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Abstract 

  

Recently, there has been a global demand for polyunsaturated fatty acids (PUFAs) and 

microalgae represent a promising alternative to seafish for ω-3 fatty acid production. Therefore, 

three relatively unstudied microalgae strains - snow microalga Raphidonema sp., diatom 

Thalassiosira sp. and dinoflagellate Prorocentrum sp. - were cultivated at pilot scale, due to their 

high content of PUFAs.  

Firstly, the evolution over cultivation time and culture productivities in different pilot-scale systems 

were determined, namely in flat panel photobioreactors and unilayer and multilayer horizontal 

tubular photobioreactors. In some systems, different renewal rates with different periodicities 

allowed the culture to remain in the linear growth phase. Besides that, throughout the cultivation 

some parameters were explored, such as the dissolved oxygen concentration and the shear 

stress of the pump frequency. For all the used microalgae, Prorocentrum sp. was the one that 

produced the highest amount of biomass, originating higher quantities of DHA and EPA. 

Secondly, the growth of Prorocentrum sp.  using an alternative and attractively economic culture 

medium was researched, as well as a reduction in the concentration of silicate. These tests were 

made in the Innovation Laboratory of Lisbon, at A4F, aiming to lower the media costs, a major 

factor in large scale production. The renewal cycles’ productivities were analysed and the 

elemental composition of both media too. It was concluded that Prorocentrum sp. may only be 

cultivated in the new medium by compensating the lack of some nutrients, and that the 

productivity levels of this microalga aren’t lowered by the reduction of silicates. 

 

 

 

Key-words: Polyunsaturated fatty acids (PUFAs); Microalgae; Raphidonema sp.; Thalassiosira sp.; 

Prorocentrum sp.; Pilot scale 
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Resumo 

Recentemente, tem havido uma procura global por ácidos gordos polinsaturados (PUFAS) e as 

microalgas representam uma alternativa promissora às fontes marinhas, na produção de ácidos 

gordos ω-3. Assim, três espécies de microalgas pouco estudadas - a criofílica Raphidonema sp., 

a diatomácea Thalassiosira sp. e o dinoflagelado Prorocentrum sp. - foram cultivadas à escala 

piloto, devido ao seu alto teor em PUFAs. 

Determinou-se a evolução de culturas e suas produtividades em diferentes sistemas à escala 

piloto, nomeadamente em fotobiorreactores de painel e tubulares horizontais uni- e multiandar 

(UHT-PBR e MHT-PBR). Em alguns sistemas, diferentes taxas de renovação de diferente 

periodicidade, permitiram que a cultura permanecesse na fase de crescimento linear. Além disso, 

ao longo do cultivo exploraram-se alguns parâmetros, a concentração de oxigênio dissolvido e a 

tensão de corte da bomba. Das microalgas usadas, a Prorocentrum sp. foi a que produziu mais 

biomassa, originando mais DHA e EPA. 

Depois, investigou-se o crescimento de Prorocentrum sp num meio de cultura alternativo e mais 

económico, e com uma redução na concentração de silicatos. Estes testes realizaram-se no 

Laboratório de Inovação de Lisboa da A4F, para reduzir os custos relativos aos meios, um dos 

factores principais na produção em larga escala. As produtividades dos ciclos de renovação 

foram analisadas e a composição elementar de ambos os meios também. Concluiu-se que 

Prorocentrum sp. só pode ser cultivada no novo meio compensando a falta de alguns nutrientes 

importantes, e que os níveis de produtividade desta microalga não diminuem reduzindo a 

concentração de silicatos para metade. 

  

Palavras-chave: Ácidos gordos polinsaturados (PUFAs); Microalgas; Raphidonema sp.; 

Thalassiosira sp.; Prorocentrum sp.; Escala Piloto 
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1. Introduction 

 

1.1. Motivation 

Lately, there has been an increasing demand for polyunsaturated fatty acids (PUFAs) since 

several studies are proving their vital role in maintaining the health and wellbeing of humans. 

Besides reducing the risk of cardiovascular diseases, stroke, inflammation, cancer, diabetes and 

neurological disturbances in humans, they also provide them energy and nutrients and are the 

precursors of varied bioactive metabolites that are involved in various biological processes. 

(Yakindra Prasad Timilsena, 2017) (Future Market Insights, 2016) 

Currently, the main source of these nutritionally fatty acids is seafish. However, with imminent 

environmental threats and overexploited actions increasing exponentially regarding fish stocks, 

alternative sources of PUFAs have been researched to overcome these problems. Amongst them, 

microalgae have been proven to be the best option, presenting higher PUFAs productivities. 

Besides PUFAs, microalgae are also a source of other highly valuable molecules such as 

pigments, vitamins, antioxidants, pharmaceuticals and other biologically active compounds. 

(Stamatia Bellou, 2014) In addition, microalgae are capable of CO2 fixation and nutrient 

assimilation through photosynthesis, and so, their cultivation is important not only for obtaining 

enriched biomass but also for CO2 sequestration and removal of pollutants.  In this way, 

microalgae cultivation has great potential and advantages and its optimization for large scale 

production is of high importance.  

 

1.2. Framework and goals 

This thesis was performed in the framework of one of A4F projects co-funded by the European 

Commission within the Seventh Framework Programme. This project seeks the development of a 

scientific and technological basis for the industrial development of high purified omega-3 fatty 

acids (DHA/EPA) from microalgae for nutrition and pharmaceutical products. For that, an 

exemplary value chain must be developed, which means that is necessary to assemble a 

complete microalgae based process, from feedstock production and harvesting to extraction and 

purification of the final product, developing, therefore, a new and sustainable resource of PUFAs. 

Innovative technologies will be developed by different partners of a consortium with 6 companies 

and 3 research institutes. The A4F- Algafuel, S.A. (A4F, Lisbon, Portugal), a bioengineering 

company, is part of this consortium and was where all the research work of this thesis was 

developed, both at the A4F Innovative Laboratory and A4F Experimental Unit. As a follow-up 
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to this, the purpose of the present work was to optimize the cultivation of three different 

microalgae strains, namely Raphidonema sp, Thalassiosira sp. and Prorocentrum sp., which have 

a high content of PUFAs.  Thus, for each one of them, an evaluation of the influence of different 

production technologies, some parameters and growth conditions that may lead to higher biomass 

productivity levels was conducted. It is important to mention that, among the three microalgae 

species used, neither Raphidonema sp. nor Prorocentrum sp. had ever already been cultivated 

beyond laboratory scale, except in an earlier study done recently at A4F. 

The growth of a cryophilic microalga, Raphidonema sp., was studied and the cultivation 

throughout the time in two different outdoor system reactors, namely flat panel and tubular 

photobioreactors, was analysed. Productivities between systems were compared and, concerning 

the tubular photobioreactor, the influence of aeration and dissolved O2 concentration was also 

studied. 

For Thalassiosira sp., cultivation productivities were analysed under two different tubular 

photobioreactors: a unilayer horizontal tubular photobioreactor (UHT-PBR) and a multilayer 

horizontal tubular photobioreactor (MHT-PBR). This microalga was cultivated in order to compare 

its productivities with a benchmark that is already in commercial production. 

The Prorocentrum sp. was the microalga that was followed for a longer period of time in this study. 

Firstly, at the pilot unit, the productivities associated a different parameters such as radiation, 

aeration, mixing, etc., were analysed. Through this study, with the biomass concentration obtained 

over time as well as the incident radiation, it was also possible to verify the incident radiation per 

gram, in order to verify if inhibition ranges for the growth of this strain were in some point reached, 

since it is a relevant parameter in microalgae cultivation. Besides that, different bioreactors – flat 

panel and tubular photobioreactors (FP, MHT and UHT) – were compared to understand which 

one of them was the most suitable for this microalga. Finally, since all the culture systems that 

were used require a considerable amount of nutrients, in order to try to reduce their costs, two 

different tests were done at the laboratory scale, in a total of 7 cycles, respectively. One test 

consisted on the use of a cheaper, slightly different culture medium than the one that had been 

optimized by A4F and in the other test, the amount of silicate added to the culture was halved. 
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2. Literature review 

 

2.1.  Polyunsaturated fatty acids (PUFAs) 

PUFAs are fatty acids that have two or more double bonds along their carbon chain, typically 

presented in the cis-configuration, which significantly influences its structural and physicochemical 

properties. Depending on the position of their first double bond, they may be divided into two 

different families: omega-3 and omega-6 fatty acids, represented in 

Figure 1. Omega-3 fatty acids consists of a family of PUFAs that have their first double bond 

positioned on the third carbon atom from the methyl or N terminal end of carbon chain, while 

omega-6 fatty acids have their first double bond between the sixth and seventh carbon. 

 

 

Figure 1 - Summary of omega-3 and omega-6 PUFAs' synthesis. Linoleic and Alpha-linolenic acids are competing for the 

Δ6-desaturase, which is the enzyme that is catalyzing the subsequent correspondent reactions (desaturation and 

elongation) of each sequence. (John Wiley & Sons, 2005) 

 

The majority of these acids may be synthesized by the human body. However, there are a number 

of them that human cannot produce de novo and thus have to be supplied in their diet or with 

dietary supplements. These are designated essential fatty acids (EFAs) and include, primarily, -

Linolenic and Linoleic acids (ALA and LA), precursors of omega-3 and omega-6 families, 

respectively. The remaining PUFA, e.g. Docosahexaenoic, Eicosapentaenoic and Arachidonic 

acids (DHA, EPA and ARA), represented above in Figure 2, may be synthesized from their 
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respective precursor through a series of enzymatic reactions such as elongation (addition of two 

carbon atoms) and desaturation (addition of a double bond). Nevertheless, as only a small part of 

the EFAs may be converted respectively into DHA and EPA, and AA, not meeting the 

physiological demand of these PUFAs in the human body, those three are called “conditionally 

essential” fatty acids. It is important to mention that, for example, in the human body only 15 to 

25% of ALA is converted into DHA, which confirms the importance of the inclusion of these long 

chain fatty acids in one’s daily diet. (Yakindra Prasad Timilsena, 2017)  

As omega-3 and omega-6 fatty acids both compete for the same enzymes for desaturation and 

elongation, they cannot be inter-converted in humans. In addition, they also compete with the 

cyclooxygenase (COX) and lipoxygenase (LOX) enzymes, differentially potentiating the flow of 

metabolites, such as pro-inflammatory intermediates and immunological modulators, through 

these pathways. (Homer S. Black, 2016) Therefore, it is evident that besides the amount of PUFA, 

it is also important to have the ratio of these fatty acids equilibrated, since they have different 

effects on human health. (Sahari, 2014) Some evidences show that the risk of some diseases is 

enhanced by a higher ratio of omega-3 and omega-6 fatty acids.  (Llyod A. Horrocks, 1999)  

 

Figure 2 - Chemical structure of EPA, DHA and ARA. As omega-3 fatty acids, EPA and DHA have their first double bond 

positioned on the third carbon form the carbon chain, whereas ARA, belonging to omega-6 family, has their first double 

bond on the sixth carbon.  (Martin Koller, 2014) 

 

2.1.1. Eicosapentaenoic acid (EPA) 

EPA is an omega-3 fatty acid that has an important role as a nutrient supplement, as well as anti-

cachetic and anti-inflammatory properties. (Peter Magee, 2008) The latter effect may be 

evidenced by the fact that EPA is also the precursor of a group of eicosanoids, hormone-like 

substances like prostaglandins (PG), thromboxanes (TX) and leukotrienes (LT). These 

substances have an important role in regulating developmental and regulatory physiology in 

higher animals and humans, making a connection between PUFA, inflammation and immunity. 

(Z.-Y. Wen, 2003) 

This fatty acid is being used for therapeutical applications like anxiety, depression, or even 

schizophrenia and the treatment of heart and inflammatory diseases as, for example, asthma, 
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psoriasis and arthritis. Besides those medical effects, it is also being applied in nutritional 

supplements and in aquaculture for fish-farming. (Martin Koller, 2014) 

2.1.2. Docosahexaenoic acid (DHA) 

DHA is an omega-3 fatty acid and plays an important role in the maintenance of normal neural 

functions, since the infancy and throughout the years, being involved in cell signalling. DHA is the 

predominant structural fatty acid in the human brain, cerebral cortex, sperms, testicles and retina. 

(Llyod A. Horrocks, 1999)  

Reported studies have also shown its influence against colon and breast cancer and in the 

prevention and treatment of chronic diseases such as coronary heart disease, hypertension, type 

II diabetes, ocular diseases, arthritis and cystic fibrosis. (Thierry Tonon, 2002) 

Currently, its primary source is fish oil, especially cold-water oceanic fish oils that stems from the 

consumption of microalgal phytoplankton (Dulce Alves Martins, 2013) However, microalgae also 

have significant amounts of DHA, being the marine species the ones with the highest quantities 

observed when comparing the two. (Bing He, 2017) 

 

2.1.3. Sources  

Currently, the main source of long chain PUFAs is marine fatty fish such as salmon, trout, sardine, 

mackerel, mullet, herring and tuna. (Yakindra Prasad Timilsena, 2017) However, this source has 

many disadvantages since fish oils possess an unpleasant and strong fishy flavour that are not 

favoured by consumers (Thierry Tonon, 2002). Besides, it may not be incorporated into vegetarian 

and vegan diets and it is also a declining resource, given the fact that the number of overfished 

stocks have increased exponentially since the 1950s, in order to meet the demands of an 

expanding market. (T Catalina Adarme-Vega, 2012) Furthermore, as they usually obtain their 

PUFAs via bioaccumulation through the food chain, there is an increasing concern related to a 

higher susceptibility of the presence of pollutants from contaminated regions. Most of those 

substances, like methyl mercury, dioxins and polychlorinated biphenyls, are hydrophobic and, 

thus, may be accumulated through the various trophic levels, constituting a danger for humans. 

(Dulce Alves Martins, 2013) 

As a result, substitute sources have being researched to overcome the aforementioned limitations 

and unavailability of fish oils. Given this, omega-6 fatty acids may also come from vegetable oils 

such as corn, safflower and soybean oil, (Gerd Schmitz, 2008) while omega-3 fatty acids may be 

found in animals, transgenic plants, fungi, bacteria and many microorganisms. Cellular and 
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molecular areas have also been a target of interest, particularly in the development of techniques 

to introduce or increase the expression of genes related to the enzymes involved in the process of 

desaturation and elongation of fatty acids. In addition, PUFAs may derive from microalgae as well. 

(Dulce Alves Martins, 2013) 

Among all the alternatives, it has been proven that microalgae may reach higher PUFAs contents 

and productivities. Being the primary producers in the marine food chain, they constitute the most 

fundamental positions in aquatic ecosystems. Besides that, they are capable of growing naturally 

under a wide range of culture conditions, and their PUFAs’ production is non-pollutant. Recently, a 

strong interest in autotrophic microalgae has emerged. (T Catalina Adarme-Vega, 2012) 

 

2.1.4. Applications of PUFAs and actual market   

The global PUFAs’ market comprises different segments, according to its product type, source, 

form, application and region. Along with its growing demand in 2016, its world market value was 

estimated at US$ 4,212Mn and it is believed that the annual growth rate until 2026 will be 10.7%. 

(Future Market Insights, 2016) 

In terms of product type segment, it may be divided into omega-3 and omega-6 fatty acids. The 

omega-3 fatty acids are the ones expected to exhibit the highest revenue growth in the forecast 

period, particularly the DHA, which is expected to register a comparatively higher CAGR of 11.7%. 

Among the omega-6 fatty acid segment, ARA is the leading segment and is estimated to 

represent the largest market share of 73.2 % by 2016’s end. 

Concerning the source, the market is segmented into marine sources, comprising algal and 

fungus oil, fish oil and krill oil; plant sources such as chia seed oil and flax seed oil; and others 

sources as hemp, canola oil, sunflower oil, soybean, primrose oil and camelina oil. 

Regarding the form, the market is separated into dietary supplements, infant formulas, 

pharmaceuticals, food and beverages and animal food and feed. An increase in consumption in 

the oil segment is expected between now and 2026, with an annual growth rate of 11.3%. On the 

basis application, the dietary supplement segment dominances among others with a highest 

market share of 46.0 % in 2016. 

Being present in the market worldwide, its principal regions are North and Latin America, Western 

and Eastern Europe, Asia Pacific, including Japan, and Middle East and Africa. The Western 

Europe market has been estimated to lead the global PUFAs market, representing the maximum 

revenue share of the market by the end of 2016. Some of the world's leading companies in the 
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PUFAs market include Koninklijke DSM N.V. (Netherlands), BASF SE (Germany), Croda 

International PLC (UK), Enzymotec Ltd. (Israel), Omega Protein Corporation and FMC 

Corporation (USA), Aker BioMarine AS (Norway) and Polaris Nutritional Lipids (France), among 

others. (Future Market Insights, 2016)  

In addition, Martek (USA) and Nutrinova (Germany) companies are currently using, respectively, 

Crypthecodinium and Ulkenia, to produce heterotrophycally DHA for application in infant formulas, 

nutritional supplements and functional foods, (L. Gouveia, 2008) 

 

2.2.  Microalgae 

It is believed that there are thirty thousand species of microalgae worldwide. Among them, only a 

few thousand are kept in collections all over the world, a few hundred are investigated for its 

chemical content and even fewer of them are grown in industrial quantities. (L. Gouveia, 2008) 

Microalgae are a diverse group of organisms that inhabit a huge range of ecosystems from hot 

springs to snow and ice and from marine and fresh water environments to desert sands. They 

may be prokaryotic or eukaryotic organisms, appearing in a wide variety of forms and shapes, 

among species and throughout different life stages of the same species. (Amos Richmond, 2013) 

As primitive unicellular or multicellular photosynthetic organism, they have chlorophyll and other 

pigments for photosynthesis, that make them capable of capturing light energy from the sun, and 

responsible for nearly half of the CO2 fixated and, consequently, O2 released by photosynthesis 

annually. (Michael A. Borowitzka, 2016)  

Currently, the classification system of algae is based on the types and combinations of the 

pigments mentioned above, on their cell walls constituents and on the chemical nature of 

carbohydrate compounds that they store for energy. Besides that, additional criteria regarding 

cytological and morphological characters, for example, occurrence of flagellate cells, structure of 

the flagella and scheme and path of nuclear and cell division have also influence on the different 

systematic groups. At the moment, the principal groups are: Chlorophyceae (green algae), 

Xanthophyceae (yellow-green algae), Chrysophyceae (golden algae), Bacillariophyceae (yellow or 

golden-brown algae; diatoms), Cryptophyceae, Dinophyceae (dinoflagellates), Chloromonadineae 

(biflagellates), Euglenineae, Phaeophyceae (brown algae), Myxophyceae (cyanophyceae) and 

Rhodophyceae (red algae). (Khalid Mahmood Zia, 2017) 

 



8 
 

2.2.1. Microalgae lipids 

Microalgae have great potential for applications in the food, pharmaceutical and cosmetics 

industries. Besides that, they are interesting for the development of biorefineries due to their high 

growth rate and for their capability of biosynthesizing, accumulating and secreting a great diversity 

of valuable molecules such as pigments like carotenoids, chlorophylls and phycobiliproteins, fatty 

acids, tocopherols and sterols, proteins, polysaccharides, vitamins and minerals, antioxidants and 

other biologically active compounds.  (L. Gouveia, 2008) 

In general, microalgae lipids may be divided into two main categories: storage lipids and structural 

lipids. Storage lipids, also called non-polar lipids, appear mostly in the form of triacylglycerol 

(TAG) made predominantly of saturated FAs and some unsaturated FAs. In relation to structural 

lipids, the polar ones that have a higher amount of PUFAs, they are responsible for maintaining 

specific membrane functions and some of them are important components of cell membranes, 

acting like a selective permeable barrier for cells and organelles. (Kalpesh K. Sharma, 2012)   

Under optimal conditions, lipids may constitute over 3 to 20% of the cell dry weight of microalgae, 

(Ioanna Hariskos, 2014) an amount that may even be increased if changes were made in the 

temperature, irradiance and mainly in the nutrient availability. (Stamatia Bellou, 2014) Besides 

that, strain selection has also a critical importance. (Amos Richmond, 2013)  

As mentioned before, all of the microalgae in this study have notable PUFAs’ content. However, 

even if some changes in environment conditions may enhance their total lipid quantity, in a long 

term and large-scale perspective, it was preferable not to stress the cells but instead allow them to 

reproduce and grow quicker. In that way, by optimizing cultivation parameters, it was possible to 

improve the biomass productivity, which leads to higher lipid productivities. 

 

2.2.2. Raphidonema sp. 

Raphidonema is one of the furthest ranging cyrobiont species. The most common representative 

of this group is Raphidonema nivale Lagerheim which was first described in 1892, in red snow 

from Mount Pichincha, Ecuador. (Lagerheim, 1982) Since then, it has been reported in numerous 

regions such as Greenland, Spitzbergen, Europe, North America, South America, Japan, and the 

Antarctic. Although its wide distribution and consequent formation in several areas of a distinct 

green snow, it is thought that Raphidonema cells are introduced into the glacial surfaces possibly 

by the wind, rather than an in situ propagation. Thus, it is not yet clear whether this genus of 

microalgae is a critical or minor player in the ecology of glaciers. (Alexandre M. Anesio, 2017) It is 
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an eukaryotic microorganism of the family Koliellaceae and its scientific classification is presented 

in Table 1. (M.D. Guiry in Guiry, 2017) 

Table 1 - Scientific classification of Raphidonema sp. (M.D. Guiry in Guiry, 2017) 

Classification 

Empire Eukaryota 

Kingdom Plantae 

Subkingdom Viridiplantae 

Infrakingdom Chlorophyta  

Phylum Chlorophyta 

Subphylum Chlorophytina 

Class Trebouxiophyceae 

Order Prasiolales 

Family Koliellaceae 

Genus Raphidonema 

 

Raphidonema filaments are composed of 2-4-8(-16) cells. (Hoham, 1973) Cells, usually solitary, 

may assume a variety of forms, as it is shown in Figure 3, being fusiform, filiform or strongly 

elongated, straight or curved, with obtuse or rotating vertices. Cell multiplication is effected 

through vegetative cell division and methods of sexual reproduction are unknown. After division, 

the cells normally detach immediately, sometimes remaining attached in short, weak, filamentous 

configuration, whereby each cell reaches a specific enlarged form. Each cell has a single 

chloroplast that may be parietal, laminated girdle-shaped, straight or spiral, with or without 

pyrenoid. Cell membrane is tiny, thin, hyaline and doesn’t have mucilaginous sheath. (M.D. Guiry 

in Guiry, 2017) 

http://www.algaebase.org/browse/taxonomy/?id=86701
http://www.algaebase.org/browse/taxonomy/?id=1
http://www.algaebase.org/browse/taxonomy/?id=142046
http://www.algaebase.org/browse/taxonomy/?id=142047
http://www.algaebase.org/browse/taxonomy/?id=97241
http://www.algaebase.org/browse/taxonomy/?id=142048
http://www.algaebase.org/browse/taxonomy/?id=4356
http://www.algaebase.org/browse/taxonomy/?id=4583
http://www.algaebase.org/browse/taxonomy/?id=90862
http://www.algaebase.org/browse/taxonomy/?id=90862
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Figure 3 – Raphidonema sp. microscopic observation (magnification 40x2) (left); Schematic representation of the variety 

of forms and cell shapes assumed by Raphidonema genus. (Hoham, 1973) 

The culture conditions of this microalga are not yet well defined. It is a freshwater algae whose 

ideal pH is 7.0 or higher. In terms of temperature, being a cryophilic microalga, Raphidonema has 

its maximum temperature around 22ºC and the maximum growth rate is reached, for some 

authors, at 4-5ºC, while for others at 12ºC. (Thomas Leya, 2009) (John Wehr, 2015) For this 

reason, Raphidonema sp. is gaining a lot of attention due to the fact that it may grow through an 

annual algae crop rotation (ACR) mode with other algae, being used during winter season when 

conditions are more adverse for the majority of mesophilic algae. Previous experiments showed 

that a faster growth rate is achieved when Raphidonema cells are exposed to higher light 

intensity. (Hoham, 1973) This microalga also has the capability of producing significant amounts 

of EPA, as it is possible to observe by its lipidic profile presented in Figure 4, obtained in a prior 

study by A4F. All of this together, has made this microalga an appropriate and interesting 

alternative for the production of EPA on a large scale.  

 

 

Figure 4 - Raphidonema sp.'s lipidic profile, kindly provided by A4F-Algafuel, SA. The proportion of each individual fatty 

acid (FA) over the total biomass produced is presented, where it is shown that this microalga produce considerable 

amounts of EPA and smaller ones of ARA. 
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2.2.3. Thalassiosira sp. 

Thalassiosira sp. belongs to the group of diatoms that, while abundant in most aquatic habitats, 

represent the largest group of biomass producers on Earth. This set of microalgae is 

characterized by having silica polymerized in cell walls, commonly known as frustules. This 

frustule gives greater resistance to turgor and protection against losing effects as well as optical 

properties for the cells, thus providing them with great evolutionary advantages. Besides that, their 

examination in the electron microscope (EM) is essential for identification of most of species, as 

recognized since the first transmission and scanning electron microscopy studies of Thalassiosira 

respectively in the 1950s and 1960s. Thalassiosira species may be differentiated by their shape 

and position. That, combined with the configuration of the colony, allows the identification of 

species under the light microscope. The cells range from discoid to cylindrical, appearing solitarily, 

or joined by threads or valve to valve to form loose chains, as well as mucilage masses. They 

usually accumulate oils and chrysolaminarin, a storage polysaccharide, and, in some species, 

cells are joined by chitinous filaments of polysaccharides produced by the cell itself. (A.S.D. 

Harris, 1995, 30) (Maxime Suroy B. M., 2014)  

 

Figure 5 - Thalassiosira sp. microscopic observation (magnification 40x). 

 

The strain in this study has also the advantageous of producing high amounts of EPA and DHA, 

omega-3 fatty acids, as it can be seen in Figure 6.  
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Figure 6 - Thalassiosira sp.'s lipidic profile, kindly provided by A4F-Algafuel, SA. The proportion of each individual fatty 

acid (FA) over the total biomass produced is presented, where it is shown that this microalga produce considerable 

amounts of EPA and DHA. 

 

The scientific classification of Thalassiosira, from Thalassiosiraceae family, is presented below in 

Table 2. (Salvador Valenzuela Miranda in Guiry, 2017) 

Table 2 - Scientific classification of Thalassiosira sp. (Salvador Valenzuela Miranda in Guiry, 2017) 

Classification 

Empire Eukaryota 

Kingdom Chromista 

Phylum Bacillariophyta 

Subphylum Bacillariophytina 

Class Mediophyceae 

Subclass Thalassiosirophycidae 

Order Thalassiosirales 

Family Thalassiosiraceae 

Genus Thalassiosira 

 

http://www.algaebase.org/browse/taxonomy/?id=86701
http://www.algaebase.org/browse/taxonomy/?id=139117
http://www.algaebase.org/browse/taxonomy/?id=139125
http://www.algaebase.org/browse/taxonomy/?id=4465
http://www.algaebase.org/browse/taxonomy/?id=77608
http://www.algaebase.org/browse/taxonomy/?id=77702
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Being a diatom, Thalassiosira sp.’s growth is affected by nitrogen and silicon levels, as this usually 

results in a decrease in the proportion of diatoms, nutrients’ absorption and in the content of free 

aminoacids and proteins that consequently acts on the velocities of sinking and induces changes 

in the biochemical composition that may modify cell buoyancy. (Maxime Suroy C. P., 2015) 

 

2.2.4. Prorocentrum sp. 

Prorocentrum belongs to the group of dinoflagellates, which was first described by Ehrenberg 

(1834), with Prorocentrum micans as type species. Since then, about 60 species of this genus 

have been described. They are mesophilic and are distributed worldwide in marine plankton and 

benthic habitats, with only two species from freshwater environments described. The Benthic 

Prorocentrum species inhabit the interstitial spaces of marine sediments and are also epiphytic on 

macroalgae surfaces, floating detritus and corals. (Mona Hoppenrath a. B., 2008) Their growth 

temperatures range between 24 and 30°C and their salinity between 28 and 34 g.L
-1

. (Faust, 

1999)  In Table 3, its scientific classification is exposed. (M.D. Guiry in Guiry, 2017) 

Table 3 - Scientific classification of Prorocentrum sp. (Salvador Valenzuela Miranda in Guiry, 2017) 

Classification 

Empire Eukaryota 

Kingdom Chromista 

Phylum Miozoa 

Subphylum Myzozoa 

Infraphylum Dinozoa 

Superclass Dinoflagellata 

Class Dinophyceae 

Order Prorocentrales 

Family Prorocentraceae 

http://www.algaebase.org/browse/taxonomy/?id=86701
http://www.algaebase.org/browse/taxonomy/?id=142013
http://www.algaebase.org/browse/taxonomy/?id=142019
http://www.algaebase.org/browse/taxonomy/?id=142020
http://www.algaebase.org/browse/taxonomy/?id=4498
http://www.algaebase.org/browse/taxonomy/?id=4910
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Genus Prorocentrum 

 

The dinoflagellates of genus Prorocentrum are morphologically different from other dinoflagellate 

species, mostly due to a lack of a cingulum and a sulcus (prorocentroid tabulation), and for 

displaying an apical, rather than a ventral, insertion of two flagella that arise from one pore, 

resulting in a changed swimming direction (desmokont flagellation). The cell (15-100 µm) (M.D. 

Guiry in Guiry, 2017) is protected by a theca, which consists of two opposing valves that meet in a 

sagittal suture, with some species containing an anterior spine located by the periflagellar region, 

as it can be seen in Figure 7. 

 

Figure 7 - Prorocentrum sp. microscopic observation (magnification 40x2) (left); Morphology of a Prorocentrum sp. cell, 

illustrating the theca and the apical area where the two flagellas arise. (Mona Hoppenrath N. C., 2013) 

 

The differences between Prorocentrum species are based on their cell shape and size, the 

micromorphology and ornamentation of the thecal plates and the intercalary band, and by the 

architectural details of the periflagellar area. Furthermore, the presence and type of pyrenoids in 

the plastids, and the presence of trichocysts and mucocysts are probably useful for significant 

ultrastructural differences and, thus, species identification.  

Benthic Prorocentrum species, have gained significant attention, since many of them, not 

including the one chosen for this study, have the ability to produce toxins, in particular, okadaic 

acid (OA) and its analogues, also referred to as the dinophysistoxins (DTXs), as well as 

borbotoxins and other unidentified toxins. (Mona Hoppenrath N. C., 2013)  

Prorocentrum sp. is of a high interest due to its fatty acid composition with both EPA and DHA 

high levels, as it is possible to see in its lipidic profile, represented in Figure 8. 

   

http://www.algaebase.org/browse/taxonomy/?id=6782
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Figure 8 – Prorocentrum sp.'s lipidic profile, kindly provided by A4F-Algafuel, SA. The proportion of each individual fatty 

acid (FA) over the total biomass produced is presented, where it is shown that this microalga produce considerable 

amounts of EPA and DHA. 

 

2.3. Microalgae cultivation 

Over the past 50 years, extensive research on the commercial culture of microalgae has been 

conducted, with the first large-scale culture of microalgae reported in the early 1960s in Japan by 

Nihon Chlorella with the culture of Chlorella. However, the production of microalgae has many 

challenges and is still immature. A leap in technology is required to minimize contamination, 

provide and control the necessary growing conditions, and minimize space requirements and 

capital and production costs. (Ling Xu, 2009) (Teresa M. Mata, 2010) 

Microalgae may be cultured under different metabolic pathways. They can grow autotrophically 

using light as energy source, through photosynthesis and CO2 as their inorganic source; 

heterotrophically, they use organic substrates as energy or mixotrophically using photosynthesis 

as principal energy source but having also organic compounds and CO2 as alternatives. 

In addition, the culture may grow under a batch, continuous or semi-continuous flow. The most 

common method for microalgae cultivation is batch culture where a limited amount of culture 

medium and inoculum is placed in a culture vessel under a favourable or defined growth 

environment. In continuous flow cultures, the fresh culture medium is homogeneously supplied 

and the culture is removed continuously or intermittently. Finally, in a semi-continuous culture, a 

fraction of the culture is harvested periodically and the culture is then completed with fresh culture 

medium. Although batch culture has advantages in terms of expense, easiness of handling and 

required media volume, the continuous mode allows the crop not to stop growing due to substrate 

depletion or product accumulation. (Amos Richmond, 2013)(Andersen, 2005)The typical 

microalgae growth curve in a batch culture, demonstrated below (Figure 9), is commonly divided 

into five different stages. Primarily, a lag phase (1) occurs, corresponding to an adaptation period 
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of the culture to the new nutritive medium, where no growth or decline of culture is observed. After 

that, an exponential phase (2) takes place with a constant increase of the number of cells. The 

third period corresponds to a deceleration phase (3), alongside with a decline in crop growth that 

usually occurs when the culture becomes more concentrated, limiting cell division and promoting 

an exhaustion of nutrients, limitation of carbon dioxide and light. Subsequently, a stationary phase 

is established (4) and, when the cellular mechanism can no longer be maintained, a death phase 

(5). (Teresa M. Mata, 2010) 

 

Figure 9 – Microalgae growth curve: 1) lag phase; (2) exponential growth phase; (3) linear growth phase or deceleration 

phase; (4) stationary growth phase; (5) decline or death phase. The dashed line represents the nutrient concentration 

variation. (Teresa M. Mata, 2010) 

 

Depending on the microalgae strain and its product application, special consideration should be 

given to the selection of the most adequate cultivation conditions and parameters, alongside with 

cultivation systems.  

 

2.3.1. Microalgae cultivation parameters 

From environmental to operational conditions, there are several variables influencing microalgae 

growth. The most important ones comprise abiotic factors such as light, temperature, nutrient 

concentration, O2, CO2, pH and salinity; biotic factors like pathogens and competition by other 

microalgae; and, finally, operational factors as shear stress produced among all by mixing, dilution 

rate, optical pathlength or harvest frequency. Some of those factors are discussed below. 
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2.3.1.1. Light 

Since light is a requirement for photosynthesis, in the case that its insufficiency is verified, the 

culture uses respiration as an alternative metabolism. Otherwise, the response of 

photosynthetically grown cells and photosynthetic apparatus to the light environment may be 

explained through the curve represented in Figure 10, which relates the rate of photosynthesis 

with light intensity. (Quentin Béchet, 2013) 

 

Figure 10 - Influence of light intensity on photosynthesis rate. (Quentin Béchet, 2013) 

At particularly low light intensities, the rate of photosynthesis and, consequently, microalgae 

growth, is roughly zero.  Even in the low intensities spectre, photosynthesis increases 

proportionally to light intensity, since it is limited by the rate of the capture of photons. Then, a 

saturation threshold (Ik) is reached, a point where microalgae are ‘light-saturated’, corresponding 

to the maximum growth rate possible. Increasing the light intensity beyond an inhibitory threshold 

(Iinhib) does not increase the growth rate and may lead to photo oxidation, damaging of light 

receptors of algae and decreasing the photosynthetic rate and productivity, due to the deactivation 

of key proteins in the photosynthetic units. This phenomenon is commonly designated 

photoinhibition and it might be prevented with the movement of microalgae cells between light and 

dark zones on a culture system. (Amos Richmond, 2013) (Quentin Béchet, 2013) If these 

alternating light and dark periods are done at high frequencies a higher rate of photosynthesis is 

achieved. (Jin-Yang Hu, 2016) 

Apart from intensity, light availability is also a key factor on photosynthetic productivity, varying 

according to the reactor and its configuration and material (e.g. diameter and length of tubes), and 

to the culture concentration and cell density, that consequently affect the length of optical path.  

Even when the outdoor incident radiation level is constant, light intensity attenuates exponentially 

as it penetrates into the reactor. Moreover, culture cells are not homogeneously irradiated, with 

those that are closer to the light receiving surface reaching a higher irradiation level than the 

others, besides causing them to undergo self-shading effects. In order to solve this problem, 



18 
 

immersed light sources are being considered as an internal light to improve light distribution and 

availability for all of the biggest number of microalgae cells. (E. Molina Grima, 1999) (Chun-Yen 

Chen, 2015) 

 

2.3.1.2. Temperature 

Temperature is one of the factors that affect the productivity of microalgae. It influences all 

metabolic processes and each microalgae has a specific ideal temperature, where the light is 

used more efficiently and photoinhibition is less likely to occur. Although many of them can 

tolerate 15 °C below their optimal temperature, when it comes to an increase in this parameter, 

the effects on the cells are greater, being 2 °C to 3 °C enough to lead to total loss of the culture. 

(Teresa M. Mata, 2010) 

Regarding the optimal temperature, microalgae may be divided into three groups: mesophilic 

species growing between 20 and 25 °C, cryophilic strains growing under 17°C and thermophilic 

strains growing at temperatures up to 40 °C. Prorocentrum sp. and Thalassiosira sp. are 

examples of mesophilic strains and Raphidonema sp. is a cryophilic one. In addition, it should be 

noted that the optimal growth temperature may diverge when studying the same species under 

different environmental conditions. (Monique Ras, 2013) 

There are many well documented studies at laboratory scale regarding this factor, but it is 

necessary to perceive the same effects in large scale productions. Since natural sunlight contains 

about 50% infrared radiations, in summer season overheating problems may occur, particularly in 

closed reactors. Conversely, in winter season when lower solar intensities are reached, the 

optimal temperature of the culture may not be achieved. (Pawar, 2016) 

 

2.3.1.3. Salinity 

From freshwater to hypersaline lakes, microalgae can grow in waters of varying salinity, having 

each one of them an optimum range, that is a function of their osmoregulatory system.  

In mass-cultivation processes, salinity of the medium may vary due to evaporation, rainfall and/or 

accumulation of salts when the medium is recycled. Depending on the type of system used, 

salinity changes may be more gradual or, in opposite, they may have a rapid impact on 

microalgae cells, affecting them in three different ways: osmotic stress; ion (salt) stress; and 

changes of cellular ionic ratios due to the membrane selective ion permeability. Sudden changes 
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should be avoided, since cells need to acclimate to the new salinity and in that period a cessation 

of growth with a reducing on the overall productivity will occur. In addition, the easiest way to 

control this parameter is by adding fresh water or salt as required. (Teresa M. Mata, 2010) 

(Michael A. Borowitzka, 2016) 

 

2.3.1.4. pH and Carbon Supply 

Due to photosynthesis, microalgae are exposed to higher concentrations of O2 and decrease the 

concentration of CO2, with consequent increases of pH levels. Higher pH values reduce the 

affinity of algae to free CO2, affecting and suppressing its growth. In this way, controlling the pH is 

of vital importance, as this parameter determines the solubility and availability of CO2 and 

essential nutrients. Another example of this is when the pH of a culture is alkaline, increasing, as a 

result, the flexibility of the cell wall of mother cells, preventing their rupture and therefore providing 

the time for the completion of the cell cycle. Similar to alkaline pH, acidic conditions may also 

affect algal growth. Although the ideal pH of a culture is the initial pH in which microalgae were 

adapted to grow, it is generally agreed that maximum algal growth occurs around neutral pH. 

Normally, sodium bicarbonate and HCl are used to manipulate pH, since they may form carbonic 

acid, which may be transformed into water and CO2. Besides these two, it is also common to use 

the addition of CO2 by continuous or intermittent injection of the gas, to control this parameter. (E. 

Molina Grima, 1999) (Ankita Juneja, 2013) 

  

2.3.1.5. Nutrients 

Absorption of nutrients by microalgae is dependent on other factors that influence their growth, 

such as light, temperature and turbulence. In general, if all other parameters are optimized, algae 

growth rate will be proportional to the uptake rate of the most limiting nutrient. (Ankita Juneja, 

2013) (Mohsen Ghafaria, 2016) 

Until now, in large-scale cultures, nutrients are mostly supplied on the basis of the same media 

formulae as used for laboratory cultures, which are generally not optimized and in excess. 

However, as they represent a significant part of the cost of the production of microalgae, it is 

essential to identify the nutrient requirements of the specific microalgae strain that will be 

produced. 

Typically, carbon, nitrogen and phosphorus are the key essential macronutrients for microalgae 

growth. Carbon may be utilized as CO2, carbonate or bicarbonate for autotrophic growth and in 
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the form of acetate or glucose for heterotrophic growth. It is essential for photosynthesis and, 

when fixed by microalgae, it may be used for respiration, as an energy source, or as a raw 

material in the formation of additional cells. Nitrogen, which generally accounts for about 7–10% of 

cell dry weight, has a wide variety of sources, such as nitrate, ammonia, and urea. It is an 

essential constituent of all structural and functional proteins in algal cells and, when in deficient 

amounts, it enhances biosynthesis and accumulation of lipids and triglycerides. In relation to 

Phosphorus, is has to be provided in a significant excess, since, due to formation of complexes 

with metal ions, not all of that is bioavailable. Its limitation leads to a reduction in the synthesis and 

regeneration of substrates in the Calvin-Benson cycle, affecting carbon fixation, and, similar to 

what happens with nitrogen, tends to reduce chlorophyll a and protein content while increasing 

carbohydrate content in eukaryotic and prokaryotic cells. 

Combined with these macronutrients, there are also some elements that are needed in smaller 

amounts, like sulphur and magnesium that play an important role in building amino acids and 

chlorophyll, as well as calcium which is related to nitrogen metabolism. 

Regarding micronutrients, although they are required in even fewer amounts, it is proven in 

literature that they also have a direct physiological effect on microalgae growth. Among these is 

iron, which is very important for a normal microalgae growth due to its redox properties and 

implication in processes such as photosynthesis, respiration, nitrogen fixation, and DNA synthesis. 

Besides that, there is also required manganese, zinc, boron, copper, molybdenum, vanadium, 

cobalt, nickel, selenium and, in some cases, for example for diatoms like Thalassiosira sp. that 

have silica cell wall, silicon. Some of them, when in excess, may cause toxicity that may inhibit 

carbon fixation and delay nutrient uptake. (Ankita Juneja, 2013) (Mohsen Ghafaria, 2016) 

Over the past 40 years, many studies have shown that most microalgae are also auxotrophs for 

vitamin B and require different combinations of three types of this vitamin: vitamin B 12 

(cobalamin), vitamin B1 (thiamin) and vitamin B7 (biotin). In a study with 306 species surveyed, 

more than half required cobalamin, 22% required thiamine and a lower proportion (5%) required 

biotin. (Martin T. Croft, 2006) 

Finally, for the scope of this work, it is also important in this factor to distinguish two different 

designations: culture medium and nutritive medium. Culture medium is referred to an aqueous 

solution of mineral salts, as similar as possible to the natural habitat of microalgae, being the 

medium where they circulate and grow. On the other hand, the nutrient medium refers to a 

concentrated solution of nutrients, among which nitrogen, phosphorus and other mineral salts, 

whose function is to supplement the microalgae cells of a culture, enhancing its growth, 

multiplication and reproduction. 
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2.3.1.6. Mixing 

Mixing is another important growth parameter in the way that it allows for culture homogenization. 

Therefore, mixing plays a major role in ensuring a regular and homogeneous light distribution in 

the reactor, resulting in mixing-induced periodic light/dark (L/D) cycles, which are beneficial to 

algal growth. Furthermore, it promotes a better contact between cells and nutrients and improves 

gas exchanges, decreasing the risk of oxygen accumulation. In addition, by keeping algal cells in 

suspension, it also prevents cells from forming aggregates and, as a result, avoids the 

development of a three-phase system (solid-liquid-gas). 

Despite all of advantages, an excessive mixing will promote a higher degree of turbulence in the 

culture that, in some cases, may damage the cells due to shear stress. For that reason, it is 

recommendable to identify the optimum work level of turbulence for a specific strain before its 

inoculation. (Teresa M. Mata, 2010) (Chavada, 2012) (Jianke Huang, 2014 ) 

 

2.3.2. Microalgae cultivation scale-up 

Currently, pilot scale research on microalgae is required to overpass the gap between laboratory 

scale and commercial applications. The aim of that scale up process is to ensure that the same 

viability and quality of culture and, thus, the desired productivity are maintained, at the same time 

as the volume of production increases.  

In biotechnological processes, scale up criteria is generally based on a relationship between the 

culture parameters and fluid patterns inside the reactors, which do not scale linearly just by 

increasing their size. Therefore, prior to scaling up, it is crucial to do a full optimization study at a 

lab scale to obtain all the information about the experimental design, data collection and 

parameter monitoring. A one-factor-a-time approach is usually used for these optimization studies, 

although this is a time-consuming and labor-intensive technique. 

Regarding physical-chemical parameters, such as light intensity, pH, temperature, salinity, etc., 

they require a strict optimization before the scaling up may be considered. In addition to this, the 

selected media should be able to support the growth of the microalgae strain under study, and the 

use of a medium identical to that used for seed culture is recommended in large scale cultivation. 

The method and cultivation system that will be used must be carefully chosen, as well as the 

mode of cultivation, which can be batch, continuous or semi-continuous. In relation to the 

inoculum to be used, ideally it should still be viable and in the exponential growth phase. Besides 

that, the scale-up is generally done by a factor of 10 per step, i.e. from 10 mL to 100 mL to 1 L to 
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10 L etc., or, in some more high-light sensitive species, by a factor of 5.  The final volume of the 

culture is also necessary to define, when thinking in larger scales.   

When all of these important variables are known, it is desirable to design an adequate 

experimental run and gather sufficient data for system testing and analysis. Additionally, the 

viability, robustness and vigour of the selected microalgae strain must be routinely checked and 

analyzed at all stages of the scale-up process. (I. Rawat, 2013) (Carrie A. Eckert, 2016) (Michael 

A. Borowitzka A. V., 2017) 

 

2.3.3. Systems for microalgae cultivation 

In the past decades, several photobioreactors have been developed for algae cultivation, and 

some of them have even achieved the large-scale commercial production.  Depending on the final 

product and the cultivation goal, the location, available space and water, and costs, a wide range 

of different technology may be applied. Microalgae cultivation reactors, represented in Figure 11, 

may be divided commonly into two systems: opens systems or closed systems. (Han Ting, 2017) 

Open systems, usually placed outdoor to take full advantage of natural sunlight, represent the 

oldest configurations and are most common approach used, representing around 90% of the 

global algae production. They are less expensive to build and operate, have a convenient 

operational method and have higher life time period and areal productivities when compared to 

the closed ones. On the other hand, these reactors are more susceptive to contaminations from 

other microorganisms; they have no control on environmental parameters, like temperature, 

evaporation and lighting; and they also occupy more land area. They are typically divided into 

unstirred open system, circular pond and raceway pond. (Han Ting, 2017) (Małgorzata Płaczek, 

2017) 

Regarding closed systems, they don’t allow direct contact between culture media and the 

atmosphere avoiding simultaneously direct gas exchange and contaminations. Despite being 

more expensive, they provide a better control over culture conditions (temperature, nutrients, light, 

mixing, pH and CO2). Due to their controlled conditions, these systems are commonly used in high 

value-added products production, like therapeutics.  (Han Ting, 2017) However, to date, only a 

few species of microalgae have been commercially grown due to the poorly closed systems 

technology. Although there are already several types of systems developed, among them, bubble 

column, airlift reactor, flat-panel, stirred–tank, tubular, conical, torus, and seaweed-type PBRs, 

only a few may be used for the mass culture. For that purpose, the most promising PBRs are flat 

panel PBRs, tubular PBRs and column PBRs, whose advantages and disadvantages are exposed 
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on Table 4. (Qingshan Huang F. J., 2017)  

 

Figure 11 - Different types of bioreactors for microalgae pure cultivation: open systems (a) and closed systems (b, c, d and 

e). The bioreactor e is a fermenter, appropriate for non-autotrophic cultures.   (Han Ting, 2017) 

  

Table 4 - Advantages and limitations of different closed photobioreactors. Adapted from (Agnieszka Patyna, 2016) 

(Małgorzata Płaczek, 2017) (Qingshan Huang F. J., 2017) 

Production system Advantages Disadvantages 

Flat panel 

photobioreactor 

 

High biomass productivities 
Difficult to scale-up since it is a 

modular system 

Easy to build, maintain, clean and 

operate 

Short lifespan when considering 

plastic bags, due to the fragility 

to leakage 

Low oxygen  build-up 

Bad mixing when in plastic bags; 

some  biofilm formation on 

reactor walls 
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Low degree of hydrodynamic 

stress 
Less automation 

Low capital cost - 

Horizontal Tubular 

photobioreactor 

High surface to volume ratio (e.g. 

in unilayer horizontal tubular 

PBRs) 

Some degree of  biofilm 

formation on reactor walls 

High biomass productivity High capital and operating costs  

High control of the cultivation 

parameters 

Considerable requirements in 

terms of implantation area, 

depending on the configuration 

Automation of the procedures 

Gradients of pH, dissolved O2 

and CO2 and poor mass transfer 

along the tube length 

 Easy scale-up High shear stress 

Column 

photobioreactor 

Easy to maintain; Low area-to-volume ratio 

High mass transfer 
Expensive compared with FPs; 

high capital and cleaning cost 

Low energy consumption 
Some  biofilm formation on 

reactor walls 

Good mixing and low shear stress  
Sophisticated construction with a 

difficult scale-up 

Enables to easily maintain dark 

and light cycles 

Difficult to control the 

temperature of the culture and 

the photoinhibition phenomenon  
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2.3.3.1. Flat panel photobioreactor 

Flat panel photobioreactor or, sometimes called, plastic bag (Figure 11, b) is a reactor whose 

appearance resembles a rectangular box formed by two adhesive sheets of transparent or semi-

transparent materials including among others glass bags, plexiglass, polycarbonate and plastic, 

located between two iron frames. These reactors are used for mass production of microalgae 

either in outdoor or indoor culture systems, and they have been receiving attention due to their low 

cost. (Qingshan Huang F. J., 2017) (Agnieszka Patyna, 2016) 

They have the benefit that they may be positioned vertically or inclined at a certain angle so as to 

obtain the best incident light intensity. Generally, they are characterized by a large surface area to 

volume ratio that offers a high efficiency of photosynthesis. Mixing can be carried out by an air 

phase circulating along a perforated tube located in the bottom part of the apparatus or by 

application of a rotating mechanical. (Małgorzata Płaczek, 2017)Besides that, they are 

characterized by a low increase of the oxygen level, they are quite economic and easy to clean. 

(Agnieszka Patyna, 2016)  

The limitations of these reactors include the fact that these systems suffer of an inadequate 

mixing, which inhibits cell growth in some zones. Besides that, although they are easy to built, the 

bags are inherently fragile which make their lifespan short and that leakage happens more than 

occasionally. (Qingshan Huang F. J., 2017)Some biofilm formation, (especially for highly 

sedimenting species like Prorocentrum sp.) and potential cell damages caused by the stress 

associated with the mixing of the culture made by aeration are also seen. Finally, for the 

productions on a larger scale, the scale-up is not so easy, requiring the use of many modules of 

these systems and structures to support them.  (Han Ting, 2017) (Agnieszka Patyna, 2016) 

 

2.3.3.2. Tubular photobioreactor 

 

The tubular PBRs are constituted by tubes, usually made of plastic or transparent glass, that 

maybe arranged in different patterns (e.g., straight, bent, or spiral) and orientations (e.g., 

horizontal, inclined, vertical, or helical). In order to increase the number of tubes per surface area 

of the available land, the tubes are usually arrayed in a horizontal fence-like structure, with tubes 

installed on top of one another supported on a horizontal laddershaped rack, increasing the 

operation cost correspondingly. (Qingshan Huang F. J., 2017) (Małgorzata Płaczek, 2017)In 

addition to that, as shown in Figure 11, d), there is also a gas exchange system, that performs 

CO2 supplementation and acts towards the removal of oxygen originated during photosynthesis 

that may be a problem, causing photooxidation and reducing photosynthesis.(Agnieszka Patyna, 
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2016)They are feasible to operation either in a batch, semi-batch, continuous or turbidostat mode. 

(Han Ting, 2017) All of the configurations have an identical working process, where microalgae 

are circulated through the tubes by a pump or by impetus resulting from aeration in the airlift 

systems, which also promotes culture homogenization. Bubbling of air in the tube will help to avoid 

surface biological deposition and thus prevents from photo inhibition. Regarding the use of a 

pump, it is important to be aware that high pump frequencies may damage the cells, particularly 

those that have flagella and that are highly fragile. (Qingshan Huang F. J., 2017) 

The scale-up of these reactors may be achieved, in a simple way, by installing a new set of tubes 

to the already existing installation while maintaining an adequate linear velocity of the medium and 

gas exchange at a given level, or by increasing the length or diameter of the tubes. (Małgorzata 

Płaczek, 2017) However, this last option has some limitations. The diameter of the tubes may vary 

between 10 to 60 mm, and higher values result in a decrease of surface to volume ratio, which, as 

mentioned above, has a strong impact on the culture. In addition, especially during the summer, a 

high temperature rise in the culture may occur because of limited volume resulting from that small 

diameter. Regarding the length of the tubes, it can reach several hundred meters. However, this 

alternative influences the circulation of the culture medium inside the reactor and, in long tubes, 

mass transfer problems may occur, and the O2 produced by photosynthesis may be accumulated, 

which, in turn, may inhibit photosynthesis. Besides that, a high rate of CO2 fixation may possibly 

occur and lead to an accumulation of hydroxide ions in the medium reaching a pH as high as 11. 

(Qingshan Huang F. J., 2017) 

 

2.3.3.3. Column photobioreactor 

 

There are two types of these PBRs: bubble column and airlift (Figure 11, c)). The airlift reactor 

may be considered an improvement of the bubble column. Both of them have an attached air 

sparger at the bottom of the reactor, which converts the spared gas into tiny bubbles that ensure 

the suspension of algae cells and, therefore, enhance mass transfer. In order to obtain sufficient 

light, the diameter of their column should not exceed 0.2 m, and their height is at least double the 

diameter, ensuring an optimum relation of the reactor’s surface to its volume, being limited to 

about 4 m for structural reasons. (Qingshan Huang F. J., 2017) (Agnieszka Patyna, 2016)  

Column PBRs are one of the most promising configurations, since they provide the best 

controllable growth conditions and have a cheap design, easy configuration and operation. 

(Qingshan Huang F. J., 2017) (Małgorzata Płaczek, 2017) It is important to mention that the 

photosynthesis rate may be improved by intensifying the flow of gas feed, reducing the duration of 

the light and dark cycles by keeping the algae in the sunny and shady areas of the 
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photobioreactor for a shorter period. Besides that, in the case of tall columns, perforated plates 

are used to gain a greater dispersion of the gas phase. Regarding larger scale production, it 

requires the use of many modules and structures supporting them.  

These systems have the disadvantage of a propensity to biofilm formation on the column walls, 

limiting the light penetration and, consequently, reducing the photosynthesis rate. Besides that, 

especially when considering outdoor cultivations, it is difficult to control the temperature of the 

culture and the photoinhibition phenomenon, meaning that some algae species may be exposed 

to hydrodynamic stress, leading to a decrease of algae growth. (Agnieszka Patyna, 2016) 

(Małgorzata Płaczek, 2017) 

  



28 
 

3. Methods and material 

All of the materials that have been used throughout this study are listed below, followed by the 

operational and analytical methods. 

 

3.1. Reagents and solutions 

In Table 5 are presented the reagents used in this work, as well as their respective supplier. 

Table 5 - List of reagents used in this work and their respective supplier. 

 

  

3.2. Equipment 

Table 6 shows all of the equipment used in this work, describing their models and manufacturers. 

Table 6 - List of equipments used in this work and their respective model and manufacturer.  

Equipment Model - Manufacturer 

Autoclave Uniclave 8, AJC 

Centrifuge Z400 K, Hermle 

Moisture analyser/ Dry weight 

balance (±0.0005 g) 
MS-70, AND 

Optical Microscope BX53, Olympus 

Dissolved Oxigen meter Oxi 330i, WTW 

Precision Balance (±0.2 g) NV 4101, Ohaus 

Analytical Balance (±0.0002 g) PA114C, Ohaus 

Use Reagent Supplier 

Culture medium 

recipe 

Mineral Solution and Sea 

Salt 

Undisclosed for 

confidentiality reasons 

Nutritive medium 

recipes 
Industrial nutritive medium  

Undisclosed for 

confidentiality reasons 

Vitamins 

Vitamin B1 Scharlau 

Vitamin H (≥99%) Fisher BioReagents 

Vitamin B12 (96.1%) Acofarma 

Dry Weight Analysis Ammonium formate (97%) Sigma-Aldrich 
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Portable conductivity and pH-

meter 
Mettler Toledo 

Portable Refractometer ZUZI 

Spectrophotometer UV – Vis 

(±0.005 AU) 

Genesys 10S UV-VIS, 

Thermo Scientific 

Vacuum Pump Comecta, S.A. 

Vacuum Filter Holder System Merck Millipore® XX1104700 

Vortex 
Vortex GENIE 2, Scientific 

Industries 

Refrigerator Julabo F10 labNorma 

 

3.3. Biological Material and cultivation conditions 

In the present work, besides laboratory tests, a step forward from laboratory to pilot plant has 

been made for the three microalgae studied, based on information extracted from previous 

research conducted under laboratory conditions at A4F Innovative Laboratory in Lisbon. Below, all 

of the laboratory conditions for each microalgae strain are specified. For the pilot scale 

experiments, only closed systems have been used, always under photoautotrophic conditions. 

The same production methodology was generally used, starting by the scale-up on flat panel 

systems, which subsequently served as inoculum to the horizontal tubular photobioreactors. 

Depending on the type and size of the system used and consequently the different initial culture 

volumes desired, the number of 5L flasks of concentrated laboratory culture used as inoculum 

varied, ranging from 25 to 40L. For a 60L reactor, for example, 25L of inoculum was typically 

used.  

 

3.3.1. Raphidonema sp. 

The Raphidonema sp. strain used in this work was available from A4F Culture Collection.  

Before the scale-up to the pilot scale unit, the algal strain was grown autotrophically at A4F 

Innovative Laboratory. Since this microalga is cryophilic, the cultivation occurred in round glass 

flasks of 2L volume, adapted with an enclosing cooling system that maintained the temperature 

controlled below 15 ºC. In each flask, a gas distributor in the bottom, sprinkles air enriched with 

0.5% CO2 in form of bubbles, ensuring a good mixing of the culture, its aeration and sufficient CO2 

supply. Still in the aeration system, air filters were placed both in the inlet and in the outlet of it, in 
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order to maintain sterile conditions and avoid unwanted cross-contamination. The culture was 

grown in an autoclaved freshwater and nutritive medium. The nutritive medium contained all of the 

necessary elements in adequate concentrations, ensuring that the growth of this microalgae was 

not limited. The glass materials and media were autoclaved for 45 minutes at 121C. Considering 

the light, since the LEDs were located on the surface where the flasks were located, it was 

provided from their bottom. These flasks had a constant illumination under 24 hours, with an 

approximately photon flux density of 30 μE.m
-2

.s
-1

. 

All of the cultivation conditions referred are summarized below in Table 7. 

Table 7 - Cultivation conditions of Raphidonema sp. used in this work. 

Cultivation Conditions 

Volume 2 L 

Salinity 0 g.L-1 

Pressure Atmospheric 

Temperature 8-15 C 

Light LEDs 

Average irradiation 30 μE.m
-2

.s
-1

 

pH 7.5 – 8.5 

CO2 source Air + 0.5% CO2 

 

 

3.3.2.  Thalassiosira sp. 

The Thalassiosira sp. strain used was available from A4F Culture Collection.  

Previous to pilot scale unit experiments, the algal strain was grown autotrophically at A4F 

Innovative Laboratory, under similar conditions like to Raphidonema sp., as it is possible to see in 

Table 8. The differences between these two microalgae reside in cultivation salinity, temperature 

and light. 
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Table 8 - Cultivation conditions of Thalassiosira sp. used in this work. 

Cultivation Conditions 

Volume 5 L 

Salinity 30-35 g.L
-1

 

Pressure Atmospheric 

Temperature 25 C 

Light LEDs and natural 

Average irradiation 100  μE.m
-2

.s
-1

 

pH 7.5 – 8.5 

CO2 source Air + 0.5% CO2 

 

3.3.3. Prorocentrum sp. 

The Prorocentrum sp. strain used was available from A4F Culture Collection. . 

Previous to pilot scale unit experiments, the algal strain was grown under equal conditions to 

Thalassiosira sp., as it is possible to see in Table 9. It should be mentioned that, for both 

laboratory tests regarding a new culture medium and a different concentration of silicate, the 

culture was grown in smaller flasks, with 1L volume. 

Table 9 - Cultivation conditions of Prorocentrum sp. used in this work. 

Cultivation Conditions 

Volume 1 or 5 L 

Salinity 30-35 g.L
-1

 

Pressure Atmospheric 

Temperature 25 C 

Light LEDs and natural 

Average irradiation 100  μE.m
-2

.s
-1

 

pH 7.5 – 8.5 

CO2 source Air + 0.5% CO2 
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3.4. Culture Medium Formulation 

The culture medium used for cultivation of the freshwater strain Raphidonema sp., consists of 

chemically disinfected freshwater. 

Regarding Thalassiosira sp. and Prorocentrum sp., the culture medium used in the pilot scale 

photobioreactors is the result of an optimization work for marine microalgae cultivation by A4F. It 

consists of an artificial saltwater with a specific mineral solution (MS) and the nutritive medium, 

that has the desired nitrate concentration. It is important to mention that the concentration of 

nitrate was regularly measured and controlled, ensuring that its limit was never reached. In order 

to protect the intellectual property the A4F, it is not possible to present its composition in this work, 

but only reveal that this MS is an enriched source of minerals and nutrients like magnesium.  For 

simplification purposes, the mixture between artificial saltwater and MS will be further designated 

as Culture Water (CW).  

The nutritive medium used to supplement CW in pilot scale for Raphidonema sp., Thalassiosira 

sp. and Prorocentrum sp. cultures is an industrial medium based on a recipe developed by A4F. 

Once again, in order to protect the intellectual property of A4F, the nutrient concentration in the 

recipe of this industrial nutritive medium is not presented. 

 

3.5. Cultivation systems 

Regarding the laboratory tests, the systems used were those described in section 3.3. An 

example of these systems is shown below in Figure 12. 

 

Figure 12 - Systems used in this work for laboratory tests at A4F Innovative Laboratory in Lisbon.  

 

As it was mentioned before, all the cultivations conducted during this work were performed 

according to the same methodology. First, the scale-up was done in the laboratory, to volumes up 
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to 5L. When there were multiple 5L flasks with concentrated culture, a step forward to the pilot 

scale unit was done, where, under batch and/or fed-batch modes, microalgae strains were grown 

autotrophically, with the addition of nutritive medium described in section 3.4, a non-limiting nitrate 

concentration and a pH for 8.  In order to prevent cells from dilution stress and photobleaching, 

the cultivation was done in gradual steps, starting the cultivation in flat plate photobioreactors that 

then subsequently served as inoculum to the horizontal tubular photobioreactors. In fewer cases, 

the culture in a PBR was also the inoculum of another similar system, being transferred through a 

renewal. The systems used for the growth of these microalgae were a unilayer and multilayer 

horizontal tubular photobioreactor (UHT-PBR and MHT-PBR) and flat panel photobioreactors (FP-

PBR) installed at the A4F Experimental Unit in Lisbon. Examples of each system used are 

described in section 2.3.3, and are illustrated below in Figure 13. 

 

Figure 13 – Closed systems used in this work in pilot-scale cultivation: multilayer horizontal tubular photobioreactor (MHT-

PBR); unilayer horizontal tubular photobioreactor (UHT-PBR); flat panel photobioreactor (FP-PBR) at A4F Experimental 

Unit in Lisbon. 

 

Even with this cautious and progressive procedure, some of the cultures became too diluted upon 

inoculation. In these cases, the photoinhibition phenomenon was prevented by shadowing part of 

the transparent wall of the reactor.  

The flat panel system used consists of a disposable plastic bag located between two metal frames 

that support it. The temperature in these systems was controlled through a intermittent water flux 

from a coil thermoregulation system and was monitored by taking specific and programmed 

culture samples three times per day. The homogenization of the culture was established through 

an air diffuser located in the lower part of the reactor, from which the air was supplied to the 

system and, simultaneously, avoided the biomass deposition and biofilm formation in the walls of 

the system. The regulation of the pH control is done manually, according to pH measurements, by 

adjusting valves that act in the injection of pulses of pure CO2.  

The horizontal tubular systems are composed by two parts, explicitly one or more continuous 
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transparent tubular loops that receive the light and a tank. This reservoir was where the gas 

exchanges occurred through the aeration system, and where the temperature control was done, 

by cooling/heating water that was pumped through a heat exchanger coil. The temperature values 

were continuously read and monitored online. Through this controlling system, the pH was also 

followed, and the control was done automatically with CO2 pulses. The culture was continuously 

recirculated using a pump, adjusted at a rate that should prevent cells’ damage. This recirculation 

along with the aeration in the system, promoted the homogenization of the culture, avoiding its 

sedimentation and biofilm formation.  

It is also important to mentioned that in this study there were also indoor and outdoor systems, 

both placed in an area with few to none obstacles on the sun path. Taking this into account, since 

the average daily radiation data was measured outside the greenhouse through a weather station 

installed at A4F Experimental Unit in Lisbon, for the values of radiation that arrived to the indoor 

systems, a discount of 30% lower had to be done. 

 

3.6. Operational Procedures 

 

3.6.1. Inoculation and renewals 

 

3.6.1.1. Laboratory scale 

In the laboratory tests, the inoculation process was done, by transferring, in the most sterile 

conditions possible, the culture directly to the autoclaved system, which was then filled with CW 

and nutritive medium.  

The renewals aim was to prevent the culture from reaching a steady state, replacing, for that, part 

of the volume of the culture with fresh medium. These renewals may be made in two ways: 

considering the same volumetric renewal rate or the same initial dry weight value. Although the 

first one is more practical, the other one becomes more efficient when studies are being done 

between several conditions, because it guarantees the same starting point between the control 

and the test cultures, either in terms of concentration, incident radiation or nutrient availability. 

It should be noted that, either after inoculation or in the renewals, in order to minimize the 

differences between the flasks regarding light conditions, all systems were switched between 

them on a daily basis. In addition, bearing in mind flasks of 1L, the final volume considered in 

these procedures was always 800 mL, in order to avoid aeration shear stresses to the cells. 
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3.6.1.2. Pilot scale 

In this study, the inoculation process consists of transferring, in the most sterile way possible, the 

culture from the culture room in the laboratory to the culture systems located in the pilot unit. In 

the case of tubular systems, it refers to the scale-up of a smaller reactor to a larger one. 

Prior to inoculation, all systems were disinfected with 13% (v/v) sodium hypochlorite. Afterwards, 

they were inoculated with a direct transfer of the culture with utensils previously disinfected, and 

then filled with CW or, in the case of Raphidonema, with chemically disinfected freshwater. After 

inoculation, the reactors are closed and the growth conditions begin to be applied, namely with the 

addition of nutrient medium, aeration, among others. 

Regarding the renewal process in this work, it occurred to ensure that the culture did not enter a 

steady state and also with the aim of harvesting part of the biomass, with the renewal rates being 

applied on a case-by-case basis. Generally, this process consists of replacing part of the total 

volume of the culture system with fresh culture and nutrients, according to the desired nitrate ion 

concentration. 

 

3.7. Analytical methods 

 

3.7.1. Determination of culture concentration 

During this work, the evolution of cultures was made taking into account the increase of biomass 

during a certain period of time, being that estimated by measurements of optical density (OD) and 

dry weight (DW). For a part of this research, correlations previously developed by A4F were used, 

in order to obtain the dry weight (DW) values.  

 

3.7.1.1. Optical Density (OD) 

The culture concentration analysis has been done through the measurement of optical density of 

culture samples at a wavelength of 600 nm, using a UV-Vis spectrophotometer (Genesys UV-Vis 

10S). Even though this is not the most precise method, it is quite simple to perform and gives a 

fast monitoring of cell culture growth. 

In order to have the most accurate results possible, each sample was read in duplicate in plastic 

cuvettes with 1 cm of path, against fresh culture medium. If the culture samples were too 



36 
 

concentrated, to have absorvance values below 1, a dilution was applied, guaranteeing the 

linearity of the Beer-Lambert law. During the pilot-scale experiments, this control was done twice a 

week. 

 

3.7.1.2. Dry weight (DW) 

In the two laboratory tests done with Prorocentrum sp., since the culture was found to sediment 

more and to form aggregates on the walls of the flasks, the dry weight (DW) values were not 

obtained from the correlation. Instead, the biomass dry weight (g.L
-1

) was assessed through a 

moisture analyser, being calculated as it is shown in Equation 1. In this procedure, the culture 

samples were previously filtrated with the vacuum pump, using pre-weighed filters and then 

washed with ammonium formate to remove all of the culture medium salts. Subsequently, the 

filters with culture were heated and dried at 180ºC in the moisture analyser.  

           
     

   
 

Equation 1 – Determination of dry weight, DW (g.L
-1

). mf corresponds to the mass (g) of biomass 

and filters after filtration; mi to the mass (g) of filters before filtration; Vol to the volume (L) of the 

sample dried. 

 

Regarding the pilot scale study, the cultures were monitored at least twice a week, and at certain 

times, several systems were simultaneously in production. In that way, in order to obtain the dry 

weight (DW) values, a correlation between them and optical density (OD) values was done. Each 

microalgae strain used in this study has its own correlation curve, previously obtained in other 

researches carried out by A4F. 

 

3.7.1.3. Culture productivity 

In this study three different culture productivities were used, namely volumetric, photosynthetic 

and normalized productivity.  Besides that, in some parts of this research the growth rate was also 

calculated. 

 

3.7.1.3.1. Determination of the culture volumetric productivity 

The volumetric productivity was calculated according to Equation 2, being determined in g.L
-1

.day
-

1
.  

https://www.facebook.com/
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Equation 2 - Determination of volumetric productivity (g.L
-1

.day
-1

). Xt corresponds to the biomass 

concentration at the time t (g.L
-1

), Xi corresponds to the initial biomass concentration at the time i 

(g.L
-1

), and tcultivation,i→t  to the period of time considered (i→t)  to obtain a certain production of 

biomass (days). 

  

3.7.1.3.2. Determination of the culture photosynthetic productivity 

The photosynthetic productivity of the culture was calculated according to Equation 3Equation 2, 

being determined in g.m
-2

.day
-1

.  

                                                             
                       

                        
 

Equation 3 - Determination of photosynthetic productivity (g.m-2.day-1). VP corresponds to the 

culture volumetric productivity (g.L
-1

.day
-1

), Vol (L) to the volume of the culture and photosynthetic 

area to the area that is exposed to the incident radiation (m
2
). 

 

In this work it is important to distinguish two different areas: implantation and photosynthetic area. 

The first one corresponds to the area occupied by the system in the production unit. The second 

one is the area exposed to the incident radiation and the projected shadow of the photosynthetic 

part of the system. The photosynthetic area varies along the year and during the day and it was 

obtained based on the dimensions and position of each reactor, through calculations previously 

developed by A4F. 

 

3.7.1.4. Determination of the culture normalized productivity 

The normalized productivity of the culture was calculated according to Equation 4, being 

determined in g.m
-2

.day
-1

. This productivity discounts the effects that light under the cells caused 

in the growth of each microalgae.  

                                                  
               

                                 
 

Equation 4 - Determination of normalized productivity (g.MJ
-1

). AP corresponds to the culture 

photosynthetic productivity (g.L
-1

.day
-1

). 

https://www.facebook.com/
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The average irradiation was determined by an average of the global irradiance in each cultivation 

day, which was obtained, as already mentioned, through a weather station at A4F, with a discount 

of 30% in indoor systems. 

 

3.7.1.5. Determination of the culture growth rate 

The growth rate of the culture was calculated according to Equation 5, being determined in day
-1

. 

                              
               

      
   

 

Equation 5 - Determination of culture growth rate (day
-1

). VP corresponds to the culture 

volumetric productivity (g.L
-1

.day
-1

) and Xi to the dry weight of the initial biomass of the cultivation 

time period considered. 

 

3.7.2. Determination of nitrate ion concentration 

The concentration of nitrate ion present in the inorganic medium of the cultures was determined 

using an UV absorption spectrometry method. The first step consisted on a centrifugation of the 

culture sample at 3500 rpm, for about 10 minutes, followed by a dilution, to provide absorbance 

values lower than 1 and a dilution with hydrochloric acid (1 M) solution to achieve a 3% (v/v) 

proportion. 

Each sample was read in duplicate, measured at two different wavelengths, 220 and 275 nm. 

These two wavelengths were needed because at the first one not only nitrates but also dissolved 

organic matter can absorb, so the second one, that does not absorb  nitrates, is used as a 

correction factor. In that way, the nitrate ion concentration was calculated through Equation 6. 

       
                              

Equation 6 - Correction in the determination of nitrate ion concentration. Abs NO3
- 
corresponds to 

the total absorbance of nitrogen; Abs (220 nm) to the absorbance of nitrogen at a λ of 220 nm and 

Abs (275 nm) to the absorbance of nitrogen at a λ of 275 nm. 

After that, the absorbance value was converted to nitrate concentration using the calibration curve 

determined by previous work of A4F, with KNO3 standard solutions.  
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3.7.3. Microscopic observation  

Culture control through microscopic observation was done with the purpose of monitoring the 

cells, analyzing their cellular debris, their morphology, colour and pigmentation, and cell division. 

In this way, whenever signs of stress appeared, it was possible to control the culture and proceed 

in order not to lose it. The same applies in the sense of monitoring possible contaminations that 

may appear. Thus, after homogenization, one drop of each culture sample was observed under 

the optical microscope. Initially, for a general overview of the culture status, namely to see 

possible agglomerates or contaminants of larger dimensions, this was observed through lower 

capacity objectives (5x, 10x and 20x). Subsequently, the cells of the microalga in question were 

observed in the microscopic objective of greater capacity (40x), namely their morphology and the 

state of their cellular membrane and organelles. In this objective, smaller contaminants, namely 

bacteria and even other microalgae were also possible to observe.  

 

3.7.4. Elemental analysis 

The elemental analysis required for the laboratory tests was performed by an external supplier.  



40 
 

4. Results and discussion 

In order to achieve the goals of this thesis, the experimental work may be divided in two distinct 

assays that provided the information needed: pilot-scale cultivation and laboratory tests. 

In the first assay three microalgae species were cultivated at pilot scale, in order to compare the 

productivities of the different cultivation systems used for each one of them and conclude what is 

the best one for their grow.  

The second assay, performed at a laboratory scale, involved two different tests related to the 

production process of Prorocentrum sp. The first one tested a new culture medium for the growth 

of Prorocentrum sp., studying the culture productivity over several cycles, in order to see if this 

would be an adequate alternative, since it is less expensive than the one usually used. 

Furthermore, following a previous investigation carried out by A4F, the second test studied the 

growth of this microalga under a reduction to an half in the silicate concentration, in order to spare 

resources. 

 

4.1. Assay 1: Pilot-scale Cultivation 

Assay 1 was developed in A4F Experimental Unit in Lisbon with the aim of comparing the 

productivities between different cultivation systems and to understand which one of them is the 

best choice to cultivate the species studied. This assay is then divided into three different 

sections, each one of them related to a specific microalgae strain. 

Throughout the course of this assay, some parameters were measured, and the control and 

monitoring of the culture was performed two to three times per week, through microscopic 

observation and optical density and nitrates consumption analysis. These measurements were 

used to calculate the productivity of the culture and to depict its evolution throughout the 

cultivation time. The scale-up process of all strains was performed gradually, according to the 

cultivation strategy described in the section 3.5. As it was already mentioned, after inoculation, 

when it was needed, shading was placed over the systems, in order to protect the culture from 

photobleaching. The cultures were harvested according to their evolution and state.  
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4.1.1. Cultivation of Raphidonema sp. 

In the present work, the cultivation of Raphidonema sp. under two flat panel photobioreactors (FP-

PBR) and an unilayer horizontal tubular photobioreactor (UHT-PBR) was studied, in order to 

compare the productivity between them and identify which one of them is the most suitable 

system for this microalga. The cultivation was carried out in March, favouring the outdoor 

allocation of all systems. The cultivation conditions used were the ones described in section 3.3.1, 

with the disinfected municipal water and nutritive medium outlined in section 3.4.  

 

4.1.1.1. Cultivation in FP-PBR 

Two identical flat panel photobioreactors (FP-PBR) were used to cultivate Raphidonema and 

global productivities are exposed in Table 10. FP-PBR 1, with an implantation area of 1.25 m
2
, 

was inoculated with 77 L, whilst FP-PBR 2 had an implantation area of 5 m
2
 and a volume of 230 

L. Having both basically the same cultivation days, their average radiation was equal, with a value 

of 16.5 MJ.m
-2

.day
-1

. 

Table 10 - Summary of the global productivities levels achieved in the green walls systems used. 

 

Flat panel 

photobioreactor 

(FP-PBR 1) 

Flat panel 

photobioreactor 

(FP-PBR 2) 

Volumetric Productivity 

(g.L
-1

.day
-1

) 
0.08 0.14 

Photosynthetic 

Productivity (g.m
-2

.day
-1

) 
5.14 8.84 

Normalized Productivity 

(g.MJ
-1

) 
0.31 0.54 

 

By observing Figure 14 and Figure 15, and comparing both growth curves, it is possible to see 

that in FP-PBR 2 the culture grow much more efficiently than in the other one. Even the 

productivity levels were superior in FP-PBR 2 when compared to FP-PBR 1, being respectively 

0.14 and 0.08 g.L
-1

.day
-1

, for volumetric productivity and 0.31 and 0.54 g.MJ
-1

, for the normalized 

one. Taking into account that all parameters were identical in both systems, including average 

daily radiation, temperature and even the nitrate consumption measured, the difference between 

these productivities levels may be explained due to the different initial concentration used in both 
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of them at the time of inoculation. In fact, FP-PBR 1 started at 0.12 g.L
-1

 while FP-PBR 2 at 0.81 

g.L
-1

, being the first one obviously exposed to a radiation per cell significantly higher. This low 

initial concentration verified in the FP-PBR1 may have led to a photoinhibition phenomenon that 

influenced the natural course of the culture. It is important to note that the more diluted a culture 

is, the longer it will remain in the lag phase, gaining more cellular debris and possible 

contaminations, such as bacteria, weakening the state of the culture from that point on. Thus, it 

becomes clear the influence that the initial state of a culture may have in the achieved 

productivities. 

Concerning the inoculums of both systems, it is also important to refer that for FP-PBR 2 the 

culture was derived from a previous FP-PBR, whilst for FP-PBR 1 the culture used was from the 

laboratory, requiring a larger adaptation to the new conditions. 

Regarding photosynthetic productivity, since FP-PBR 2 had bigger dimensions and, thus, a higher 

area exposed to radiation when comparing with FP-PBR 1, with 3.53 m
2
 and 1.18 m

2
, 

respectively, as it was expected, it shows enhance productivity levels, having 8.84 g.m
-2

.day
-1

  

versus 5.14 g.m
-2

.day
-1

. 

  

Figure 14 - Raphidonema sp. cultivation in FP-PBR 1 with 77 L. The dry weight evolution throughout the assay is represented, 

as well as the average daily radiation. 
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Figure 15 - Raphidonema sp. cultivation in a FP-PBR 2 with 230 L. The dry weight evolution throughout the assay is 

represented, as well as the average daily radiation.  

 

4.1.1.2. Cultivation in a UHT-PBR 

Raphidonema was cultivated in an outdoor unilayer horizontal tubular PBR (UHT-PBR), with an 

implantation area of 23.5 m
2
 and 1097 L. The evolution of the culture present, in terms of 

concentration (g.L
-1

), throughout the assay is shown in Table 11. Besides that, in this figure, it is 

also presented the average daily radiation during the 67 cultivation days, in the secondary vertical 

axis. The average global productivities achieved throughout the cultivation period were the ones 

presented in Table 11. 

Table 11 - Summary of the global productivities levels achieved in the unilayer tubular system used. 

 
Unilayer tubular 

photobioreactor (UHT-PBR) 

Volumetric Productivity 

(g.L
-1

.day
-1

) 
0.05 

Photosynthetic 

Productivity (g.m
-2

.day
-1

) 
2.15 

Normalized Productivity 

(g.MJ-1) 
0.18 
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From the analysis of Figure 16, it is possible to see that the dry weight of the culture ranged 

between 0.08 and 2.22 g.L
-1

, the latter being reached on the 53
rd

 day of cultivation.  In addition, it 

is possible to observe that after inoculation the culture showed barely any growth until day 30, with 

a difference from the initial point smaller than 0.5 g.L
-1

. After analysing all the parameters and 

culture conditions, it was observed that this, roughly called, lag phase was due to the absence of 

aeration and, thus, to a failure in the mass transfer in the system. This was also evidenced by the 

measurement of dissolved oxygen in the culture, whose value was above the saturation value 

(243%). In fact, as it was reported in other researches, an accumulation of dissolved oxygen could 

inhibits cell growth, since besides oxidizing one or more enzymes it may also influences the 

electron transmission chain and suppresses the photosynthesis process. This aspect is of high 

importance, especially in closed systems such as tubular PBRs, where the accumulated dissolved 

oxygen is only removed at the degasser, through mass transfer. (Qingshan Huang, 2017) 

 

Figure 16 - Raphidonema sp. cultivation in a UHT-PBR. The dry weight evolution throughout the assay is represented, as well 

as the average daily radiation. Period A corresponds to the cultivation days that have had aeration.  

After having turned on the aeration (A), at the 32
nd

 cultivation day, the culture, which was finally 

under its optimal conditions, started to growth more efficiently. After that day, the dissolved O2 

concentration was measured again over the course of ten days and the average was of about 

151%, which is an acceptable value. Therefore, as it was expected, a higher productivity level was 

reached at period A, with a value of 0.08 g.L
-1

.day
-1

, when comparing with the one obtained in the 

previous days, 0.01 g.L
-1

.day
-1

. Regarding the photosynthetic productivity, it was influenced not 

only by the aeration but also by the increase of the average radiance received that was in the two 
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periods, 9.7 and 16.2 MJ.m
-2

day
-1

, respectively. Thus, the photosynthetic productivity in period A 

was 4.0 g.m
-2

day
-1

, a value obviously higher than the one corresponding to the first part of 

cultivation, whose value was 0.6 g.m
-2

day
-1

. Observing Figure 16, it is also possible to verify that 

at the 54
th
 cultivation day, a 50% renewal was done with the aim to maintain the culture in the 

linear growth phase during the entire assay, preventing it from entering in a stationary stage. 

In the last days of this assay, besides the usual contaminants, smaller than Raphidonema sp.’s 

cells, such as some bacteria and few microflagellates and amoebas, a tiny, round and green 

unknown microalga appeared.  Thereafter, having in mind that this thesis is associated with an 

external project, due to the number of contaminating cells and the clusters formed by them, as it is 

possible to see in Figure 17, in order to take advantage of the culture thus far produced, this 

system was harvested in its entirety. 

 

Figure 17 - Clusters of a contaminant microalga small, green and round, observed in a Raphidonema’s sample of outdoor 

unilayer photobioreactor, by microscopic observation (magnification 40x2).   

 

4.1.1.3. Comparison and productivities analysis between systems 

In order to compare both systems, the average productivities are summarized in Table 12 as well 

as the most important factors that may influence them. It is important to mention that, for this part 

of the work, when regarding the outdoor unilayer photobioreactor the only values used were the 

ones measured under optimal conditions, i.e., after turned on the aeration. Besides that, since 

there was a renewal, the period that followed it was considered as a new cultivation, in order to 

increase the number of samples.  
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Table 12 - Summary of some of the factors that have an impact on productivity. Productivities of the different cultivation 

systems used. 

 

Unilayer tubular photobioreactor 

(UHT-PBR) 

Flat panel 

photobioreactor 

(FP-PBR 1) 

Flat panel 

photobioreactor 

(FP-PBR 2) 
Before renewal After renewal 

Months of 

cultivation 
March March March March 

Volume (L) 1097 1097 77 230 

Average 

Temperature (C) 
14.33 11.98 13.54 13.64 

Average 

Irradiation (MJ.m
-

2
.day

-1
) 

15.19 17.72 16.46 16.46 

Average 

Photosynthetic 

Area (m
2
) 

21.16 21.16 1.18 3.53 

Surface to volume 

ratio (m
-1

) 
19.29 19.29 15.27 15.37 

Volumetric 

Productivity (g.L
-

1
.day

-1
) 

0.08 0.07 0.08 0.14 

Photosynthetic 

Productivity (g.m
-

2
.day

-1
) 

4.11 3.77 5.14 8.84 

Normalized 

Productivity 

(g.MJ
-1

) 

0.27 0.21 0.31 0.54 

 

In addition, considering the two cultivations that were done in each system used, their average 

normalized productivities was calculated, resulting in 0.42 gMJ
-1

, with a standard deviation of 0.16, 

for FP-PBR and 0.24 gMJ
-1

, with a standard deviation of  0.04 for UHT-PBR. These values were 

calculated to make a comparison between the two systems, as it can be seen in Figure 18. 
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Figure 18 - Normalized productivities of the different systems used for Raphidonema’s cultivation. It features an average of 

the two identical FP-PBRs and the two cultivations periods considered in the UHT-PBR, as well as their respective standard 

deviations. 

Firstly, it should be noted that the productivity values obtained in both systems are related to 

cultures produced in March. Thus, if Raphidonema sp. was cultivated in the summer, when there 

is more incident radiation in Portugal, significantly higher productivities would be expected, if 

photoinhibition phenomenons do not occur. The major drawback of this resides in the fact that it 

must be ensured that the culture is at a controlled temperature, since it is the most critical factor in 

this microalga, having associated costs that are not justified. Thus, taking all this into account, 

Raphidonema may be an adequate alternative for the production of polyunsaturated fatty acids 

(PUFA) during the colder seasons, being less adequate during the summer times due to the 

mentioned thermoregulation costs. This strain proves to be quite interesting for its applicability in 

an algae crop rotation (ACR) production scenario. 

Then, photobioreactors are generally installed in order to have the smallest volume for the largest 

possible area, maximizing the surface to volume ratio, S/V. In general, PBRs exhibit a 

photosynthetic area that depends on the position of the sun and the shadow that it casts at certain 

times of the day. Since the UHT-PBR considered was horizontal and only had one layer of tubes, 

this problem was not as significant. Therefore, it explains the difference in the photosynthetic area 

between the systems used and the fact that the S/V ratio was higher in that tubular system. In this 

way, it is safe to assume that among the systems used, UHT-PBR is the one that best exploits the 

incident energy. Besides that, this system presents other advantages when in comparison with the 

FP-PBRs, already mentioned in section 2.3.3, such as the automation of the process, the 
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controlled parameters and the easy scale-up, done by only installing a new set of tubes or by 

increasing the length or diameter of the tubes. It is also worth mentioning that the semi-continuous 

mode, more easily applied in the UHT-PBR than in FP-PBR, is the one that best promotes the 

wellbeing of the culture, avoiding its stagnation. 

Despite that, it is possible to verify in Figure 18 and in Table 12 that all productivities have better 

values in the FP-PBRs, although the standard deviation of UHT-PBR is still slightly within the 

values obtained for FP-PBR's standard deviation. This may be explained by other characteristic 

constraints of tubular reactors, which may affect the cells. Among them, it is important to 

emphasize the length of the tubes, in this case of 27.2 m, which promotes some dead zones in its 

interior, such as zones without or with very little aeration. In addition, as the culture is recirculated 

by means of a pump, there is always the disadvantage of it exerting some kind of shear stress to 

the cells. It is also worthwhile to mention that this system is supported by a dark deposit, which 

makes the cells remaining in a photo-period, not using all of the light that may exist. 

Taking all of this into account, even though the tubular system has better control of some culture 

parameters, such as the aeration and mix regimen, the flat panel photobioreactor, has shown the 

best results for growing Raphidonema sp. However, considering the low number of systems used 

and the fact that this was the first time this species was grown outside the laboratories in an 

external tubular PBR, and had only been previously cultivated in FP-PBRs, also at A4F 

Experimental Unit, it is not possible to draw definitive conclusions from this study. Thus, future 

optimizations may be made to increase productivity in these two systems, especially in UHT-PBR, 

taking into account all its advantages. 

In conclusion, for a complete study, a detailed analysis of the costs of each system should be 

made, considering, among others, the construction, reagents and water used and energy 

consumption, in order to perceive the cost-benefit of the photosynthetic biomass productivity, and 

thus to choose the best cultivation system for this microalga. 

 

4.1.2. Cultivation of Thalassiosira sp. 

Thalassiosira sp. was used to compare the cultivation and productivity between a multilayer and 

unilayer horizontal tubular photobioreactor, placed indoors the greenhouse. The systems were 

under the cultivation conditions described in section 3.3.2, with the disinfected CW and nutritive 

medium outlined in section 3.4.  
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4.1.2.1. Cultivation in a MHT-PBR 

This strain was successfully cultivated in a 1400 L indoor multilayer horizontal tubular 

photobioreactor (MHT-PBR), with 14.9 m
2
, achieving the global productivity levels that are 

exposed in Table 13. 

Table 13 - Summary of the global productivities levels achieved in the multilayer tubular system used. 

 
Multilayer tubular 

photobioreactor (MHT-PBR) 

Volumetric Productivity 

(g.L
-1

.day
-1

) 
0.07 

Photosynthetic 

Productivity (g.m
-2

.day
-1

) 
3.20 

Normalized Productivity 

(g.MJ
-1

) 
0.33 

 

For over 108 days, ranging between 0.13 and 2.09 g.L
-1

, the culture was grown through different 

semi-continuous growth periods, in order to understand what would be the best cultivation mode 

for this strain and to see if the cells could adapt to different renewal rates. Therefore, after 14 days 

of cultivation, a period with twice a week renewals (A) was performed with a global productivity 

approximately 38% lower. In fact, it is possible to observe in Figure 19  that, in period A, the 

culture did not respond to the renewal rates that were done, and the cells were unable to recover 

to higher dry weight levels in that short period of time. With this is mind, renewals started to be 

done once a week, in order to have a more concentrated culture. Figure 19 illustrates that both of 

the periods considered (A and B) have an opposite trend, with a decreasing in the dry weight 

values with the renewals made in A and, in B, a tendency to increase them throughout the period. 

Despite this fact, the volumetric and normalized productivity values between both periods are 

similar, which may be explained by the fact that the energy per cell is identical in both of them. 

The photosynthetic productivity between them is slightly different, being 2.0 g.m
-2

.day
-1

 for A and 

3.3 g.m
-2

.day
-1

 for B, due to the higher photosynthetic area verified in A, justified by that time of 

the year, in which the incident energy is lower, but, as a result of the position of the sun, there 

were fewer shadowed zones. At the end of this assay, another cultivation period without renewals 

took place, with photosynthetic and normalized productivity values of 9.28 g.m
-2

.day
-1

 and 0.55 

g.MJ
-1

, respectively. This significant difference in photosynthetic productivity is due to the fact that 

this second batch period considered occurred approximately three months after the previous one, 

which led to an increase of the time interval where shaded areas are present, promoting to smaller 
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photosynthetic areas and, consequently, to have less cells being irradiated although the irradiation 

average was higher, with a value of 24.0 MJ.m
-2

.day
-1

. 

 

Figure 19 - Thalassiosira sp. cultivation in a MHT-PBR. The dry weight evolution throughout the assay is represented, as well 

as the average daily radiation. In A renewals were done twice a week in B this process occurs on a weekly basis.  

 

Regarding cultivation mode, in theory, the batch mode is the one where substrates are depleted 

and products accumulate, stopping the growth at a given point due to limiting substrate depletion 

or growth-inhibiting products accumulation.   In that way, the importance of the semi-continuous 

mode is clear when it comes to maintaining cells' proliferation and replacing the substrate, 

avoiding, through the renewals, the stagnation of the culture, preventing it to enter in a stationary 

phase. However, analyzing the productivity results throughout this assay, the batch mode periods 

considered, i.e., the ones without frequent renewals are the ones that reach the most satisfactory 

values, probably because when the renewals occur, the culture becomes more fragile. (Bruno D. 

Fernandes, 2015) 

 

4.1.2.2. Cultivation in a UHT-PBR 

Regarding the 210 L indoor UHT photobioreactor (UHT-PBR), whose implantation area is 7.7 m
2
, 

the culture has grown well throughout the cultivation period, under a semi continuous mode. The 
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overall productivities achieved are presented below in Table 14. 

Table 14 - Summary of the global productivities levels achieved in the unilayer tubular system used.  

 
Unilayer tubular 

photobioreactor (UHT-PBR) 

Volumetric Productivity 

(g.L
-1

.day
-1

) 
0.19 

Photosynthetic 

Productivity (g.m
-2

.day
-1

) 
5.70 

Normalized Productivity 

(g.MJ
-1

) 
0.62 

 

Since during the course of the cultivation the conditions were identical, concerning the mode of 

operation and parameters such as temperature and pH, the influence of the radiation on the 

growth of this microalga was studied. Taking this parameter into account, the values to be 

compared are related to photosynthetic and volumetric productivities, since the normalized one 

deducts precisely this influence. Thus, the two months of cultivation in this system were 

compared, corresponding the first three cycles to February and the last three to March. As it is 

possible to observe in Table 11, as expected, the irradiation tends to increase from February to 

March, as well as the radiation per cell, going from an average of 10.40 MJ.m
-2

day
-1

 to 15.78 

MJ.m
-2

day
-1

. It is important to note that, with this unilayer tubular system, the shaded areas are 

less frequent and do not vary with the position of the sun, being the incident radiation more 

homogeneous throughout the reactor, allowing a constant photosynthetic area to be considered 

over time. Having this in mind, the productivities between the two periods were analyzed and, as 

predicted, the normalized one is similar in both months and, the volumetric and photosynthetic, 

affected by the radiation that reaches the cells,  was higher in February with values of 0.16 g.L
-

1
.day

-1
  and 4.73 g.m

-2
.day

-1
 , respectively, and  0.23 g.L

-1
.day

-1
 and 6.88 g.m

-2
.day

-1
 for March.  
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Figure 20 - Thalassiosira sp. cultivation in a UHT-PBR with 210 L. The dry weight evolution throughout the assay is 

represented, as well as the average daily radiation.  

 

4.1.2.3. Comparison and productivities analysis between systems 

Table 15 summarizes the overall characteristics of the two systems used in the cultivation of 

Thalassiosira sp..  

Table 15 - Summary of some of the factors that have impact in productivity and g lobal productivities achieved, regarding the 

cultivation of Thalassiosira sp, in a MHT and UHT PBR. 

 

Indoor multilayer 

tubular 

photobioreactor 

(MHT-PBR) 

Indoor unilayer 

tubular 

photobioreactor 

(UHT-PBR) 

Months of cultivation January-April February-March 

Volume (L) 1400 210 

Average Irradiation 

(MJ.m
-2

.day
-1

) 
13.94 13.24 
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Implantation Area (m
2
) 14.90 7.68 

Average Photosynthetic 

Area (m
2
) 

32.34 6.91 

Surface to volume ratio 

(m
-1

) 
23.10 32.90 

Volumetric Productivity 

(g.L
-1

.day
-1

) 
0.07 0.19 

Photosynthetic 

Productivity (g.m
-2

.day
-1

) 
3.20 5.70 

Normalized Productivity 

(g.MJ
-1

) 
0.33 0.62 

 

The two systems used for the cultivation of Thalassiosira sp. are quite similar in terms of operation 

and in controlling and monitoring the parameters. The major differences between both of them are 

in the number of tube layers and in the type of the deposit that each one has. The UHT-PBR, 

having only one layer of horizontal tubes and a transparent tank, is constantly exposed to incident 

solar energy, not allowing the cells to move between light and dark zones. In opposite, the MHT-

PBR has several layers of tubes, which might shadow each other at certain times of day and 

varying with the time of the year, and has an opaque dark tank. These differences will 

consequently affect productivities in both systems. 

By observing Table 15, it is possible to verify that although one of the systems had more days of 

cultivation, the average incident radiation in both of them was practically the same. In addition, 

although the average of the global photosynthetic area is much larger in the MHT-PBR, this 

system also has a considerably larger volume, so the comparison between them will have to be 

done by the S/V ratio. As previously mentioned, for the same radiation, the system that will give 

the best  productivities results is the one whose S/V ratio is higher, since it represents the one that 

most benefits the incident energy per m
2
. As expected, UHT-PBR being the one with the highest 

S/V, 32.90 m
-1

, in relation to 23.10 m
-1

 of the MHT-PBR, was the one that also had the higher 

photosynthetic productivity with a value of 5.70 g.m
-2

.day
-1

 against the 3.20 g.m
-2

.day
-1

 obtained 

by the other. 

Besides Table 15, once again, in order to compare both systems, each renewal cycle of each one 

of them was considered as a new cultivation, and its productivities, as well as their standard 

deviations, were calculated.  Their average is shown in Figure 21. 
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Figure 21 - Normalized productivities of the different systems used for Thalassiosira’s cultivation. It features an average of 

each renewal cycle of the UHT-PBR and MHT-PBR cultivation, as well as their respective standard deviations. 

As can be seen in the figure above, the standard deviation between samples is still considerable. 

This is partly due, in the case of the MHT-PBR, to the frequency between renewals, which 

sometimes because it was higher, did not allow the culture to recover so well and therefore gave 

lower productivities and, in the case of UHT- PBRs, to the fact that, after renewals, there was not 

always the same initial concentration, nor the same radiation, which made the radiation by cells 

different. Moreover, in these systems, a perfect compromise between a pump frequency that 

allows for good homogenization of the culture without otherwise damaging the cells is not always 

possible, so this may also have an influence on the accurate detection of the cellular 

concentration within the reactor. However, even with this in mind, UHT-PBR is the one that shows 

the best results for the cultivation of Thalassiosira sp. 

In addition, besides the fact that all productivities are higher in the UHT-PBR, it should be noted 

that its implantation area, 7.68 m
2
, is barely above half the area of the MHT-PBR, 14.90 m

2
. Since 

this area is, roughly, the area occupied by the photosynthetic area plus the area of the shadow 

produced by the system, i.e., the area that the reactor by itself will occupy without affecting others 

there are beside it, it is easy to understand that once again the UHT-PBR is more advantageous. 

In fact, having this in mind it is possible to conclude that two of these UHT-PBR systems occupy 

little more than the area of the MHT-PBR considered, producing much more biomass. However, 

some caution has to be taken into account when considering these conclusions, since the 

operation of two reactors instead of one has consequent associated costs, which have to be 
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considered, such as energy for the operation and for the control of all parameters.  A solution for 

this case could then be increasing the number of tubes or, alternatively, increasing the diameter or 

length thereof to values which do not adversely affect productivity. 

In conclusion, although this study is a good indication that a tubular horizontal unilayer reactor, 

among the systems considered, is the most suitable for the cultivation of Thalassiosira sp. pilot 

scale, was the first time this species was cultivated in this type of reactor. Thus, further studies to 

confirm this should be done, increasing the number of samples considered and, at the same time, 

a continuous optimization of the process as well. 

 

4.1.3. Cultivation of Prorocentrum sp. 

Prorocentrum sp. was cultivated in three different systems: a flat panel photobioreactor (FP-PBR) 

and a multilayer and unilayer horizontal tubular photobioreactors (MHT-PBR and UHT-PBR), all of 

them placed inside the greenhouse. Once again, all the systems were under the cultivation 

conditions described in section 3.3.3, with the disinfected CW and the nutritive medium outlined in 

section 3.4.  

4.1.3.1. Cultivation in FP-PBR 

As previously mentioned, the cultivation of Prorocentrum sp. in flat panel photobioreactors 

occurred in order to obtain a sufficiently concentrated culture that serves as inoculum in the scale 

up to other bigger systems. For that reason, the cultivation time in these systems was shorter and 

generally under a batch mode. Besides that, the number of cultivations in this type of system was 

higher in comparison to the others, counting a total of 9 cultivation assays.  

Below, a summary table, Table 16, with all of the characteristics and productivities achieved in all 

of the systems is presented. It is important to note that the differences between the FP-PBRs 

productivities are, in part, due to the fact that not all the inoculums had the same initial 

concentrations and because some of these systems were inoculated with weaker cultures that 

had more stressed and depigmented cells, with less movement, which influenced the course of 

cultivation right from the beginning. 
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Table 16- Summary of the global productivity levels achieved in the flat panel photobioreactor systems that were used.  

 

 
FP-PBR 1 FP-PBR 2 FP-PBR 3 FP-PBR 4 FP-PBR 5 FP-PBR 6 FP-PBR 7 FP-PBR 8 FP-PBR 9 

Time of 

cultivation 

08/02-

03/03 

09/02-

03/03 

16/03-

30/03 

04/04-

10/04 

05/04-

18/04 

20/04-

05/05 

10/05-

01/06 

05/06-

30/06 

03/07-

17/07 

Cultivation days 23 22 14 6 13 15 22 25 14 

Volume 165 120 70 289 70 100 140 145 90 

Implantation Area 

(m
2
) 

3.75 1.25 1.25 5.40 1.21 1.21 2.57 2.45 2.48 

Photosynthetic 

area (m
2
) 

4.09 3.02 0.92 2.67 0.63 0.84 0.91 0.86 0.61 

S/V (m
-1

) 24.79 25.17 13.09 9.25 9.02 8.36 6.49 5.93 6.72 

Average 

Irradiation (MJ.m
-

2
day

-1
) 

11.1 10.99 16.37 24.75 24.16 23.97 23.85 26.82 26.97 

Volumetric 

Productivity (g.L
-

1
day

-1
) 

0.04 0.03 0.05 0.02 0.05 0.06 0.09 0.07 0.05 

Photosynthetic 

productivity (g.m
-

2
day

-1
) 

1.70 1.30 3.43 2.15 5.10 7.42 13.60 12.46 7.29 

Normalized 

Productivity 

(g.MJ
-1

) 

0.22 0.17 0.30 0.12 0.30 0.44 0.82 0.66 0.39 
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In Figure 22 and Figure 23 the growth curves over the time of cultivation of two of these systems 

are illustrated, which will serve as examples. In addition, through these two systems, it is possible 

to perceive the effect of radiation on the growth of this microalga, since all the other variables are 

identical between them. 

The FP-PBR 3 was cultivated during 14 days in March, in a period with an average radiation value 

of 16.37 MJm
-2

.  This system had an implantation area of 1.25 m
2
 and a volume of 70 L, with a 

biomass concentration ranging from 0.23 to 0.76 g.L
-1

. 

 

Figure 22 - Prorocentrum sp. cultivation in FP-PBR 3, with 70 L. The dry weight evolution throughout the assay is 

represented, as well as the average daily radiation. 

 

The FP-PBR 5 had an implantation area of 1.21 m
2 

and a volume of 70 L. The cultivation was 

done during 13 days in April, with an average radiation of 24.16 MJm
-2

, ranging from 0.24 to 0.84 

g.L
-1

, which means that in that short period of time this system was able to produce a considerable 

amount, of about 0.6 g.L
-1

. 
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Figure 23 - Prorocentrum sp. cultivation in FP-PBR 5, with 70 L. The dry weight evolution throughout the assay is 

represented, as well as the average daily radiation. 

 

These two systems are identical, having the same volume, the same position inside the 

greenhouse, the same set points for pH and temperature and approximately the same initial 

concentration of inoculum. Therefore, as expected, both of them have the same volumetric and 

normalized productivities, with a value of 0.05 g.L
-1

.day
-1

 and 0.30 g.MJ
-1

, respectively. However, 

taking into account the variation of the radiation in the two cultures into account, resulting from the 

different inoculation month and from the position of the sun, the photosynthetic area between both 

of them was also different and, consequently, the photosynthetic productivity as well. The FP-PBR 

5, cultivated one month later, had a higher incident radiation and, consequently, a smaller 

photosynthetic area, with the value of 0.63 m
2
, due to the larger, and sometimes longer, shaded 

areas. Thus, taking into account that both produced the same amounts of biomass for the same 

volume (g.L
-1

), the FP-PBR 3, with a higher photosynthetic area value of 0.92 m
2
, made a worse 

use of the incident radiation, obtaining a photosynthetic productivity value of 3.43 g.m
-2

day
-1

, 

approximately 30% above the value obtained in the FP-PBR 5, 5.10 g.m
-2

day
-1

. 
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4.1.3.2. Cultivation in MHT PBR 

Regarding the  MHT-PBR, two different systems were used for Prorocentrum sp. cultivation, being 

designated as MHT-PBR 1 and MHT-PBR-2. The main difference between both systems is the 

length of their tubes and, consequently, their maximum volume. In MHT-PBR 1 the tubes were 4m 

and in MHT-PBR 2, 16.5 m. 

The first cultivation in MHT-PBR 1 occurred for over 182 days, ranging from 0.27 to 1.23 g.L
-1

. The 

culture has grown successfully through different semi-continuous growth periods, accounting for a 

total of 8 renewal cycles. 

 

Figure 24 - Prorocentrum sp. cultivation in MHT-PBR 1. The dry weight evolution throughout the assay is represented, as well 

as the average daily radiation. A is the initial period, B the one after turned on the aeration and C after increased the pump 

frequency. 

 

Since the cultivation started during the winter and ended in the summer, there was an increasing 

irradiation to the culture, which usually leads to higher productivity levels, as it was expected. 

Besides this, at different times, the aeration was turned on and the pump frequency was 

increased. These factors are detailed in Figure 24, through three different periods, where the 

aeration was turned on near the 70
th
 day of cultivation and maintained until the end (B) and the 

pump frequency was increased in the 150
th
 day (C). These two latter factors also have a positive 

influence on the productivity, since they improve culture mixing and, consequently, 

homogenization, promoting better gas exchanges, maintaining an uniform pH, ensuring that all the 

cells are similarly exposed to light (a critical point in dense cultures) and keeping cells from 

settling or forming biofilms. For these reasons, and taking into account all of the information 
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above, the obtained productivity results were consistent, as they were higher from first to last, A, B 

and C periods considered, as it is possible to see in Table 17. 

Table 17 - Summary of the global productivities levels achieved in the MHT-PBR 1and in the periods where changes were 

done. A corresponds to the initial culture period, B the one after turned on the aeration and C after increased the pump 

frequency. 

 
Global A B C 

Photosynthetic area (m
2
) 5.23 8.32 3.72 2.44 

Average Irradiation 

(MJ.m
-2

day
-1

) 
17.92 9.04 21.62 27.48 

Volumetric Productivity 

(g.L
-1

day
-1

) 
0.03 0.01 0.03 0.06 

Photosynthetic 

Productivity (g.m
-2

day
-1

) 
3.67 0.96 5.82 15.30 

Normalized Productivity 

(g.MJ
-1

) 
0.29 0.15 0.38 0.80 

  

A different multilayer horizontal tubular photobioreactor (MHT-PBR 2) with a higher tube length 

was inoculated at the beginning of May. The culture has grown very successfully, as it is possible 

to see in Figure 25, ranging from 0.51 to 2.82 g.L
-1

, with productivity values of 10.93 gm
-2

day
-1 

and 

0.59 g.MJ
-1

. It is important to note that this reactor was inoculated with a more concentrated 

culture, nearly twice the inoculum concentration of the remaining systems, which may indicate that 

there may have been a radiation limitation for cell growth, which could possibly have affected the 

productivity. 
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Figure 25 - Prorocentrum sp. cultivation in MHT-PBR 2. The dry weight evolution throughout the assay is represented, as well 

as the average daily radiation, the period with the increased pump frequency (B) and, in red, the day that the system reached 

34.3 C. 

 

After 24 days (A), there was an increase in the frequency of the bioreactor pump that lasted until the 

end of the cultivation (B). This increase was done to a similar value to the one optimized in MHT-

PBR 1, and resulted in a better homogenization of the culture, which would improve the gas 

exchange, avoid the formation of culture deposits and allow cells to be more homogeneously 

exposed to the incident radiation However, in contrast with what one might expect, even when 

removing the productivities between cultivation days 34 and 38, the average productivities didn’t 

raise to higher values than before, as seen in Table 18. This could be explained by an unexpected 

failure on the temperature control that occurred on the 24
th
 cultivation day, which made the culture 

reach 34.3 C, a value that, in comparison with the optimal 25 C, may affect the cells and, 

consequently, the growth rate of the culture. In addition, as all of these factors occurred right after a 

renewal, and the irradiance was enhanced in the following days, it is possible to conclude that for 

those reasons the cells became even more stressed, as it was possible to see under the microscope, 

with more depigmented cells. Despite that, after a recovery period of the culture, ignoring the 

productivity between cultivation days 34 and 38 and comparing the last renewal cycle of period B, 

designated as B’, with period A it is possible to see from Table 18 that all of the productivity levels 

were very similar or slightly higher  after increasing the pump frequency. 
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Table 18 - Summary of the global productivity levels achieved in the MHT-PBR 2 that was used. A is the initial culture period, 

B the one with the increase in pump frequency and B’ the second renewal cycle of period B, after the recovery of the culture. 

 
Global A B B’ 

Photosynthetic area (m
2
) 11.90 12.05 11.72 11.71 

Average Irradiation (MJ.m
-

2
day

-1
) 

26.39 24.3 28.83 29.15 

Volumetric Productivity (g.L
-

1
day

-1
) 

0.10 0.11 0.08 0.12 

Photosynthetic Productivity 

(g.m
-2

day
-1

) 
11.27 12.50 9.48 13.83 

Normalized Productivity 

(g.MJ
-1

) 
0.61 0.74 0.47 0.68 

 

 

4.1.3.3. Cultivation in a UHT-PBR 

A 310L unilayer horizontal tubular photobioreactor (UHT-PBR) was also studied for the cultivation 

of Prorocentrum sp., as it is possible to see in Figure 26, having reached a maximum of 2.37 g.L
-1

. 

Although the culture has grown well throughout the cultivation time, there were some drawbacks, 

since this specific microalga has a high tendency to sediment, creating some dead zones along the 

tubes. Besides that, a decrease in the productivity levels after the renewal cycle occurred, marked 

by periods A and B in Table 19. At that time, the culture became more diluted (concentration lower 

than 1 g.L
-1

) and higher irradiance levels occurred. That combined with the fact that this bioreactor 

had a culture deposit exposed to light, not allowing the cells movement between light and dark 

zones, could be the reason for that decrease in productivity. In fact, after this, the culture started 

showing signs of stress with depigmented cells. In that way, one can see the huge importance of 

starting cultivation with a high concentrated inoculum to prevent photoinhibition problems. 
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Figure 26 - Prorocentrum sp. cultivation in a UHT-PBR, with 310L. The dry weight evolution throughout the assay is 

represented, as well as the average daily radiation. A and B correspond to the two different cultivation cycles. 

 

Table 19 - Summary of the global productivity levels achieved in the UHT-PBR that was used. A and B correspond to the two 

different cultivation cycles. 

 
Global A B 

Photosynthetic area 

(m
2
) 

6.91 6.91 6.91 

Average Irradiation 

(MJ.m
-2

day
-1

) 
28.79 29.29 27.66 

Volumetric Productivity 

(g.L
-1

day
-1

) 
0.08 0.09 0.06 

Photosynthetic 

Productivity (g.m
-2

day
-1

) 
3.54 3.90 2.70 

Normalized Productivity 

(g.MJ
-1

) 
0.18 0.19 0.14 

 

 

4.1.4. Comparison between systems 

Firstly, the incident irradiation per grams of biomass was calculated in order to determine the 

optimal growth range of Prorocentrum sp. and also to notice if photoinhibition phenomena had 
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occurred in the used systems, which would consequently affect their productivities. For this, the 

growth rate, µ (day
-1

), between each sampling of each system was calculated, as well as an 

average of the incident radiation per gram in that time period, being this latter value represented in 

Figure 27 in a logarithmic scale. Although the beginning of a trend is notorious, being outlined in 

Figure 27, it was not possible to find a stage for the optimal growth values of this microalga. 

However, it can be seen that, as the radiation per cell increases, the level of growth rates are also 

raising. Besides that, for low light intensities, the growth of the microalga is roughly zero, which is 

still affected by the shade moments that are not discounted in the irradiation value. For the higher 

light intensities, many points of Figure 27 showed much more satisfactory growth rates, and none 

of the systems suffered of high levels of photoinhibition phenomena. Despite that, it is possible to 

see that some points are slightly below of the trend that was drawn taking into account a typical 

curve that relates the irradiation levels with the photosynthetic or growth rate, already shown in 

section 2.3.1.1. Those points showed that the irradiation values may have been a little elevated for 

the culture state. Of these last ones, those concerning the second UHT-PBR renewal cycle are 

included, with a value of 0.81 MJ/g. 

 

Figure 27 - Growth rate of Prorocentrum sp. as a function of the incident irradiation by grams of biomass, calculated between 

each sample of all the reactors used and presented in a logarithmic scale. A trend line of points was drawn on the dashed line. 

 

Secondly, a comparison was made between the performances of the different photobioreactors 

used for the cultivation of Prorocentrum sp. For this, the optimized cultivation periods of these 

systems were used, being the average global productivities and some of their characteristics 

summarized in Table 20.  
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Table 20 - Summary of the average productivity levels achieved in the optimized cycles of the systems that were used for 

Prorocentrum sp. cultivation. 

 
MHT–PBR 1 MHT-PBR 2 UHT-PBR FP-PBR 

Photosynthetic area (m
2
) 2.44 11.72 6.91 1.62 

Average Irradiation 

(MJ.m
-2

day
-1

) 
27.48 29.15 28.79 21.0 

Volumetric Productivity 

(g.L
-1

day
-1

) 
0.06 0.12 0.08 0.05 

Photosynthetic 

Productivity (g.m
-2

day
-1

) 
15.30 13.83 3.54 6.05 

Normalized Productivity 

(g.MJ
-1

) 
0.80 0.68 0.18 0.38 

 

 

Comparing all the tubular systems above, it is possible to conclude that the MHT-PBR 2 and UHT-

PBR are the ones that had the better volumetric productivity levels, while MHT-PBR 1 had the 

highest photosynthetic and normalized ones. The differences verified between this MHT-PBR 1 

and MHT-PBR 2 may be due to the fact that they are positioned side by side and sometimes 

MHT-PBR 2 shadows MHT-PBR1, not allowing the use of all its photosynthetic area. MHT-PBR 2, 

with longer tubes, has a larger photosynthetic area and, even with a high volume, has a higher 

surface to volume ratio compared to MHT-PBR 1. Despite that, although the length of the tubes of 

MHT-PBR 2 allows for a better photosynthetic area, it may lead to worse gas exchanges and for 

gradients of temperature, pH and nutrient concentration, which are not beneficial to microalgae 

growth. In addition, MHT-PBR 2 had some problems, especially in relation to the high temperature 

levels reached, which have influenced the productivity levels. Regarding the UHT-PBR, more 

studies will have to be performed in order to get more consistent results. As previously mentioned, 

this was the first time that Prorocentrum sp. was cultivated in these tubular reactors, and some 

difficulties were encountered during the growing period, due to the sedimentary tendency of this 

microalga. However, of all tubular reactors, this is the one with a higher surface/volume ratio and 

therefore a shorter path length and greater illumination efficiency, with the potential to achieve 

higher values of productivity. (Chun-Yen Chen, 2015) As it can be seen in Table 20, this reactor 

presents better results than MHT-PBR 1 in relation to volumetric productivity, and photosynthetic 

productivity values similar to those obtained for this MHT-PBR in the non-optimized cultures. 

Thus, with optimization of culture conditions, UHT-PBR will be very advantageous. 
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In relation to FP-PBRs, their high standard deviation, as already mentioned, is due to the 

difference between the state of the inoculum, not only in the concentration level but also in the 

state of the cells. Their low productivities may be due to the fact that their aeration system is not 

as effective in blending the culture as in tubular reactors that, furthermore, have the advantage of 

the increased circulation velocity caused by the recirculation pump. This difference leads to a 

worse homogenization of nutrients and gases, and also to a higher biofilm formation, which has 

even more impact in this microalga because of its already mentioned high tendency to sediment. 

Despite that, the majority of FP-PBR presents a higher surface to volume ratio, besides the fact 

that these systems are easier to install and are also much cheaper, not only at construction but 

also at maintenance level. They present, therefore, many advantages, and this average obtained 

from the nine systems used may not represent an optimized cultivation. 

Figure 28 and Figure 29 show the productivities of the optimized cultivations in these systems and 

their respective standard deviations, now calculated considering the different renewal cycles in 

each one of them as new cultivations. Although its standard deviation is slightly elevated, since it 

includes the mean MHT-PBR 1 and MHT-PBR 2 data, once again, MHT-PBR is the one with the 

best productivity levels. In addition, it is confirmed that even though it is not yet an optimized 

process, UHT-PBR cultivation has quite satisfactory volumetric productivities. 

 

Figure 28 - Normalized  productivities of the different systems used for Prorocentrum sp. cultivation. It features an average of 

the renewal cycles of the optimized cultivation periods considered in each system, as well as their respective standard 

deviations. 
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Figure 29 - Volumetric productivities of the different systems used for Prorocentrum sp. cultivation. It features an average of 

the renewal cycles of the optimized cultivation periods considered in each system, as well as their respective standard 

deviations. 

 

In conclusion, considering the advantages of both systems, MHT-PBR is the one with the best 

productivities and greater control over the cultivation parameters, although it is also the most 

expensive. Furthermore, UHT-PBR presents great indications of being able to be the most 

advantageous. However, since it was the first time that this microalga grew at pilot scale, the 

results are only indicative and not evident conclusions, being necessary to confirm them and to 

keep optimizing the cultivation conditions. 

  

4.1.5. Summary of assay 1 

After all the cultivations, a general comparison between the three species was done. The average 

productivity values from each optimized period all systems were calculated and are presented in  

 

Table 21. Also in this table one can see the amount of resulting EPA and DHA calculated through 

the lipidic profile previously determined by A4F, shown in section 2.2, and the productivities 
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obtained in this study. 

 

Table 21 - Summary of the average global productivity values obtained for the production of all the microalgae strains used 

in this work in the best system for each one of them. The production of EPA and DHA of each one of them are also shown 

and were calculated through the lipidic profile previously obtained by A4F.  

 
Raphidonema sp. Thalassiosira sp. Prorocentrum sp. 

System FP-PBR UHT-PBR MHT-PBR 

Volumetric Productivity 

(g.L
-1

day
-1

) 
0.14 0.19 0.06 

Photosynthetic Productivity 

(g.m
-2

day
-1

) 
8.84 5.13 15.30 

Normalized Productivity 

(g.MJ
-1

) 
0.54 0.62 0.80 

EPA 

(mg.L
-1

day
-1

) 1.40 3.36 0.98 

(mg.m
-2

day
-1

) 90.82 90.71 248.89 

(mg.MJ
-1

) 5.52 10.81 13.01 

DHA 

(mg.L
-1

day
-1

) - 0.74 0.85 

(mg.m
-2

day
-1

) - 20.09 215.74 

(mg.MJ
-1

) - 2.41 11.28 

 

This study represents the first assays of pilot-scale cultures, which still needs continuous 

improvements and an optimization process according to the specific characteristics of the 

microalgae strain used. Thus, as it can be seen in, productivity levels varied and there was no 

explicit trend in any of the species, i.e. none of them had the highest or lowest productivities. In 

addition, it must be taken into account that the cultures weren’t done at the same time and that the 

normalized productivity discounts the incident irradiation, which isn’t always used up to its full 

potential (especially in less concentrated cultures). In this way, the cultures that were grown 
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during the summer will have a higher irradiation and will have this affecting their normalized 

productivity, sometimes wrongly and in a negative way. However, from the three studied 

microalgae, Thalassiosira sp. had the highest levels of volumetric productivity, despite being very 

close to Raphidonema sp.’s values, while Prorocentrum sp. had the best ones of photosynthetic 

and normalized productivities.  

Also from Figure 21, it may be concluded that although Thalassiosira sp. is the microalga whose 

lipidic profile has the most satisfactory values for EPA (mg/g of biomass), taking into account the 

biomass productivities, the cultivation of Prorocentrum sp. was the one that obtained higher 

photosynthetic and normalized productivities which, consequently, also demonstrated higher EPA 

productivities per m2 and after discounting the radiation factor. Even Raphidonema sp., whose 

EPA composition of 10.28 mg EPA/g biomass is significantly lower than that of Thalassiosira sp. 

of 17.68 mg EPA/g biomass, had higher photosynthetic biomass productivity values and 

consequently produced higher EPA values. Besides for the EPA production, the cultivation of 

Prorocentrum sp. is even more attractive, since this microalga produces a greater amount of DHA. 

It is important to note that those productivities in Table 21 are not from the same type of reactor, 

which after some optimizations could even improve the amounts of EPA and DHA produced. 

Overall, all species showed promising results considering the production of omega-3 fatty acids. 

 

4.2. Assay 2: Laboratory tests   

This assay was developed between June and August, in A4F Innovative Laboratory in Lisbon. It 

comprises two different tests related to Prorocentrum sp. cultivation, with the purpose of 

investigating if the culture could growth and be maintained with good productivity when using 

different conditions than the usual ones, as well as simultaneously reducing medium costs, the 

most important factor when thinking in the pilot or, even more, in the industrial scale. Despite the 

fact that one of these tests had started one cycle earlier, both of them were followed afterwards at 

the same time, being analysed against the same control. Each cycle had a duration of 7 days. 

Before the analysis of the studies, it is necessary to point out some general annotations about this 

assay regarding the renewal procedure, already referred in section 3.6.1.1. Initially, due to 

procedural issues, the first cycles were always done considering the same volumetric renewal 

rate. However, at the end of the 4th cycle, flasks were macroscopically different from each other, 

as it is possible to see in Figure 30, so, if this procedure was maintained, the renewal rates that 

could be applied would have been limited or, in other case, the conditions between the flasks 

would not be similar. Therefore, renewals began to be performed considering the same initial dry 

weight value, in order to ensure the same initial conditions between the control and test cultures, 
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either in terms of concentration, incident radiation or available nutrients. It should be noted that, to 

further minimize the differences between flasks when concerning the light conditions, all the 

systems were switched among themselves on a daily basis. 

 

Figure 30 – Test and control flasks after the 4
th

 cultivation cycle of Prorocentrum sp.. 

 

Since in an a priori test it was shown that this microalga tended to sediment, a bead was added to 

each flask in order to try to remove the biomass attached to the glass. In addition, since this strain 

is also favourable to form agglomerates of cells, following up the culture through dry weight 

measurements was the chosen procedure, instead of the OD measuring protocol, in order to 

obtain the most real values as possible. For the productivity figures presented in this section 

(Figure 32 and Figure 34), it should be noted that the error deviation bars presented for the control 

indicate a variation of 10%, a value up to which the difference is not assumed to be significant, 

when considering that these are tests with biological samples, without replicates of each tested 

condition. 

 

4.2.1.   Different cultivation medium 

The first test, which started on June 30
th

, was made with the intention of understanding if it was 

possible to cultivate Prorocentrum sp. in a culture medium different from the one usually used at 

A4F, maintaining the growth and productivities that were previously achieved. This alternative 

medium, designated from now on as culture medium A, was studied because besides being 

cheaper, it is more easily obtained by A4F. For that purpose, 7 different cycles of renewals were 

followed, as it is possible to see in Figure 31, being their productivities exposed in Figure 32 as 

well as in Table 22 with their growth rates. 
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In the first cycle of renewals, the culture in the medium A (F1) has grown less than the culture in 

the control flask (F0), with an approximately 20% lower productivity. Although the culture of the 

test had recovered in the following two cycles, having a productivity difference of only 3% from the 

control, under the microscope cells were more agglomerated and less motile. At the end of the 4th 

cycle, the difference between the two flasks was significantly superior, with a decrease in 

productivity of about 60% in the test flask, being less concentrated and slightly more yellowish 

and, at microscopic level, presenting more agglomerated cells, as it had already occurred. At this 

point, after analysing every culture parameter as well as the possible nutrient composition of 

medium A, it was hypothesized whether this was due to a decrease or even a lack in magnesium 

concentration. Considering this, since this nutrient is very important for the cultivation of 

microalgae, maintaining the osmotic pressure and the ionic equilibrium, in an attempt to recover 

the culture, an initial boost of this micronutrient (MgSO4.7H2O) was added to the culture upon 

renewal. In the following cycles, the addition of a constant concentration of this micronutrient was 

performed to maintain the culture growth. In addition, since no duplicates were made during this 

test, the same study was started in another flask (F2), in order to confirm whether what happened 

was due to the adaptation of this microalga to the medium A throughout the generations and the 

lack of magnesium or due to another factor. 

 

Figure 31 - Prorocentrum sp. cultivation using culture medium A. F0 represents the control flask and F1 and F2 the test 

ones. The initial and final dry weight of each renewal cycle is shown, as well as the moment from where MgSO 4 started to 

be added to F1 flask. 
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After the addition of MgSO4, although macroscopically the F1 test flask appeared to be more 

diluted than the control, it returned to very similar productivity results (difference of 2%), so the 

culture appeared to be recovering. In the 6
th
 cycle, the flask was under an undesired occurrence, 

namely without aeration, which is why this cycle is not representative of the reality.  

Analysing the complete assay, it is evident that more cycles needed to be done since it was not 

possible to draw certain conclusions regarding the F2. However, it is possible to verify a decrease 

over time in productivity, indicating that, in itself, the medium A is not sufficient for the cultivation 

and growth of this microalga, at least, without the supplementation of other micronutrients. 

 

Table 22 - Productivity (g.day
-1

) and growth rate (day
-1

) levels obtained in each renewal cycle of Prorocentrum sp. cultivation. 

F0 represents the control flaks, F1 the medium A test flak with MgSO4 addition and F2 the second medium A test flask done.  

 
F0 - Control F1 - Test 1 F2 - Test 2 

Cycle 
Productivity 

(g.day
-1

) 

Growth 

rate 

(day
-1

) 

Productivity 

(g.day
-1

) 

Growth 

rate 

(day
-1

) 

Productivity 

(g.day
-1

) 

Growth 

rate 

(day
-1

) 

1 0.10 0.35 0.08 0.34 - - 

2 0.06 0.16 0.07 0.20 - - 

3 0.10 0.38 0.10 0.42 - - 

4 0.07 0.24 0.03 0.10 - - 

5 0.09 0.29 0.09 0.28 0.07 0.24 

6 0.08 0.27 0.05 0.18 0.08 0.26 

7 0.11 0.37 0.11 0.38 0.05 0.18 
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Figure 32 - Productivities of each renewal cycle of Prorocentrum sp. cultivation. The transparency and its respective error bars 

represents F0, the control flasks,F1 (red) and F2 (grey) the medium A test flaks, the first one with MgSO4 addition.  

 

Later, upon the arrival of the external elementary analysis, it was also possible to compare both 

culture media that were used. For that, the elemental composition of the nutritive medium used 

was added to the elemental analysis of the correspondent culture medium and their main 

qualitatively differences are shown in  

Table 23. It was only taken into account the elements that are considered relevant for microalgae 

production and whose variations from the usually culture medium used were equal or above 30%. 

 

Table 23 – Qualitatively nutrient variation through both cultivation conditions used, with the culture medium usually used 

as reference. Only variations which were equal or superior to 30% were considered relevant. 

Element (%) 

Ca ++ 

Cu - 

Fe -- 

K -- 

Mg -- 

Mn -- 

Mo ++++++ 

P +++++++ 

S + 
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Comparing both compositions, culture medium A had an extremely higher concentration of 

molybdenum (Mo), phosphorous (P) and lead (Pb) and also a positive variation in calcium (Ca) 

and zinc (Zn). On the other hand, it had a shortage of copper (Cu), iron (Fe), potassium (K), 

manganese (Mn), cobalt (Co) and, as already expected, magnesium (Mg). 

Phosphorous is the element that presents the major positive variation between both media. As it is 

one of the major nutrient required for normal growth of all microalgae, being essential for almost 

the cellular processes, this seems to be an advantage of the medium A. Regarding molybdenum, 

this nutrient plays an important role in nitrogen assimilation and N2 fixation, which again made this 

an advantage of this new culture medium. (Andersen, 2005) An increase in calcium concentration 

should also be positive, due to its ions role in the maintenance of cytoplasmic membranes. Since 

zinc is required for the normal functioning of enzyme systems within algae, if not in exceeding and 

toxic concentrations, its enhancement is also advantageous. (Johnson, 2007) However, that high 

increase in lead concentration could be a problem since it may damage the plasma membrane 

permeability leading to uncontrolled leakage of electrolytes. (I. Kagalou, 2002 ) 

Regarding negative variations, a decrease in the majority of those nutrients seems to be 

prejudicial for microalgae growth. Copper acts not only in the respiratory electron transport chain 

but also in photosynthesis. (Andersen, 2005) Iron, as a cofactor in photosystem I, may affect the 

ability of the photosynthetic apparatus to use light energy, attaining suitable rates of carbon 

fixation and growth. (Minxi Wan, 2014)Potassium not only helps with photosynthesis, as also 

builds cellulose, helps translocate sugars and starches and is associated with osmoregulation 

process. Manganese was found to be a cofactor in several Krebs-cycle enzymes and it is 

Zn + 

Pb ++++++ 

Co -- 

As ++++++ 
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associated with photosystems I and II: Finally, Magnesium is a fundamental macronutrient, being 

the central atom of the chlorophyll molecule. Its deficiency interrupts cell division, decreasing the 

growth rate and consequently productivity levels. (Becker, 1994) 

Despite the advantages that medium A could present, the reduction of some of the crucial 

nutrients for microalgae growth made this medium incomplete and not suitable for the cultivation 

of Prorocentrum sp.. However, with the supplementation of some of them, it could be an 

alternative, has it was possible to see in this study, after the addition of magnesium. In that way, 

since the culture medium is cheaper, in the future it should be done a comparison of costs taking 

into account the required nutrients, in order to understand if, at large scale, this could be an option 

to cultivate microalgae. 

4.2.2. Reduction of the silicate concentration 

It is well known that diatoms’ growth is enhanced by the availability of silicate since these cells 

need this compound to produce their siliceous cell walls. However, dinoflagellates such as 

Prorocentrum sp. may not be affected by a decrease on the silicate availability despite their 

coexistence with diatoms. (Hu, 2014) 

Prior tests done at A4F have proven the silicate requirement for the successful growth of this 

microalga. Biomass productivities were lower in the absence of silicate throughout the cultivation 

and cells started to die after some renewals. Although very little information has been discovered 

for the genus Prorocentrum, it was found that silicate and inorganic carbon concentration 

influence the carbon uptake from this species (Hu, 2014). However, since this nutrient might be 

being provided in excess for Prorocentrum sp., the use of lower concentrations must be studied. 

Besides, in terms of resources used during cultivation, this reduction is also advantageous 

because it promotes the formation of fewer clusters, boosted by the combination of this 

micronutrient with magnesium. 

Thus, the second laboratory test had the aim of realizing if it would be possible to reduce the 

concentration of silicate that was implemented for Prorocentrum sp. cultivation to half of its value. 

As it is possible to see in Figure 33, 6 cycles were studied. Throughout the majority of the cycles 

there was not much difference in the growth of this microalga between the test flask (F3) and the 

control one (F0). With a variation between the two conditions of less than 10% in terms of 

productivities, and even with an increase of approximately 17% in the test condition in the 4th 

cycle, macro and microscopically the cultures were very similar throughout the test. The cells 

exhibit good appearance, movement in the majority of them and it was also possible to see cell 

division. Thus, the results are a good indication that Prorocentrum sp. might be grown over 
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several generations with a reduction of the silicate concentration. 

 

Figure 33 - Prorocentrum sp. cultivation under the silicate concentration test. The initial and final dry weight obtained in 

each renewal cycle is represented. F0 is the control flask and F3 the test flask with half of the silicate concentration of F0. 

 

 

 

 

 

 

 

 

 

Table 24 - Productivity (g.day
-1

) and growth rate (day
-1)

 levels obtained in each renewal cycle of Prorocentrum sp. 

cultivation in silicate concentration test. F0 is the control flask and F3 the test flask with half of the silicate concentration of 

F0. 

 
F0 -  Control F3 - Test 

Cycle 
Productivity 

(g.day
-1

) 

Growth rate 

(day
-1

) 

Productivity 

(g.day
-1

) 

Growth rate 

(day
-1

) 

1 0.06 0.16 0.07 0.21 

2 0.10 0.38 0.09 0.37 

3 0.07 0.24 0.07 0.25 
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4 0.09 0.29 0.10 0.35 

5 0.08 0.27 0.07 0.24 

6 0.11 0.37 0.11 0.38 

 

 

 

Figure 34 - Productivity levels (g.day
-1

) obtained in each renewal cycle of Prorocentrum sp. cultivation under the silicate 

concentration test. The transparency and its error bars represent the control flask, F0, and the silicate test flask, F3, is 

shown in green. 
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5. Conclusions and Future work 

Raphidonema sp., Thalassiosira sp. and Prorocentrum sp. are promising microalgae strains for 

commercialization, due to their high content of valuable long-chain PUFAs. This work was focused 

in the evaluation of some cultivation parameters that have an influence in the growth of the above 

mentioned species, as well as the evaluation of the most adequate system to cultivate them. It 

should be noted that this was the first time that Raphidonema sp. and Prorocentrum sp. were 

cultivated in an environment and scale different from the laboratory one, in opposite to 

Thalassiosira sp., - that had previously been cultivated in the A4F- and is considered a benchmark 

strain since it is already in commercial production. 

In general, the cultures succeeded and it was possible to conclude the influence of the different 

growth parameters throughout the work. A culture with no aeration will increase its dissolved O2 

concentration to a level that might be toxic; besides that, it doesn’t promote a good culture 

homogenization which, consequently, affects the gas exchanges, not allowing for a better nutrient 

distribution through the system and for the cells to be more uniformly exposed to the light. The 

increase of the frequency on the speed of the culture recirculation was also studied and it may be 

concluded that it is necessary to have an equilibrium that allows for a good homogenization of the 

culture that avoids sedimentation and the biofilm formation and, on the other hand, doesn’t cause 

mechanical stress damages on the cells. During the study of the several systems, regarding 

Raphidonema sp., from the two FP-PBRs used, one of them had similar values to the UHT-PBR 

while the other one showed the highest productivities levels of all of them.. For the cultivation of 

Thalassiosira sp, already optimized in A4F, it was possible to compare the performance of the 

UHT-PBR with the MHT-PBR, where the first PBR technology had the best result, due to its higher 

surface to volume ratio. As for Prorocentrum sp, it was the microalga that showed the toughest 

culture optimization process. This may be explained by the fact that it was the first time that this 

microalga was cultivated outside of a laboratory environment and because it was not always 

possible to have strongly inoculum culture. In addition, due to the density of these cells and the 

presence of a flagella, Prorocentrum sp. become more fragile and with a higher tendency to 

sediment. MHT-PBR showed the best results for this species, in comparison to UHT-PBR and FP-

PBR. Despite all the found difficulties in this system, after optimizing the aeration and the pump 

frequency, it was possible to see the evolution of the culture, with all the remaining parameters well 

controlled. However, it should be taken into account that this system was accompanied thought 

some months, suffering some optimizations during the process, in opposite to UHT-PBR, which 

was only followed for approximately 20 days. Since UHT-PBR will allow for a biggest 

photosynthetic area and a higher surface-to-volume ratio, besides having shown satisfactory 

volumetric productivity levels, it becomes a very interesting system, so future optimization studies 

should be done. It was also done an analysis, through the lipid profiles of each microalgae, of which 

https://www.facebook.com/
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would be the more suitable species for the production of omega 3 fatty acids. Although 

Thalassiosira sp. has a richer EPA lipidic profile, Raphidonema sp. had produced higher amounts 

of EPA as well as Prorocentrum sp. that has showed to have the capacity to produce the highest 

amounts of that omega-3 fatty acid, as a result of its highest biomass productivities levels.. In 

addition to EPA, Prorocentrum sp. has also shown to produce the highest amounts of DHA. Despite 

this, all the analyzed species showed considerable amounts of omega-3 acids, making all of them 

quite promising strains for large-scale cultivation research.  

During this work, a new culture medium, medium A, was also evaluated for the cultivation of 

Prorocentrum sp. and a possible reduction on the concentration of silicate to half of the value that 

was established as well. This study had the purpose of determining if the culture could be 

maintained with good productivity when using different conditions than the usual ones, while 

simultaneously reducing medium costs. After the analysis of the several renewal cycles and the 

elemental comparison between medium A and the one that is usually used by A4F, it was possible 

to conclude that, due to the lack of some nutrients, the productivities were decreasing after some 

cycles and the culture started to present more depigmented, less motile and more agglomerated 

cells. A magnesium supplement seemed to be enough for the microalga to survive and grow in 

medium A at a growth rate similar to its usual one but more optimization studies need to be made, 

as well as a cost analysis. Regarding the silicate concentration, half of it showed to be an enough 

quantity for the cultivation of this microalga, giving similar productivities along the cultivation period 

and similar to the ones previously obtained. 

Since this study was the first step towards the cultivation of these microalgae strains at a pilot 

scale, more work is needed to fully understand the behaviour and necessities of each one of them. 

In that way, some research should be made, namely: 

 Continuous optimization of the cultivation of Prorocentrum sp. in UHT-PBR;  

 Compare the usage of equal systems inside and outside the greenhouse, for Prorocentrum 

sp. and Thalassiosira sp;  

 Semi continuous cultivation optimization and renewal percentages to work with; try medium 

recycling; 

 Productivity tests at pilot scale using medium A or a reformulated recipe from this one and 

compare the results with the ones obtained in this project;  

 Productivity tests at pilot scale using a half reduced silicate concentration and laboratory 

tests using a higher reduction of this nutrient. 
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