K, 1,000 μmol m-2 s-1, 12 Volt light 

stripe, Ultra high 2835 SMD LED strip, Optic Fibre & LED Lighting Solutions Pty Ltd) was 

used. Unlike warm lighting with higher K-values and stronger emission in the green and red 

spectrum, cool white light predominantly emits in the blue light spectrum and provides less 

intense irradiance of higher wavelengths. The emission spectrum of the LEDs was analysed 

with a spectrometer (JAZ, Ocean optics). 

Since LEDs can emit wavelengths that might interfere with the fluorescence recording, 

different optical filters were used to prevent unwanted wavelengths reaching the cameras. An 

optical short-pass filter (300 - 700 nm, Edmund Optics) in front of the LED ensured the supply 

of exclusively PAR to the culture (Figure 2-1). A long-pass filter (> 800 nm, Edmund Optics) 

in front of the camera lens blocks interfering wavelength from the LED, along with scattering 

of the culture, thereby allowing the recording of the fluorescence emission only. Potential 

interference with the light transmission of the PE bag were excluded by testing the absorption 

spectrum with a spectrophotometer. The resulting absorption spectra showed negligible 

absorption in the relevant regions of 400 – 1200 nm (data not shown). 
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Figure 2-2: Absorption spectrum of C. vulgaris and P. tricornutum, together with the emission spectrum of blue, 

red and white LEDs. High peaks in the absorption spectrum relate to a high absorption in this wavelength 
area, whereas peaks in the emission spectrum represent the photon flux in the specific wavelength region. 
Spectrum values are normalized to the minimum and maximum values. 

 

 

2.2.2   Data processing 

The raw .cr2 images were converted into .TIFF format using Digital Photo Professional (ver. 

4.10.40.0., Canon). The image processing was done with ImageJ. The minimum and maximum 

pixel values of the fluorescence images affected the final results, due to higher noise to signal 

ratio in fluorescence images with a pixel values below 10% of the maximum value, and infor-

mation loss through photon overflow at the sensor for pixel values close to the maximum value 

(65,535 for 16-bit images). Therefore, only fluorescence images with overall pixel values 

between 10 – 90% of the maximum pixel value were chosen. The cameras captured colour 

images with three colour channels. The red, green, and blue colour channels of the side profile 

image were split and exclusively the red colour channel was further processed. Thereafter, a 

circular Regions of Interest (ROI) with the size of the sensor head (in this instance 0.05 cm2) 

were applied to mark the PAR sensor positions in the images. These circular ROIs were used 

to measure the average pixel value of the fluorescence image and thereby match the pixel 
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values of the image with the light intensity measurements. Pixel values and light intensity were 

plotted with MATLAB (R2019a, Update5, The MathWorks) using a power trend line. The 

trend line (Eqn 1) was utilized to calculate light intensity (I) with the pixel value (x) of the 

fluorescence image: 

 1) 

Where (a) represents the coefficient, (b) the power and (c) the offset of the trendline. As it was 

assumed that at light intensity zero the pixel values will have a zero value, the offset (c) was 

defined as zero. This zero intersect is an approximation, as the camera chip has naturally a dark 

current that creates a constant baseline noise resulting in a minimal pixel value above zero. 

However, the noise level is dependent on several factors, such as chip temperature, chip accli-

matisation to light and camera settings [172], which were not assessed in this study. As such 

the calculations were estimated with a minimal pixel value of zero. These power trend line 

equations were applied to each pixel in the corresponding fluorescence image, resulting in the 

conversion of a fluorescence image into a PPFD image (light map). Digital line profiles were 

used to analyse light attenuations of the images by extracting the image pixels (MATLAB). 

This yielded the pixel intensity together with its correlated position in the measurement 

chamber. The line profile stretched horizontally from the LED centre across the length of the 

measurement. Statistical analyses were done with R (Version 1.2.5033) [173]. Normality of 

the data were tested with Shapiro-Wilk, non-parametric Kruskal-Wallis test with a pairwise 

comparison between group levels using the Pairwise Wilcoxon Rank Sum tests. Correction for 

multiple testings were done with the Benjamini & Hochberg method. Discrepancies between 

tested groups were defined as significant at p < 0.05. 

 

2.3   Results and Discussion 

2.3.1   Method validation 

The proposed DCFI method is strongly reliant on the initial data processing step in which 

the pixel values are correlated with the measured light intensity values. The conversion of the 

fluorescence image into a light map is done by locating the position of the light intensity meas-

urements in the image and extracting the mean pixel value of that region in the fluorescence 

images. These mean pixel values of fluorescence intensity and the measured irradiance of each 

position in the measurement chamber were plotted (Figure 2-3), resulting in a trend line using 

the calibration formula (Eqn  1). Applying this formula to the fluorescence image converts the 
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pixel values into light intensity values, which translates the fluorescence image into a light 

map. Pixel value and light intensity show a direct correlation. Outliers that were clearly 

attributable to interfering reflections in the fluorescence image were manually removed. These 

unwanted fluorescence reflections were created by the measurement chamber and can interfere 

with the results, emphasizing the need for a properly designed test chamber to avoid unfavour-

able optical properties. 

 

 
Figure 2-3: Representative graph of the relationship between the mean pixel value in specific ROI and PAR 

measurements of the PAR sensor for different P. tricornutum concentrations. Datapoints show the irradiance 
measurement with correlated pixel value of the fluorescence image. The lines represent the associated 
calculated trend line.  

 

 

While the camera setup was consistent during the experiment, diverse fluorescence intensi-

ties were observed with the differing cell concentrations, algae species, and LEDs, which led 

to over- or under-saturation of the image. In order to prevent this over- or under-exposure, a 

range of shutter speeds were applied to each experimental setup. The reproducibility with 

different shutter speeds and their effect on the final light maps was analysed with an 

experimental dataset. The line profile of light maps with a short (0.00125 s), a long (0.025 s), 

and an optimal (0.00625 s) exposure time were compared in Figure 2-4 (B). The plotted line 

profiles correlated with the actual PAR measured, indicating that images with different shutter 

speeds can be correctly converted into light maps. However, the faster shutter speed (0.00125 

s) demonstrates higher signal fluctuations since the ratio of standard noise for the camera chip 

increases with the reduction of signal intensity due to the shorter duration of chip exposure. 

This renders images with lower signal intensities more prone to noise, which can be seen in the 

corresponding light map (Figure 2-4 A). On the other hand, excessive image exposure resulted 
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in light maps that suffer information loss due to the over-saturation of the image sensor. These 

over-saturated fluorescence images led to unrepresentative light maps (Figure 2-4 (0.025 s 

shutter speed)). Conversion of these fluorescence images led to reduced noise levels in the light 

map, but had incorrect maximum values due to the imprecise conversion formula (i.e., trend-

line). In order to avoid both cases, and to create reliable trend lines, fluorescence images with 

an overall pixel intensity below 10% and above 90% of maximum pixel intensity were 

excluded for the analysis. 

 

 

A) 

 

B) 

Figure 2-4: Comparison of light map conversions at different shutter speeds. A) Shows light maps (side view) 
based on the conversion of fluorescence images captured with three shutter speeds. The colourmap highlights 
different irradiance intensities with values below 15 μmol m-2 s-1 in white. B) The different light maps were 
analysed with a line profile (representative line shown in violet) and plotted as PPFD over the distance to the 
light source. The line plots show the different shutter speeds (grey, green, blue) with the corresponding 
irradiance measurements of the PAR sensor (red dots). The maps are based on fluorescence images of P. 
tricornutum (2.18×106 cells/mL) with a blue LED.  
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2.3.2   B-value 

A correlation of the b-value (trend line slope, Eqn 1) with the cell density was observed for 

the different experimental settings (species and LED). With a constant shutter speed, the 

increase of cell density led to a constant increase of the b-value. Figure 2-5 A shows the datasets 

of the three LEDs in P. tricornutum and the correlation between the b-value and cell density. 

There appears to be a trend between the b-value and the cell density, although further data are 

required to confirm this. Additionally, the a-value and b-value of the trend line formula are 

linearly related, enabling an estimation of the values by knowing one (Figure 2-5 B). This trend 

was consistent for all conducted experiments. Considering that the c-value (trend line intercept) 

is set to zero, the conversion formula could potentially be applied to the uncalibrated fluores-

cence image of any cell density. As such, the conversion process of fluorescence images into 

light maps could be further reduced by excluding the PAR sensor calibration (calibration 

image) since the b-value can be estimated for each cell density. The relation of b-value to cell 

concentration is specific for species and light colour, therefore measurements with different 

cell concentrations for each of these configurations would still be needed to create a solid 

database on which this ultimate conversion formula is based. Another interesting aspect of this 

relationship is the behaviour of the b-value to the shutter speed. It was observed that b-value 

correlated with the shutter speed of the camera (Figure S 1). This correlation should be further 

analysed in future work, as it might be utilized to enhance the usage of the ultimate trendline 

and could be applied as an optical on-line cell density measurement [174].  
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A) 

  

 

B) 

 

Figure 2-5: Correlation of the cell 
concentration with values of the 
conversion formula. A) The 
impact of the cell concentration on 
the b-value. Figure highlights the 
potential trend of b-value increas-
ing with cell concentration, 
showing a representative trendline 
(y = a*e(b*x)). Displayed are b-
values of the three LEDs with P. 
tricornutum. B) Representative 
relation of the b-value and the a-
value for the relationship of the 
blue LED with P. tricornutum for 
datapoints obtained from different 
shutter speeds 

 

 

2.3.3   Light map analysis 

The light maps facilitate a detailed overview of the actual shape of the LED light profile and 

reveals the light attenuation within the PBR. Resolutions of the images for top and side view 

reached 84 and 135 pixels per cm, respectively. To highlight certain regions of the LED light 

contour, certain light intensity regions were digitally coloured (MATLAB). The ranges and 

upper limits for light stress and light-limitation depend on species and wavelength. Therefore, 

three light regions were defined: dark, saturated, and high-light zones. The saturated light 

intensity was defined as between 15-400 μmol m-2 s-1, a theoretical area with enough photons 

for most microalgae to grow, yet without photon-induced light inhibition (“sweet spot”). The 
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region below 15 μmol m-2 s-1 was considered as dark zones [175], areas in which the photon 

supply is not sufficient to grow. Values above 400 μmol m-2 s-1 were defined as high-light zones 

[134], the regions with photon emission potentially high enough to reduce growth due to light 

stress (photoinhibition). These modified light maps are displayed in Figure 2-6 A, B (C. 

vulgaris) and Figure 2-6 C, D (P. tricornutum) for a low and a high cell concentration. The 

figures visualize the high light regions, close to the LED, the “sweet spot” region, and the light-

limited region at the far end of the bioreactor. The different LEDs are not directly comparable 

with each other, since the light intensities of the LEDs were not equalized for these light maps. 

The predominant focus of this study was the mapping of the artificial light sources and their 

capabilities to illuminate a bag reactor. Future experiments measuring the efficiency of light 

penetration of different wavelengths should consider adjusting the light intensity to be equal 

for comparison. For both species and concentrations, the blue and red LEDs have a dominant 

high light region, owing to the higher initial light intensity of the blue and red LEDs (max. 

13,000 μmol m-2 s-1, and 6,000 μmol m-2 s-1, respectively). The white LED (max. 1,000 μmol 

m-2 s-1) rarely exceeds the 400 μmol m-2 s-1 limit, creating an evenly distributed “sweet spot 

“region and shows practically no high-light zones. Although the high-light zone of blue and 

red are similar, the red LED overall penetrates deeper into the culture than the blue light, and 

has a better ratio of saturated light zone to high-light zone. This could be explained by the 

broad absorption peak in the blue wavelength spectra of microalgae [138]. Interestingly, while 

the white LED had the weakest initial intensity, its penetration depth into the culture is similar 

to the blue LED. The green wavelength band, contained within the white light spectra, might 

be the cause for the deeper penetration. Green light is inferior in its absorption by this algae 

allowing for a deeper penetration into the culture, before it finally gets absorbed [176][177].  

The species were primarily chosen for their differences in cell size and cellular composition. 

C. vulgaris shows a greenish reflectance spectrum with a lower absorption of in green wave-

lengths [163], whereas P. tricornutum has a brownish reflectance spectrum (Figure 2-2). 

Different morphology and cell compositions of the selected species limit the direct compara-

bility of the light penetration between species; however, the light cone shape and the 

distribution of the different light zones can be compared with each other. Furthermore, the light 

maps allow for the comparison of the absorption ratio of the three LED for the individual 

species. In C. vulgaris, blue and white light penetrate equally deep, whereas for P. tricornutum 

blue light appears to reach further into the culture. This might be caused by differences in 

pigment content of the species [178]. C. vulgaris has a stronger absorption around 480 nm, 

supporting the argument for a higher blue light absorption (Figure 2-2). On the other hand, C. 
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vulgaris cannot effectively utilize the green light spectrum (500 – 575 nm), while the 

carotenoid (fucoxanthin) content in P. tricornutum enables an extended absorption into the 

green spectrum [139]. Increased absorption around 550 nm with P. tricornutum might explain 

the stronger absorption of white light, yet the higher absorption of blue light in C. vulgaris 

could also cause this phenomenon. The shape of the white LED profile in P. tricornutum shows 

a clean transition between the light saturated and light limited zone, while the transition zone 

of C. vulgaris was more fragmented. This discrepancy in the shape between the LED profiles 

could be further explained by the differences in light absorption between the species or could 

be described by a distinct photon scattering profile of the microalgae. Typically, light 

approaching a microalgae cell is scattered in the forward direction, seemingly independent 

from wavelength and intensity [179][180], which supports the undefined fringes of all LEDs 

in the C. vulgaris culture. The clearer contours of P. tricornutum could then be explained by a 

different scattering characteristic related either to the cell morphology or the cell composition 

(silica content).  

Future work could focus on the enhancement of light map with information about the 

electron transport rate (ETR). This would allow the light maps to be converted into ETR maps 

that highlight potential photo-inhibiting areas [160]. This could allow for a more precise 

adjustment of the light quality and quantity of the LED in order to reduce light stress. However, 

this would require additional calibration steps (e.g., PAM measurements for each wavelength 

and light intensity).  
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Figure 2-6: Averaged light maps (side view) for different LEDs (blue, red, white) for low (A,C) and high (B,D) 
cell density of C. vulgaris (A,B) and P. tricornutum (C,D). The light maps are organized by blue, red and 
white LEDs for each species and cell density. Artificial colours were used to display certain areas of the light 
maps for each LED: Black areas correlate to high light zones (>400 μmol m-2 s-1), blue, red, and grey (coloured 
for the corresponding LED, with the white LED in grey) highlight the saturated zone (15-400 μmol m-2 s-1), 
and low light zones are displayed in white (<15 μmol m-2 s-1).  
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The light maps can be further used to analyse the light attenuation in the PBR by applying 

a line profile (3 mm width) to the light maps and extracting the irradiance values. The light 

penetration depths were calculated for light attenuation of 50% (D50) and 90% (D90). Figure 

2-7 shows the result of C. vulgaris and P. tricornutum at high and low cell concentration with 

three different LED colours. The overall light attenuation of the D50 is of similar depth when 

compared between both species, which is due to the severe decrease in PPFD in the first few 

centimetres into the culture. This effect was observed in the representative line plot (Figure 

2-4) and also found in previous studies, which showed a sharp light attenuation in the first few 

centimetres for C. vulgaris independent from the light intensity [133]. Statistical analysis 

showed clear differences in light penetration for the different LEDs and the cell concentration 

in the P. tricornutum. The D90 emphasize the strong absorbance of the blue wavelength. For 

both cell concentrations the blue wavelength has a reduced light penetration of around 50 % 

compared to the red wavelength. This suggests that the red LED is more efficient in achieving 

improved light penetration even with a lower initial light intensity emitted by LED. For the D50 

and the D90, low cell concentration showed a deeper light penetration for the red and blue light. 

In the case of the D90, the higher cell density reduced the light penetration for all LEDs by 

~50%, whereas the D50 exhibits only a minor decrease in penetration. This indicates that the 

light distribution of lower light intensities (deeper in the PBR) decreases more strongly with 

increased cell densities, while the distribution of higher light intensities close to the light source 

only slightly decreases in size. The C. vulgaris culture results are more difficult to compare 

since the difference between the high and the low cell concentration are less clear. The 

penetration depth for D50 and D90 showed no statistically significant difference, though slight 

trends in declining penetration depth are noticeable that show similar patterns observed in P. 

tricornutum. This might in part be explained by the chosen cell densities that were too similar, 

hence had only a slight impact on the light attenuation. Another explanation is the potential 

impact of background fluorescence from the culture in the PBR. Emitted fluorescence behind 

the focal plane of the camera can contribute to the observed fluorescence and thereby cause 

artifacts in the converted light map. Future work will focus on the evaluation of this background 

fluorescence and its effect on the light maps.  
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Figure 2-7: Light penetration depth of 50% and 90% irradiance attenuation for P. tricornutum (A) and C. vulgaris 

(B) at high and low cell density. The mean penetration depth for cell density range for P. tricornutum at low 
cell density (1.80×106 – 2.20×106 cells/mL), high cell density (4.80×106 – 6.25×106 cells/mL), and C. vulgaris 
at low (1.27×106 – 2.00×106 cells/mL) and high (4.30×106 -5.23×106 cells/mL) cell density. The three LEDs 
are shown in their corresponding colours (blue, red and white in grey). The letters above the columns indicate 
the statistical differences of the results as grouping (Pairwise Wilcoxon Rank Sum test), no statistical 
difference in groups are indicated with ’*’. Statistical tests were done individually for species as well as D50 
and D90. The line profiles applied on the image had a width of 40 pixel (~3 mm). Data are mean ± SD (n 4).  

 

 

2.4   Conclusion and Future work 

This chapter introduced the novel method termed DCFI, which was developed to create high 

resolution light intensity images (light maps) by recording the fluorescence of the algae. Two 

species with distinct morphologies and cell compositions were analysed in order to assess the 

robustness of the methodology. The resulting light maps emphasize the complex light contours 

of the chosen LEDs which enabled the separation of the PBR into distinct light regimes, while 

the light attenuation as a function of the radial position to the light source can be conveniently 

analysed digitally. It was shown that this method can be easily applied to bioreactors, without 

the need for expensive equipment. The resulting light maps reached a resolution of about 135 

pixels/cm (side view), a value that could be further improved with advanced camera features 

(i.e., higher image resolution) or by positioning the camera closer to the fluorescence region of 

interest. In this case, special care has to be taken to exclude optical lens distortion with specific 

distortion free lenses or by applying digital lens distortion methods during image processing. 

The light maps can be used to optimize illumination systems by calculating the best positioning 

of the light sources, thereby enhancing light saturated areas and reducing high light zones. 
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Further research should focus on the creation of more datasets to verify the usability of the 

ultimate trendline, by building a library of different light sources and species. The current LED 

setup allowed a method benchmark over a diverse wavelength spectrum, however, depending 

on the microalgae species other wavelength might be more beneficial for cultivation or allow 

for deeper light penetration. Since the morphology and cell composition of the species 

potentially interact differently with changing light qualities, the trendline would be specific for 

each algae species and light setup. Further work would be needed to investigate if certain 

morphologies have consistent effects on light scattering, or if the analysis is unique to every 

species. However, it would enable a rapid production of light maps for new PBR designs 

without the need of additional calibrations. Additionally, the method can be applied to different 

PBR designs and should, in the future, include the effect of aeration on the light attenuation 

into the validated measurement system, in order to create a more realistic measurement 

platform. The enhanced system would give insight into the actual scattering and light 

attenuation, including the influence of bubbles, within a PBR.  
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3.1   Introduction 

Microalgae are photoautotrophic microorganisms and therefore need light and CO2 for the 

synthesis of essential molecular components. Increasing cell densities in cultures increases the 

overall uptake of CO2 from the media, leading to CO2 depletion, substrate limitation, and 

ultimately to diminished growth [181]. As such, transfer of the CO2 (most commonly in gas 

phase) is crucial for increased growth. The diffusion of this gas into the liquid media is 

concentration-driven and begins in a highly concentrated gas bubble which is introduced into 

the liquid, and ultimately diffuses from the liquid into the cell. The molecule has to pass through 

several boundary layers, located at the transition of the different phases each with different 

resistances (Figure 3-1). Although the diffusion of the CO2 molecule through different phases 

(gas-liquid and liquid-solid) would seem to offer the highest resistance for mass transfer, the 

liquid film surrounding the bubble actually controls the gas transfer [182]. The mass transfer 

rate describes this diffusion and can be used as a measure of the efficiency of a bioreactor to 

supply CO2. The mass transfer rate is highly dependent on environmental conditions, such as 

temperature, pressure, media composition, but can also be influenced by the design of the 

bioreactor [183].  

 

 
Figure 3-1: Overview of mass transfer resistance through different films in gas-liquid-cell system [184], 

highlighting the migration of a CO2 molecule from gas phase to the cell with its different film and diffusion 
resistances.  
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Ideally, optimization of the mass transfer rate attempts to enhance the gas-liquid surface 

area, the retention time of the gas bubble in the media, or to increase the concentration of the 

required gas in the intake mix. The latter approach will raise the dissolved gas concentration in 

the culture, but since the culture medium is only able to absorb a certain quantity of gas mole-

cules before the bubble collapses at the surface, larger quantities of the CO2 gas will be wasted 

as exhausted gas [185].  

In order to increase the gas-liquid surface area, the bubble size can be reduced, while 

keeping the aeration flow constant. Bubbles are classified by diameter: macro bubbles (104 – 

102 µm), micro bubbles (102 – 101 µm), sub-micro bubbles (101 – 100 µm), and nano / ultra-

fine bubbles (100 – 10-3 µm) [186]. The smaller size increases the surface to volume ratio of 

the bubbles, hence the mass transfer rate increases, provided the aeration rate stays constant. 

Reducing the bubble diameter also decreases the rising velocity [187], thereby extending the 

residence time of the bubble in the culture medium. The downsides of reducing the bubble size 

are the higher energy cost to achieve the reduced diameter and the increased bursting energy 

smaller bubbles possess [187]. When the bubble ruptures, the rapid retraction of the liquid can 

create shear stress of up to 95 N/m2 which is strong enough to destroy cells in the immediate 

vicinity, an effect that can be utilized for liquid disinfection [188]; clearly, this effect should 

be avoided for algae cultivations. The negative impact on microalgae growth was observed in 

a bubble column that showed a correlation between an increase in cell death with a decrease in 

bubble diameter (< 2 mm) [189][190]. Another limitation of smaller bubble size is the ability 

to remove gas from the culture medium. During the microalgae cultivation, the culture medium 

absorbs the expelled O2 produced by the cells that can be toxic at higher concentrations [191]. 

Dissolved oxygen concentrations over 30 g/m3 where found to reduce biomass productivity in 

C. vulgaris by 30% [192].This O2 has to be removed in order for the cells to reach optimal 

growth; this can be achieved with mixing or aeration of the culture [193][85]. This degassing 

effect might not be sufficient with sub- micro- and nano bubbles aeration, where bubbles can 

stay for minutes in the liquid and collapse in the culture instead of rising to the culture surface 

[186]. As such, the need for gas removal and reduction of the cellular death rate must be 

balanced against the increased mass transfer rate when optimizing bubble size. 

While mechanical mixers such as an impeller further reduces bubble size by atomizing the 

bubbles, they also increase the turbulent flow in the PBR, thereby extending the retention time 

of the bubbles in the media [194]. The bubbles are dragged by the turbulent forces and have a 

prolonged travelling time within the bioreactor before they collapse at the surface. This effect 
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can be further improved with baffle systems that introduce additional turbulences in the PBR 

[195]. Agitating the culture has the additional effect of increasing the concentration-driven 

diffusion by homogenising the culture [83]. Usually in a PBR, the CO2 concentration is highest 

close to the initial aeration region (e.g. sparger) [196]. This locally elevated concentration 

reduces the concentration driven diffusion of CO2 into the culture in these areas. Moreover, 

while these regions are saturated with CO2, other regions in the bioreactor might be CO2 

limited. Optimized mixing is therefore essential in order to homogenise CO2 concentration 

within the bioreactor. Another important consideration of mixing is its impact on the hydrody-

namical flow pattern of the culture. The flow pattern is relevant for the exposure of the micro-

algae to the light source. The PBR can be separated into three illumination regions: the 

light-inhibited, light-saturated, and light-limited regions [197]. The liquid flow drags algal cells 

through different regions of the PBR, which exposes the cell to the various light intensities for 

distinct retention times [197]; optimizing this flow could improve the photon distribution to 

the cells by keeping the microalgae longer in the light-saturated areas and exposing them only 

briefly to high-light areas that would induce light-damage. Adjusting the aeration rate or 

utilizing an impeller are the common approaches to control these flow rates and create a 

turbulent flow pattern. Higher impeller speeds increase liquid flow, but also increases shear 

stress applied to the cells. Shear stress in a bioreactor is defined as a hydrodynamic stress forced 

through mechanical agitation of liquid on the cells. It is associated with essential mixing and 

aeration of the culture, yet high rates of shear stress can cause cell damage or even cell death 

[198]. Microalgae are rather resistant to shear stress; however, shear stress sensitivity varies 

amongst species [199]. In order to achieve optimal growth conditions, a balance between 

mixing and cell protection must be found. A system has to supply sufficient CO2 and light in a 

manner that does not induce light- or shear stress, yet also does not leave the cell substrate 

limited.  

Process or design optimization on established bioreactor systems can be rather time 

consuming and expensive [200]. Typically, design changes are applied to simplified physical 

or digital models of a bioreactor. These models allow for an easier method of testing modifi-

cations before transferring them to the actual physical system. The scale-down approach is an 

effective method to increase optimization efficiency by reducing operational material and 

testing time [201]. In this concept the commercial bioreactor is volumetrically scaled down and 

the cultivation process is analysed in small scale. The results of these studies can support the 

identification of operation conditions that can be extrapolated across multiple scales. The 

utilization of small scale processes is a suggested method in guidelines such as the ICH Q11 
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[202]. The approach can be defined in several steps [203]: i) analysing the commercial 

bioreactor, ii) mimicking the commercial bioreactor conditions in a scaled-down system, iii) 

trial of modifications and optimization in the scale-down system, iv) translating the findings to 

the large-scale bioreactor, and v) implementing the improvement to the industrial scale 

bioreactor. When a bioreactor is scaled down, the focus should be on maintaining the linear 

relation of a particular parameter (e.g. mixing time or mass transfer) [204]. The correlation of 

bioreactor parameters have to be considered while scaling: for example, to ensure equivalent 

mixing time at larger scales, the impeller speed must be increased, thereby raising the power 

uptake and shear forces at the impeller. Maintaining a few relevant physical parameters as 

constant during the scale-down ensures that modifications tested on the scaled-down version 

are transferable to the up-scaled industrial system. Preserving the mixing time is a common 

approach, as it controls the mass transfer and the homogeneity of the culture [205]. In regards 

to the photo-bioreactor, the relationship between the illuminated area and culture volume is an 

important parameter to consider in order to keep the light distribution for all scales comparable.  

The project aims to convert an industrially used bioreactor into a PBR system. As such, an 

optimization platform was designed to ensure rapid and flexible testing of design modifica-

tions. The proposed bioreactor system is the GE Xcellerex system [206], a single-use bioreactor 

that can be categorized as a stirred-tank reactor, and is commonly used to cultivate mammalian 

and bacteria cells (Figure 3-2 A). The system consists of a single-use bag that is contained in a 

cooling jacket, and is supported by a controlling unit that monitors impeller revolutions and 

aeration rates. The adaptable single use bags include a sparging and impeller system which are 

interchangeable for different impeller types and aeration systems to achieve low shear stress 

cultivation conditions, typically for mammalian cells. 

In order to retrofit and optimize this bioreactor to suit microalgae cultivation, a streamlined 

optimization platform was designed that mimics the original bioreactor characteristics. Modi-

fications on the design were tested in these systems before they can be applied to the Xcellerex. 

The 200 L PBR ( Figure 3-2 B) was designed according to the dimensions of the Xcellerex 200 

L system. Mixing and mass transfer were found to be crucial parameters for algal cultivation 

[207], therefore these parameters were used as benchmarks to prove similarity between the 

optimization platform and the Xcellerex system. In anticipation of the elevated shear stress 

potentially inflicted by an impeller [199] and the economic implication of the additional power 

consumption, the 200 L PBR was only agitated with a sparging system.  
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A) 

 

B) 

 

C) 

 

 

 

 

 
Figure 3-2: Overview of the A) industrial single-use GE Xcellerex 200 L bioreactor system, and the physical 

components of the optimization platform with B) the 200 L PBR (part 1) and C) the 20 L PBR (part 2). 

 

 

By using a scaled-down version of the PBR, it is possible to reduce material costs, further 

ease the manual handling, and allow rapid cultivation experiments. The scale-down approach 

was based on the 200 L PBR system by keeping the dimensional ratio of surface to volume 

constant (Figure 3-2 C), thereby maintaining the relation of illumination area to volume. The 

scaling focused on mass transfer and mixing behaviour; therefore scale-down evaluation 

revolved around these parameters. Furthermore, the hydrodynamical flow behaviour of the 

scaled and the full-scale PBRs were compared. Similar flow patterns in both scales should 

ensure a comparable light exposure of the cells by exposing them to same dark-light oscillation. 

The flow pattern in the 200 L and 20 L PBR were measured by particle tracing, which charac-

terised the hydrodynamic flow regime of both PBRs. 

This chapter will present the mass transfer rate, mixing time and hydrodynamic flow data 

of the 200 L PBR and the 20 L PBR. These data will partly be assessed against the character-

istics of the Xcellerex system [206], in order to create a comparable, and robust system, that 

will be used as the foundation for the optimization platform.  
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3.2   Method 

3.2.1   Photo-bioreactor system 

The physical optimization platform consists of a 200 L and three 20 L PBRs, where the 200 

L system was designed to mimic the original Xcellerex model (height: 80 cm, diameter: 56 

cm), while the 20 L PBRs dimensions were modified to keep the height / diameter ratio constant 

during scale-down (height: 38 cm, diameter: 26 cm). Calculation of the down scaling were 

based on the diameter of the 20 L PBR (D20L) as followed: 

 2) 

with V20L as the expected Volume, and the ratio of height (H200L) and diameter (D200L) of 

the 200 L PBR. These PBRs were crafted from a wire frame to support the single layered 

polyethylene (PE) bags (Figure 3-2). Aeration used PE tubing and was controlled by a mass 

flow controller (FMA5400/5500, OMEGA). The 200 L system was fitted with a sparging disk 

obtained from a commercial Xcellerex bag (GE Healthcare). The plastic disc containing 8 

sparging stones (pore size: 20 μm, Ø=25 mm) which was centred in the bioreactor. The 20 L 

system contained a single sparging stone (pore size: 20 μm, Ø=25 mm) positioned close to the 

side wall of the PBR. 

 

3.2.2   Mass transfer coefficient – gassing-in method 

The dynamic gas stripping method [208] was used to define the mass transfer coefficient 

(kLa) in the bioreactor system. Pure nitrogen (BOC Australia) was used for the aeration system 

to strip oxygen out of the solution, after which the increase of the dissolved oxygen (dO2) 

concentration was measured under normal aeration conditions (FireStingO2 (FSO2-4), 

Pyroscience GmbH). All evaluations of the mass transfer coefficient were based on O2 meas-

urements; however, the mass transfer rates of O2 and CO2 can be correlated by the penetration 

theory [209] and can be converted if necessary in the future [210]. The kLa calculation was 

based on the static gassing out method as described by van’t Riet [208]. using the absorption 

of oxygen [182] where:  
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 3) 

C* = concentration in the gas-phase 

CL = concentration of the gas in the liquid at the end 

kLa = mass transfer coefficient 

t = time of aeration 

 

Mass transfer measurements to define the cultivation performance have to consider cell 

density and the composition of the growth media, as these parameters can impact the mass 

transfer coefficient [211]. However, since the aim of this study is the validation of the optimi-

zation platform and the scale-down process, tap water (23°C) was used to different fill volumes 

and aerated with air at various flow rates (Table 3-1). 

 

Table 3-1: Experimental configuration of gassing-in method. The fill volume of the PBR with the different 
aerations, the effective travelling length of the bubble in the bioreactor, and the sparger system. 

PBR Fill Volume 
(L) 

Aeration 
(L/min) 

Water 
level (cm) 

Height of 
sparger to water 
surface (cm) 

Sparger system 

200 L 
200 8.4 80 76 8 sparging stones 
120 8.4 48 44 8 sparging stones 

20 L 
20 2.1 39 32 1 sparging stone 
10 2.1 23 16 1 sparging stone 

 

 

3.2.3   Mixing time 

The mixing capability of the platform was measured with two methods: pH-method and dye 

method. The pH-method monitored the pH shift in the media after injecting acids or bases into 

the reactor, while the dye-method recorded the optical colour change of the media with cameras 

after a soluble colour was injected.  

 

3.2.3.1   pH mixing time 

For the pH-method, the mixing time was calculated for the pH step to reach 95% (t95) of its 

final concentration. The experimental setup was similarly designed as the method previously 

used in measurements with the original Xcellerex bioreactor system [206]. The configuration 

of the experiment can be found in Table 3-2. In order to combine the pH-measurement data 

from multiple sensors, a microcontroller board (Uno R3, Arduino) was used, extended by a 
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shield board (Tentacle shield, ®Whitebox Labs) and 4 pH sensors (vers.1, Atlas scientific). 

Sensor placement in the PBR with different fill volumes are outlined in Figure 3-3. Tap water 

(23°C) was used as media, while the pH-change was induced by HCl (0.5M) and NaOH (0.5M) 

in a 1:1000 volume ratio [206]. Statistical analysis of data were done with the Shapiro-Wilk to 

test normality, non-parametric Kruskal–Wallis test and Pairwise Wilcoxon Rank Sum Tests for 

pairwise comparison between group levels. Correction for multiple testing was performed 

using Benjamini & Hochberg method. Variation withing groups were considered significant at 

p<0.05. All statistical analyses were done with R (Version 1.2.5033) [173]. 

 

 
Figure 3-3: Sensor positioning of the pH-methods. The 200 L PBR (fill volume of 200 L and 120 L) and the 20 L 

PBR (fill volume: 20 L and 12 L) are shown. Red points mark the sensor positions of pH-sensors inside the 
PBR. Green highlights the injection position of HCl, NaOH, and dye (colorimetric-method). White discs 
represent the sparger position inside the PBR. 

 

 

3.2.3.2   Colorimetric mixing time 

This colorimetric method measures the time required to change the colour of the media after 

a dye injection. The mixing time was estimated by measuring the time from dye injection till 

the media colour change reaches 95% across the bioreactor. The dye-method used 5 mL food 

colour (blue, yellow, Dr. Oetker Queen) per injection, to induce a colour change in the media. 

The injection points were similar to the pH-method, shown in Figure 3-3. The optical change 

was recorded with two cameras (Canon EOS 1500D, EOS 1200D, with EFS 18-55 mm Macro 

0.25 m/0.8 ft lens) and digitally analysed with Blender video editor (2.90.1, Blender 

Foundation). Measurements were conducted for the two PBRs at different aeration rates on fill 

volumes (Table 3-2).  
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Table 3-2: Experimental configurations for the mixing time (pH- and colorimetric measurement) and particle 
tracing. The fill volume of the PBR with the aeration rates, the effective travelling length of the bubble in the 
bioreactor, and the sparger system 

PBR Fill Volume [L] Aeration [L/min] Water level 
[cm] 

Bubble raising length 
[cm] 

200 L  
200 8, 7, 6, 5, 4 80 76 
120 8, 7, 6, 5, 4 48 44 

20 L  
20 2, 1.5, 1 39 32 
12 2, 1.5, 1 23 16 

 

3.2.4   Particle movement 

3.2.4.1   Particle tracing method  

In order to visualize the flow pattern within the bioreactor, the movement pattern of a 

floating particle was tracked. This approach was based on an existing method [153] with the 

following alterations. For the particle, an alginate sphere was created of 0.5% w/v alginate 

(Sigma-Aldrich) mixed with a 0.05% v/v liquid fluorescence marker (yellow, Schwan-Stabilo). 

The alginate solution was injected into 2% w/v CaCl2 solution, thereby creating polymerised 

spheres (Ø=0.5 cm). The spheres were washed in deionised water and transferred into the PBR. 

The average density of the alginate spheres was 1.013 g/L (referenced with NaCl solution at 

20˚C). The particle motion was recorded with two cameras (Canon EOS 1500D, EOS 1200D, 

EFS 18-55 mm Macro 0.25 m/0.8 ft lens, Olympus E-M10II, Olympus M.Zuiko Digital 14-42 

mm f/3.5-5.6 II R Lens). The cameras were positioned perpendicular to each other, facing the 

front and side of the cylindrical PBR. Dark, low reflecting plates were positioned behind the 

PBR to create a contrasting background. Distortion of the camera lenses were corrected 

according to the MATLAB (R2019a, Update5, The MathWorks) Camera Calibration plugin.  

A calibration step was carried out first, where the PBR was mapped with a fluorescence 

marker that was placed at various heights and locations inside the PBR. Each of these positions 

were captured with both cameras, and the recordings digitally analysed for the pixel coordi-

nates (x, y) of the marker (Blender video editor). Since the real and digital coordinates of the 

marker are known, the particle position can be converted into real PBR dimensions. For the 

particle tracing measurements, each frame of the recording was analysed in MATLAB by fil-

tering the colour threshold of the unique colour emitted by the alginate sphere. The resulting 

image was binarized and the region of interest (ROI) was classified with the ‘regionprops’ 

command. The ROI list were filtered for ROI size, shape and centroid position to refine the 

identification criteria and to match the alginate sphere and exclude interfering reflections. By 

combining the front and side coordinates, the three-dimensional position (x, y and z) of the 
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particle in the bioreactor was reconstructed. The fluorescence of the alginate sphere was 

tracked in the two PBRs with different fill volumes and aeration rates (Table 3-2). The alginate 

sphere was not always visible for all cameras, as reflections or optical distortions caused by the 

PBR obscured the camera view. This can create situations where only one or no camera at all 

had a visual of the sphere. These missing positions were interpolated from contiguous data 

points. Three cases of particle detection were defined: sphere position observed with both 

cameras (case one), coordinate set of one camera and an interpolated data set (case two), neither 

camera had visual on the sphere and both coordinate sets were interpolated (case three). The 

interpolations (linear) were done in MATLAB starting at the point where the camera lost the 

sphere to the position the camera regained visual identification of the sphere. 

 

3.2.4.2   Particle and speed map 

Once the three-dimensional particle positions were identified, the datasets were used to 

analyse the trajectory and the velocity of the particle in the PBR volume. Flow path visualisa-

tion can be used to reveal the particle path and gives insight on eddies and turbulences within 

the PBR. Furthermore, particle and speed maps can be created and used to highlight regions 

with high particle presence and velocity, thereby identifying laminar and turbulent zones within 

the PBR. The maps were created by slicing the digital PBR into cube volumes with side lengths 

of 4 and 3 cm for the 200 L and 20 L PBR respectively. For the particle maps, these cube 

volumes contained a number of detected particles. In these maps, particle detection of case one 

and two were used (without using the completely interpolated data, case 3). Case two datasets 

were used due to the synchronized height (Y-axis) of both cameras, which allowed for a 

relatively interpolated positioning of the missing datapoints. The cube volumes of the speed 

maps contain the average velocity of a particular area. The calculation was done only for 

complete datasets with both cameras (case one). Velocity was calculated by determining the 

distance travelled by the particle for each recorded frame (1/50 s). For the average velocity 

calculation, potential outliers were removed with the statistical generalized extreme 

studentized deviate (GESD) method. The influence of height on the velocity and particle 

presence was analysed by creating horizontal cross sections of the PBR, resulting in cylindrical 

disc volumes of 4 and 3 cm height for the 200 L and 20 L PBR respectively. Particle presence 

in these slices were normalized with the maximum particle occurrence, whereas the velocity 

was calculated as described earlier.  
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3.3   Results and discussion 

The experimental setup was designed to compare the optimization platform with the GE 

Xcellerex bioreactor in regards to mixing time and mass transfer. Comparison was done by 

assessing the experimental results of the optimization platform with previously obtained data 

from the Xcellerex bioreactor (provided by the manufacturer [206]). 

In industrial-scale cultivations, it is not uncommon to reduce the maximum fill volume in 

order to improve certain parameters, such as mixing time or mass transfer, or simply to reduce 

the production volume [212]. As such, the measurements of the optimization platform were 

likewise conducted with different fill volumes based on a previous study of the industrial 

bioreactor [206]. The Xcellerex system was optimized for mammalian (and bacterial) cell 

cultures, which have different operating requirements. Mass transfer measurements on the 

Xcellerex were conducted with aeration rates adequate for mammalian and bacterial cell 

cultivation (0.5, 2.75, 5 L/min air flow). Additionally, an impeller was used to support the mass 

transfer (30, 110, 190 rpm) [206]. The 200 L and 20 L PBR were operated at higher aeration 

rate (Table 3-1) to ensure sufficient supply of CO2 for algal cultivation, while not relying on 

an impeller for agitation. Typically bubble columns achieve sufficient algae growth without 

additional impeller agitation [207]. As such, while impellers may be a future option for the 

PBR, initial trials were conducted with only aeration as mixing. 

 

3.3.1   Mass transfer coefficient 

The 200 L and 20 L PBR both had a mass transfer coefficient of around 25 – 30 h-1 (Figure 

3-4). This demonstrates the effectiveness of scale-down for the 20 L PBR. It should be noted 

however that unlike the applied dimensional scale-down of 1:10, the aeration rate of the scaled-

down PBR had a ratio of 1:4. As such, the 20 L PBR needs proportionally higher aeration rates 

compared to the 200 L PBR to reach an equivalent mass transfer. Clearly, the mass transfer is 

correlated with the aeration rates. This dependency can be observed for settings with lower 

aeration rates, in which the reduced bubble numbers (and therefore smaller gas-liquid surface 

area), result in a reduced mass transfer. As such, higher kLa with improved CO2 supply are 

subject to higher aeration rates. A slightly improved kLa can be achieved by decreasing the fill 

volume, which can be due to the improved ratio of volume to aeration [213]. The constant 

aeration increases the volumetric power input in the smaller volume which directly influences 

the mass transfer [214]. However, decreasing the fill volume also reduces the retention time of 

the gas phase in the liquid, and therefore decreases the surface area of the bubbles (gas holdup) 



Chapter 3 

55 
 

[212]. This should be further considered for cultivations with reduced production volumes, as 

there has to be a balance between increasing the volumetric power input and decreasing the 

surface area in order to achieve an optimal mass transfer. Compared to the Xcellerex system 

(Figure 3-4) which reaches a kLa of 25 h-1 (200 L fill volume) and 30 h-1 (120 L fill volume), 

similar values were achieved with the PBR systems.  

 

 
Figure 3-4: Comparison of gas transfer coefficient (kLa) of different PBR setups to the Xcellerex system. 200 L 

PBR (blue) with fill volumes of 200 L and 120 L and different aeration rates. 20 L PBR (grey) with fill 
volumes of 20 L and 12 L and different aeration rates. Red lines show the Xcellerex setup with an impeller 
speed of 190 rpm and airflow of 5 L/min for the two fill volumes of the 200 L PBR. Data are mean ± SD 
(n  3).  

 

 

3.3.2   Mixing time 

Mixing time can be defined as the time the reactor needs to reach a certain degree of 

homogeneity after a substrate impulse [83]. In order to measure the mixing time, two methods 

based on different principles were employed: the pH-method and the dye-method. 

Results for the mixing time using the pH-method (Figure 3-5) are rather inconclusive. The 

readings of the 200 L PBR with different fill volumes and aeration rates show no significant 

difference due to large standard deviations relative to the mixing time. A similar trend can be 

seen for the 20 L PBR with equally high standard deviations. No significant difference between 

the operational parameters can be observed, although a mixing time of approximately 60 s for 

the 200 L PBR and 40 s for the 20 L PBR can be estimated. These values are within the tested 

range for the impeller-only mixed Xcellerex system with 200 L fill volume that achieved 

mixing times of 160 and 30 s for an impeller speed of 30 and 190 rpm, respectively.  
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Figure 3-5: Mixing time measured with the pH-method for PBR. 200 L PBR in blue with fill volumes of 200 L 

and 120 L and different aeration rates. 20 L PBR in grey with fill volumes of 20 L and 12 L and different 
aeration rates. Red lines show the Xcellerex setup with impeller speed of 190 rpm for comparison. Data are 
mean ± SD (n = 4). The letters in columns indicate the statistical differences of the results as a grouping, 
statistical comparison was done for the 200 L PBR with both fill volume together with the 20 L PBR with 
both fill volumes.  

 

 

This large variability could be due to several factors. One issue could be the Arduino system 

which was custom-built for this experimental setup. The pH-sensors had a reaction time of 2-

3 s, (referenced with pH-meter (inoLab® Level 2, WTW)), which should be sufficient to 

determine the mixing time. However, the measurements were recorded with the Arduino 

extension board in order to synchronise the reading of the 4 sensors. Technical constraints of 

this setup restricted the sensor readout to a 4 s interval. This slow sensor refresh rate had a 

considerable impact on the measurements, but does not fully explain the high standard 

deviations. Another plausible issue could be the inferior liquid mixing of certain regions in the 

PBR. The pulse technique was designed to record the time lapse of the bioreactor to reach a 

certain degree of homogenisation. As such, all sensor positions have to reach the final 

equilibrium, which makes this method strongly dependent on the slowest sensor. Sensors 

positioned in a laminar flow or poorly mixed region could then suggest an overall global slow 

mixing time. In order to verify this possibility, the time period from substrate injection till pH 

equilibrium (t95) for the sensors were compared. Figure 3-6 depicts the positions of the sensors 
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that reached t95 last. It can be observed for the 20 L and 200 L PBR setups that the sensors 

closer to the bottom had a longer delay in detection (the acid/base was added at the top of the 

water level). In a well mixed system, it could be assumed that the substrate has a certain 

travelling time with a constant hydrodynamic flow, resulting in the delay at that position 

consistent with the travel length. However, the sensor delay for the lower pH-probes does not 

seem to be related with the normal travelling time, since it took up to 70 % longer for these 

sensors to stabilize compared to the fastest sensor (data not shown). This insight suggests that 

the PBR could have inconsistent mixing. The lower regions of both reactors are potentially not 

as well mixed as the upper part, leading to a faster response in the upper part and delayed 

detection in the lower part. This highlights how zonal mixing patterns within a bioreactor are 

important considerations, rather than just looking at the overall mixing time [215].  

 

 
Figure 3-6: Heat map of the sensor position highlighting how often sensors measure a delayed equilibrium, shown 

for the 200 L and 20 LPBR with different fill volumes. Squares represent the sensor positions with colouring 
that represent the percentage of delayed sensor reads for all tested aeration rates (normalized with the 
maximum sample size 200 L PBR n = 33, and 20 L PBR n=18). Injection position displayed as green circle.   

 

 

The dye method showed higher precision than the pH-method, reflected in the smaller 

standard deviation (Figure 3-7). The 200 L fill volume demonstrated an increased mixing time 

for the reduced aeration rates. This effect can be explained with the changing ratio of volume 

to pneumatic power input [83], a phenomenon also observed with the mass transfer measure-

ments. When the aeration input was reduced, liquid velocity decreases which extends the 

mixing time [216]. This also explains the improved mixing time for lower aeration rates of the 

120 L, compared to the 200 L fill volume. While the aeration input stays constant, the overall 
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liquid volume is reduced, hence liquid velocity increases. The mixing time of the 120 L does 

increase only with the lowest aeration rate, which could imply that the mixing time reached the 

maximum possible for that sparger system and size, and the increase of aeration rate above 6 

L/min can not improve the mixing time. The 20 L PBR exhibited a mixing time of 10 s, around 

twice as fast as the 200 L PBR. This could be caused by the asymmetrical positioning of the 

sparger system that supports a more stable flow pattern of rising and down-coming zones 

(similar to an airlift system). Another explanation could be the higher exhaust velocity of the 

sparger. While the 200 L PBR uses 8 sparger units that inject, in the best case, 1 L/min air per 

unit, the 20 L PBR depends on a single sparger that injects 2 L/min. Measurements with the 

dye-method found a mixing time of approximately 10 - 20 s for the 200 L PBR which is similar 

to the mixing time achieved with 350 rpm impeller in the Xcellerex. The results of the pH- and 

dye methods suggest that the optimization platform realizes similar mixing times under 

aerated-only operation than the industrial Xcellerex system.  

 

 
Figure 3-7: Mixing time measured with the dye-method for PBR. 200 L PBR in blue with fill volumes of 200 L 

and 120 L and different aerations. 20 L PBR in grey with fill volumes of 20 L and 12 L and different aerations. 
Red lines show the Xcellerex setup, impeller speed 350 rpm for comparison. Data are mean ± SD (n  3). The 
letters in columns indicate the statistical differences of the results as a grouping, statistical comparison was 
done for the 200 L PBR with both fill volume together with the 20 L PBR with both fill volumes. 
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Both methods yielded different results, a consequence that was discussed by Ascanio (2015) 

and relates to the different operational modes of the two methods [217]. The pH-measurement 

is of an intrusive nature; the introduced pH-probes can interfere with the initial hydrodynamic 

flow and thereby create flow patterns that do not reflect the real circumstances of the PBR 

[218]. This effect particularly applies to smaller volumes (e.g., 20 L PBR), in which the 

interference is magnified. Another influence on the measurements might be the interaction of 

the probe with the media. The pH-method is an indirect measurement technique of the mixing 

time since it depends on probes that experience reaction delays due to physical or chemical 

reaction steps. These effects can negatively impact the precision of the measurement. On the 

other hand, the dye-method is a non-intrinsic method so, unlike the pH-method, the hydrody-

namic flow is not influenced. Moreover, this method can directly observe the mixing induced 

colour change in the PBR, and coupled with a camera system, the colouring progress can be 

digitally analysed, potentially explaining the more precise measurements found with this 

method. Interestingly, the pH method gives insights into potential laminar flow regimes of the 

PBR, that will be further examined in the hydrodynamic flow pattern analysis (section 3.3.3). 

The dye-method can potentially also be used to identify laminar regions in the PBR, however, 

to precisely observe the colour changes in the reactor vessel several cameras would need to be 

utilized covering the front, side and top of the PBR.   

 

3.3.3   Particle tracing 

Mixing time provides an overview of the total mixing capability of the bioreactor, but does 

not give detailed information about the hydrodynamic flow patterns. As the mixing time 

experiments indicated, there might be different flow regimes within the two bioreactors. A 

particle tracing method was employed in order to further analyse these zones. Information 

about the flow patterns are valuable in order to identify laminar flow regions, in which the low 

fluid velocity could potentially promote substrate limitation or cell accumulation. Additionally, 

flow pattern obtained with the particle tracing method can be combined with light maps of the 

bioreactor - heat maps for PAR intensity - to estimate the light history (light exposure) of 

microalgae cells [153] (Chapter 4).  

The principle of the method is simple: a buoyant particle (alginate sphere) is carried by the 

current in the liquid media of the bioreactor, while cameras record the movement of the particle 

from different angles. The recordings are synchronised and reconstructed into a three-

dimensional particle movement. The data are presented in different ways, highlighting specific 
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characteristics of the PBR. The three-dimensional visualization of the trajectory, particle and 

speed maps are each useful for the optimization of design changes of the PBR.  

The trajectory map (Figure 3-8) draws a travelling path within the bioreactor, allowing for 

the identification of the overall flow pattern and estimations about the circulation time. Riser 

and downcomer zones, as well as consistent flow patterns in the PBR can be identified. This 

visualization method additionally enabled the management of the underlying particle tracing 

data to screen for potential errors; recurring reflections can be identified and adjustments in the 

particle identification can be made in order to exclude them. Figure 3-8 shows a representative 

travelling path within the bioreactor for 44s duration (although it should be noted that the 

displayed time lapse is not sufficient to make estimations about the overall particle trajectory). 

Analysis of longer periods showed that for the 200 L PBR, with its central sparging disk on the 

bottom, the particle is carried with the rising bubbles in the centre of the PBR and then travels 

down along the side walls (data not shown). The 20 L PBR with its sparging stone closer to the 

wall, demonstrates a similar behaviour, where the sphere is agitated by the rising bubbles and 

then moves down along the opposing walls. This flow pattern is more distinct than in the 200 

L PBR, as it has a more clearly riser (sparging unit) and downcomer (opposing side wall) region 

that creates a clear vertically circulating flow path for the liquid. The downcomer regions of 

the 200 L PBR at the side walls are more chaotic, with more random movement along the side 

and radial into the PBR, which can affect the particle velocity and will be further analysed in 

the speed maps.  
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Figure 3-8: Three-dimensional visualization of the particle trajectory for the 200 L PBR with an aeration rate of 

8 L/min, with a tracing duration of 44 s. Blue trace marks movement of the particle. Circles at the top and the 
bottom recreate the perimeter of the PBR. Green dot marks the start of the particle movement, while red 
indicates the end. 

 

 

3.3.3.1   3D particle and speed maps 

Three-dimensional particle and speed maps allow for the visual analysis of various 

hydrodynamic zones within the PBR. These maps ignore the particle trajectory, but instead 

cluster particle position and velocity in order to highlight certain areas with high particle 

presence or increased velocity. High particle presence in a certain areas can indicate areas of 

frequent particle flow or low hydrodynamic flow areas in which the particle remains longer. 

When related to the speed maps, these areas can be characterized, where reduced particle 

occurrence with high velocity can indicate a turbulent area, whereas high particle occurrence 

with low velocity imply a laminar flow area. For visualization purposes, Figure 3-9 A shows 

such a representative three-dimensional particle map of the 200 L PBR, while Figure 3-9 B 

shows the correlated velocity map. Comparing both maps, the bottom area shows higher 

particle occurrence, but not a high velocity, which could imply a laminar flow zone at the 

bottom region of the PBR. In contrast, the upper part of the PBR shows higher velocity and 

low particle presence, indicating it as a turbulent area. 
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A) B) 

Figure 3-9: Three-dimensional visualization of A) the particle presence and B) the particle velocity in the 200 L 
PBR with an 8L/min aeration rate. Cross sections were created in the particle volume at the front and at the 
side at 28 cm (vessel centre) which highlight high particle densities and velocity. Circles at the top and the 
bottom recreate the perimeter of the PBR. Data represents 10 minutes sampling time.  

 

 

3.3.3.2   Statistical analysis of different PBR heights 

Particle and speed maps allow for the statistical analysis of data, in order to compare 

different experimental setups and their impact on the flow patterns within the PBRs. This 

analysis was done with different fill volumes within the PBR as the observed laminar flow area 

in the lower part of the PBR might change with different experimental settings. One approach 

is to look at the different layers of the PBR according to the axial position (height). Figure 3-10 

shows the normalized particle occurrence in the different height layers of the 200 L PBR. The 

lowest aeration rate (4 L/min) for the 200 L PBR with 200 L fill volume did not yield usable 

results, as the sphere tended to sediment in the bottom area of the PBR. This would suggest 

that this aeration rate was not sufficient to keep the sphere constantly in motion. The setup with 

120 L fill volume could be operated with 4 L /min aeration, implying that the lower volume 

supports the flow pattern by reducing the travelling time and thereby the velocity of the liquid. 

This effect was already observed in the mixing time experiments, where the reduced fill volume 

led to an improved mixing time. Both fill volumes showed an even distribution of the particle 

across all heights with higher aeration rates; however, the lowest aeration rates for both fill 

volumes (5 L/min for 200 L and 4 L/min for 120 L) exhibit an increased occurrence of particles 

in the lower part of the PBR. These aeration rates could indicate a threshold at which the mixing 
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flow is not strong enough to move the particle efficiently out of the lower PBR regions, which 

potentially signifies an increase of the laminar flow areas at the bottom with reduced mixing.  

 
Figure 3-10: Particle presence of different height layers in the 200 L PBR with fill volumes of 200 L and 120 L. 

Height layer thickness is 4 cm. Shown are the particle occurrence normalized with the maximum particle 
presence for aeration rates of 5 and 8 L/min for both fill volumes and additionally the 4 L/min for 120 L fill 
volume (lowest measured aeration). Results based on at least 30 min of recording. 

 

 

From the velocity analysis (Figure 3-11), an overall lower particle velocity can be observed 

in the lower zones of the PBR for all setups, which indicates a laminar flow area in that region. 

This confirms the observations made with the pH-measurements, that showed a delayed 

reaction of sensors close to the bottom (Figure 3-6). Regions further up in the PBR experience 

a gradual increase in velocity and can reach an average speed of 18 cm/s (0.18 m/s). The aera-

tion rate seemingly does not greatly impact the velocity, as median and mean for the aeration 

rate are mostly similar in each layer. These results correlate with the mixing time observations 

that did not show distinct differences with changes in aeration. This could indicate that high 

circulation times could be reached with low aeration rates, which could enable a reactor 
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operating with a lower power input. However, the mass transfer is highly dependent on the 

aeration rate, and cultivation with high cell density might suffer from CO2 limitation with lower 

aeration rates. As such the aeration rate would need to be dynamically adjusted in accordance 

to the CO2 requirements of the culture in order sufficiently supply CO2.  

 

 
Figure 3-11: Particle velocity of different height layers in the 200 L PBR with fill volumes of 200 L and 120 L. 

Height layer thickness is 4 cm. Shown are the mean particle velocity (black dot) of 5 and 8 L/min aeration 
rate for each height layer, and sample distribution in form of median (red) and the interquartile range (25% - 
75%). Additionally, the 4 L/min for 120 L fill volume (lowest measured aeration) is displayed. Error bars 
show the standard deviation with outliers marked as dots beyond the error bars. Results based on at least 30 
min of recording. 

 

 

Particle distribution within the 20 L PBR (Figure 3-12) shows an increased occurrence of 

the particle in higher regions of the PBR; however, the impact of the aeration rate seems to be 

minor for this setup, as the distribution is similar of all aeration rates. Unlike the 200 L system, 
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the three aeration rates (1, 1.5, 2 L/min) applied in the 20 L created a similar particle distribu-

tion in the PBR (data of 1.5 L/min not shown). The lack of particles found in the lowest region 

of the PBR for lower aeration rates could be explained with the vertical circulation of the liquid, 

induced by the sparging position on the side wall of the PBR. This sparger position could create 

a more clear riser and downcomer section, as seen in other airlift PBRs [219], a theory 

supported by the enhanced mixing time measurements of the 20 L PBR. Other reasons for the 

minor impact of aeration on zonal distribution could be the relatively high aeration rate to begin 

with, as it was 2.5 times higher than the 200 L PBR aeration, as well as the physical differences 

in the sparging systems. A single sparging unit reaches the aeration rate of 1 L/min in the 200 

L PBR, while the 20 L PBR operates with an aeration rate of 2 L/min with the single sparging 

unit. This results in a higher aeration velocity in the 20 L PBR, which translates into a higher 

liquid velocity [220]. This could suffice to induce a turbulent flow even for the lowest tested 

aeration rates, while the flow with the lowest aeration within the 200 L PBR creates local 

laminar flow zones.  

 
Figure 3-12: Particle presence of different height layers in the 20 L PBR with fill volumes of 20 L and 12 L. 

Height layer thickness is 3 cm. Shown are the particle occurrence normalized with the maximum particle 
presence for aeration rates of 1 and 2 L/min in both fill volumes. Results based on at least 30 min of recording. 
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Velocity measurements in the 20 L PBR (Figure 3-13) support the suggestion of the 

improved hydrodynamic flow in the scaled bioreactor. The maximum velocity in all horizontal 

slices, except the top slice, are comparable, suggesting a relatively consistent flow velocity. 

The top slice demonstrates a rise in velocity, that is correlated with the aeration rate. It is 

unclear if an actual increase of velocity at the surface was present, and if it can be related to 

the higher gas velocity, or if it is due to reflections of the bubbles that are misinterpreted as 

particle movement. With increased aeration, these artifacts could accumulate with bubble 

number and seemingly increase the average velocity. However, potential interactions of the 

bubbles with the surface, such as bursting and the spreading along the surface, could also lead 

to locally high velocities. The different fill volumes seemingly have no large impact on the 

particle distribution or the velocity in the PBR. In contrast to the 200 L PBR, the 20 L PBR 

setup creates a better flow pattern. As such, additional adjustments to the sparging system are 

needed, with the sparging system centred in the PBR and an enlarged sparging area (reduction 

of gas velocity). This might increase the mixing time and could produce a more equivalent 

mixing pattern in the scaled-down system. 
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Figure 3-13: Particle velocity of different height layers in the 20 L PBR with fill volumes of 20 L and 12 L. Height 

layer thickness is 3 cm. Shown are the mean particle velocity (black dot) of 1 and 2 L/min aeration rate for 
each height layer, and sample distribution in form of median (red) and the interquartile range (25% - 75%). 
Error bars show the standard deviation with outliers marked as dots beyond the error bars. Results based on 
at least 30 min of recording. 

 

 

3.3.3.3   Method evaluation 

In order to evaluate the performance of the particle tracing method, the occurrence of three 

particle detection cases were compared, with: 1), sphere visualised with both cameras, 2) 

visualised with only one camera, and 3), no visual with either camera. Ideally, mainly case 1 

and case 2 should be observed. Figure 3-14 shows that the detection rate for at least one camera 

is around 50% with the 200 L PBR experiments and around 60% for the 20 L PBR. The 200 L 

PBR shows a lower rate for case 1 (~10%), which can be explained by the limited coverage of 

the PBR with two cameras, while the detection rate of the sphere with both cameras for the 20 

L PBR is around twice that than observed with the 200L. However, the complete disappearance 

of the particle for longer than 0.5 s contributes only 5% to the overall recording, which means 

that around 90% of case 3 instances are shorter than 0.5 s. As such, the method can be used to 

recreate the flow part of the alginate sphere.   
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Figure 3-14: Method evaluation of the particle tracing method. Comparison of the occurrence of the three cases. 

Case 1, both cameras detect the particle. Case 2, only one camera detects the particle. Case 3, neither camera 
detects the particle. Case 3 were analysed for the duration of particle disappearance and were separately 
displayed (shorter than 0.5 s and longer than 0.5 s). Data shown was normalized by maximum recording 
duration for different PBRs, fill volumes, and aeration rate.  

 

 

3.3.3.4   Method challenges and further improvements 

The method has been demonstrated in laboratory-scale [153] with a 3.7 L airlift PBR, though 

in order to apply the method on the 200 L PBR and 20 L PBR, several challenges had to be 

overcome. One challenge was posed by the external wire frame of the PBR. This frame is 

necessary to provide support to the bag, but the plastic bag within it curved under the water 

pressures and formed lens like shapes with unfavourable optical distortions. These distortions 

led to reflections, and generated an effect where the alginate sphere seemingly disappeared. 

The impact of the bag deformation could have been minimized by using a transparent hard 

plastic layer between the PBR metal frame and the bag or by replacing the wire frame with a 

glass or plastic cylinder entirely. However, these approaches were not applied due to their 

impact on the geometry and the corresponding hydrodynamic properties. The bending of the 

bag generates a unique flow pattern that can also be found within the original single-use 

Xcellerex system. The size of the 200 L PBR provided an additional challenge, as there was 

limited visual coverage of the alginate sphere with just two cameras. For alginate spheres 

travelling close to the wall, the anticipated two camera setup – positioned frontal and lateral to 

the PBR – occasionally resulted in the loss of the particle from view. However, these tracing 

difficulties can potentially be reduced for future applications by including additional cameras, 

covering more angles of the bioreactor.  



Chapter 3 

69 
 

Another potential improvement is the conversion step of pixel dimension into physical 

dimensions. These are currently done for each camera perspective individually (two-

dimensional), which ignores the effect of the common perspective distortion of the camera lens 

[221]. This simplification introduced a certain error depending on the position of the fluores-

cence marker. Positions further from the image centre suffer a stronger distortion, which is 

especially true for enlarged objects such as the 200 L PBR in which the furthermost positions 

reached deviations of up to 3 cm. A more precise approach would be a calibration step with 

three-dimensional coordinates. Both cameras would need to be synchronised for each calibra-

tion position in order to obtain the three-dimensional coordinates of the calibration marker. 

Thereby the position of the marker could be more precisely identified, even in positions further 

away from the cameras.  

The method also has certain limitations related to the physical properties of the alginate 

sphere. The alginate sphere does not have the same characteristics as a microalgal cell and 

could exhibit stronger sedimentation effects in these laminar zones. The density of the sphere 

was slightly higher than the surrounding liquid, which promotes sedimentation. Increased 

dimensions of the particle, which are magnitudes higher in size and mass than microalgae, also 

impact the inertia and the friction forces of the sphere. This makes vector changes imposed by 

the current more sluggish, and smaller currents suffer from interference by the sphere while 

travelling through them. These differences in flow behaviour can impact the flow path 

reconstruction of eddies in the laminar flow areas; however, strong currents in the turbulent 

(riser and downcomer) areas of the PBR are profiled accurately with the sphere (Figure 3-8). 

Adjustments on the sphere dimensions can improve this flow behaviour; however, reduction in 

size also hinders the detectability of the sphere for the cameras. Therefore, a balance for the 

fluorescence marker was found at with 0.5 cm diameter. This data can therefore give the 

general path and flow within the PBR, but further refinement may be necessary, e.g. through 

computational fluid dynamics (CFD) models. These models can easily trace the particle 

movements of a digital reactor system, yet empirical hydrodynamic flow measurements are 

still needed to validate the system [222].   

 



Chapter 3 

70 
 

3.4   Conclusion 

The applicability of the optimization platform depends on the similarity of certain 

characteristics to the industrial bioreactor. CO2 and light are of utmost importance for micro-

algae to grow. Hence, mass transfer and cell exposure to light are of considerable relevance for 

the PBR design and optimization.  

The results of the mass transfer and the mixing time measurements indicate that similar 

operational conditions to the Xcellerex were achieved. Mixing was achieved exclusively via 

aeration (compared to the Xcellerex impeller), therefore the current setup is more energy 

efficient and should create less shear stress on the cells. However, the observed laminar zones 

at the bottom of the PBR shows that mixing supported by an impeller might be needed. The 

down-scaling part of the optimization platform works as intended with mostly similar results 

for mass transfer and mixing time. Future growth experiments with various algae species using 

the 200 L and the 20 L PBR will show if the growth behaviour are reproducible in both scales.  

The pH-method for the mixing time proved to be challenging due to technical limitations of 

the methodology; however, it gives an approximate view of the flow behaviour within the 

reactor vessel. The optical dye method presents a valuable addition to the pH-method, as it 

seems to be more precise by using direct measurements, and also shares the same overall hard-

ware setup as the particle tracing measurements. The particle tracing method was successfully 

adapted to fit the 200 L PBR. The method proved to be an excellent tool to describe and analyse 

the flow current in the PBR. It is possible to see high particle residence areas and collect 

velocity readings for different areas in the PBRs. Future work should focus on optimizing the 

alginate sphere by reducing the diameter and increasing the quality of the fluorescence 

material. This would improve the flow behaviour of the particle in laminar zones and increase 

the emitted fluorescence, thus improved detectability. Additional cameras in the setup will also 

provide a better coverage of the PBRs and thereby improve the tracing. This particle history in 

the PBRs can be used to calculate the light exposure of the culture, and thereby facilitate the 

optimization of the light system and the mixing pattern (Chapter 4). With the given 

methodology, it was possible to verify the optimization platform while additionally collecting 

flow data that will enable the calculation of light exposure. Changes in the PBR setup can be 

tested easily and the impact on CO2 supply, mixing and hydrodynamic flow can be validated. 
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4.1   Introduction 

Photons are an essential source of energy for phototropic organisms; in order to achieve 

unrestricted growth of algae in a photo-bioreactors (PBR) systems, a suitable and sufficient 

light supply has to be provided. The adequate supply of light can be challenging as light atten-

uation dramatically increases with increasing depth into the bioreactor vessel [133], especially 

when operated at high cell concentrations. As such, the distribution of light is a crucial factor 

in determining the performance of a PBR. The illumination source of a PBR should not be 

quantified simply by its capacity to introduce photons into the culture, but by the actual 

irradiance it provides to the cells. For example, PBRs with intense light input and insufficient 

mixing will expose cells that are close to the light source with high photon intensities for an 

extended time; algae cells in these regions might suffer from photoinhibition, while cells 

further from the light sources experience photon starvation [223]. Photoinhibition occurs when 

photon intensity reaches a harmful level for the cell, which is revealed by reduced cell growth 

and can even lead to cell death. On the other hand, photon starvation can occur after extended 

periods in light undersaturated regions of the PBR, which equally diminishes growth. Irradi-

ance values used in laboratory scale cultivation systems vary wildly and depend on the algae 

species and the cultivation condition. Typically, the photosynthetic photon flux density (PPFD) 

range for algae can be defined between 15 and 400 µmol m-2 s-1 [224][134][175] – yet clearly 

these values are exceeded (up to 2000 µmol m-2 s-1 [225]) with outdoor cultivations recieving 

direct irradiation by sunlight [226]. There is no consistent value at which photoinhibition limits 

culture growth, as it is dependent upon numerous factors, such as algal species, wavelength, 

exposure time and culture conditions, e.g. temperature and media composition [227]. As such, 

preventing photoinhibition has to be evaluated based on the individual cultivation system and 

growth conditions.  

Optimized PBR systems should minimize light stress to the cells, for instance by applying 

adequate mixing in order to transport algal cells with a higher frequency through the different 

light zones in the PBR, thereby creating temporal variation of PPFD exposure; this effect also 

distributes the photons across a greater volume of the culture. This optimized flow design could 

additionally improve growth by inducing the “flashing light effect” to the cells [228][229]. In 

this phenomenon, the cell is exposed to a high frequency of dark and light (D/L) intervals. In 

the illuminated phase, the photosynthetic apparatus is saturated with photons, while the dark 

phase provides time to process the photons and repair photodamage to the cell [230]. The 

frequency of the dark and light phases offers a range of beneficial effects. The duration of these 
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dark and light periods vary for different species [228][134], whilst some species do not show 

a positive impact from D/L frequency at all [231]. The ability of pneumatic mixing to create a 

flashing light effect remaining a topic of debate [232][233]. A beneficial impact on growth was 

observed for Chlorella vulgaris in a flat panel PBR designed to maximize the flashing light 

effect on the culture [234]. Vertical baffles redirected rising bubbles which created turbulences 

that moved the algae cells in front of the illuminated surface and then subsequently further back 

into the darker areas of the PBR. This created a D/L frequency of around 1 Hz. In comparison, 

another study could not observe a positive influence of the flashing light effect while mixing 

Chlamydomonas reinhardtii in a bubble column PBR (1 L) [233], but noted an improved 

growth with artificially induced D/L frequency that was higher than 50 Hz using flashing 

LEDs. This suggests that the mixing capability of that particular PBR did not reach a suffi-

ciently high frequency D/L cycle to create a beneficial effect. This highlights the difficulty in 

achieving this effect solely by mixing, as it is highly dependent on the PBR design, type of 

mixing and the illumination setup. Using mixing alone, D/L frequencies range from 0.1 Hz in 

airlift PBRs (100 mL) [235] to 5 Hz for flat-panel PBR (2.5 L) [236], and were even calculated 

up to 4-22 Hz in a static mixer unit of a tubular bioreactor [237]. However, all these described 

cases operated with a homogenously illuminated surface (e.g., illumination along the entire 

surface of the PBR), hence with a photic volume close to the PBR wall and a clearly separated 

dark zone further inside the PBR. This uniform light attenuation across the illuminated surface 

(i.e., side walls) means that the culture is constantly exposed to light, while travelling close to 

the side walls and is in the dark when further from the walls. In the case of an airlift PBR, this 

light profile can create a D/L cycle of 1 – 100 s, as the culture circles from the dark drafting 

tube (riser area) through the illuminated peripheral regions (downcomer section) of the PBR 

[85]. This does not reflect the actual light profile of an artificially illuminated PBR system, in 

which light is emitted by small point sources with a conical shape (e.g., LEDs). This complex 

light pattern establishes an illuminated surface with high and low photosynthetic photon flux 

(PPF) zones close to the illuminated surface, leading to distinct fluctuations in PPFD for cells 

migrating through these various zones. This specific light pattern could enhance the D/L 

frequency of cells moving through these zones. Additionally, the utilization of artificial illumi-

nation could allow for the application of the flashing light effect by manipulating the 

operational mode of the light sources [238]. In knowing the retention time and the flow pattern 

of the cells, the PPFD experienced by cells travelling through the light profile of the PBR can 

be adjusted by controlling the light intensity and frequency of the light source. This allows for 
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the adjustment of the illumination setup and the creation of a defined PPFD via light pulses in 

certain PBR regions.  

In recent decades, computer simulations have been increasingly used in the design and 

optimization of PBRs. Moving optimization steps from real PBRs to simulated ones can save 

time and effort [239]. Structural changes can rapidly be simulated, and the most promising 

results can be transferred onto the physical test system. However, for the simulation to be 

precise, the model depends on accurate input data to build upon [240]. This input can be 

calculated, based on formulas that describe a physical phenomenon, or from experimentally 

derived data, and enables the simulation of certain parameters such as mass transfer, 

hydrodynamics and light exposure; even biological parameters such as growth rate can be 

predicted with sufficient data [241][242][225].  

Light exposure simulations are usually based on two datasets: the fluid dynamics, and the 

light attenuation, both obtained either numerically or empirically. An in-silico approach was 

used to evaluate the light exposure of a helical tube mixer for a tubular PBR [237]. In this 

study, a hydrodynamical single-phase (liquid only, so no gas phase present) simulation 

contributed the data of particle/cell trajectory, while the light attenuation was calculated with 

a hyperbolic light model (light intensity as a function of cell concentration and light path [243]), 

which enabled the calculation of the theoretical light history of a cell. Once established and 

proven, the model can be used to easily calculate physical parameters (e.g., light attenuation), 

enabling the rapid generation of data in various scenarios, thereby replacing the need for 

extensive real-world experiments. However, there are currently limitations in the complexity 

available in simulated PBR systems. This can include complex PBR geometry and the variable 

biological elements, such as the microalgae and their light absorbing properties that are 

dependent on culture health, culture conditions, and acclimatisation to various light intensities 

and wavelengths [157]. Simplifications such as homogenously illuminated surfaces can be 

applied in order to reduce the complexity of the simulation; however, these might reduce the 

accuracy of models [242]. An empirical approach to the light exposure was reported with a 3.7 

L airlift PBR [153]. The hydrodynamic flow pattern of this PBR was mapped by tracing an 

alginate sphere with a camera setup, thereby revealing the particle trajectory. The light 

distribution in the PBR was mapped manually by measuring the PPFD (using spherical PAR 

sensors) at different locations inside the vessel. This method calculated the PPFD entirely based 

on empirical data, yielding more realistic results. However, using this approach, measurements 

of light attenuation have to be conducted for each species, each cell concentration, each 
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illumination settings, and with each PBR scale independently, rendering this approach more 

labour-intensive and impractical.  

As part of a project to convert a bioreactor into a PBR, this chapter focuses on the optimal 

LED configuration for the efficient light supply into the PBR. As such, an algorithm was 

developed to model the LED light distribution across the PBR and identify the optimal 

positioning, based on the ideal PPFD and the D/L frequency. This computer aided design 

(CAD) relies on empirical data for light distribution (light maps, Chapter 2) and hydrodynamic 

flow (particle trajectory, Chapter 3). The light maps are a more accurate approach than the 

mathematical model and are easier to generate than most empirical methods, especially for 

complex optical PBR geometries and illumination systems. The Direct Chlorophyll 

Fluorescence Imaging (DCFI) method was designed to generate high resolution irradiance 

maps that can contour the light attenuation profile of artificial light sources such as LEDs. In 

this chapter, these light maps are converted into three dimensional volumes replicating the 

volumetric PPFD in the culture media. These LED volumes are arranged to maximize the PPFD 

supply of a defined intensity range. This arrangement was performed using two approaches: 

the static representation, by maximizing the PPFD area in the PBR (without accounting for 

how the particle moves), and the dynamic version, by calculating the optimal LED distance 

based on light history experienced by the particle as it moves through the PBR volume. Both 

approaches created an optimal LED configuration. The static approach started by creating the 

optimal LED configuration based on the ideal photic volume, and then using the particle 

trajectory data to calculate the light history of the particle (e.g., D/L frequency, time in 

illuminated zones). The dynamic approach used the particle trajectory and light history of the 

particle to then calculate the optimal LED configuration. This chapter established a versatile 

CAD process to optimize LED distribution based on the analysis of dynamic light 

characteristics. As such, the CAD can be utilized to design individually fitted LED configura-

tion for a variety of PBR systems.  

 

4.2   Method 

4.2.1   Source of data 

4.2.1.1   Experimental particle tracing 

Empirical particle tracing data from Chapter 3 were used for the 200 L PBR with aeration 

rates of 4 and 8 L/min and the 20 L PBR with aeration rates of 1 and 2 L/min. The data were 

generated by tracing an alginate sphere with a two-camera setup. Missing particle coordinates 
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of one camera were interpolated to provide a complete dataset, so data obtained by both or a 

single camera were used for the light exposure calculation (case 1 and 2). As such, there were 

instances when the particle was not visible to either camera (case 3), which resulted in a 

partially reconstructed particle trajectory. 

 

4.2.1.2   Light maps 

Light maps generated with the DCFI method (Chapter 2), reflect the light behaviour of 

different coloured LEDs with Phaeodactylum tricornutum and Chlorella vulgaris at different 

cell concentrations (Table 4-1). The light maps show the complex light profile of the LEDs, 

including potential reflections of the PBR, as PPFD values for each image pixel. Light maps 

based on the top view were used as they show the distinct shape of the light profile of the LED 

penetration into the culture. Since the light maps have a high resolution (84 pixel/cm for the 

top view), digital processing of them presented a challenge, as the size of the generated map 

would severely prolong the calculation time in MATLAB (R2019a, Update5, The 

MathWorks). As such, the light map resolution was reduced (bicubic) by the factor of ten. 

Details of the algal species can be found in section 2.2.2. Two cell concentrations from each 

species were analysed, which will be referred to as high and low cell concentration.  

 

Table 4-1: List of light maps for different species and cell concentrations. 

Species 
Low cell concentration 

[cells/mL] 

High cell 
concentration 

[cells/mL] 
LEDs 

P. tricornutum 2.02×106 5.87×106 
Blue (450 nm), 
Red (670 nm), 

White (3997 K) 

C. vulgaris 1.56×106 4.10×106 
Blue (450 nm), 
Red (670 nm), 

White (3997 K) 
 

 

4.2.2   Processing of particle exposure 

4.2.2.1   Light map processing and LED arrangement 

In the first step, the light maps showing the complete light profile of the LED were cropped 

along the centre line of the LED, leaving a bisected light profile (Figure 4-1 A). In order to use 

these maps for digital calculations they had to be converted into three-dimensional light 

volumes that contained the light intensity information of the LED. Therefore, the halved profile 

was extrapolated (nearest-neighbour) by revolving the two-dimensional image around the 
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central axis (MATLAB) (Figure 4-1 B). These steps were repeated for each light map with the 

different LED colours, cell densities and species (Table 4-1).  

 

 
Figure 4-1: Flow diagram of the data processing for the particle exposure. A) Light map with the full cone of a 

single LED highlighting the cropped area, B) revolution of the cone around the central axis, C) shuffling of 
the LED volumes (white, red, and blue) and creation of a LED cluster, D) cropping of the LED cluster in 
order to create LED tile, and E) digital placement of a single LED tile in the PBR and rotation of the particle 
(yellow dot) to fit the illumination profile of the LED tile.  

 

 

The LED volumes were then digitally arranged (Figure 4-1 C) by gradually moving them 

according to the spatial requirements of the static or the dynamic approach. Shuffling was 

initiated by stacking the LED volumes at the same initial position from which the volumes 

were pixelwise repositioning. The PPFD volumes contained the light intensity values, as such 

superimposed volumes contributed to the overall photon flux in that area and were summarized. 

For each LED position, the static and dynamic light parameter were calculated, based on these 

parameters the ideal LED configuration were determined. The digital LED arrangement 

followed a specific pattern, considering that the LEDs are commercially available in the form 

of LED strips – LED chips are mounted on a flexible circuit board. In order to comply with 
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these design requirements, two different strips were assumed for the digital volume 

arrangement (Figure 4-2): a white LED strip, consisting of only white LEDs and a blue/red 

LED strip, consisting of an alternating red and blue LED pattern. The white LEDs moved 

stepwise along the theoretical strip away from each other. This movement was restricted to 

have an equal distancing between each LED. The blue and red LEDs were moved unrestricted 

along the blue/red LED strip, so the LEDs were freely relocated on the strip. Both strips were 

placed vertically along the side wall of the cylindrical PBR system. While the white LED strip 

was locked at the initial position, the blue/red strip was stepwise moved along the theorical 

periphery of the bioreactor away from the white LED strip. To account for the circular 

geometry of the PBR, the blue/red LED strip was additionally rotated according to the 

curvature of the reactor side walls. The stepwise movement of the white LEDs and the blue/red 

strip were synchronised, so any increase of white LED distancing led to the relocation of the 

blue/red strip. For each relocation of the blue/red strip, the blue and red LEDs were moved 

independently along their strip. The stepwise movement was conducted for the distancing 

between both strips, the white LEDs and the blue and red LEDs, independently.  

 

 
Figure 4-2: Arrangement pattern of LED volumes. Grey, blue and red cubes represent white, blue and red LEDs, 

respectively. Overlapping areas of the cubes are highlighted in darker colours and represent areas in which 
PPFD of the LEDs were summarized. The movement is shown, where there is the 1) initial position of the 
LED arrangement, 2) stepwise movement of the white LED volumes, 3) stepwise horizontal movement of the 
blue/red LED strip away from the initial position (synchronized with the white LED steps), additionally the 
LED volumes were rotated according to the curvature of the PBR geometry 4) movement of the red LED 
volume along the blue/red strip, and 5) movement of the blue LED volume along the blue/red strip, with the 
6) theoretical white LED strip, and 7) theoretical blue/red LED strip.  
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4.2.2.2   Creating LED clusters and calculating particle exposure 

In order to reduce computational requirements of the analysis, only a small representative 

set of LEDs were used in the arrangement process (< 16 LEDs). This LED cluster contained 

the PPFD values of the LED volumes and were further processed into what will be called LED 

tiles. These tiles were needed for the calculations of particle light exposure and frequency. To 

create these LED tiles, the LED cluster was symmetrically cropped in order to create a 

representative volume of the LED colours (Figure 4-1D). These tiles were created to be 

stackable, much like a mosaic, so arranging these tiles across the PBR could theoretically 

recreate the defined LED pattern. However, this would require the placing of numerous LED 

tiles with subsequent interpolation steps for the necessary rotations in order to fit the LED tiles 

according to the curvature of the digital PBR, which would require significant computing 

power. As such, computational requirements were kept to a minimum by using the lowest 

viable number of tiles that could still accurately be extrapolated to represent the entire PBR.  

Different ways of calculating the light exposure of a particle were explored. Initial trials 

focused on the horizontal slicing of the PBR at the height at which the particle was positioned. 

These slices contained the correlated light profile of LEDs across the PBR side walls together 

with the particle position (Cartesian coordinates), thereby allowing for the identification of the 

estimated PPFD intensity at the particle position. However, this approach strongly relied on 

the rotation of the LED tiles in order to arrange them around the circular shape of the digital 

PBR, which introduced some imprecision due to the necessary interpolation and the need to 

correctly position the rotated light profile in the PBR matrix. Therefore, another approach was 

chosen to calculate the particle exposure. This method rotated the particle around the central 

axis of the cylindrical PBR and positioned it inside a single LED tile, which enabled the calcu-

lation of the particle exposure at this position (Figure 4-1E). This was done by converting the 

Cartesian system (x, y, z) of the particle position into polar coordinates (rho, theta, z) and 

adjusting the angle (theta) and the height (z) to fit the LED mosaic at this position. The adjusted 

polar positions were then re-transformed into Cartesian units and superimposed on the light 

intensity of LED tile. By placing only one tile in the PBR matrix, interpolation and complex 

digital volume alignments could be avoided. 

 

4.2.3   Photic volume 

Photic volume was calculated as an estimate of the illuminated liquid volume for the 20 and 

200 L PBR. The photic volume was derived from the PPFD values of the LED tiles and the 
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total reactor volume. PPFD values above 15 μmol m-2 s-1 were defined as illuminated. Photic 

volume calculations were performed in MATLAB. 

 

4.2.4   Calculation of D/L frequency  

D/L Frequency was analysed using two methods: the calculation of the binary distribution 

[237][244], and the transformation of the light exposure using fast Fourier transformation 

(FFT) [237]. Both methods were evaluated for their ability to describe the D/L frequency 

induced by mixing and changing LED setup. Calculations were conducted using MATLAB. 

 

4.2.4.1   Binary distribution 

The binary distribution assessed the duration of the D/L cycle that the particle experienced. 

The particle light exposures were binarized such that light intensities below 15 μmol m-2 s-1 

were assumed to be dark and given a value of zero, and intensities above that were defined as 

light and given a value of one. The durations of these flashing cycles (dark and light phases) 

were calculated and averaged. The mean D/L frequency was derived from the resulting time 

periods.  

 

4.2.4.2   Fast Fourier Transformation 

The oscillating light exposure (PPFD) of the moving particle were converted into a 

frequency spectrum using the FFT, an algorithm to compute the discrete Fourier transformant 

Ak of the signal sequence an [245]:   

 

 

4) 

 

where k = 0…N-1 as the Nth roots of unity, N is the number of samples and n the time index. 

The FFT was calculated in MATLAB with a sampling interval of 50 samples per second.  

 

4.2.5   Static and dynamic light exposure 

The LED arrangement were validated by two different approaches. The static light exposure 

was utilized to maximise the distribution of a PPFD range between 15 and 400 μmol m-2 s-1. 

PPFD below 15 μmol m-2 s-1 was considered as light limited [175] and values above 

400 μmol m-2 s-1 as photo-inhibited [134]. The light distribution of the PPFD range was calcu-
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lated for each LED configuration in order to find the configuration with the highest light char-

acteristics (i.e. highest distribution of the PPFD range into the PBR). Different light intensity 

ranges were tested for a wider variety of irradiance maxima (200, 300 and 500 μmol m-2 s-1), 

yet these threshold adjustments changed the distancing of the LED merely by a millimetre. As 

such the initial irradiance range of 15 - 400 μmol m-2 s-1 was used for all subsequent analysis. 

The dynamic light exposure directly combined the LED arrangement with the particle 

trajectory to compute the particle light exposure. The LEDs were similarly shuffled as 

described for static light exposure (Figure 4-1 C), yet for the identification the optimal LED 

configuration, values of the mean D/L frequency (binary-method), the total PPFD experienced 

by the particle within the defined PPFD region, and the retention time of the particle in the 

defined PPFD region (15 - 400 μmol m-2 s-1) were compared. The LED distancing which 

yielded the highest result for all three parameters was defined as the optimal LED positioning. 

Computational requirements of this step were reduced by running various iterations of the 

dynamic light exposure calculations. The first iteration started with larger spacing between the 

LEDs to find regions with high frequency and light exposure and then, based on these results, 

smaller regions were selected in order to analyse in detail by gradually decreasing the LED 

spacing in these areas. The first computation was done using 11.9 mm steps between each LED, 

which yielded a region of interest close to the optimal LED configuration (i.e., highest 

parameter values). Based on this configuration the distances above and below were analysed 

in 1.19 mm steps (minimum resolution of resized light map) in that defined range of 11.9 mm.  

 

4.3   Results and Discussion 

4.3.1   Static LED configuration 

The LEDs were arranged in a manner to maximise the distribution of the light intensity 

across the range of 15 - 400 μmol m-2 s-1. The resulting distance between the LEDs, together 

with the theoretical number of LEDs necessary to equip the PBR for different cell concentra-

tions, are shown in Table 4-2 for the 200 L PBR and in Table 4-3 for the 20 L PBR. For the 

blue/red LED strip, with consecutively placed blue and red LEDs along the strip, it was found 

that for all LED configuration, the red LED was always located at its initial position (position 

zero). As such, the pattern of blue and red LED always started with the red LED at the 

beginning of the strip. Therefore, the positioning of the red LED is not additionally listed in 

the results. Both PBR sizes show decreasing distance between LEDs with the increasing cell 

density, which can be explained by the increase in light attenuation with denser cultures. With 
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high cell densities, the LEDs have to be positioned closer to each other in order to maximize 

the defined light intensity area. This also highlights the possible benefit of adjusting the LED 

operation according to the cell density, i.e., the cultivation stages. In the first stages of 

inoculation and exponential growth, parts of the LED strips could remain off, and as cell 

density increases, LEDs could be successively switched on. This could potentially improve the 

growth rate due to the reduction of light stress, while additionally reducing the power 

consumption of the illumination system [137]. It is noticeable that the LED distancing for P. 

tricornutum is more strongly affected by the cell density, while for C. vulgaris, the increase of 

cell concentration requires only a minor change in LED placement. This can be explained by 

the lower impact of cell concentration on the attenuation of the lightmaps for C. vulgaris in the 

same setup which was discussed previously (Figure 2-7).  

 

Table 4-2: LED distances of the 200 L PBR and the number of LED for complete illumination of the PBR. The 
distance between the white LEDs furthermore defines the distance between the white and the blue/red LED 
strip.  

Species Cell 
concentration 

Distance 
between 
white 
LEDs 
[cm] 

Distance 
between 
blue to 
red LEDs 
[cm] 

Total amount 
of LED 
strips (white 
and blue/red) 
* 

LEDs per strip 
(strip length 80 cm) 
White 
* 

Blue and 
red * 

P. tricornutum Low 6.31 12.62 8 12 10 
P. tricornutum High 3.93 7.50 12 18 18 
C. vulgaris Low 6.31 12.62 8 12 10 
C. vulgaris High 5.71 10.48 9 13 12 

*result rounded to fit PBR dimensions 

 

Table 4-3: LED distances of the 20 L PBR and the number of LED for complete illumination of the PBR. The 
distance between the white LEDs furthermore defines the distance between the white and the blue/red LED 
strip.  

Species Cell 
concentration 

Distance 
between 
white 
LED 
[cm] 

Distance 
between 
blue to 
red LED 
[cm] 

Total amount 
of LED 
strips (white 
and blue/red) 
* 

LEDs per strip 
(strip length 38 cm) 
White 
* 

Blue and 
red * 

P. tricornutum Low 5.95 11.79 5 5 4 
P. tricornutum High 3.45 6.79 6 9 8 
C. vulgaris Low 6.31 12.50 5 5 4 
C. vulgaris High 5.11 10.12 5 5 4 

*result rounded to fit PBR dimensions 

 

 

Although the smaller dimensions of the 20 L PBR reduced the overall number of LEDs 

placed on the PBR surface, a nearly identical LED distancing between the LED was found for 
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both scales. Clearly, the smaller diameter combined with similar LED configuration created an 

improved light distribution within the culture. This can be roughly seen by comparing the total 

photic volume of the PBRs. In the scenario of a high cell density of P. tricornutum, the static 

light configuration of the 200 L PBR would illuminate only 38.8 % of the culture volume, 

whereas the 20 L PBR reached a photic volume of 90.1%. This highlights the unfavourable 

ratio of illumination surface area to cultivation volume of the 200 L PBR. Improvement in the 

photic volume at the 200 L scale can only be further achieved by reducing the diameter for the 

bioreactor, which would require a drastic redesign of the existing system. Alternatively, 

increasing the illuminated surface area could be achieved by internal lighting, although this 

would affect the hydrodynamic flow within the PBR [246]. 

The 20 L bioreactor as such could not accurately reflect the larger scale system and the 

dark/light zones, unless the light intensity of the individual lights were decreased. However, 

while this may be useful for scale-down experiments in the future, it is of less interest when 

looking at the interaction between mixing pattern and light sources. As such, the 20 L system 

was not considered for further analyses with the dynamic light exposure.  

The calculated optimal illumination system consists of 216 white and 216 blue/red LEDs 

for the 200 L PBR and 54 white and 48 blue/red LEDs for the 20 L PBR. However, these 

calculations represent the configuration of LEDs for a static volume, which are based solely on 

the results of the light maps and do not consider the mixing and the correlated particle flow. 

As such additional iterations were done to adjust the LED spacing according to the hydrody-

namic mixing pattern in order to improve the light history of the microalgae cells. Figure 4-3 

visualizes the illumination configuration in a part of the PBR system as a two-dimensional 

cross section. The image overlays the hydrodynamic velocity fields (Figure 3-9) with the 

theoretical LED distribution across the PBR surface. The displayed LED setup is based on the 

white LED strip in high cell density culture of P. tricornutum and highlights the shape of the 

light cone of PPFD above 15 μmol m-2 s-1. The light maps were trimmed to display the complete 

shape of the LED profile, including areas with low PPFD further away from the LED centre. 

As such the subsequent LED volumes had extended zones of low PPFD that are not visible in 

this illustration as they are below 15 μmol m-2 s-1. The current calculation of the LED 

positioning was restricted by the PBR dimensions, in a way that the LED volumes could not 

exceed the boundaries of the PBR height. Future improvements on the CAD process will 

address this and adapt the shuffling steps by allowing additional LED placement at the top and 

bottom of the PBR. Enlarging the view of the LEDs enables the detailed examination of the 
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dark and light zones distributed between the LEDs along the side wall. These irradiance gaps 

might induce an enhanced D/L cycle on the cells.  

 
Figure 4-3: Vertical cross section from middle to side of the 200 L PBR visualising the particle velocity map with 

related colour bar (blue to yellow) and the overlapping theoretical LED configuration (red) on the PBR side 
wall. Velocity map is based on data with an aeration rate of 8 L/min. Overlapping LED configuration is a 
cross section of the white LED strip based on the results of the static approach for P. tricornutum with high 
cell concentration. LED coverage represents PPFD values above 15 μmol m-2 s-1. The zoomed in area shows 
the LED illumination gaps between the LED light cones. Changes in spacing at the bottom and the top of the 
PBR are due to the cropping of light maps. 

 

 

The velocity map shows the particle speed within the PBR, with higher velocity areas in the 

upper regions and reduced velocity in the lower regions of the vessel (detailed in Chapter 3). 

In visualising the result of the static LED arrangement, it becomes clear that a uniform distri-

bution along the PBR height might not result in the best possible light experience for the cells, 

since the particle velocity is not constant throughout the PBR and correlated D/L fluctuation 
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might differ depending on the region. Future investigations with the CAD process will include 

an individual LED placing that accounts for variations in velocity across the illuminated zones.  

 

4.3.2   Analysis of LED configuration  

A CAD process was designed that combined the LED spacing with the particle trajectory 

data and analysed the light characteristics. Three parameters were considered for the 

optimization of the light distribution in the PBR: the total PPFD experienced by the particle 

within the defined PPFD region (15 - 400 μmol m-2 s-1), the retention time of the particle in the 

defined PPFD region (15 - 400 μmol m-2 s-1), and the mean D/L frequency. Data of the 

experimental particle tracing were used to calculate the light exposure of the algae cells within 

the PBR, which can then be used to compare the impact of cell density and aeration rate on 

light exposure. These calculations were done to validate the characteristics of the LED 

configuration of the static light exposure. 

 

4.3.2.1   Particle light exposure  

Particles migrating through the PBR encounter different PPFD for fluctuating time periods: 

this experience can change depending on the light profile and the mixing pattern. Figure 4-4 

shows a representative image that demonstrates the impact of cell density with P. tricornutum 

culture on the light exposure of the particle for a random 10 s period. The plot shows PPFD for 

high and low cell densities together with the radial distance of the particle to the illuminated 

side wall. For high cell density conditions, the particle experienced a reduced PPFD in 

comparison to the low cell density, which can be explained by the deeper penetration of light 

in lower cell densities due to the reduced photon absorption and scattering by microalgae cells 

(Figure 2-6), which allows for deeper illumination into the culture volume. The total PPFD 

experienced by the particle was found to be around 60% lower in the case of high cell 

concentrations, compared to the lower cell density for both species. Detailed analysis of Figure 

4-4 highlights cases in which the particle experienced different irradiance at similar radial 

distances to the periphery. This phenomenon can be observed at around 6 s (Figure 4-4), where 

the particle is close to the LED (6 cm), but experiences no irradiance whatsoever. This is due 

to the non-uniform light region created by the point source LEDs, with dark areas closely 

situated to the light source (Figure 4-3). As such, particles migrating with a constant radial 

distance through regions close to the PBR side walls pass through different light regimes and 

exhibit fluctuations in photon flux density. Radial positioning is commonly used to highlight 
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the travelling path of the particle through different light zones of a homogeneous light distri-

bution and therefore allow the calculation of the PPFD, since light attenuation is a function of 

distance [247]. This approach cannot be applied for the particular light regime of these LEDs 

as it is too complex to visualize two-dimensionally. Light exposure depends not only on the 

distance to the illuminated surface, but also on the relative horizontal and vertical position of 

the different LEDs. 

 

 
Figure 4-4: Light exposure in P. tricornutum for high cell concentration (black), and low cell concentration (grey) 

and radial position of the particle (red) based on the experimental particle tracing data of the 200 L PBR. In 
red the radial positioning of the particle. Scale of 14 seconds for 8 L/min aeration rate, based on LED 
configuration of the static light exposure. 

 

 

4.3.2.2   Retention time 

The impact of hydrodynamics and the LED configuration on the light experience of the 

particle was analysed by calculating the particle retention time (total) in different PPFD 

regimes. High retention times in PPFD ranges of 15 - 400 μmol m-2 s-1 were defined as favour-

able. Hence, increased total duration in this region can signify an improved light exposure of 

the cell. The light ranges can be further adjusted to fit different algal species requirements, but 

this range was chosen as a proxy for this current setup. Figure 4-5 shows a histogram of the 
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total particle retention time in the various light regimes of the 200 L PBR for different aeration 

rates. Lower aeration rates will slightly improve the light distribution by reducing the residence 

time of the particle in the dark zones. This indicates that using this particular LED 

configuration, a lower aeration rate of 5 L/min is seemingly better suited to provide sufficient 

photons to the culture. However, higher aeration rates improve the mass transfer coefficient 

(Figure 3-4) and thereby ensure sufficient CO2 supply, another essential parameter that has to 

be considered for unrestricted growth. Further work would be needed to establish the 

appropriate mixing in order to combine the optimal photon supply and mass transfer for the 

dynamic demand of microalgae throughout the cultivation cycle.  

Cell density also affected the PPFD distribution experienced by the particle, as the lower 

culture densities had increased retention times in the favourable light intensity range. This 

pattern can be observed for both species, though the impact of cell concentration for C. vulgaris 

is less distinct. This can be explained by the reduced influence of the chosen cell concentrations 

on the light maps for this species (as described in Chapter 2), or by a LED configuration that 

equally serves both cell concentrations. One thing that is of interest is that the particle does not 

spend long in high irradiance zones, which would apply for particle occurrences close to the 

PBR side wall. While this might be linked to a slight decrease in measurement precision close 

to the PBR frame by the tracing method (section 3.3.3.3), it does indicate that the particle is 

not often in the high light intensity zone, so decreasing the dark zone seems to be of greater 

importance when optimizing the PBR.  
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Figure 4-5: Histogram of particle retention time in PPFD regimes for P. tricornutum and C. vulgaris at aeration 

rates of 5 and 8 L/min and different cell densities, based on particle tracing of at least 10 minutes. Retention 
time was normalized to the maximum value to allow comparison of the different setups. 

 

 

4.3.2.3   D/L Frequency analysis 

The analysis of the particle retention time in certain light regions facilitates the direct 

comparison of the light exposure for different light and mixing configurations, yet it does not 

account for the frequency by which the particle moves between these zones. This D/L 

frequency was another parameter that was considered for the validation of the LED configura-

tion, as it is shown that intermittent light has an effect on microalgal growth rate [228]. 

Variations of the binary exposure method are commonly utilized to calculate the mean D/L 

frequency [237][244]. Figure 4-6 A shows a representative binary distribution of the particle 

light exposure for a 20 s time lapse of the P. tricornutum culture (8 L/min aeration rate, high 

cell density). The particle spent an average of 0.3 s (3.3 Hz) in the light phase and in the dark 

phase, approximately 1 s (1 Hz). A broad diversity in frequencies was observed in the analysed 

data, which is characterized by high standard deviation (see Supplemental materials). This 

variety of frequencies could be due to turbulent eddies in the liquid flow that create fluctuating 

velocity fields within the PBR, as observed with the particle tracing method (Figure 3-11). 
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Another possible explanation is that the LED configuration creates a complex dark and light 

pattern. Particles travelling through the illuminated volume can experience light oscillation due 

to the inhomogeneous illumination, as shown in Figure 4-4. Mixing is an important parameter 

for improved D/L frequency; however, comparison of the aeration of 5 and 8 L/min revealed 

no significant variation between them. This could imply that mixing with these aeration rates 

does not have a significant effect on improving the D/L frequency. Similar results were 

observed in a simulated plate PBR (1 L) in which the commonly used aeration rates (0.25 and 

0.75 L/min) did not affect the dominant D/L frequency [156]. 

 

 
Figure 4-6: Representative data of the binary distribution used to calculate the mean D/L frequency. Data shown 

is based on the 200 L PBR with aeration rates of 8 L/min and light maps of P. tricornutum at high cell density 
(20 s time lapse). Values of 1 indicates the exposure to light intensities above 15 μmol m-2 s-1, while 0 indicates 
particle is in the dark. Time represents travelling time of a particle through the PBR. 

 

 

The Fast Fourier transformation algorithm was used to convert the dark/light fluctuations of 

the particle into a frequency spectrum [237]. The FFT was applied to the light exposure of the 

different species, cell concentrations and aeration rates. Figure 4-7 plots a representative 

frequency spectrum of different aeration rates for P. tricornutum at high and low cell concen-

trations. Peaks in magnitude mark light intensity changes of the particle when moving from 

dark to light. This method gave a similarly broad range of frequencies for the various configu-

rations as the binary distribution, meaning comparison between configurations did not have the 

resolution to be fully utilized in the optimize of the system. However, results of all configura-

tions showed dominant frequency amplitudes below 5 Hz (data not shown), which supports the 

results of the binary method. Therefore, the binary distribution was utilized for the further 
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analysis of the LED configurations, as the resulting mean D/L frequency could be compared 

between the different setups and the calculation could be easily incorporated into the algorithm. 

 

 
Figure 4-7: Frequency spectrum of the fast Fourier transformation for the 200 L PBR at aeration rates of 5 and 8 

L/min. The figures show the frequency spectrums based on light maps of high and low concentration in 
P. tricornutum. Dominant amplitudes were only observed in the lower frequency spectrum. 

 

 

Both analytical methods yielded similar frequency results for the measured scenarios 

between 0 – 5 Hz, which agrees with findings in literature about the mixing induced D/L 

frequencies. The simulations of a tubular bioreactor with a helical baffle system on its side 

walls achieved theoretical D/L frequencies of 2.28 Hz [244]. A more similar PBR geometry to 

the one described here – an airlift PBR with a lantern-shaped draft tube (~8 L culture volume) 

– reached a simulated frequency of 0.475 Hz [248], while in another study a frequency of 

0.14 Hz was found in an simulated airlift PBR (18 L) [249]. Compared to these simulated 

values, the D/L frequencies observed for our system seems rather high, especially considering 

the high volume of the 200 L PBR. One major difference however is that these studies had a 

homogenous illuminated surface, instead of point source LEDs. This could indicate an 

enhancing effect of the LED pattern on the D/L frequency by creating a distinct dark light 

pattern for particles migrating through the illuminated regions. As such, high D/L frequencies 

could be realized without increasing the mixing, with its correlated shear stress and higher 

energy consumption, by simply adjusting the LED pattern. Metabolic stimulation has been 

mainly found for frequencies around 50 Hz and higher; however, lower frequencies (1-10 Hz) 
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were also proven to have beneficial effects on microalgae [235][250]. These frequency ranges 

are feasible in the PBR system and could even be further optimized by modulating the LEDs 

in order to create PPF pulses. These artificially induced light fluctuations could achieve higher 

D/L frequencies and potentially enable a more economical operation of the illumination system 

by reducing overall power costs of the LEDs [251].  

 

4.3.3   Optimization of the LED distribution – dynamic model 

So far, the ideal LED arrangement was based on the optimal light distribution calculation 

for a specific light intensity range in a static system, which did not include the mixing pattern 

as a parameter in the LED configuration. A more dynamic approach for the calculation of the 

LED arrangement is to combine LED distancing directly with the particle trajectory. In this 

case, the identification of the ideal LED positioning focuses on the light characteristics that the 

particle experiences rather than the ideal illumination of a static volume. This approach enabled 

the detailed analysis and comparison of different LED positions for their effect on the mean 

D/L frequency, the total PPFD experienced by the particle in the defined PPFD range 

(15 – 400 μmol m-2 s-1), and the retention time of the particle in the defined PPFD range 

(15 – 400 μmol m-2 s-1). The optimal LED alignment chosen in this study was done by giving 

equal importance to each of the three parameters. Changing the rating, or importance, for 

certain parameter would facilitate the identification of LED setups that enhance specific 

illumination characteristics; for instance, a higher frequencies or increased particle exposure. 

Representative heatmaps visualize the impact of LED distancing (white and blue LED) on 

these three parameters for the 200 L PBR with an aeration rate of 8 L/min (Figure 4-8). The 

three plots show different patterns as the LEDs are moved away from each other, which high-

lights the different optimal LED positioning based on each individual parameter. The particle 

retention time increases with increased distance between white and blue LEDs, with a peak 

retention time for the distancing around 3.5 cm (Figure 4-8 A). The total light exposure shows 

a similar behaviour (Figure 4-8 B), but indicates a potential maximum in light exposure outside 

the analysed LED positions, meaning that the optimal LED setup for maximising the light 

exposure can only be found with greater distancing. On the other hand, the mean D/L frequency 

displays a nearly linear dependency on the distance between both LEDs (Figure 4-8 C). Higher 

D/L frequencies are found with consistently increased blue and white LED spacing, which 

signifies an enhancing effect of higher LED spacing on the dark/light cycle.  
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Figure 4-8: Representative heatmaps of A) retention time of the particle in the defined light region (15 - 400 μmol 

m-2 s-1), B) total light intensity experienced by the particle in the defined light region (15 - 400 μmol m-2 s-1), 
and C) mean D/L frequency. The maps show the positioning of white LEDs and blue LEDs. Distancing of 
the white LED and blue/red LED strip are synchronised. Red marks the optimal LED distancing for this setup 
(200 L PBR, 8 L/min, P. tricornutum with high cell concentration). The colour bar highlights high values for 
the three parameters in yellow. 

 

 

Compared to the static light exposure (Table 4-2), the number of LEDs increased by using 

the dynamic approach due to a more compact LED configuration (Table 4-4). The different 

aeration rates only had a minimal impact on the LED distribution, which concurs with the 

observed minor influence of mixing on D/L frequency and the retention time of the particle. 

The high cell density setup for P. tricornutum requires a total LED number of 341 white LEDs, 

and 506 red and blue LEDs, which is double the number compared to the static calculation. 

There is a trade-off however, as this increase should balance the gain in algal biomass due to 
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the increased light availability with the cost of the illumination system and the increased power 

consumption. The current CAD process optimizes the LED configuration solely on the optimal 

light conditions for the culture: by additionally including the number of LEDs as a parameter, 

the algorithm would place value on the economic criteria of a reduced LED usage in the 

identification of the optimal LED distribution. 

 

Table 4-4: List of adjusted LED distances based on the dynamic light exposure of the particle for different aeration 
rates in the 200 L PBR. The distance between the white LEDs furthermore defines the distance between the 
white and the blue/red LED strip. 

Species Aeration 
rate 

[L/min] 

Cell 
concentration 

Distance 
between 

white LEDs 
[cm] 

Distance 
between 

blue to red 
LEDs [cm] 

Total amount 
of LED strips 

(white and 
blue/red) * 

LEDs per strip 

White 
* 

Blue 
and 
red* 

P. tricornutum 8 Low 2.74 4.29 11 25 16 
P. tricornutum 8 High 2.14 2.86 11 32 23 
C. vulgaris 8 Low 7.26 8.57 8 10 8 
C. vulgaris 8 High 2.62 3.69 11 27 18 
P. tricornutum 5 Low 2.98 4.29 11 25 16 
P. tricornutum 5 High 2.14 2.86 11 32 23 
C. vulgaris 5 Low 7.38 8.33 8 10 8 
C. vulgaris 5 High 2.98 3.93 11 27 18 

*result rounded to fit PBR dimensions 

 

 

The drastic difference between the dynamic and static method is outlined in Table 4-5. The 

dynamic LED setup enhances at least two parameters and has a consistently beneficial effect 

on the total light exposure. This is interesting to note, as the static light exposure setup 

maximised the ideal light distribution (15 – 400 μmol m-2 s-1) throughout the PBR, therefore a 

high light exposure of the migrating particle would initially be assumed. However, reshuffling 

the LED volumes with the dynamic approach magnified the ideal light exposure of the particle 

by up to 298.2% (P. tricornutum at high cell density), which is curious as the ideal light distri-

bution established in the static approach decreased by 50% in the dynamic LED setup, meaning 

that overall less PPFD of 15 – 400 μmol m-2 s-1 is present in the PBR. This shows the 

importance of LED positioning tailored for the specific hydrodynamic flow within the PBR, so 

the cells can optimally harness light. The results highlight the strong impact of hydrodynamic 

flow on the PPFD experienced by the cells which should be considered in the illumination 

design, especially in the case of non-uniformly light distribution. 
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Table 4-5: Difference between the static and dynamic light exposure of the 200 L PBR with aeration rates of 5 
and 8 L/min. Defined light region of 15 – 400 μmol m-2 s-1. Detailed results shown in supplemental materials.  

Species Aeration 
rate 

[L/min] 

Cell 
concentration 

Changes in 
mean D/L 

frequency [%] 

Changes total 
exposure in 
defined light 
regime [%] 

Changes in 
retention time in 

defined light 
regime [%] 

P. tricornutum 8 Low 6.1 290.4 40.9 
P. tricornutum 8 High 23.5 298.2 103.9 
C. vulgaris 8 Low -12.8 78.8 44.1 
C. vulgaris 8 High -44.1 285.8 48.6 
P. tricornutum 5 Low -11.9 278.2 41.8 
P. tricornutum 5 High 19.7 245.0 66.9 
C. vulgaris 5 Low -8.7 50.8 33.8 
C. vulgaris 5 High -71.7 254.7 37.6 

 

 

Further improvements for this optimization methodology could include the rearrangement 

of the LED strips. These are currently assumed to be vertically aligned to the PBR walls; by 

rotating them horizontally it might be possible to further increase the dark/light circulation of 

the particle. The hydrodynamic trajectory for the PBR demonstrated a clear pattern whereby a 

particle moved vertically more than horizontally; as such horizontal LED layers could create a 

higher intersection rate of the particle as it moves through these light “belts”. The overall light 

distribution to the cells could be further improved by applying lenses on the LED chips (e.g., 

collimator lenses) and thereby manipulate the light path of the LED. This could allow for 

different LED configurations with advantageous light distribution compared to the currently 

used LED light profiles.  

Another factor to consider for future improvement is that the current calculation assumes an 

even LED distribution across the PBR (e.g., same at the top and the bottom). This approach 

does not account for potential high or low velocity zones in the PBR which would benefit from 

further optimized LED configuration. Adjusting the algorithm could enable the calculation of 

this optimized configuration for the different zones of the PBR using the dynamic light 

exposure to truly create a customized LED configuration that is optimally suited for the specific 

geometry of the PBR and the algal species. 

 

4.4   Conclusion 

This chapter introduced the third part of the optimization platform - the LED distribution 

CAD process. The algorithm used for this chapter computes the optimal static light intensity 

distribution as a starting point, and then refines this by combining the light profiles with the 

particle trajectory data to create the dynamic light exposure. The LED configuration was 
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evaluated with equal importance to three parameters: mean D/L frequency, the retention time 

of the particle in a defined PPFD range, and the total PPFD experienced by the particle in the 

defined PPFD range.  

For the static and dynamic approach, the D/L frequencies induced by mixing and the LED 

pattern with the specific dark and light zones along the illuminated surface were found to be 

below 5 Hz. This indicates that mixing alone might not induce a beneficial flashing light effect 

on the cells. However, an increase in LED spacing demonstrated a shortening of the D/L cycle 

time (i.e., higher frequency), which can be further optimized together with modulation of the 

artificial light source (pulsing) to achieve higher frequencies. There is also the potential for 

improved economic operation by reducing the LED activity depending on the state of the 

cultivation. Low cell densities require less LEDs than higher cell densities, while not impacting 

growth. The optimal LED configuration for two algal species, P. tricornutum and C. vulgaris, 

at both high and low cell concentration were defined (Table 4-4), which emphasized the 

importance of fine-tuning the LED arrangement based on the algal species. The next step for 

this illumination setup would be to implement it into the 200 L PBR of the optimization 

platform or directly into the industrial bioreactor system and measure the growth rates. 

This chapter was based on experimentally obtained data of the particle trajectory; however, 

the methodology can similarly be applied to simulated particle tracing data. Hydrodynamic 

simulation would simplify the testing of new PBR geometries and furthermore allow the 

implementation of a complex internal illumination system in silico, before the need to build 

the real-world system. The current model forms the starting point for a more complex simula-

tion system, which will be successively enhanced by implementing models for other relevant 

physical parameters, such as flow dynamics, mass and heat transfer, shear stress, and eventually 

microalgal growth as a function of the light they experience. This would enable the detailed 

prediction of the microalgae growth behaviour and the impact of light arrangement and mixing 

pattern within a bioreactor of various geometries or operational conditions. This model will 

provide the foundation for ongoing optimization efforts on the converted PBR. 
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5.1   General conclusions 

Microalgae are an emerging new platform for the production of biopharmaceuticals. 

Production of recombinant proteins in algae is predicted to be lower in cost compared to 

commonly used host systems, which makes this technology attractive for industry [131]. New 

photo-bioreactor systems are needed to satisfy the high quality requirements of these products 

within the pharmaceutical market. As such this project developed an optimization platform that 

can facilitate the conversion of an industrially established bioreactor system to become a PBR 

equipped with an optimized illumination system for algal cultivation. While this approach can 

eventually be used for any bioreactor in principle, this optimization platform was focused on 

the conversion of the GE Xcellerex, an existing bioreactor used in GMP facilities. 

Through this thesis, I: i) designed a practical and versatile method to create high-resolution 

light maps of the PBR (Chapter 2), ii) tested physical properties of the optimization platform 

with regards to mass transfer, mixing time and flow pattern (Chapter 3), and iii) created a 

computer aided design (CAD) process to calculate the light exposure and the optimal light 

configuration by combining the light maps with empirically obtained particle trajectory data 

(Chapter 4).  

 

5.1.1   Optimization platform 

The optimization platform consists of a physical component (200 L PBR and 20 L PBR that 

recreate the conditions of the GE Xcellerex bioreactor) and a computer aided design process 

(LED distribution algorithm). The physical part of the optimization platform was designed to 

mimic the operational parameters (mass transfer and mixing) of the industrial bioreactor 

system; therefore, reproducibility between the PBR systems needed to be established (Chapter 

3). Operational conditions of the PBR system were tested with different methods, such as the 

gassing-in method (mass transfer), pH- and dye-method (mixing time) and optical particle 

tracing (hydrodynamic flow). Similar rates were demonstrated for mass transfer and mixing 

time compared to the industrial counterpart, and the successful down-scaling of the bioreactor 

from 200L to 20 L PBR system was shown to be effective for certain key parameters. While 

these methods have been used previously, little work has been done to directly compare them 

for suitability. Interestingly, the different methods yielded additional insight into the bioreactor 

characteristics. For example, the pH-method revealed zonal flow differences in the PBR, 

indicating zones of laminar flow. It was found that the bottom of the 200 L PBR encountered 

inconsistent mixing created by the aeration system of the reactor. In order to analyse the 
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hydrodynamic flow inside the PBR systems, I utilized a particle tracing method [153]. The 

original method was designed for laboratory-scale PBRs (<10 L), thus adaptions of the method 

were necessary to fit the requirements of the 200 L PBR system. I re-engineered the image 

processing and data analysis to improve the detection rate for the particle in the PBR setups. 

However, the optical properties of the PBR geometry remained a challenge and future work 

will need to apply further improvements. This could include additional cameras to cover a 

wider angle of the PBR surface, which would improve the particle detectability of the alginate 

sphere and thereby aid in the reconstruction of the particle path. The generated particle 

trajectories enabled the analysis of different parameters, such as flow path, the particle 

presence, and the liquid velocity within the PBR. Analysing these data confirmed the slower 

particle movement closer to the bottom of the 200 L PBR. This design was only tested with a 

PBR that was mixed by aeration alone. Given that the results indicated that there are areas of 

poor mixing, this indicates the need for additional mixing, or changes in how the system is 

aerated. The implementation of an impeller into the system should be considered as a possible 

improvement to overcome this slow velocity region, though the increase of shear stress on the 

cells [198] and the additional power consumption of the system would also have to be 

reviewed.  

This chapter resulted in the development of a methodology that can be employed to charac-

terize various bioreactor systems and scales. The techniques utilized have been used 

individually before, but this is the first time that they have been combined and performed at 

this scale. The methodology was designed such that it can be done without the need for 

expensive or specialized equipment, and was tailored to measure critical physical parameters 

of a bioreactor. In addition, the setup used for the optical measurements (dye-method and the 

particle tracing) allowed for the measurement of various parameters such as hydrodynamic 

flow, mixing time (Chapter 3), while at the same time it could be used for measuring the light 

distribution (Chapter 2) in a non-intrusive manner, based on a domestic camera system with 

some easy modifications.  

 

5.1.2   Light attenuation 

One of the primary objectives of this thesis was to design a system to easily find the optimal 

light configuration for use in a pre-existing bioreactor (Xcellerex), to turn it into a photo-

bioreactor. The light system had to provide sufficient photons for unrestricted growth, while 

not overexposing the cells and inflicting damaging light inhibition. To achieve this, I first 
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identified the right LEDs to optimize the microalgae growth. This was done by fitting the LED 

wavelength with the specific absorption peaks of the algae of interest (P. tricornutum and C. 

vulgaris). In particular, I focused on blue (450 nm) and red wavelengths (670 nm) which are 

known to stimulate metabolic pathways and biochemical cell composition [230]. Additionally, 

a white light with comparatively lower light intensity was included to ensure the supply of a 

broad light spectrum and avoid potential growth limitations due to the supply of only certain 

narrow wavelengths. The next design step concerned the light distribution of the LEDs. As 

artificial point sources of light, LEDs allow for a flexible configuration on the surface of the 

PBR, yet care must be taken as inadequate configurations can create unfavourable light regimes 

within the PBR. However, the light distribution within a culture is not only dependent on the 

bioreactor geometry, but also on the algal species and density. As such, a clear understanding 

of the light profile for different species, cell concentration, and wavelengths are crucial.  

Current methods used to obtain this light distribution, such as light attenuation calculations 

and measurements with light intensity probes, do not suffice for the given setup of a PBR and 

illumination system as they either require empirical collection of constants for each species at 

each density, or do not give sufficient information about the exact shape of the light cone within 

the bioreactor [153][154][155]. An artificial illumination system (e.g., using LEDs) creates a 

distinct non-homologous light profile depending on the positioning of the point light sources. 

This complex optical condition and the need for a versatile and streamlined measurement 

technique led to the development of a novel Direct Chlorophyll Fluorescence Imaging (DCFI) 

method for the creation of light map. I designed this method to be easy to use with a domestic 

camera system and a streamlined digital data processing method, that enables rapid 

measurement of different illumination systems and microalgae species (Chapter 2). This 

method builds upon previous methods that were designed for measurements within a leaf [159], 

or within a small scale cuvette ([160] unpublished). DCFI generates high resolution light maps 

with more than 100 pixels per cm (depending on the camera setup), that contour the light profile 

of artificial light sources in detail, including potential reflections, e. g., in case of the single-

use bag system or the PBR shell. This provided an advantage to the calculated approach (e.g., 

Beer-Lambert), as it depicts the actual light conditions within the PBR.  

The generated light maps show zones of high and low irradiance distribution and highlight 

potential zones of excess and insufficient light within the PBR. I assessed the irradiance profile 

and attenuation of P. tricornutum and C. vulgaris at different concentrations and found distinct 

absorption characteristics with the different LEDs. The light maps highlighted differences in 

the species-specific absorption characteristics as variations in light cone shape and penetration 
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depth. This differential utilisation of various wavelengths affects the design of an ideal 

illumination system as the metabolic impact of the wavelengths must be considered in order to 

support optimal cell growth. I found that the mathematical formula used to convert the raw 

fluorescence images into the light maps is correlated with the cell density of the algae culture. 

The ‘b-value’ in the conversion formula gradually increases with higher cell densities. Further 

work is needed to validate this across species, but it would mean that only a single calibration 

step is needed for each new species, which would then work across the whole growth cycle of 

the culture.  

 

5.1.3   Light history  

Bringing together the light maps with the hydrodynamic data allows for knowledge about 

the overall light exposure of the culture, a crucial parameter in the evaluation of a PBR system 

(Chapter 4). As such, the ideal light distribution of the LEDs were calculated for the two PBR 

sizes. This was done firstly for the static light distribution (assuming no mixing) by maximising 

the area of a specific photosynthetic photon flux density (PPFD) range (15 - 400 μmol m-2 s-1) 

of the LED arrangement. I designed a CAD process that converted the two-dimensional light 

maps into three-dimensional light volumes and aligned them in order to create the ideal light 

distribution within the PBR. These LED configurations did not include the hydrodynamic 

pattern induced by mixing, and as such were used as a starting point for further optimization. 

The range of the PPFD can be adjusted for different species as necessary, but there was minimal 

impact when looking at a variety of ranges (15 - 200, 300 and 500 μmol m-2 s-1) on the final 

LED alignment. However, static light exposure does not reflect the actual photon flux density 

available to the cells in a mixed PBR.  

The light exposure of cells is dynamic and depends on the retention time and flow pattern 

through different light regimes within the PBR. This dynamic light exposure was calculated by 

combining particle tracing data (Chapter 3) with the generated LED volumes. Three 

parameters were considered relevant for the optimal light exposure determination: the dark to 

light frequency, the retention time in a defined light range, and the overall exposure time in a 

defined light range experienced by the particle. The dark to light frequency is of interest, as 

this can allow cells to regenerate in the dark [228]. However, previous work has indicated that 

this requires frequencies >50 Hz, while the D/L frequency of this system was 0-5 Hz. Two 

different methods were used to extract the frequency from the light exposure data, and both 

yielded comparable results. Nevertheless, knowledge of this parameter can be used for further 
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optimization (e.g. operation of the lights or altering the mixing). Based on the highest values 

of all these parameters, the optimal light configuration was identified for the 200 L PBR system 

and can be configured based on different aeration rates or volumes as required. The dynamic 

light exposure calculation yielded a more dense LED configuration than the initial static light 

exposure, which highlights the necessity of incorporating all the components (flow pattern and 

light map) when designing an artificial light setup with non-homogeneous light distribution.  

An interesting aspect that emerged from the analysis was that the aeration rate which 

provided the highest mass transfer (8 L/min) was not necessarily the best for providing the type 

of mixing that kept algal cells in the photic volume (5 L/min). This could be due to the specific 

flow pattern in the geometry of this PBR that forces algal cells towards the middle of the 

bioreactor, then along the illuminated PBR periphery. As such, while the higher aeration rate 

may have good mass transfer properties and keep the overall bioreactor mixed, it also 

establishes a flow pattern that keeps cells away from the light. That is an advantage of this 

digital platform, as it allows this type of fine-tuning that finds the balance between these various 

optimization components. Further work is required to find the differential effect of light vs 

mass transfer on the growth of the algae. For the highest aeration rate (8 L/min) and cell density 

(P. tricornutum), an illumination setup of 341 white LEDs, and 506 red and blue LEDs were 

identified for the 200 L PBR system. However, the 200 L bag at 8 L/min aeration rate with low 

cell concentrations of P. tricornutum achieved the ideal light exposure with a reduced operation 

of white LEDs (25%) compared to the high cell concentration. This knowledge allows for a 

reduced quantity of LED to be switched on during the early stages of the cultivation, followed 

by the successive initiation of the remaining LEDs throughout the cultivation cycle. The 

configuration of the final LEDs, along with the optimal mixing rates, can be found using the 

CAD algorithm I designed, and then applied to the physical 200 L PBR system for growth 

trials, or directly implemented into the Xcellerex system.  

 

5.2   Future work of the complete platform 

The platform designed in this thesis presents the methodological foundation to convert and 

optimize a commercial bioreactor into a photo-bioreactor. Currently, the optimization platform 

consists of a physical component and a computer aided design component. Promising findings 

from the computer aided design portion (e.g., the optimal light configuration) still have to be 

tested in the physical portion of the optimization platform. The light maps are a central part of 
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the optimization platform, with the method used to obtain these light maps being easily appli-

cable to other light sources and PBR geometries. The current work focused on that the 

illumination of the PBR system being from the outer surface area. Future work can employ this 

technique to measure and analyse illumination sources of different designs, such as internal 

illumination.  

The design of the physical component could be further enhanced to ensure a greater 

flexibility of the illumination system. The system must be controllable in a way that the LED 

activity and intensity can be manipulated seamlessly in order to adapt the photon flux and the 

emission of certain wavelengths. These adjustments in light quality and quantity for different 

cultivation stages potentially supports the algae growth and can increase the product yield 

[143]. Furthermore, the fully controllable LED system would facilitate the manipulation of the 

exposure frequency of the microalgae cells by oscillating the operational cycles of the lights. 

Ideally, the PBR system is homogeneously mixed, however, if slow velocity zones are 

unavoidable due to the PBR design, the algorithm for LED distribution can be adapted to treat 

different regions of the PBR independently. This would create a more diverse configuration of 

the light sources adjusted to the different dynamic light exposures of the cells in the differently 

mixed zones of the bioreactor.  

One limitation of the current system is that the flow pattern is still determined empirically. 

Any change in PBR geometry would need additional particle tracing measurements to confirm 

the modified hydrodynamic flow. This requires the presence of a physical system on which to 

test this. One option for the future is to have a simulated bioreactor, whereby various designs 

can be tested, and then further refined and validated with a physical model (Figure 5-1). The 

simulation, consisting of computational fluid dynamics (CFD) and particle simulation, would 

allow for the rapid impact-validation of modifications on the liquid flow pattern, while also 

understanding the effect on the dynamic light distribution, since the simulated particle 

trajectory data can be easily implemented into the established algorithm for light optimization. 

Furthermore, for a comprehensive bioreactor model, other parameters such as the bubble size, 

CO2 or heat transfer rate has to be further considered. Heat transfer is another parameter that 

should be examined, as it can have large implications for the growth of microalgae. In this 

scenario of an industrial Xcellerex system, cooling/heating of the culture is done by conductive 

energy transfer through a contact area between bag and the cooling jacket. As such the 

implementation of a LED system on the cooling shell will reduce the contact area between the 

culture and the cooling jacket, which can impact the cooling/heating of the culture. This should 

be further considered in the enhancement of the simulation, especially when utilized for PBR 
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designs without active cooling/heating. The comprehensive simulation with a mass transfer 

module would further allow for the identification of the most efficient aeration rates for 

different cultivation stages, and highlight potential substrate limitation zones of the PBR. The 

simulation would also enable the validation of changes in mixing or PBR design to address 

these limitations, and directly verify the corresponding impact on other characteristics (e.g., 

dynamic light distribution). These data can also be employed to identify certain thresholds for 

the physical cultivation system, such as ideal aeration rate and light intensities for specific cell 

densities.  

 

 
Figure 5-1: Future project overview. Augmentation of the existing system, consisting of the 20 and 200 L PBR 

(part 1 and 2) and the CAD algorithm (part 3), with the PBR simulation that will generate particle tracing data 
based on the CFD and particle tracing modules. The PBR simulation is further expandable for models of mass 
and heat transfer, and growth predictions.  

 

 

Ultimately, the simulation module can be extended to predict the growth of microalgae, 

based on the amount of supplied substrates (e.g., photons, nutrients, CO2) to the cells [252]. 

Further work is needed to measure or incorporate the growth of the algae in the different light 

conditions (e.g., through measuring how differing light wavelengths affect the photosystem, or 

by looking at the overall growth rate). With detailed knowledge about the impact the different 

conditions have on the algal metabolism, the light history and mass transfer rates can be directly 

related to the overall growth of algae, which would allow for the design of a PBR that 

maximizes algal productivity. This would allow for a true ‘digital twin’ that can be used to 

enhance the operation and design of a PBR. 
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5.3   Conclusion 

The production process of biopharmaceuticals using microalgae must comply with the 

necessary regulatory guidelines to ensure the production procedures and the product quality. 

This can be done either by designing an entirely new system (which would then have to pass 

through multiple verification steps in order to achieve GMP compliance) or could be done by 

the conversion of an established cultivation system into a PBR. This would also allow for the 

new production platform to reach the market much faster. As the biopharmaceutical market is 

highly competitive, decreased production costs by improving productivity are crucial issues. 

Therefore, the constant optimization of the cultivation system is an essential and continuous 

part of production process, which is particularly true for an emerging system such as 

microalgae. The optimization platform highlighted in this thesis is the first step towards 

creating such a system.  
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Supplemental materials 

Appendix Chapter 2 

At low shutter speeds (short exposure times), the b-value shows a minimum value (valley), 

while at longer exposure times the b-value reaches a maximum (plateau). This is to be expected 

since the exposure time limits the quantity of photons captured by the camera sensor and the 

b-value is proportional to the fluorescence. Shorter exposure times result in a diminished 

fluorescence recording, to a point at which the image is undersaturated, whereas long exposure 

increases the number of captured photons, leading to an over-saturated image. Apparently, this 

pattern of valley, linear increase and plateau, is specific for each cell concentration, and shifts 

with changes of the cell density (Figure S 1). The figures display a representative data set of P. 

tricornutum for different LEDs in which the shutter speed and the b-value are plotted for 

different cell concentrations. It is possible to see a particular pattern in which higher cell 

concentrations reach the maximum plateau with faster shutter speeds, whereas the lower cell 

concentrations need longer exposure times to reach the maximum b-value. The three colours 

show an overall shift for the linear increase of the b-value. That seems to be due to the 

difference in initial light intensity of the LED. Lower light setups such as the white LED need 

longer exposure time to saturate the image sensor with photons, while high intensity LEDs 

reach saturation with lower exposure time.  
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Figure S 1: Comparison of b-value with the shutter speed for three LED colours: (A) red, (B) blue, and (C) white. 

Each light colour shows measurements of the different cell concentration and the gradual increase of b-value 
with rising exposure time. Shutter speed is show in log-scale. 
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Appendix Chapter 4 
Table S  1: Values from the static approach for the 200 L PBR with 8 L/min aeration rate.  

Species Cell 
conc. 

Mean 
light 
interval 
[s] 

Standard 
deviation 
light 
interval 
[s] 

Mean 
dark 
interval 
[s] 

Standard 
deviation 
dark 
interval [s] 

mean 
D/L 
cycle 
[s] 

Standard 
deviation 
D/L cycle 
[s] 

Total exposure in 
defined light 
regime [μmol m-2 

s-1] 

Retention 
time in 
defined 
light 
regime [s] 

P. tricornutum Low 0.41 0.59 0.81 1.61 1.22 1.78 908490.99 296.26 
P. tricornutum High 0.29 0.35 1.32 2.59 1.61 2.63 464961.90 155.82 
C. vulgaris Low 0.35 0.74 0.45 0.93 0.80 1.56 1670963.87 363.08 
C. vulgaris High 0.29 0.48 0.54 1.17 0.84 1.31 952828.91 311.28 

 

Table S  2: Values from the dynamic approach for the 200 L PBR with 8 L/min aeration rate.  

Species Cell 
conc. 

Mean 
light 
interval 
[s] 

Standard 
deviation 
light 
interval 
[s] 

Mean 
dark 
interval 
[s] 

Standard 
deviation 
dark 
interval 
[s] 

mean 
D/L 
cycle 
[s] 

Standard 
deviation 
D/L cycle 
[s] 

Total exposure in 
defined light 
regime [μmol m-2 
s-1] 

Retention 
time in 
defined 
light regime 
[s] 

P. tricornutum Low 0.59 0.70 0.55 1.20 1.14 1.45 3546762.49 417.30 
P. tricornutum High 0.47 0.60 0.76 1.86 1.23 2.01 1851319.54 317.76 
C. vulgaris Low 0.57 1.21 0.33 0.82 0.90 1.56 2987617.68 523.32 
C. vulgaris High 0.69 0.84 0.52 1.10 1.21 1.42 3675579.54 462.56 

 

Table S  3: Values from the static approach for the 200 L PBR with 5 L/min aeration rate.  

Species Cell 
conc. 

Mean 
light 
interval 
[s] 

Standard 
deviation 
light 
interval 
[s] 

Mean 
dark 
interval 
[s] 

Standard 
deviation 
dark 
interval 
[s] 

mean 
D/L 
cycle 
[s] 

Standard 
deviation D/L 
cycle [s] 

Total exposure 
in defined light 
regime [μmol 
m-2 s-1] 

Retention 
time in 
defined 
light 
regime [s] 

P. tricornutum Low 0.67 2.12 0.98 2.25 1.65 3.26 841840.84 236.48 
P. tricornutum High 0.59 2.17 1.44 2.52 2.03 3.28 511728.32 167.14 
C. vulgaris Low 0.60 2.12 0.53 1.13 1.13 1.56 1569114.21 287.68 
C. vulgaris High 0.49 1.77 0.62 1.48 1.11 2.33 911487.89 259.72 

 

Table S  4: Values from the dynamic approach for the 200 L PBR with 5 L/min aeration rate.  

Species Cell 
conc. 

Mean 
light 
interval 
[s] 

Standard 
deviation 
light 
interval 
[s] 

Mean 
dark 
interval 
[s] 

Standard 
deviation 
dark 
interval 
[s] 

mean 
D/L 
cycle 
[s] 

Standard 
deviation 
D/L cycle 
[s] 

Total exposure 
in defined light 
regime [μmol m-

2 s-1] 

Retention 
time in 
defined 
light regime 
[s] 

P. tricornutum Low 1.17 2.41 0.68 1.38 1.85 2.85 3183844.23 335.30 
P. tricornutum High 0.85 2.09 0.78 1.85 1.63 2.82 1765305.91 278.94 
C. vulgaris Low 0.87 2.93 0.36 0.93 1.23 1.56 2366047.82 385.00 
C. vulgaris High 1.30 2.79 0.61 1.26 1.91 3.09 3233107.35 357.34 

 

Since the total retention time and total light exposure are dependent from the sampling 

length of the particle tracing experiment, results of these parameters cannot be directly 

compared among different aeration rates, as both experiments have different durations.  
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