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Background of biodiesel 

This next decade will be crucial to solve several environmental issues on our planet, especially 

those regarding the increase in green house gases (GHG), water shortage, and the depletion of 

fossil fuels. Carbon dioxide emissions and fossil fuel depletion issues are linked, due to the 

great amount of CO2 emitted into the atmosphere from the industrial, transport and energy 

sector (Bates, 2008). To avoid the increase in GHG emissions and enlarging the energetic 

matrix in different countries, the government, policy stakeholders and research groups are 

developing projects and investing in the production of biofuels from terrestrial biomass 

feedstock, such as palm, corn, rapeseed, sunflowers, and sugarcane.  

Biodiesel is an alternative diesel biofuel that through a chemical reaction (transesterification) of 

oils which can be grease, vegetable oils, waste oils, animal fats or microalgae oil, in presence of 

an alcohol (usually methanol) and a catalyser (sodium hydroxide), the triacyglyceride fraction 

of oil is converted into fatty acid methyl esters (FAME) or Biodiesel. The reaction produces two 

immiscible layers, biodiesel as a primary product, and glycerol, as a by-product (Palligarnai et 

al., 2008). This biofuel and its blend (5%, 20% or 90%) with petroleum-based diesel can be 

used in diesel engines without any significant modification to the engine. Demirbas 2009 

applied a general definition of biodiesel as: �a domestic, renewable fuel for diesel engines 

derived from natural oils and which meets the specifications of ASTM D 6751�.  

The use of terrestrial biomass feedstocks for biofuel production is controversial due to the 

implementation, process, and commercialization of terrestrial plants, which causes several 

environmental and social problems such as the loss of diversity, freshwater consumption, the 

increase of the price in edible plants, and social inequalities among others. (Dufey et al., 2006; 

Lian et al., 2007; Dauvergne et al., 2010). Due to these issues, today, one of the most promising 

feedstocks for biofuel production is microalgae. Microalgae are unicellular microscopic 

photosynthesizing organisms that inhabit many different types of environments, including 

freshwater, brackish water, and seawater. Microalgae are able to create living matter from CO2 

and water using sunlight as energy, elements which are abundant in our planet. Microalgae 

present a high photosynthetic conversion efficiency, fast growth, and sustainable biomass 

production. Their high content of triacylglycerols (TAG), which is the oil used as a raw material 

for biodiesel production (Chisti 2007; Hu et al., 2008), is also a major advantage. 
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Biodiesel from microalgae 

The idea of using microalgae for energetic purposes started in 1970s. In fact a huge project was 

developed from 1978 until 1996 by the Aquatic Species Program (ASP) financed by the U.S. 

Department of Energy (Sheehan et al., 1998). They isolated and conducted a screening in more 

than 3000 different species of microalgae. This resulted in important advances in our 

understanding of microalgal molecular biology, biochemistry, genetic engineering and 

physiology. In addition they demonstrated that, outdoor cultivation of microalgae was feasible 

over long periods of time and that algal oil extracted from biomass was a suitable feedstock for 

biodiesel production and can be a substitute for petroleum (fossil fuel). Nevertheless, they did 

their investigation using microalgae isolated from the US territory and after the characterization 

of microalgae the collection was reduced to around 300 target species, mostly green algae and 

diatoms. In fact they isolated natural strains mostly from the Bacillariophyceae, Chlorophyceae, 

Chlamydophyceae, Eustigmatophyceae, Prymnesiophyceae, Cyanophyceae and Prasinophyceae 

groups. In that study the microalgae groups that usually produced the huge and extensive 

biomass in the sea (Dinophyceae or Raphidophyceae) were almost neglected (Sheehan et al., 

1998) and non strains were isolated. The lack of information in these groups of microalgae, 

aims to isolate and characterize species to produce microalgal biomass with high oil (TAG) 

concentration feasible for biodiesel production. 

The biotechnological use of microalgae biomass for biofuel production has been developing 

rapidly over last few years (Chisti 2007; Hu et al 2008). Most of the known microalgae already 

used for biodiesel production are freshwater microalgae from the Chlorophycean group. Target 

species for biomass production have traditionally been those with a known growth cycle, fast 

cell growth and those that usually were cultivated for other aims: as a protein source such as 

Tetraselmis suecica, Spirulina platensis, or those for aquaculture activities such as Isochrysis 

galbana, Nannochloropsis oculata and others that produce special metabolites such as 

Haematoccocus pluvialis or Scenedesmus almeriensis, which are widely used in industry in the 

synthesis of pigments and as a food additives. Microalgae are composed, at the cellular level, of 

varying percentages of lipids, proteins, and carbohydrates. Lipids, and especially the polar 

glycolipids (phospholipids) fraction, function as a structural component of microalgal cell 

membranes, but the lipids also modulate cellular activity and energy storage. In fact, one of the 

main biological functions of neutral lipids (triacylglycerol, TAG) is to provide energy for 

immediate and delayed metabolic requirements (Geider & La Roche, 2002). The values of oil 

concentration in microalgae vary between 20 and 50% of their total biomass (Chisti 2007). 



Chapter I 

14 

Accordingly, some microalgae have the potential to synthesize 30 times more oil per hectare 

than terrestrial plants (Sheehan et al., 2006) and this encourages the use for biofuel production 

(Hu et al., 2008). 

Most of the microalgae used for biodiesel production are mainly freshwater microalgae. These 

species use freshwater as a liquid growth medium and therefore strains can be cultivated in 

countries where this strategic resource is found in abundance. Taking into account that 

freshwater element would be a problematic resource in the near future (Griffiths & Harrison 

2009; Grobbelaar et al., 2010); it is highly recommended exploring marine strains to 

significantly reduce the water footprints (Yang, et al., 2011). The use of local or 

�autochthonous� marine microalgae from the same growth location is needed, since this strategy 

allows the use of the same environmental parameters when cultured in enclosed systems 

(Morweiser et al., 2010). The use of local algae avoids the introduction of exotic organisms and 

any possible ecological problems. 

Ideally, it is important to find new species of microalgae feasible to be produced industrially, 

and it is highly advisable to follow the conceptual suggested equation (1): low environmental 

impact (e.g. low freshwater consumption), low energy requirements for growth, high biomass 

and lipids production, and exploiting specifically those microalgae that use seawater as a liquid 

growth medium.  

Equation (1): 

                   [High Biomass]  *  [High Oil Production]                                Sustainable Biodiesel 

    [Low Energy Consumption]  *  [Low Environmental Impact]                        Production 

To our knowledge there is scarce information available in literature on the total balance of the 

suggested equation, but would expect a negative balance, especially in terms of energy 

consumption. For example Batan et al., 2010 identified that 98% of the electrical energy is 

consumed during the growth phase. Molina Grima et al., 2003 determined that during the 

microalgal biomass recovery process values > 40% of the total energy was consumed. These 

data indicate that we should not only focus on the strains, but also in the efficiency process. 

Moreover, since some dinoflagellates and raphidophytes microalgae have specific metabolites 

with high economic value (Garcia Camacho et al., 2007), more research will likely be done on 

this group, because, the production of these metabolites and the use of microalgae applying the 
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bio-refinery concept could be made possible into a sustainable microalgae biomass production 

project on an industrial scale within a few years.

Dinoflagellates and raphidophytes microalgal groups 

Strains with different growth strategies adapted to live in seawater and with high fatty acids 

content as neutral lipids or triacylglycerols (TAG), are found naturally in two groups of 

microalgae, the dinoflagellates and raphidophytes. Most of the dinoflagellates and 

raphidophytes can grow and produce large blooms under natural conditions. These blooms can 

cover from up to a few hundred meters (Fig. 1.1-C) to hundreds of kilometres (Fig 1.1-A-B) and 

reach cell abundances of millions cells per litre. Bloom forming species have a cosmopolitan 

distribution, and they can easily be isolated from their environment, this characteristic makes 

them strategic marine strains because they can grow under local natural conditions in coastal 

countries around the world. Usually, these microalgae form patches in the upper layers at the 

surface of the sea, or proliferate in zones where abiotic conditions in the water column such as 

temperature, density, salinity, or nutrients concentration are adequate to trigger rapid growth. 

Figure 1.1 Aerial photograph of phytoplankton blooms. A and B) Gymnodinium cf. chlorophorum, south 
of Chile. 42º S, 71º W (Photograph courtesy of Plancton Andino Ltda.).  C) Alexandrium taylori, La 
Fosca, Catalunya, Spain, 41.5º N, 03º E (Photograph courtesy of  PBL group, ICM-CSIC). 

Certain species of dinoflagellates and raphidophytes have been studied for decades from a 

ecological and physiological point of view (Anderson, 1989; Smayda 1997) because they are 

associated in some cases with toxic and noxious events such as massive mortalities of different 

marine organisms, from small crustaceans (e.g. copepods) to large mammals (e.g. sea lions). 

The anthropic interest in these noxious organisms has allowed for an extensive development in 

their ecological research. However, their use for energetic aims is poorly known. In fact, in spite 

of their negative effect on the environment, these microalgae group could be an interesting and 

strategic group that can produce natural oils. 

C 

A B C
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It is well established that dinoflagellates tend to have lower growth rates compared to other 

microalgae taxa with similar cell size (Tang, 1996) and, they reflect the lower photosynthetic 

capacity per unit of biomass of dinoflagellates (Chan, 1980; Tang, 1995). It appears that the low 

growth rate of dinoflagellates is compensated by their high size and biovolume when these 

groups are compared with the green algae groups in terms of biomass concentration or cell 

carbon content (Tang, 1995). 

Dinoflagellates and raphidophytes have a huge range of size varying from 8-10 μm up to 

macroscopic size of > 0.5 mm. Their biovolume is significantly different from others algae 

groups. Table 1 show a range of biovolume for dinoflagellates and raphidophytes compared to 

other groups. Dinoflagellates and raphidophytes presented biovolume values from 400 μm3 up 

to 88.000 μm3 (Smayda 1997; Stolte & Garcés 2006; Olenina et al., 2006) which are several 

orders of magnitude higher, even, in the carbon content (Tang, 1995) than the green algae. This 

characteristic could be useful in terms of lipids storage, using the hypothesis that they can 

accumulate more carbon per cell and they can transform it in lipids. Contrarily cell density in 

autotrophic cultures of dinoflagellates and raphidophytes achieve concentration of 105*mL-1 (in 

enclosed system or photobioreactor PBR), two orders of magnitude lower than the green algae 

group (107*mL-1) in a similar production system. Although, this difference exists in cell 

abundance, the equilibrium between cell abundance and biovolume leads to a final biomass 

production (in terms of grams of dry weight per litre) quite similar to both groups of algae. This 

can be explained due the differences in biovolumes when comparing green algae against 

dinoflagellates and raphidophytes groups (Table 1.1). 

The use of microalgae for biodiesel production has commonly been carried out with the group 

called �green algae�, most belonging to the Chlorophycean group such as Chlorella vulgaris, 

Chlorella protothecoides, Chlamydomonas reinhardtii or Neochloris oleoabundans (Liang et 

al., 2009; Li et al., 2010; Widjaja et al., 2009). Most of these microalgae are small ranging from 

a few microns 2 m (e.g. Nannochloropsis spp.) up to14 m (e.g. Chlorella vulgaris). Due to a 

small cell size, their biovolume (cell volume) varies from 9 to 230 μm3 (Olenina et al., 2006), 

this characteristic and the well established high growth rate in the green algae group has been 

exploited to achieve high biomass and cell concentration (e.g. 107*mL-1 in green algae).  
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Class Species Growth rate 
div*day-1 ± SD 

Biovolume 
μm3 ± SD 

Biomass 
productivity 
(g*L-1*day-1) 

Lipid content 
(%  DW) 

References 

Dinophyceae Alexandrium andersoni 0.10 - - - (3)          (T) 

Dinophyceae Alexandrium catenella 0.22 ± 0.02 - - - (2) 

Dinophyceae Alexandrium insuetum 0.40 ± 0.33 - - - (2) 

Dinophyceae Alexandrium insuetum 0.06 - - - (3) 

Dinophyceae Alexandrium minutum 0.87 ± 0.14 - - - (2) 

Dinophyceae Alexandrium minutum 0.18 3260± 917 0.40 ± 0.1 23 (3)          (T) 

Dinophyceae Alexandrium tamarense 1.03 ± 0.13  16485 - - (1) 

Dinophyceae Alexandrium tamarense 0.23 17684 - - (2) 

Dinophyceae Alexandrium taylorii 0.31 ± 0.26 - - - (2) 

Dinophyceae Amphidinium carterae 2.89 ± 0.08 432 - - (1) 

Dinophyceae Ceratium furca 0.44 ± 0.22 50000 ± 20000 - - (2) 

Dinophyceae Ceratium tripos 0.17 88420 ± 74540 - - (2) 

Dinophyceae Dinophysis acuminata 0.36 ± 0.22 16211 ± 10037 - - (2)  (4) 

Dinophyceae Dinophysis acuta 0.38 ± 0.04 63150 ± 33936 - - (2)  (4) 

Dinophyceae Dinophysis norvegica 0.36 ± 0.23 41945 ± 26075 - - (2)  (4) 

Dinophyceae Dinophysis tripos 0.21 37680 - - (2)  (4) 

Dinophyceae Gymnodinium spp. 0.20 ± 0.11 65765 ± 52758 - 13 (2)  (4) 

Dinophyceae Glenodinium halli 2.19 ± 0.11 - - - (1) 

Dinophyceae Gymnodinium resplendens 1.53 8146 - - (1)  (4) 

Dinophyceae Gymnodinium nelsoni 1.43 ± 0.17 - - - (1) 

Dinophyceae Heterocapsa triqueta 0.08 ± 0.06 2295 ± 1405 - - (2) 

Dinophyceae Heterocapsa triqueta  1.34 ± 0.22 419 ± 213 - - (1) 

Dinophyceae Heterocapsa pygmaea 2.12 ± 0.30 - - - (1) 

Dinophyceae Karlodinium sp. 0.60 ± 0.20 - - - (2) 

Dinophyceae Karlodinium veneficum 0.39  ± 0.02 494 ± 61 0.21 ± 0.07 27 (3)  (5)    (T) 

Dinophyceae Lingulodinium polyedra 0.86 28157 ± 12719 - - (1) 

Dinophyceae Prorocentrum minimum 0.21 1240 ±  351 - - (2)  (4) 

Dinophyceae Prorocentrum triestinum 0.14 - - - (2) 

Dinophyceae Prorocentrum minimum  2.37  ± 0.12 1240 ± 351 - - (1)  (4) 

Dinophyceae Prorocentrum redfieldii 2.17  ± 0.22 - - - (1) 

Dinophyceae Prorocentrum micans 2.04  ± 0.10 20292  ± 10379 - - (1)  (4) 

Dinophyceae Scrippsiella trochoidea 1.25  ± 0.22 5505 ±  3873 - 16 (1) 

Dinophyceae Scrippsiella trochoidea 0.11 5505  ± 3873 - 16 (3)          (T) 

Raphidophyceae Heterosigma akashiwo 0.17 1020 ± 249 0.30  ± 0.04 24 (3)          (T) 

Eustigmatophyceae Nannochloropsis sp. 0.36  ± 0.06 14 0.19 ± 0.02 33 (6)   (7)    

Prymnesiophyceae Isochrysis sp. 0.22  ± 0.03 69 0.16 ± 0.02 29 (7)            

Prasinophyceae Tetraselmis suecica 0.23  ± 0.01 - 0.30 ± 0.02 10 (3)   (6)   (T) 

Chlorophyceae Chlorella vulgaris 0.13  ± 0.01 * - 0.18 ± 0.02 19 (7)   (8) 

Chriptophyceae Rhodomonas sp. 0.28  ± 0.03 112 ± 38 - 13 (4)   (5)   (6)  

Table 1.1. Biotic parameters of different dinoflagellates and raphidophytes species compared with those 
that usually are used for biomass production. Key to References = (1) T. Smayda 1997; (2) Stolte & 
Garcés 2006; (3) Fuentes-Grünewald et al., 2009; (4) Olenina et al., 2006; (5) Calbet et al., 2011; (6) 
Huerlimann et al., 2010; (7) Rodolfi et al., 2008; (8) Converti et al., 2009; (T) this thesis. * Average of 
growth rates in cultures under different temperatures. 
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In terms of the growth rate, the green algae usually has a duplication time of hours during the 

exponential phase, and their entire growth curve in batch cultures takes just a few days (between 

6 to 20 depending on the species and the culture strategy used). Most of the studies reviewed for 

dinoflagellates and raphidophytes show growth rates from natural populations where they 

develop blooms, reaching occasionally fast growth (Stolte & Garcés 2006). This natural 

behaviour in the environment is not comparable in controlled culture conditions. In most of the 

species, it is necessary to determine the abiotic parameters as temperature, salinity, turbulence, 

quantity and quality of light and sufficient nutrient concentration that regulates growth in 

controlled culture conditions. In outdoor conditions where the advantage is the natural source of 

energy provided from the sun, these parameters are almost unknown. Every microalgae species 

has their own specific requirement in terms of abiotic parameters, cultures performance or 

turbulence regime. The key to a successful microalgal biomass production will be to 

characterize, test and improve those parameters that affect the growth of autotrophic microalgal 

cells.  

Lipids in Microalgae 

The approximate elemental compositions of eukaryotic photosynthesizing microalgae show 

different percentage of Carbohydrates (5% - 45%), Proteins (30% - 65%) and Lipids (10% - 

50%) in their cell mass (Geider & La Roche, 2002). This biochemical composition could change 

with the culture growth phase (culture age) or under environmental changes that cause cell 

stress. Lipids, the polar and the neutral fraction are the source of oil in cells. The polar and the 

neutral fraction have different roles inside the cells, while the polar fraction is composed 

principally of phosphoglycerides which are use as structural component in cell membranes; 

neutral lipids serve as energy storage reserves (Guschina & Harwood, 2006; Geider & La 

Roche, 2002). With regard to lipid content most of the algae usually utilized for biodiesel 

purposes (e.g. Chlorella species) show concentrations ranging from 22% to 38% of dry weight 

in standard conditions of growth (Chen et al., 2011).  Nevertheless, after a review of the 

literature only a few studies presented results in lipid content of dinoflagellates and 

raphidophytes, which varied from 13 to 27% of dry weight in standard conditions of growth 

(Table 1.1). However, strictly for energetic purposes, there is a lack of data on lipid content, 

lipid and biomass productivity, TAG production in dinoflagellates and raphidophytes cultured 

in different systems and conditions for long term microalgal biomass production. 
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Contrary to the lack of quantitative data on total lipid content in dinoflagellates and 

raphidophytes, there are many studies on lipid profile of these groups primarily done as a tool to 

identify different genus or species, or as a biomarker in the trophic food chain in the ocean 

(Mansour et al., 1999; Leblond et al., 2000; Reuss & Poulsen, 2002; Marshall et al., 2002; 

Fiorillo & Rossi, 2010). Data obtained from 62 dinoflagellates species and 11 raphidophytes 

species showed a long list of fatty acids presented in dinoflagellates and raphidophytes.  These 

studies identified 58 different fatty acids, from short carbon chain as Undecaenoic acid (C11:0) 

to long chain carbon fatty acid as Octacosaenoic acid; C28:0 (Table 1.2). In general the SAFA 

portions are those fatty acids that work as precursor for others MUFA and PUFA (Guschina & 

Harwood, 2006). Short-chain saturated such as Lauric acid C12:0 or Palmitic acid C16:0 are the 

initial step of the metabolic pathways of fatty acids synthesis, and were found to be the main 

components of neutral lipids (Molina Grima et al., 1994, 1995), by contrast the PUFA portion or 

those fatty acids with long chain carbon are involved in the construction process of cells and 

work as structural lipids, mainly found in glycolipids and phospholipids fraction (Molina Grima 

1995), and their content in autotrophic cells are associated due to the state of growth in 

microalgae cultures. 
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Fatty acids name Nomenclature 

Undecaenoic acid C11:0 
Lauric acid C12:0 
Tridecaenoic acid C13:0 
Myristic acid C14:0 
Myristoleic acid C14:1 
 C14:2 
Pentadecaenoic acid C15:0 
Cis-10-pentadecenoic acid C15:1 
Palmitic acid C16:0 
Palmitoleic acid C16:1 
 C16:1 n5 
 C16:1 n7 
 C16:1 n13 
 C16:2 n4 
 C16:2 n6 
 C16:2 n7 
 C16:3 
 C16:3 n3 
 C16:4 n1 
 C16:4 n3 
Heptadecaenoic acid C17:0 
Cis-10- heptadecaenoic acid C17:1 
Stearic acid C18:0 
Oleic acid C18:1 n3 
Elaidic acid C18:1 n7 
 C18:1 n9 
 C18:1 n13 
Linoleic acid C18:2 n6 
Linolenic acid C18:3 n3 
Gamma-linolenic acid C18:3 n6 
 C18:4 n3 
 C18:5 n3 

Fatty acids name Nomenclature 

Arachidic acid C20:0 
Cis-11-eicosenoic acid C20:1 
 C20:1 n9 
 C20:2 
Cis-11-14-eicosadienoic acid C20:2 n6 
 C20:2 n9 
Cis-11,14,17-eicosatrienoic 
acid 

C20:3 n3 

Cis-8,11,14,17-eicosatrienoic 
acid 

C20:3 n6 

Arachidonic acid (AA) C20:4 n3 
 C20:4 n6 
Cis-5,8,11,14,17-
eicosapentaenoic (EPA) 

C20:5 n3 

 C20:6 n3 
Heneicosaenoic acid C21:0 
Behenic acid C22:0 
Erucic acid C22:1 n9 
 C22:1 n11 
Cis-13,16-docosadienoic acid C22:2 
 C22:5 n2 
 C22:5 n3 
 C22:5 n6 
Cis-4,7,10,13,16,19-
docosahexaenoic acid (DHA) 

C22:6 n3 

Tricosaenoic acid C23:0 
Lignoceric acid C24:0 
Nervonic acid C24:1 n9 
 C28:8 n3 
Octacosaenoic acid C28:y 

Table 1.2 List of fatty acids presents in the lipids profile of dinoflagellates and raphidophytes. Data was 
obtained from 62 dinoflagellates species and 11 raphidophytes species from: Fernandez-Reiriz et al., 
1989; Viso & Marty, 1993; Mansour et al., 1999; Leblond & Chapman et al, 2000; Marshall et al., 2002; 
Leblond et al., 2006; Mooney et al., 2007, Chu et al., 2009; Usup et al., 2008; Xu et al., 2008; Giner et al., 
2008; Dorantes-Aranda et al., 2009; De Boer et al., 2009. 
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Reports indicate that the principal fatty acid portion presented in the dinoflagellates and 

raphidophytes reviewed, are the saturated fatty acids (SAFA) fraction, and the main contributors 

to this fraction was palmitic acid C16:0 and the stearic acids C18:0. Others fatty acids identified 

corresponded to the mono-unsaturated acid fraction (MUFA); the main contributor to this 

fraction was the oleic acid C18:1n3. It was also observed in the poly-unsaturated fatty acids 

(PUFA) fraction that the main fatty acid with a high economical value was for Eicosapentaenoic 

acid or EPA (C20:5n3) and Docosahexaenoic acid or DHA (C22:6n3). The SAFA fraction and 

especially the palmitic acid (C16:0) and the stearic acid (C18:0) were present in 89% of the 

reviewed fatty acid profile of dinoflagellates and raphidophytes species, with an average of 18.4 

% of C16:0 and 6.7 % of C18:0. Interestingly a significant amount of the PUFA, 

Docosahexaenoic acid (DHA) C22:6n3 a high value fatty acids molecule was found in the 40% 

of the species reviewed and the average DHA concentration was around of 8.3% of the lipid 

profile. This and other important and essential fatty acids that cannot be synthesized by the 

human body but are vital for normal metabolism were found in the review. The polyunsaturated 

fatty acids C20:5n3 or Eicosapentaenoic acid (EPA), were present in 48% of the reviewed 

species with an average of 2.1% of the lipid profile, and the monounsaturated Oleic acid 

(C18:1n3) was present in 14% of the species with an average of lipids concentration of 0.6% 

(Figure 1.2). 
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Figure 1.2 Principal fatty acids found in dinoflagellates and raphidophytes species. Data was obtained from 62 dinoflagellates and 11 raphidophytes species as in table 
1.2. C16:0 palmitic acid; C18:0 stearic acid, C20:5n3 eicosapentaenoic acid; C18:1n3 oleic acid; C22:6n3 docosahexaenoic acid. (Fernandez-Reiriz et al., 1989; Viso 
& Marty, 1993; Mansour et al., 1999; Leblond & Chapman et al, 2000; Marshall et al., 2002; Leblond et al., 2006; Mooney et al., 2007, Chu et al., 2009; Usup et al., 
2008; Xu et al., 2008; Giner et al., 2008; Dorantes-Aranda et al., 2009; De Boer et al., 2009).
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A summary of the fatty acid profile of the dinoflagellates and raphidophytes reviewed is shown 

in figure 1.3. The graph shows specifically the percentage of saturated (SAFA), 

monounsaturated (MUFA), and polyunsaturated (PUFA) fatty acids per species. Most of the 

dinoflagellates have a SAFA concentration of 35% up to 60 %. The most abundant fatty acids 

expressed by dinoflagellates during their growth were those of the C16:0, C18:0 (Figure 1.2). 

The second major group of fatty acids were the MUFA portion with an average of 20% for all 

dinoflagellates species reviewed. PUFA portion is high, but only in some species. High values 

of PUFA are not useful for biodiesel production, but some can be valuable as a by-product such 

as C22:6n3 or C20:5n3. Raphidophytes show a different fatty acid profile with high percentages 

of PUFA and MUFA. According to this they would have no good characteristics as raw material 

for biodiesel generation. Comparison of the fatty acid profile of the dinoflagellates and 

raphidophytes strains and terrestrial plants that are commonly used as oil feedstock (Palm oil, 

soybean oil, sunflower oil, olive oil) for biodiesel production, show that most of the 

dinoflagellates species and some species of raphidophytes have a close fatty acid profile to Palm 

oil (Figure 1.3). Based on their fatty acids, the results of comparison among other oil feedstock 

allow us to infer that these groups of algae have an interesting lipid profile for biodiesel 

production. 

Figure 1.3 Fatty acids profile of dinoflagellates and raphidophytes, compared with the common oils used 
for biodiesel production. Axis shows the percentage of saturated (SAFA), monounsaturated (MUFA), and 
polyunsaturated (PUFA) fatty acids. References as in figure 1.2.
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The fatty acid profile is one the main characteristics to take into account when we are screening 

feedstock for biodiesel purposes because, depending on the composition of fatty acids, the 

biofuel obtained contains different qualities. The requirements of a specific lipid profile for 

biodiesel purposes has been analyzed in the last few years, and according to the American 

Society for Testing and Materials (ASTM) D6751 to obtain a biodiesel, the raw material has to 

comply different characteristics such as the cetane number, fatty acid profile, and oxidation 

stability among others. The main desirable characteristics of the biofuel obtained from vegetable 

oils are good oxidation stability (long-term storage) and a high cetane number (good ignition 

capabilities). In a recent study, Sanford et al. 2010, compared and evaluated the characteristic of 

36 different types of oil feedstock for biodiesel production, including microalgae. The 

characteristic of the biodiesel analyzed of algae oil meets the allowable limits, except flash point 

(> 93ºC) and oxidation stability (> 3 hours). For flash point all the oils tested did not pass the 

test, and in the case of the oxidation stability, their results could be due to the fact that the fatty 

acids profile of the microalgae utilized in Sanford work, had a high percentage of 

monounsaturated fatty acids > 70% with a consequent high oxidation stability, concluding that 

the fatty acid profile of the analyzed algae was not adequate. But the author did not specify the 

algae strain used in their study and the highest percentage presented (70%) probably 

corresponded to the green algae group, the most known group. Therefore, if the objective was to 

produce biodiesel from microalgae, a low percentage of MUFA and PUFA, and high 

concentration of SAFA portion in the fatty acid profile is required and desirable.  

In many studies on Chlorophyceae, Dinophycea, Rhaphidophyceae and Eustigmatophyceae it 

has been demonstrated that the fatty acid profile and lipid concentration on microalgae, 

specifically the neutral portion increase in stationary phase parallel to a nutrient depletion in the 

culture (Mansour et al., 2003; Li et al., 2008; Liang et al., 2009; Widjaja et al., 2009). The 

growth curve of microalgae has three well-known steps: condition or lag phase, exponential 

phase and stationary phase. During the initial lag phase (a few hours or day depending on the 

species), microalgae cells adapt to cultures conditions. The exponential phase is characterized 

for a high cell division and an increase in the growth rate and biomass production. When 

nutrient conditions decrease, microalgae cell stop growth and reach the stationary phase, after 

the stationary phase the cultures decline and cells die. During the stationary phase and due to the 

nutrient depletion, the neutral lipid portions increase and this fraction is used as energy storage 

inside microalgae cells (Guschina & Harwood, 2006). It is well-known that the main nutrient 

depletion that produces an increase in neutral lipid in microalgae is nitrogen, but at the same 

time this is an essential nutrient for autotrophic organisms to grow.  
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When the objective of the microalgal biomass production is to produce biodiesel, it is necessary 

to determine the best harvest time. Also it is desirable to determine the abiotic variable or a 

combination that allow us a high biomass production (in a reasonable period of time) and 

consequently a high lipid concentration in cells. Nowadays the biochemical engineering using 

abiotic parameters such as CO2, light, nutrient depletion, temperature or salinity to obtain lipids 

from autotrophic microalgae cell is mostly known only for freshwater green algae such as

Chlorella, Nannochloropsis, Neochloris, Isochrysis (Flynn et al., 1993; Li et al., 2008; Converti 

et al., 2009). However, until now there are no published information about the use a 

biochemical engineering strategy that allows an improvement in lipids production in 

dinoflagellates and raphidophytes.  

Microalgae culture systems for high productivity 

There are two major systems currently used to culture microalgae, in the laboratory, pilot and a 

semi-industrial scale: open and closed systems (Figure 1.4). To choose the culture system will 

be defined for the desirable final product since both systems have advantages and disadvantages 

(Table 1.3). Open ponds (shallow, mixed or raceways) are cheaper in terms of construction and 

operation (Benemann, 2009). These types of configuration can be scaled-up at industrial levels 

covering hectares of land. Nevertheless, the open systems have specific problems related to 

evaporation and are none controlled in terms of abiotics parameters (such as temperature) and 

contamination by algae, protozoa, fungi, etc. The biomass productivity in open systems is low 

when compared with closed systems, but the simple design and the high value metabolites 

produced such as astaxanthin or proteins by cyanobacteria or microalgae make these systems 

profitable (Morweiser et al., 2010). In fact, this is the most widely system for microalgal 

biomass production around the world (Benemann, 2009). Nowadays, the largest operating 

industrial plant use open ponds system with the aim to obtain food (proteins) from the 

cyanobacteria Arthrosphira maxima. 

Closed systems (Bubble column, airlift, tubular horizontal or vertical photobioreactors, flat plate 

and, bag or hybrid design) are more expensive than open systems in terms of construction and 

operation of the unit. There are challenges to be addressed specially regards to overheating and 

temperature fluctuation during the operation of enclosed system. In fact most of this system are 

widely used an automatic mode, controlling all the parameters (specifically: pH, CO2 injection, 

oxygen release) via a computer unit. The volumetric productivity of closed systems is higher 
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than open system, and normally the use of closed system is restricted for high value molecule 

production, producing biomass with a higher purity.  

To obtain high biomass productivity, the best known culture systems nowadays are the semi- or 

continuous culture. In semi- or continuous culture, the steady state condition is when the cells 

are growing and harvest at the same rate. This allows a continuous biomass production, but cells 

under this stage have low content of neutral lipids. In the work of Molina Grima et al., 1994 

explain that during the exponential phase of microalgae cultures, cells produce high quantity of 

PUFA as part of the polar portion, involved in the membrane cell structure. This portion is not 

desirable for biodiesel production. An optimal combination to obtain high biomass production 

and, at the same time high neutral lipid production is needed; this will depend on the specie 

chosen, the culture system, the environmental condition and the culture age. 

Figure 1.4 Culture system commonly used for microalgal biomass production. Left image raceways pond 
(open system), right image vertical photobioreactor (closed system). Photographs courtesy of Marine 
Microalgae Biotechnology Group, University of Almeria. 
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Table 1.3 Major systems used to culture microalgae in the lab, pilot and a semi-industrial scale. Advantages and disadvantages of the open and closed systems, 
principal species cultured and product obtained.

Culture 

System 

Type Advantages Disadvantages Environment Biomass 

productivity 

Species cultured Product Locality and Reference 

Open 

systems 

Shallow, mixed 

or raceways 

Ponds 

Tanks 

Cheap 

construction 

Easy and 

cheap 

operation  

Evaporation 

non control on abiotic 

parameters such as 

temperature, 

contamination 

problems of  

protozoa, fungi. 

Freshwater 

Freshwater 

Seawater 

Low Arthrosphira maxima

Haematococcus pluvialis 

Nannochloropsis spp. 

Protein 

Pigment  

Fatty acid      

Hawaii, USA.  

(Benemann, 2009). 

Hawaii, USA.  

(Benemann, 2009). 

Eilat, Israel.  

(Kromkamp et al. 2009) 

Closed 

systems 

Bubble 

column PBR 

Airlift 

Flat plate 

Bag or hybrid 

design 

Stirred tank 

PBR  Reactor 

Control of the 

parameters: 

pH, CO2

injection, 

oxygen release 

expensive in terms of 

construction and 

operation of the unit 

Freshwater 

Seawater 

Seawater 

Freshwater 

Seawater 

High Scenedesmus almeriensis 

Nannochloropsis spp. 

Protoceratium reticulatum 

Arthrosphira platensis 

Nannochloropsis spp. 

Lutein 

Fatty acid 

Yessotoxin 

Biomass 

Biomass 

Almeria, Spain.  

(Sanchez et al., 2008) 

Eilat, Israel.  

(Kromkamp et al. 2009) 

Almeria, Spain. 

(Gallardo-R. et al., 2010). 

Israel  

(Richmond et al., 1993) 

Livorno, Italy. 

 (Rodolfi et al., 2008) 
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For the installation of microalgal biomass culture facilities, it is important to consider others 

variables such as: selected strains (some microalgae can grow better in one system than in 

another), irradiation or incident light levels on an outdoor PBR, this factor is important and is 

define by Molina-Grima et al., 1999 as a function of time, the geographic location of the reactor 

and others environmental factors. It is also is important to know the price of the non arable land 

where the microalgal biomass production facilities will be located (this is an important variable 

to choose as one or another type of culture configuration and will depend on the country). CO2

source (consistent and reliable), availability for freshwater consumption, and a good transport 

communication net (ports, railways, airports) are other factors to consider. All these variables 

and the desirable final product allow us to define the culture system selected and the location at 

which it will be installed. 

There is a clear lack of knowledge in the study of dinoflagellates and raphidophytes for biomass 

production in outdoor conditions. This lack of data persists today, since most of the 

investigation currently in development (Hu et al., 2008, Rodolfi et al., 2008) use freshwater 

strains and principally those species that are well known in terms of growth and biomass 

production. Moreover, these studies are based on small volumes of culture and are not 

comparable to high biomass production.  

Life Cycle Assessment and Energetic Balance 

The main objectives of the currents studies in microalgal biomass production are to find the 

�perfect strain� in terms of biomass and lipids production. However, if we consider our 

proposed conceptual equation (1), we must decrease the impacts in energy consumption and the 

impact to the environment as well. Taking up these premises, it is well-known that for every 

project, process or product produced it is preferable to do an exhaustive Life Cycle Assessment 

(LCA) of the whole process, and in the case of biofuel production also is important to know the 

energy balance of the production. LCA is a tool to determine where or in which part of a 

process or product there are impacts on the environment. The future projects for biofuel 

feedstocks �must be critically analyzed to determine their energetic and greenhouse gas (GHG)

emission impacts while considering scalability to a significant level of production� (Batan et al., 

2010). There are many studies that quantify the sustainability of the microalgae to biofuel 

process (Batan et al., 2010; Collet et al., 2011; Yang et al., 2011). Most of the studies use 

laboratory or model data, extrapolated to higher scale (pilot or semi-industrial) and make 



Chapter I 

28 

assumptions of hypothetical microalgae production in order to establish the principal 

environmental impact and energetic requirements.  

With regards to the energy requirements during the different stage processes of microalgal 

biomass production, some researchers focus their studies in those stages which are identified as 

bottlenecks in this technology, especially in the harvesting and extraction methods (Molina 

Grima et al., 2003).  In this thesis the evaluation of microalgal biomass production from 

dinoflagellates and raphidophytes was defined and the main requirements in terms of energetic 

consumption during the growth of the algae were characterized. Improvement in the efficiency 

of the equipment was identified. The construction and the implementation of the culture device 

(bcPBR) was compared the results with other LCA studies that used �green strains� for biomass 

production. 

Increasing the biotic variable (biomass and lipids production) in the target strains, and, 

decreasing the energetic requirements and the environmental impact during the production 

process, were identified as our main objective for the proposed conceptual equation (1), and 

were the aim of the thesis work using marine microalgae. In future works using microalgae as 

biomass for biodiesel production, the challenge will be to enhance the biomass and lipids 

production and reduce the energy and environmental impact in order to obtain a sustainable 

biofuel. 



Introduction 

 29

OBJECTIVES OF THIS THESIS 

The main objective of this thesis is to generate basic knowledge on the biomass and lipids 

production of two algal groups: Dinoflagellates and Raphidophytes, in order to use their 

biomass as feedstock for biodiesel production. Target species were those that usually form 

extensive proliferations in coastal Mediterranean basin, strains were conditioned to an enclosed 

system production (bcPBR) at indoor and outdoor conditions.

The specific objectives were: 

1. A screening of different species of dinoflagellates and raphidophytes based on terms of 

their growth rate, biomass productivity, lipids productivity, lipids profile and lipids 

content in laboratory cultures and compared to other microalgal groups.  

2. To provide specific knowledge in terms of wet biomass production, growth rates, 

quality and lipids concentration (total oil production) and triacylglicerides production in 

different strains of dinoflagellates and raphidophytes.  

3. To compare the lipids profiles obtained in the dinoflagellate and raphidophytes strains 

tested, with those lipids profile of feedstocks (terrestrial plants) usually utilized in 

biodiesel production.  

4. To identify and characterize the main abiotic parameters in the dinoflagellate and 

raphidophytes biomass cultures production, which trigger an increase of 

triacylglicerides in the microalgal cell tested. 

5. To characterize the lipid profile and lipid production of the dinoflagellate and 

raphidophytes strains under environmental stress conditions.

6. To scale-up cultures of dinoflagellates and raphidophytes and establish the abiotic 

parameters that influence the growth rate, lipid and microalgae biomass production 

under controlled conditions (indoor) and natural conditions (outdoor).  
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7. To carry out a Life Cycle Assessment (LCA) and an Energetic Balance of marine 

dinoflagellates and raphidophytes biomass production for biodiesel generation in a 

bubble column photobioreactor (bcPBR) pilot plant. 

8. To assess the environmental impact produced in a biomass pilot plant production to 

identify and suggest improvements in the process of microalgal biomass generation.

THESIS STRUCTURE 

The thesis is divided into 6 chapters, structured as a general introduction, four chapters that 

fulfil the proposed specific objectives, a general discussion, conclusions and final remarks. Each 

chapter is presented as a research article with an abstract, introduction, material and methods, 

results, discussion and conclusions. Figure 1.5 show different phases of microalgal production 

for biodiesel generation, especially focused in the first part of the process of the biomass 

production. 

Figure 1.5. The diagram explains different stage process for biodiesel production. The thesis is focused in 
the first part of the process of microalgal biomass production (red square dot line). Upper lines show 
every chapter generated from the study, and black thick vertical dotted line points out every stage of the 
microalgal biomass generation during the investigation.
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The thesis was focused on screening, growth and scale-up the cultures, and test abiotic culture 

parameters, and, in each corresponding chapter a GC chemical analysis of the biomass produced 

was done.  

Chapter II or Fuentes-Grünewald et al., 2009 is intended to answer the specific objectives 1, 2 

and 3. This chapter is entitled: Use of the Dinoflagellate Karlodinium veneficum as a 

Sustainable Source of Biodiesel Production. Our main objective was the isolation and a 

screening of different species of dinoflagellates and raphidophytes. Most of the species analyzed 

in this work are those that have a recurrent bloom forming in Mediterranean basin, and the 

entire genus tested has a cosmopolitan distribution. We compared the target species 

(dinoflagellates and raphidophytes) with a typical microalgae use for aquaculture activities 

(Tetraselmis suecica) and with diatoms. We tested strains in their growth rate, lipids profile, and 

biomass productivity (wet weight). We identified the best harvest time in terms of biomass 

productivity and lipid content for those species that show the best results in these two biotic 

parameters. After a Gas Chromatography (GC) analysis of the strains tested, it was obtained the 

lipid profiles and it was compared the results with those terrestrial oil feedstock (palm, soybean, 

sunflower and olive) commonly used for biodiesel production. In this chapter, it was suggested 

an easy and less time and material consuming technique to evaluate the lipid content (TAG) in 

cells, using a fluorochrome stain (Nile Red) in dinoflagellates and raphidophytes. Finally, we 

identified and proposed three strains of microalgae (two dinoflagellates and one raphidophyte) 

adecuate for biomass and lipids production.

Once identified the strains suitable for biomass production in controlled laboratory conditions, 

the next step was to optimize the TAG production in the target strains and to develop an 

experimental design to test the main abiotic parameters that influence the oil production, and try 

to answer the specific objectives 4 and 5. This chapter correspond to the article entitled:

Improvement of lipids production in the marine strains Alexandrium minutum and 

Heterosigma akashiwo utilizing abiotic parameters (chapter III). Here, we focused on the 

improvement of lipids productivity of the strains, using environmental variables. Culture strains 

were submitted to a higher temperature (than standard conditions) and low NaNO3 in the growth 

medium.
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With the obtained results in previous experiments, the challenge was to grow the target strains 

in outdoor environmental conditions and to check if their respond in terms of lipids, biomass 

productivity and growth rate, in the same way that when the cultures were growing in controlled 

conditions. This work was focused to respond the specific objectives number 6 and the article 

was entitled: Biomass and lipid production of dinoflagellates and raphidophytes in indoor 

and outdoor photobioreactors (chapter IV). Here microalgae grow in two environmental 

conditions: indoor controlled conditions and outdoor natural conditions during three seasons 

(autumn, winter and spring). Cultures were scale-up from 2 L flask to 300 L bcPBR system. We 

used the strains identified Heterosigma akashiwo, Karlodinium veneficum and we use 

Alexandrium minutum. We compared growth rate, biomass productivity, lipids productivity and 

lipids content when we submit the algal strain at these two different environments. The strains 

tested are sufficiently robust to produce stable microalgae biomass at outdoor conditions. For 

the first time, it was give consistent results of the fatty acid profile of dinoflagellate and 

raphidophytes under two different environmental conditions. Also was identified the main 

problems that suffered the bcPBR cultures in natural environmental conditions. These results 

were used to determine the environmental impact analysis and the energetic balance (chapter 

V). 

The specific objectives of the chapter V addressed were the number 7 and 8 and the work was 

entitled: Energetic balance and environmental impact analysis of marine microalgal 

production for biodiesel generation in a photobioreactor pilot plant. After a screening 

strains and the establishment of the suitable candidates for microalgal biomass production from 

dinoflagellates and raphidophytes (Chapter II), enhanced the lipids production in the targets 

microalgae species using abiotic parameters (Chapter III), grow and scale-up microalgae 

cultures in different conditions (Chapter IV) the aim was to analyzed the environmental impact 

and the energy balance of microalgal biomass production. With the data obtained from the 

previous studies, an exhaustive work in terms of the environmental impact and energetic 

balance of cultures that have higher energy consumption (indoor) and stable environmental 

conditions was made, compared with those submitted to outdoors un-stable conditions, but with 

low energy requirements. It identified the main process stage in microalgal biomass production 

that requires high energy consumption, and suggested the improvements in biotic data (for 

example lipids or biomass productivity to which must be achieved) and the energetic efficiency 

that are necessary to reach, in order to make viable this type of biofuel projects. 
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CCHHAAPPTTEERR IIII

Use of the Dinoflagellate Karlodinium veneficum as a 

Sustainable Source of Biodiesel Production



Chapter II 

34 

Authors: 

Claudio Fuentes Grünewald, Esther Garcés, Sergio Rossi & Jordi 

Camp



Karlodinium as sustainable source of biodiesel 

 35

Abstract 

Microalgae are microscopic heterotrophic-autotrophic photosynthesizing organisms with 

enormous potential as a source of biofuel. Dinoflagellates, a class of microalgae, contain large 

amounts of high-quality lipids, the principal component of fatty acid methyl esters (FAME). 

The properties of the dinoflagellate species Karlodinium veneficum include a growth rate of 

0.14 day-1, a wet biomass of 16.4 g/L, a growth period approximately 30 days, and approximate 

97% increase in fatty acid content during the transition from exponential phase to stationary 

phase. These parameters make K. veneficum a suitable choice as a bioresource for biodiesel 

production. Similarly, two other species were also determined to be appropriate for biodiesel 

production: the Dinophyceae Alexandrium andersoni and the raphidophyte Heterosigma 

akashiwo.

Keywords:  
Biodiesel; Dinoflagellates; Karlodinium veneficum; Lipids; Microalgae. 
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Introduction 

Biodiesel is a biofuel that, through transesterification, can be produced from different 

feedstocks, including grease, vegetable oils, waste oils, animal fats, and microalgae. In this 

reaction, triglycerides are converted into fatty acid methyl esters (FAME) in the presence of an 

alcohol, such as methanol or ethanol, and either an alkaline or acidic catalyst. The reaction 

produces two immiscible layers, biodiesel and, as a by product, glycerol (Palligarnai et al., 

2008).  

The unstable price of fossil fuel, worldwide interest in reducing the amount of CO2 emitted into 

the atmosphere, and the attempts of petroleum-dependent countries to enlarge their energy 

matrix have led to increasing interest in biofuel production. Until recently, the synthesis of 

biodiesel derived mostly from terrestrial plants. This strategy has become controversial because 

of the lack of sustainability of plant-based biofuel, specifically, the resulting deforestation of 

extensive land otherwise devoted to the cultivation of soybean, palm, sugarcane, rapeseed, and 

other food plants (Lian, 2007), the consumption of scarce water resources, the degradation of 

arable land, and the reduced amount of CO2 fixation. Moreover, the transformation of primary 

food resources into biofuels has led to a clash of interests, as plant-derived biodiesel has 

deprived poor countries of food and increased its cost (Puppán, 2002). All of these factors have 

stimulated the search for other sources of biodiesel production that are both sustainable and 

economical (Chisti, 2007). 

Microalgae are microscopic heterotrophic-autotrophic photosynthesizing organisms that inhabit 

many different types of environments, including freshwater, brackish water, and seawater. More 

than 40,000 different species of microalgae have been identified, most of which have a high 

content of lipids, accounting for between 20 and 50% of their total biomass (Chisti, 2007). 

Accordingly, microalgae have the potential to synthesize 30-fold more oil per hectare than 

terrestrial plants (Sheehan et al., 2006). They are currently widely used in industry in the 

synthesis of pigments and additives, as a source of protein, and in biofuel production. 

Marine microalgae have several advantages compared to other sources of biodiesel production. 

Due to their high growth rate has the potential to satisfy the enormous demand for biofuels but 

they can be cultured on non-agricultural land or even in coastal areas and without the need of 

freshwater. In addition, the tolerance of microalgae to a high CO2 content in gas streams allows 

high-efficiency CO2 mitigation (Chang et al., 2003; Hsueh et al., 2007). Biodiesel from 
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microalgae does not contain sulfurs, is highly biodegradable, and is associated with minimal 

nitrous oxide release. Microalgal farming is also potentially more cost-effective than 

conventional farming (Chisti, 2008; Yanqun et al., 2008). 

In the 1970s, as a response to the petroleum crisis, the US government made a major effort to 

identify the optimal type of algae for biodiesel production (Sheehan et al., 1998). As a result, 

more than 3,000 different microalgae species, including those belonging to the 

Bacillariophyceae, Chlorophyceae, Cyanophyceae, Prymnesiophyceae, Eustigmatophyceae, and 

Prasinophyceae, with natural habitats in different parts of the country, were examined. A few of 

these algae were shown to be cultivable on a large scale such as in a photobioreactor or in 

ponds. 

Nonetheless, the production of biodiesel from microalgae has thus far been restricted to a few 

species, i.e., those for which the culture conditions in high biomass systems are known: the 

cyanobacteria Spirulina platensis (protein production), the Chlorophyceae Chlorella 

protothecoids (heterotrophic cultivation in photobioreactors for biomass), Tetraselmis suecica 

(food source in aquaculture hatcheries), and Haematoccocus pluvialis (pigment production). 

Despite their relatively widespread use in these and other applications, these species are 

controversial sources of biodiesel because their cultivation requires the input of large amounts 

of freshwater (Spirulina, Chlorella, Haematoccocus) or because their oil content is too low to be 

of economic interest (Tetraselmis,).  

Microalgae with a high content of fatty acids, neutral lipids, and polar lipids as well as a high 

growth rate in the natural environment have yet to be exploited for biodiesel, and the isolation 

and characterization of microalgae with the potential for more efficient lipid/oil production 

remain the focus of continuing research (Hu et al., 2008). A high content of fatty acids, as a 

neutral lipids or triacylglycerols (TAG), is found naturally in a group of microalgae, the 

dinoflagellates. Additionally, these organisms occasionally form explosive and extensive 

proliferations (blooms) in coastal waters all over the world. These episodic blooms extend for 

hundreds of kilometers, with cell concentrations reaching millions per liter (Clement, et al., 

2002; Basterretxea, et al., 2005). Such properties make dinoflagellates of potential interest as a 

source of biofuel. In the study reported here, we investigated three genus of dinoflagellate and 

one raphidophyte species (Alexandrium, Karlodinium, Scripsiella, and Heterosigma) for their 

potential as alternatives for biodiesel production and as sources of biomass in biofuel 

production. Specifically, the properties of these microalgae were compared with those of 
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microalgae traditionally used in biodiesel production in terms of growth rate, cell yield, and 

quantity and quality of their oil content. 

Materials and Methods 

Strain cultures 

All species were cultivated in multiple and in batch cultures at the Marine Science Institute 

(ICM, CSIC). The characteristics of the species are presented in Table 1. All the strains were 

grown in L1 medium under the same conditions (Guillard and Hargraves 1993). The ten strains, 

belonging to seven genera, were inoculated at an average concentration of 4200 cells/mL 

seawater (salinity 36, neutral pH) into 2-L Nalgene flasks and incubated at 21°C ± 1°C with 

prefiltered injected air (Iwaki filter, pore size 0.2-µm pore size, Iwaki, Tokyo, Japan). Under 

12:12 h (light/dark) photoperiod, with illumination provided by fluorescence tubes (Gyrolux, 

Sylvania, Germany) emitting a photon irradiance of 110 mol photons m-2 s-1 (measured with a 

Licor sensor, Licor Biosciences, Lincoln, NB).  

Class Species Strain Nº in 

this 

study 

Year of 

isolation 

Location 

Dinophyceae Alexandrium catenella ICMB 223 1 2006 Tarragona (Spain) 

Dinophyceae Alexandrium minutum AMP 4 2 1975 Port Palma (Spain) 

Dinophyceae Alexandrium andersoni ICMB 222 3 2007 Alfacs (Spain) 

Dinophyceae Alexandrium insuetum ICMB 218 4 2006 Arenys de Mar 

(Spain) 

Dinophyceae Karlodinium veneficum ICMB 252 5 2007 Alfacs (Spain) 

Dinophyceae Scripsiella trochoidea ICMB 213 6 2007 Arenys de Mar 

(Spain) 

Raphidophyceae Heterosigma akashiwo ICMB 830 7 2007 Vilanova i la 

Geltru (Spain) 

Bacillariophyceae Chaetoceros affinis ICMB 008 8 1997 Masnou (Spain) 

Bacillariophyceae Pseudonitzschia 

delicatissima 

ICMBF2B2 9 2007 Arenys de Mar 

(Spain) 

Prasinophyceae Tetraselmis suecica CCAP 66/4 10 2003 UK 

Table 1. Algal strains analyzed in this study. 



Karlodinium as sustainable source of biodiesel 

 39

Growth rates 

Subsamples (10 mL) of each culture were fixed in Lugol�s iodine. During the lag phase, the 

cultures were sampled every day and during stationary phase every 4 days. Samples were 

counted in a Sedgewick-rafter chamber under an inverted optical microscope (Leica-Leitz DM-

II, Leica Microsystems GMbH, Wetzlar, Germany) at 200-400x magnification. Cell abundance 

data were used to calculate the exponential growth rate of the cultures. Species-specific net 

growth rates were estimated from  = ln(N0/Nt)/t, where N0 and Nt are the initial and final cell 

densities, and t the time interval in days (Guillard, 1973). 

Wet weight (biomass) 

Wet weight (WW) was determined by filtering duplicate subsamples (10 mL) through pre-

weighed glass-fiber filters (Whatman GF/F 25 mm, nominal pore size 0.7 µm; GE Healthcare 

Life Sciences, Piscataway, NJ) and then weighing the filters on a Sartorious balance (precision 

of 0.001 g; Sartorius, Germany). 

Lipid extraction and fatty acid analysis 

Primary lipid analyses were carried out for all strains at the Institute of Science and 

Environmental Technology (ICTA, Autonomous University of Barcelona, Spain). The lipids of 

one control strain (Tetraselmis suecica; number 10, see Table 1) and of five different strains 

(number 1, 2, 3, 5, 7, see Table 1) were analyzed at three different time in the growth curve: lag 

phase (day 6), exponential phase (day 21), and stationary phase (day 35).  

Triplicates of a 50-mL subsample were filtered on previously combusted (450ºC 4 h) GF/F 

Whatman glass-fiber filters, immediately frozen in liquid N2, freeze-dried for 12 h and then 

stored at -20ºC until analysis. The filters were placed in a tube with 3:1 dichloromethane-

methanol (DCM:MeOH), spiked with an internal standard (2-octyldodecanoic acid and the 5-

cholanic acid), and the lipids extracted using a microwave-assisted technique (5 min. at 70ºC). 

After centrifugation, the extract was taken to near dryness in a centrifugal vacuum concentrator 

maintained at constant temperature and then fractionated by solid-phase extraction according to 

a previously published method (Ruiz, et al., 2004) The sample was subsequently re-dissolved in 

0.5 mL of chloroform and eluted through a 500-mg aminopropyl mini-column (Waters Sep-

Pak® Cartridges; Waters, Milford, MA) previously activated with 4 mL of n-hexane. The first 

fraction was eluted with 3 mL chloroform:2-propanol (2:1) and the fatty acids recovered with 
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8.5 mL of diethyl ether:acetic acid (98:2). Despite reported concerns on the background levels 

free fatty acids (FFAs) in the aminopropyl columns (Russel, and Werne, 2007), the 

concentrations of target FFAs in the SPE cartridges used were below the detection limit. The 

FFAs fraction was methylated using a 20% solution of MeOH/BF3 heated at 90ºC for 1 h, and 

the reaction was quenched with 4 mL of NaCl-saturated water. The FAMEs were recovered by 

extracting the samples twice with 3 mL of n-hexane. The combined extracts were taken to near 

dryness, re-dissolved with 1.5 mL of chloroform, eluted through a glass column filled with 

Na2SO4 to remove residual water, and, after removal of the chloroform, subjected nitrogen 

evaporation. The extracted sample was stored at -20ºC until gas chromatography analysis.  

Gas chromatography analysis of extracts re-dissolved in 30 µL of iso-octane was carried out in a 

Thermo Finnigan Trace GC Ultra instrument (Thermo Fisher Scientific, Waltham, MA) 

equipped with a flame ionization detector and a splitless injector, and fitted with a DB-5 Agilent 

column (30-m length, 0.25-mm internal diameter, 0.25-µm phase thickness). Helium was used 

as the carrier gas, delivered at a rate of 33 cm/s. The oven temperature was programmed to 

increase from 50 to 320ºC at 10ºC/min. Injector and detector temperatures were 300ºC and 

320ºC, respectively. The FAMEs were identified by comparison of their retention times with 

those of standard fatty acids (37 FAME compounds, Supelco Mix C4-C24, Supelco, Bellefonte, 

PA) and quantified by integrating the areas under the curves in the gas chromatograph traces 

(Chromquest 4.1 software), using calibrations derived from internal standards. 

Lipids fluorescence in microalgae 

The intracellular neutral lipid distribution in microalgal cells was examined by staining a 3.mL 

suspension of the algae with 10 µL (7.8 × 10-4 M) of Nile Red fluorescent dye (Sigma-Aldrich, 

St. Louis, MO) dissolved in acetone (final concentration 0.26 µM). The samples were examined 

by epifluorescent microscopy (Leica-Leitz DM-II, Leica Microsystems GMbH, Wetzlar, 

Germany) with an excitation wavelength of 486 nm: the emission measured at 570 nm, 

following the method of Elsey et al. (2007). Photographs were taken with a Sigmapro software 

image analyzer, which was also used to calculate the percentage of positive stained cells.
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Results 

Strains growth rate  

The net growth rate differed among the examined species (Fig. 1) and was highest for T. suecica

(Prasinophyceae), which grew at a rate of 0.23 day-1 (1 division every 4.4 days) during the 

exponential phase of growth. Accordingly, at 24 days of culture, the cell abundance was nearly 

85 × 106 cells/L, after which the culture entered stationary phase and decayed. Among the three 

dinoflagellates, the growth rate of K. veneficum was the highest, 0.14 day-1 in the exponential 

phase, corresponding to an abundance of 44 × 106 cells/L at day 30 of culture. For H. akashiwo, 

maximum abundance was approximately 26 × 106 cells/L at day 35 of culture, reflecting a 

growth rate of 0.10 day-1 (1 division every 10 days). Among the six species examined in the 

study, this raphidophyte was unique in that cell abundance was maintained for more than 6 

months (data not shown). Moreover, the cells remained healthy without the addition of fresh 

medium. This was in contrast to the other cultures, which gradually decayed such that total cell 

lysis occurred approximately 2 months after inoculation.  

The growth rate of dinoflagellates belonging to the genus Alexandrium differed depending on 

the species. The highest growth rate was that of A. andersoni, 0.10 day-1 similar to that of the 

raphidophyte H akashiwo, but the cell abundance of the former (maximum of 9 × 106 cells/L) 

was lower than that of the latter. The growth rates of A. minutum and A. catenella were two 

orders of magnitude slower (0.04 day-1 and 0.03 day-1, respectively) than those of faster-growing 

microalgae. In terms of abundance, A. minutum reached a maximum of 2.6 × 106 cells/L and A 

catenella a maximum of 9.4 × 105 cells/L at culture day 36 and 35, respectively. 
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Figure 1. Growth curve of the cultures obtained from the populations of different marine microalgae 
incubated at 21°C, neutral pH, in medium with a salinity of 36, and in prefiltered air. The flasks were 
cultured under a 12:12-h (light:dark) photoperiod at a photon irradiance of 110 mol photons m-2 s-1. 
Errors bars denote standard deviations among replicates. 

Wet Biomass 

In the lag phase, the maximum biomass was achieved by H. akashiwo (14.3 g/l), and the 

minimum by A. andersoni (9.4 g/l). In comparison, in the exponential phase, A. catenella (20.2 

g/l), was found to have the maximum, and K. veneficum the lowest (average of 16.1 g/l). The 

increase in wet biomass during exponential phase was more evident in the genus Alexandrium

than in the other microalgae (Fig. 2). The different microalgal strains evidenced similar results, 

with maximum biomass reached in the late-exponential phase. At stationary phase, the WW of 

all the cultures diminished with exception of T. suecica, which retained the weight it had 

obtained in exponential phase (18.5 g/l). 
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Figure 2. Total wet weight (WW) of six marine microalgae cultures at different phases of the growth 
cycle (lag, exponential, and stationary phases). Errors bars denote standard deviations between two 
replicates. Asterisk indicates significances differences are marked P < 0.05 

Total lipid content  

The lipid concentration as a percentage of total fatty acid was determined at the different phases 

of culture in the strains grown under equivalent culture conditions. The lipid content of the 

control strain, T. suecica, was maintained at almost the same level throughout the experiment, 

with only a slight decrease (7.8%) in the stationary phase (data not shown). The behaviour of 

the genus Alexandrium differed depending on the species. The lipid content of A. catenella 

diminished by 7.0% from lag phase to exponential phase, and then increased by nearly 48% 

from exponential phase to stationary phase. In A. minutum, the lipid content increased by 

approximately 97% from lag phase to exponential phase whereas that of A. andersoni 

diminished by about 27% from exponential phase to stationary phase. The best performance in 

terms of lipid accumulation was that of Karlodinium veneficum. The lipid content of this 

dinoflagellate increased throughout the different growth phases: by 40% from lag phase to 

exponential phase followed a large and intense accumulation, approximately 97%, from 

exponential phase to stationary phase. The raphidophyte H. akashiwo maintained its total lipid 

content from lag phase to the exponential phase, but there was an extreme reduction (approx. 

43%) from exponential phase to stationary phase. 
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The highest total lipid content (Fig. 3) was achieved at the stationary phase of culture, by the 

dinoflagellate K. veneficum, whereas during this growth phase, among the microalgal strains 

analyzed, the lipid content of Tetraselmis suecica was the lowest. 

Figure 3. Total lipid content as measured by gas chromatography, in terms of oil concentration (g/l), 
during the stationary phase of culture. Errors bars denote standard deviations between three replicates. 

Fatty acid composition 

The most abundant fatty acids expressed by the different classes of microalgae during stationary 

phase were those of the 18:0, 16:0, 20:3, and 17:1 type (Table 2). In general, the highest levels 

of saturated lipids were found in A. catenella (42.3%), A. minutum (40.6%), and K. veneficum

(39.7%). In the diatoms, saturated fatty acid content ranged from 22.3% (the minimum of the 

six strains tested) in P. delicatissima to 32.3% in C. affinis. In the dinoflagellate S. trochoidea, 

saturated fatty acids accounted for 29.8% of the lipid content, compared to 39.7% in the control 

algae T. suecica. Monounsaturated fatty acids varied from 5.8 to 9.8% of the total fatty acids. 

Polyunsaturated fatty acids (PUFAs) consisted mainly of 18:5(n3) (0.8�5.0%), 20:3(n3) (2.8�

6.4%), and, in lesser amounts, 20:4(n3) (0.4�2.5%). 
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Table 2. Relative abundance (%) of fatty acid composition in different marine microalgae at the stationary phase of culture. SFA, Saturated fatty acid, MUFA, 
monounsaturated fatty acid; PUFA, polyunsaturated fatty acid 
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Change in fatty acid composition at different growth phases 

The fatty acid composition in members of the Dinophyceae changed depending on the culture 

phase. In most cases, the lipid concentration, especially of PUFAs such as C18:5(n3) and 

C20:3(n3), increased during the transition from exponential to stationary phase. In A. minutum 

and A. catenella, these polyunsaturated acids increased by approximately 5% whereas in A. 

andersoni their amounts did not change. Among the Dinophyceae, Karlodinium veneficum had 

the greatest increase in lipid content, 45%, from exponential to stationary phase. This increase 

was seen not only in the main compounds C16:0 and C18:0, but also in all fatty acids measured. 

The lipid content of the raphidophyte H. akashiwo also increased, by about 20%, between lag 

phase and stationary phase (data not shown). In the control algae T. suecica, a smooth increase 

of only ~3%, in the main fatty acids C16:0 and C18:0, was observed (data not shown). 

Figure 4. Different types of oil (from Ramos, M.J. et al. 2008) compared with the fatty acids profile 
obtained from dinoflagellates in this study. 
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Fluorescence of neutral lipids 

The liposoluble fluorescence probe Nile Red was used to visualize neutral lipids in the cells. 

This method has several advantages over in situ screening. The dye is relatively photostable, 

intensely fluorescent when dissolved in organic solvent and in a hydrophobic environment, and 

it is sensitive to non-polar lipids in living cells. In this study, microphotographs (Fig. 5) were 

obtained from stationary-phase cultures.  

The highest lipid content, as determined by Nile Red staining, was observed in K. veneficum, in 

which 81% of the cells were lipid-positive. In this species, small drops of neutral lipids were 

seen dispersed throughout the cytoplasm. While some A. minutum cells in the sample stained 

highly positively for lipid, others did not such that, overall, the percentage of stained cells was 

low (21.3%). T. suecica was also comparatively poor in neutral lipid content during stationary 

phase. In contrast, many of the cells of A. andersoni showed massive concentrations of neutral 

lipids, usually located in the hypotheca of the cell. 

Figure 5. Epifluorescent microphotographs (60× magnification) of microalgae stained with the 
fluorochrome Nile Red. Neutral lipids are seen as yellows drops. (A) Alexandrium andersoni, (B)
Karlodinium veneficum, (C) Alexandrium minutum, and (D) Tetraselmis suecica 
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Discussion

The growth curves obtained for the six microalgal species that we investigated are characteristic 

of marine microalgae in showing that for most of them, the lag phase occurred from day 0 to 

day 6; the exception was T. suecica, consistent with previously reported data for this species

(Fábregas, et al., 2001; Fábregas, eta al 1991). The biomass of T. suecica doubles every 24 

hours during the exponential growth phase, thus reaching high densities. For this reason, it has 

become one the microalgal strain most frequently used in industrial aquaculture.  

Among the Dinophyceae, K. veneficum showed the best performance in terms of growth, 

although the rate measured in this study was much lower than that of wild populations (Stolte, 

and Garcés, 2006). Nonetheless, it was high enough to yield a large biomass in culture within a 

reasonable period of time. Further studies will be needed to determine whether the growth rate 

in culture can be improved, such as by isolating new strains and test different abiotic parameters 

prior the establishment of the maximum growth rate.  

In the genus Alexandrium, different strategies of growth and abundance were observed. The best 

growth results were obtained with A. andersoni, with a rate similar to that of wild populations in 

the Mediterranean Sea. For this species, maximum cell abundance occurred at day 35 and the 

growth curve was longer than that of either the control algae or the best Dinophyceae. In 

contrast, both A. minutum and A. catenella was the lowest of the strains studied, specifically, 

almost two orders of magnitude less than the best microalgae in this study (T. suecica). The 

growth rate of the raphidophyte H. akashiwo was similar to that of A. andersoni, with a 

maximum density was measured at day 36. Furthermore, this latter species was able to remain 

in stationary phase for more than 6 months. This feature could be taken advantage of to 

maintain this organism as a constant inoculum in a high-biomass culture strategy. The different 

growth rates and cell abundances suggest that the biovolume of the cells greatly influences the 

carrying capacity of the population when the microalgae are cultured in flasks or tanks such as 

those used in this study. 

 The biomasses of the different strains were similar during the different culture phase. For 

example, the biomass of all strains was lower during lag phase than during exponential phase, 

with the maximum biomass being that of H. akashiwo and the minimum that of A. andersoni. In 

the transition from lag phase to exponential phase, the biomass of all strains increased, most 

importantly in A. catenella and A. andersoni, as both strains almost doubled their biomass 
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weight within 10 days. In contrast, the biomass of H. akashiwo in these two growth phases 

differed by only a few grams. In the stationary phase, culture biomass decreased in all cases but 

one: T. suecica, maintained its biomass between exponential phase and lag phase.  

In terms of commercial or industrial applications, it is important that the optimal phase to 

harvest the microalgae is known. Our results suggest that, in terms of growth phase and biomass 

in this type of culture (batch cultures), harvest during late-exponential phase results in the 

highest yields. For example, the average wet weight of K. veneficum, A. andersoni, and H. 

akashiwo during late exponential phase was approximately 15g/L. This value is low compared 

to the 50 g/L reported for Spirulina platensis, a typical cyanobacteria used in protein production 

and cultured in open ponds, but is similar to the weights obtained following heterotrophic 

cultivation of Chlorella protothecoides, which is used for biodiesel production. The WW of this 

green algae when cultured in a bioreactor was reported to be about 15.5 g/L in 5-L vessels, 12.8 

g/L in 750-L vessels, and 14.2 g/L in 11,000 L vessels (Li et al., 2007). 

The total lipid content in our strains, especially those belonging to the Dinophyceae and the 

Raphidophyte, increased from the lag and exponential phases to stationary phase. These results 

are consistent with those of previous studies on other dinoflagellates species. Mansour et al. 

2003, found that in Gymnodinium sp. the proportion of triacylglycerols increased almost four-

fold during stationary phase compared to the level measured during the exponential phase.

Triacyglycerols function as storage lipids and thus in most microalgae are usually at their lowest 

levels during exponential growth, increasing during stationary phase, as nitrogen or phosphorus 

is depleted (Brown et al., 1996; Hallegraeff et al., 1999). This observation can be practically 

applied in strategies aimed at exploiting the high biomass reached by cultures of dinoflagellates, 

such as K. veneficum. Accordingly, it is important to evaluate growth phase, biomass, and 

storage lipids with respect to achieving the highest production under different limiting 

conditions. Based on our results on biomass and lipid content, the late stationary phase is the 

optimal time to harvest microalgae with the aim of obtaining the highest concentrations of oil. 

The characterization of marine microalgae lipid composition has been suggested as a 

chemotaxonomic tool to distinguish between orders and classes of these organisms (Hallegraef 

et al., 1999; Mooney et al., 2007). However, the lipid composition within the same species can 

vary in response to growth conditions and other related factors. In the microalgae studied here, 

the characteristic fatty acid composition is C16:0 and C18:0 (Mathews and Van Holde, 2000), 
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and these lipids were present in high concentrations in our strains. Additionally, the PUFAs 

octadecapentaenoic acid (OPA 18:5n3), and 20:5n3 were presents in all dinoflagellate species, 

albeit in varying amounts. A requirement of the raw material used for biodiesel production is 

that it contains high amounts of saturated fatty acids. Our results show that the oil extracted 

from dinoflagellates is highly similar to palm oil (Fig 4). With respect to biodiesel production, 

the fatty acid profile of dinoflagellate suggest that the obtained product offers several 

advantages in terms of quality because it results in a high-cetane fuel and thus a high quality of 

ignition  

Staining cells with Nile Red confirmed the presence of oils drops distributed throughout the 

cytoplasm. Within the same culture of A. minutum, some cells had large amounts of neutral 

lipids whereas others had none. There were indeed differences in the per-cell oil content in this 

species. In Karlodinium, small oil drops were heterogeneously distributed in the cell body, 

while in almost all cells of A. andersoni they were concentrated in the hypotheca. Oil drops 

were difficult to observe in T. suecica, most likely due to the low lipid content of the cells. 

Taken together, our staining results demonstrate that Nile Red can be used prior to the rapid 

quantification of neutral lipids by spectrophotometry, as described by other groups (Elsey et al. 

2007; Qingyu et al. 2008). 

Pilot studies using large-scale cultures are needed to validate our findings that dinoflagellates 

offer a sustainable approach to biodiesel production. In these studies, a natural source of light 

should be used and culture strategies, such as photobioreactor and open-pond cultures, should 

be developed with the aim of enhancing the quantity and the quality of the microalgal lipids. 

Conclusion 

Dinoflagellates are widely distributed and readily isolated in many different countries. As 

shown here, they comprise several strategic species that can be used as a source of raw material 

for biofuels. An analysis of the biotic characteristics (growth rate, biomass, cell yield, lipid 

content) of several species of microalgae supports their use as feedstocks for biodiesel 

production. Two species of Dinophyceae, K. veneficum and A. andersoni, and one 

Raphidophyte species, H. akashiwo, were found to be of particular interest as a bioresource for 

biodiesel production, based on: (1) their high lipid content; (2) their moderate net growth rate; 

(3) their high average wet biomass;  (4) their short period of growth (28�35 days) compared 
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with terrestrial plants.  Future work will need to focus on improving the biotic features of 

microalgal cultures relevant to biodiesel production, mainly by changing environmental 

parameters such as salinity, nutrient, temperature, and light conditions.   

Acknowledgements

We are grateful to the members of the L´Esfera Ambiental Laboratory, Universitat Autònoma 

de Barcelona, for their help in the gas chromatography analyses. Thanks to Zona Acuarios 

Experimentales (ZAE) at the ICM-CSIC for the use of their accommodations for the 

experiments and also thanks to the people of PBL group at the ICM-CSIC for their help in 

culture and counting techniques. We also thank to the Comisión Nacional de Investigación 

Ciencia y Tecnología (CONICYT) Chile, for its support of the scholarship �Beca de Gestión 

Propia,� which finances the PhD studies of C. Fuentes-Grünewald. The work of E. Garcés and 

S. Rossi was supported by the Ramon y Cajal award of the Spanish Ministry of Science and 

Innovation. 

References 

Basterretxea G, Garcés E, A. Jordi A, M. Masó M, Tintoré J. (2005) Breeze conditions as a 
favoring mechanism of Alexandrium taylori blooms at a Mediterranean beach. Estuarine, 
Coastal and Shelf Science, 32 (1-2):1-12. 

Brown, M.R., Dunstan, G.A., Norwood, S.J., Miller, K.A. (1996) Effects of harvest stage and 
light in biochemical composition of the diatom Thalassiosira pseudonana. Journal of Phycology 
34, 712 � 721.  

Chang, E. H. Yang, S. S. (2003) Some characteristics of microalgae isolated in Taiwan for 
biofixation of carbon dioxide. Botanical Bulletin of Academy Sinica. 44 (1), 43-52  

Chisti, Y. (2007) Biodiesel from microalgae. Biotechnology Advances 25, 294-306. 

Chisti, Y. (2008) Biodiesel from microalgae beats bioethanol. Trends in Biotechnology. 26 (3): 
126-131.  

Clement, A., Aguilera, A., Fuentes-Grünewald, C. (2002) Análisis de marea roja en 
Archipiélago de Chiloe, contingencia verano 2002. In: XXII Congreso de Ciencias del Mar, 
Valdivia, Chile,  



Chapter III 

52 

Elsey, D., Jameson, D. Raleigh, B., Cooney, M.J, (2007) Fluorescent measurement of 
microalgal neutral lipids. Journal of Microbiological Methods 68: 639-642.  

Dunstan, G.A., Volkman, J.K., Barret, S.M., Garland, C.D. (1993) Changes in the lipid 
composition and maximization of the polyunsaturated fatty acid content of three microalgae 
grown in mass culture. Journal of Applied Phycolology 34:71-83.  

Fábregas, J. Abalde, J. Herrero, C. Cid, A. (1991) Yields in biomass and chemical constituents 
of four commercial important marine microalgae with different culture media. Aquacultural 
Engineering 10: 99-110. 

Fábregas, J. Otero, A. Dominguez, A. Patiño, M. (2001) Growth rate of the microalgae 
Tetraselmis suecica changes the biochemical composition of Artemia species. Marine 
Biotechnology 3, 256-263.  

Guillard, R. R. L. Division rates. (1973) In: Stein, J.R. (ed.) Handbook of phycological 
methods. Cambridge University Press, Cambridge, pp. 289-312. 

Guillard, R. R. L. & Hargraves, P. E. (1993) Stichocrysis immobilis is a diatom, not a 
chrysophyte. Phycologia 32:234-6.  

Hallegraeff, G.M. Nichols, P.D. Volkman, J.K. Blackburn, S. & Everit, D. (1999) Pigments, 
fatty acids, and sterols of the toxic dinoflagellate Gymnodinium catenatum. Journal of 
Phycology 27, 591-599.  

Hsueh, H. T. Chu, H. Yu, S. T. (2007) A batch study on the bio-fixation of carbon dioxide in the 
absorbed solution from a chemical wet scrubber by a hot spring and marine algae. 
Chemosphere. 66 (5), 878 � 886.  

Hu, Q. Sommerfeld, M. Jarvis, E, Ghirardi, M. Posewitz, M. Seibert, M. Darzins, A. (2008) 
Microalgal triacylglycerols as feedstocks for biofuel production: perspectives and advances. The 
Plant Journal. 54, pp. 621-639. 

Li, X. Xu, H. Wu, Q. (2007) Large-scale biodiesel production from microalgae Chlorella 
protothecoides through heterotrophic cultivation in bioreactors. Biotechnology & 
Bioengineering.  98(4):764-71  

Lian, P. H., (2007) Potential habitat and biodiversity losses from intensified Biodiesel feedstock 
production. Ecology & Conservation Biology. 1373-1375.  

Mansour, P. Volkman, J. Blackburn, S. (2003) The effect of growth phase on the lipid class, 
fatty acid and sterol composition in the marine dinoflagellate, Gymnodinium sp. in batch culture. 
Phytochemistry 63, 145-153.  

Mathews & Van Holde. (2000) Bioquimica. Seg. ed. MacGraw-Hill, Interamericana.  

Mooney, D.B. Nichols, P.D. De Salas, M.F. & Hallegraeff, G.M. (2007) Lipid, fatty acid, and 
sterols composition of eight species of Kareniaceae (Dinophyta): Chemotaxonomy and putative 
lipid phycotoxins. Journal of Phycology 43, 101-111.  

Palligarnai, T. Vasudevan., Briggs, M. (2008) Biodiesel production-current state of the art and 
challenges. Journal of Industrial Microbiology and Biotechnology 35:421-430.  



 53

Puppán, D. (2002) Environmental evaluation of biofuels. Periodica polytechnica Series Social 
and Management Sciences. 10 (1): 95-116.  

Qingyu, Gao, Chungfang, Xiong, Wei, Zhang, Yiliang, Yuang, Wenqiao, Wu. (2008) Rapid 
quantification of lipids in microalgae by time domain nuclear resonance. Journal of 
Microbiology Methods. 75: 437-440. 

Ramos, M.J., Fernández, C.M., Casas, A., Rodríguez, L., Pérez, A. (2008) Influence of fatty 
acid composition of raw materials on biodiesel properties, Bioresource Technology. 100: 261-
268.  

Reitan, K.L., Rainuzzo, J.R., Olsen, Y. (1994) Effect of nutrient limitation on fatty acid and 
lipid content of marine microalgae. Journal of  Phycology 30, 972-979.  

Ruiz J, Antequera T, Andres AI, Petron MJ, Muriel E. (2004) Improvement of a solid phase 
extraction method for analysis of lipid fractions in muscle foods. Anal Chimica Acta 520: 201-
205.  

Russell JM, Werne JP. (2007) The use of solid phase extraction columns in fatty acid 
purification. Organic Geochemistry 38: 48-51.  

Sheehan, J. Dunahay, T. Benemann, J. Roesler, P. (1998) A look back at the U.S. Department of 
Energy´s Aquatic Species Program: Biodiesel from Algae. National Renewable Energy 
Laboratory. NREL/TP-580-24190 

Sheehan, J. (2006) Are a biofuel sustainable?. National Renewable Energy Laboratory. 

Stolte, W. Garcés, E. (2006) Ecological aspects of harmful algal in situ population growth rates. 
Ecological Studies.  In E. Graneli and J.T. Turner (eds.) Ecology of Harmful Algae. Springer 
Verlag. 139-152. 

Volkman, J.K. (1989) Fatty acids of microalgae used as feedstocks in aquaculture. In: Cambie, 
R.C. (ed) Fats for the future. Ellis Horwood, Chichester, pp. 286-283.  

Yanqun, L. Horsman, M. Nan W. Christopher Q.L. Dubois-Calero, N. (2008) Biofuels from 
microalgae. American Chemical Society. 24: 815-820.  

Zhu C.J. & Lee Y.K. (1997) Determination of biomass dry weight of marine microalgae. 
Journal of Applied Phycology 9: 189-194.  





Chapter III 

54 

CCHHAAPPTTEERR IIIIII

Improvement of lipid production in the marine strains 

Alexandrium minutum and Heterosigma akashiwo by utilizing 

abiotic parameters 



Improvement of lipid production 

 55

Authors:  

Claudio Fuentes Grünewald, Esther Garcés, Elisabet Alacid, Nagore 

Sampedro, Sergio Rossi, & Jordi Camp 



Chapter III 

56 

Abstract

In this work, two different strains of microalgae, one raphidophyte and one dinoflagellate, were 

tested under different abiotic conditions with the goal of enhancing lipid production. While 

aeration was crucial for biomass production, nitrogen deficiency and temperature were found to 

be the main abiotic parameters inducing the high-level cellular accumulation of neutral lipids. 

Net neutral lipid production and especially triacylglycerol (TAG), per cell was higher in 

microalgae (> 200% in Alexandrium minutum, and 30% in Heterosigma akashiwo) under 

treatment conditions (25ºC; 330 M NaNO3) than under control conditions (20ºC; 880 M 

NaNO3). For both algal species, oil production (free fatty acids plus TAG fraction) was also 

higher under treatment conditions (57 mg/L A. minutum in and 323 mg/L in H. akashiwo). 

Despite the increased production and accumulation of lipids in microalgae, the different 

conditions did not significantly change the fatty acids profiles of the species analyzed. These 

profiles consisted of saturated fatty acids (SAFA) and polyunsaturated fatty acids (PUFA) in 

significant proportions. However, during stationary phase, the concentrations per cell of some 

PUFA, especially arachidonic acid (C20:4n6), was higher in treated than in control algae. These 

results suggest that the adjustment of abiotic parameters is one a suitable and cheapest 

alternatives to obtain sufficient quantities of microalgal biomass, with high oil content and 

minimal changes in the fatty acid profile of the strains under consideration.

Keywords:  

Microalgae; Dinoflagellates; Raphidophytes; Lipids; Biofuel; Triacylglycerols. 
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Introduction 

Microalgae are microscopic autotrophic, mixotrophic, or heterotrophic organisms that live in 

fresh, brackish, or sea water. At the cellular level, they are composed of varying percentages of 

lipids, proteins, and carbohydrates. Lipids in eukaryotic photoautotrophic cells function as a 

structural component of cell membranes, modulate cellular activity, and serve as energy storage 

compounds. In fact, one of the main biological functions of neutral lipids (triacylglycerol, TAG) 

in microalgal cells is to provide energy for immediate and delayed metabolic requirements. 

Under specific circumstances, microalgae accumulate high concentrations of carbon in the form 

of TAG (Kuwata et al., 1993; Mansour et al., 2003; Li et al., 2008; Converti et al., 2009). These 

high-carbon lipids have been proposed as a source of sustainable oil production and thus as a 

highly feasible alternative in the development of third-generation biofuels. They also produce 

other metabolites, such as asthaxantin, lutein, arachidonic, eicosapentaenoic, and 

docosahexaenoic acids, which are of high economic value, and even toxins such as yessotoxins 

(Bigogno et al., 2002; Zhekisheva et al., 2002; Blanco et al., 2006; Chisti, 2007; Grewe et al., 

2009]. Recent research has focused on the production and isolation of commercially interesting 

metabolites, including those derived from microalgae, for a broad range of applications. These 

efforts have led to improvements in processes targeting microalgal biomass production 

(Sanchez et al., 2008; Hsieh et al., 2009). Currently, one of the major goals in microalgae 

research is to identify new species or strains with high TAG storage capabilities, for use in 

biofuel production (Griffiths at al., 2009; Greenwell et al., 2010) or the production of high-value 

molecules such as polyunsaturated fatty acids ( 3 and  6), anti-oxidants, toxins, that can be 

further processed as nutritional supplements or used in biomedical or cosmetics applications. 

Dinoflagellates and raphidophytes are microalgae that produce high concentrations of biomass 

within short periods of time in their natural environments. Both groups are present worldwide 

and have been well studied for decades in the field (Anderson, 1989) and, recently, in controlled 

systems (Fuentes-Grünewald et al., 2009; Gallardo-Rodriguez et al., 2009). In general, when 

algae are exposed to stress conditions (e.g., nitrogen (N) or phosphorous (P) depletion, high 

light irradiance), growth ceases, polar-lipid synthesis for use in structural membranes stops, and 

the cells begin to accumulate oil in the form of cytoplasmic lipid bodies, specifically TAG 

(Guschina & Harwood, 2006; Widjaja et al., 2009). The energy stored in TAG is used to 

maintain cellular growth and the specific metabolic requirements of the cells during stationary 

phase. For example, according to the growth curve of some species of chlorophyceae, 

differences in the fatty acids profile, i.e., enhanced saturated (SAFA) and mono-unsaturated 
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(MUFA) contents, are seen with increasing culture age, while in other species there are changes 

in the polyunsaturated (PUFA) portion of the profile (Liang et al., 2008). These characteristic 

physiological responses were mainly proved experimentally in chlorophyceae (Alonso et al., 

2000) but have not been documented in others groups, including dinoflagellates and 

raphidophytes. While it is well-established that these microalgae increase their lipid quantities 

with culture age (Mansour et al., 1999), it is not known whether their lipid profiles also change 

when are submitted to stress abiotic conditions. 

Some microalgal strains (especially those of the chlorophyceae group), when placed in N-

depleted medium or under other stress conditions, can be exploited to produce large quantities 

of neutral lipids and thus can be used as oil for biodiesel production (Hu et al., 2008). Whether 

this approach can be applied to other microalgal groups, including dinoflagellates and 

raphidophytes, remains to be determined. 

Different techniques are used to modify the biochemical composition of microalgae, altered 

environmental parameters, such as light, salinity, or nutrients (Takagi et al., 2006; Liu et al., 

2008; Widjaja et al., 2009), and different CO2 flow regimens during the aeration of 

photobioreactors, open ponds, or raceway ponds (Fu et al., 2008). These techniques enhance the 

productivity of specific microalgal strains and have been successfully applied to obtain new 

sources of natural products, e.g., labeled lipids (13C) (Acién-Fernández et al., 2003), toxins 

(Garcia-Camacho et al., 2007), secondary metabolites (antioxidants, e.g., lutein), pigments 

(astaxanthin), or polyunsaturated fatty acids (PUFA) such as arachidonic acid, eicosapentaenoic 

acid, and docosahexaenoic acid (Bigogno et al., 2002; Blanco et al., 2007; Grewe et al., 2008). 

Some dinoflagellates species are known to naturally increase their intracellular concentration of 

TAG during stationary phase (Mansour et al., 2003); however, the conditions required for 

optimal lipid production and the influence of abiotic factors (e.g. air, temperature, nutrients, and 

light) are poorly understood. Previous studies on the raphidophyte Heterosigma akashiwo and 

the dinoflagellates Alexandrium minutum and Karlodinium veneficum showed that the growth of 

these organisms in a variety of production systems (photobioreactors, flat panels, bubble 

column) promotes the synthesis and accumulation of large quantities of biomass, oils, and 

certain metabolites (Parker et al., 2002; Fuentes-Grünewald et al., 2009). The rapid proliferation 

of these and other dinoflagellate species, their capacity to grow in sea water and their rich lipid 

profile (e.g., high abundance of saturated and poly-unsaturated fatty acids) recommend their use 

as a novel source of biomass for biodiesel production. The aim of the present study was: 1) to 

evaluate biomass and lipid production in Heterosigma akashiwo and Alexandrium minutum, 2) 
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to determine the changes in the fatty acids profile of these species with culture age or other 

applied treatments and 3) to identify the optimal abiotic conditions required for the maximum 

synthesis of lipids. The experimental conditions consisted of constant aeration regimes but 

changes in temperature and in growth medium composition, mainly the concentration of 

inorganic dissolved nitrogen (NaNO3).  

Materials and Methods 

Culture conditions 

All of the microalgal strains were cultured in batch cultures. The dinoflagellate Alexandrium 

minutum (AMP4) and the raphidophyte Heterosigma akashiwo (ICMB 830) were isolated from 

natural samples collected from the northwest Mediterranean Sea.  

Experiments were designed to test the effects of abiotic parameters (aeration, temperature and 

nitrogen limitation) on batch cultures of the target microalgae with respect to growth rate, fatty 

acid composition, TAG accumulation, and final biomass concentration. Species, cultures 

conditions, and variables measured in each assay are presented in Table 1. The following 

treatments were tested: Aeration with a flow rate of ca. 0.1 v/v*min-1 and an average of 420 ± 

16 ppm of CO2 (measured by a Qubit system S151 CO2 Analyzer) was provided, or not. NaNO3

limitation was compared to control conditions and full L1 medium (Guillard, 1995). The 

composition of the medium was as follows: NaH2 PO4 * H2O, 36.3 M; Na2 EDTA * 2H2O, 

11.7 M; FeCl3 * 6 H2O, 11.7 M; CuSO4 * 5 H2O, 0.01 M; Na2MoO4 * 2H2O, 0.09 M; 

ZnSO4 * 7 H2O, 0.08 M; CoCl2 * 6 H2O, 0.05 M; MnCl2 * 4H2O, 0.9 M; H2SeO3, 0.01 M; 

NiSO4 * 6 H2O, 0.01 M; Na3VO4, 0.01 M; K2CrO4, 0.001 M. The nitrogen source was 

NaNO3, provided at different molar concentration (880, 660, 440, 220 M) depending on the 

treatment. In addition, the strains were exposed to different temperatures (15ºC, 20ºC, and 

25ºC).  

Stock, control, and experimental cultures were kept under a 12:12 h light:dark (L:D) cycle (light 

period starting at 08:00 a.m.), with illumination provided by a combination (1:1 proportion) of 

Gyrolux fluorescence tubes (58W; Sylvania, Erlangen, Germany) and cool-white bulbs (58W; 

Philips, Eindhoven, The Netherland) emitting a photon irradiance of 110 mol photons m-2 s-1

(measured with a Licor sensor). Stock, control, and experimental cultures were carried out in 

autoclaved seawater of salinity 37 and neutral pH, obtained from the ZAE (Zona de Acuarios 

Experimentales). Stock and control cultures were grown in full L1-enriched seawater without 

added silicate (Guillard, 1995). 
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Experimental cultures were inoculated after several transfers of exponentially growing stock 

cultures to new L1 medium, using the exponential phase of the parent culture at an average 

concentration of 104 cells*mL-1 per replicate. The microalgae were grown in 2-liter Nalgene 

flasks, and the cultures incubated with pre-filtered air (Iwaki filter, 0.2-µm pore size) provided 

at a flow of 0.1 v/v*min-1. The air flux had been previously tested for optimal growth and 

determined not to create deleterious turbulence to the cells, instead allowing for a well-mixed 

supply of nutrients and avoiding the formation of reactive oxygen species (ROS) (Gallardo-

Rodriguez et al., 2009). The final concentration of NaNO3 in the L1 medium was modified in 

order to induce N limitation in the treatment experiment. Preliminary experiments were 

conducted to evaluate the minimal concentration of dissolved NaNO3 needed to maintain cell 

growth. All strains were submitted to a range of NaNO3 concentrations (880, 660, 440, 220 M). 

A final concentration of 330 M NaNO3 (maintaining the original concentrations of 

phosphorous, vitamins, and metals in the L1 medium) was used in the combined nitrogen 

limitation and high temperature 25ºC experiments (Table 1). 

Table 1. Experimental conditions of different assays during this study. Common conditions for all 
experiments are 37 salinity, 12:12 light cycle, working volume 2 L Nalgene flasks, number of assays = 3, 
M = micromolar; TAG r.u. = triacylglycerol relative units, FA + TAG = concentration of free fatty acids 
+ triacylglycerol 

Assays Species Conditions Biotic variables measured 
Experiment I  
(Aeration) 

Heterosigma 
akashiwo 

Without and with aeration (0.1 
v/v*min-1), Full L1 medium, T 
= 20ºC.  

: growth rate (div*day-1), Cell 
yield (cells*L-1). 

Experiment II 
(Temperature) 

Heterosigma 
akashiwo

With aeration (0.1 v/v*min-1) 
Full L1 medium, Three 
different temperatures: 15ºC � 
20ºC � 25ºC.  

: growth rate (div*day-1), Cell 
yield (cells*L-1). 

Experiment III  
(Nitrogen deficiency) 

Heterosigma 
akashiwo

With aeration (0.1 v/v*min-1) 
Four NaNO3 concentration: 
880 � 660 � 440 � 220 M, T 
= 20ºC.  

: growth rate (div*day-1), Cell 
yield (cells*L-1), Dry weight 
(g*L-1), TAG [r.u.*cell-1] 

Experiment IV 
(Combined treatment) 

Heterosigma 
akashiwo 

Alexandrium 
minutum

With aeration (0.1 v/v*min-1), 
T=25ºC; 330 M NaNO3. 

: growth rate (div*day-1), Cell 
yield (cells*L-1), Dry weight 
(g*L-1), TAG [r.u.*cell-1], Fatty 
acids profile (%), FA+TAG 
(ng*cell-1), Maximum oil 
(mg*L-1), Cell yield (cells*L-1) 
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Growth rates 

The growth rates of the two strains were determined in triplicates, with 10-ml subsamples from 

each culture removed every 2 or 3 days and fixed in Lugol�s iodine solution. Cell abundances 

were estimated using a Sedgewick-Rafter slide under an inverted optical microscope (Leica-

Leitz DM-II, Leica Microsystems GMbH, Wetzlar, Germany) at 200-400× magnification. Net 

exponential growth rates,  (div*day-1) (Guillard, 1973) were calculated as the slope of the 

regression line of ln (N) vs. time (t), where N is defined as the estimated cell concentration. 

Lipid extraction and fatty acid analyses 

Lipids produced by the strains under control and treatment conditions were analyzed at two 

different times during growth: exponential phase and stationary phase. Triplicates of 50-ml were 

filtered on pre-combusted (450ºC 4 h) GF/F Whatman glass-fiber filters, immediately frozen in 

liquid N2, freeze-dried for 12 h, and then stored at -20ºC until analysis (5-10 days approx.). The 

filters were placed in a tube with 3:1 dichloromethane-methanol (DCM:MeOH) spiked with an 

internal standard (2-octyldodecanoic acid and 5-cholanic acid). Lipids were extracted using a 

microwave-assisted technique (5 min. at 70ºC), previously identified as the simplest and most 

effective for microalgal lipid extraction (Kornilova et al., 2003; Escala et al., 2007; Gómez-

Brandón et al., 2008). After centrifugation, the extract was first taken to near dryness in a 

vacuum centrifuge maintained at constant temperature and then fractionated by solid-phase 

extraction (SPE), according to a previously published method (Ruiz et al., 2004). The sample 

was subsequently re-dissolved in 0.5 ml of chloroform and eluted through a 500-mg 

aminopropyl mini-column (Waters Sep-Pak® cartridges) previously activated with 4 ml of n-

hexane. The first fraction (neutral lipids) was eluted with 3 ml of chloroform:2-propanol (2:1) 

and the fatty acids recovered with 8.5 ml of diethyl ether:acetic acid (98:2). Despite reported 

concerns regarding background levels of free fatty acids (FFA) in aminopropyl columns [36], 

the concentrations of target FFA in the SPE cartridges were below the detection limit. The FFA 

fraction was methylated using a 20% solution of MeOH/BF3 followed by heating at 90ºC for 1 

hr, yielding fatty acid methyl esters (FAMEs). The reaction was quenched with 4 ml of NaCl-

saturated water. FAMEs were recovered by extracting the samples twice with 3 ml of n-hexane. 

The combined extracts were taken to near dryness, re-dissolved with 1.5 ml of chloroform, 

eluted through a glass column filled with Na2SO4 to remove residual water, and, after 

chloroform removal, subjected to nitrogen evaporation. The extracted sample was stored at -

20ºC until gas chromatography (GC) analysis (no more than 5 days later). At that time, the 

extracts were re-dissolved in 30 µL of iso-octane and then analyzed in a Thermo Finnigan Trace 
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GC Ultra instrument, equipped with a flame ionization detector and a splitless injector, fitted 

with a DB-5 Agilent column (30-m length, 0.25-mm internal diameter, 0.25-µm phase 

thickness). Helium was used as the carrier gas, delivered at a rate of 33 cm s-1. The oven 

temperature was programmed to increase from 50 to 320ºC at 10ºC min-1. Injector and detector 

temperatures were 300ºC and 320ºC, respectively. FAMEs were identified by comparison of 

their retention times with those of standard fatty acids (37 FAME compounds, Supelco® Mix 

C4-C24), and quantified by integrating the areas under the curves in the gas chromatograph 

traces (Chromquest 4.1 software), using calibrations derived from internal standards. 

Neutral lipid fluorescence in microalgae 

The intracellular neutral lipid distribution in microalgal cells was examined along the entire 

growth curve (lag, exponential, and stationary phases) by staining a 3-ml suspension of each of 

the strains (in triplicate) with 10 µL (7.8 × 10-4 M) of Nile Red fluorescent dye (Sigma-Aldrich) 

dissolved in acetone, yielding a final concentration of 0.26 µM (Cooney et al., 2009). The 

samples were examined by epifluorescent microscopy (Leica-Leitz DM-II, Leica Microsystems 

GMbH, Wetzlar, Germany). Photographs were taken using the Sigmapro software image 

analyzer. To quantify the concentration of cellular neutral lipids, all strains were stained and 

then left in darkness for 15 min before they were read in a LS55 PerkinElmer fluorescence 

spectrometer at an excitation wavelength of 486 nm and with emission measured at 570 nm.  

Oil concentration  
Oil concentration was measured by GC analysis as the sum of the free fatty acids concentration 

plus the triacylglycerides (neutral lipids) concentration in the stationary phase, and expressed in 

mg*L-1. 

Dry weight biomass 

Dry weight (DW) was determined by filtering duplicate subsamples (10 ml) through pre-

weighed glass-fiber filters (Whatman GF/F 25 mm, nominal pore size 0.7 µm). The filters were 

dried in an oven (105ºC) for 4 hr and then weighed (Sartorious microbalance, precision of 

0.001g) every 2 hours. We observed that 4 hr at 105ºC was sufficient to achieve a constant dry 

weight. 

Data analysis 

Experiments were compared using non-parametric equality tests (Kruskal-Wallis test p < 0.05). 

Statistical analyses were conducted with STATISTICA© 6 software for PCs.
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Results 

Table 2 summarizes the net growth rate, final estimated cell numbers, TAG measurements by 

GC analysis and spectrofluorometric data, oil concentration, and maximum dry weight obtained 

with the control and the various treatments for the tested algae and show a comparison among 

experiments. Aeration significantly increased H. akashiwo growth rates and maximum dry 

weight (p < 0.05, Table 2, comparison µ and DW exp 1 vs. 2). Indeed, aeration resulted in 1 g 

more of dry weight per liter compared with the non-aerated culture (comparison DW exp 1 vs. 

2). Highest temperature (20 and 25ºC) resulted in significantly higher growth rate in H. 

akashiwo (comparison µ, exp 1 vs. 4, exp 1 vs. 3 and exp 4 vs. 3). In terms of DW, the highest 

productivity was for 20 ºC followed by 25 ºC (comparison DW, exp 1 vs. 4, exp 1 vs. 3 and exp 

4 vs. 3).In order to choose the appropriated nitrogen concentration to not limit growth rate, TAG 

concentration and the growth rate () was measured under a range of nitrogen concentration 

(Fig. 1). Highest growth rates under different NaNO3 concentrations, was for nitrogen repleted 

conditions (880 µM), and the lowest for nitrogen limited conditions (220 µM), with extremely 

significantly differences among them (p < 0.0001). No differences in terms of growth rate were 

quantified between 660 µM and 440µM (Fig. 1). The highest concentrations of TAG, 

determined spectrofluorometrically, were measured during stationary phase under the range of 

N-deficient conditions, with 440 µM NaNO3 resulting in a slightly but not significantly (p > 

0.05) higher concentration than 220 µM NaNO3, whereas significantly higher than the control (p

< 0.05) (Fig. 1).  The concentration of 330 µM NaNO3 was chosen as the deficiency that did not 

significantly reduce growth rates but increase the lipid concentration per cell. This was 

demonstrated in the experiment 5 where Nitrogen deficiency of 330 µM NaNO3 in H. akashiwo 

did not reduce growth rate (Table 2, comparison , 1 vs. 5, p > 0.05), but, increased 

significantly the TAG concentration by cell in H. akashiwo (p < 0.05). 

The two strains under 20ºC; 880 µM NaNO3 conditions reached maximum cell concentrations 

on different days, according to their particular physiology and growth rate. H. akashiwo 

achieved the highest cell density around day 15, whereas for A. minutum the maximum 

concentration was reached at day 20 (Fig. 2). Under 25ºC and 330 µM NaNO3 conditions, both 

of the tested strains reached their maximum densities between days 6 and 8 of the growth curve, 

after which they entered stationary phase such that the cell abundance was maintained for a 

period of 10 days. It was during this stage that a significant enhancement of the cellular oil 

concentration occurred (Fig. 2). 
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Table 2. Culture conditions for H. akashiwo (Ha) and A. minutum (Am) Maximum cell concentration (cells 106*L-1), concentration of FF.AA. + TAG (ng*cell-1), 
Spectrofluorometric readings (r.u.*cell-1), maximum oil (mg*L-1) and DW (g*L-1) were determined with the cultures in stationary phase.  Number of assays = 3; M = micromolar; 
 = growth rate (div*day-1); ng = nanograms; FF.AA. free fatty acids; TAG r.u. triacylglycerol relative units; DW dry weight. * Significant differences at p < 0.05, ** extremely 
significant differences at p < 0.0001. 

Species Assays Temperature 
(ºC) 

Aeration 
(0.1 v/v*min-1) 

NaNo3 
(M) 


(div*day-1) 

Comparison 
 among 

experiments 

Maximum cell 
concentration 
(cells 106*L-1) 

G C  
FF.AA. + TAG 

[ng*cell-1] 

Spectrofluorometer 
TAG 

(r.u.*cell-1) 

Maximum oil 
concentration 

(mg*L-1) 

Maximum 
DW 

(g*L-1) 

Comparison 
DW among 
experiments 

Ha (1) Control 20 YES 880 0.44 ± 0.05     1 vs 2 * 

1 vs 3  

   1 vs 4 * 

272 0.4 89.2 ± 4.5 * 88 1.17     1 vs 2 * 

    1 vs 3 * 

     1 vs 4 ** 

Ha (2) Treatment  20 NO 880 0.18 ± 0.01     1 vs 2 * 42.8 - - - 0.18      1 vs 2 * 

Ha  (3) Treatment 25 YES 880 0.48 ± 0.03 3 vs 1 

3 vs 4 

100 - - - 0.43  3 vs 1 

3 vs 4 

Ha  (4) Treatment 15 YES 880 0.16 ± 0.02    1 vs 4 * 

       3 vs 4 

4.3 - - - 0.02       1 vs 4 ** 

3 vs 4 

Ha (5) Treatment 25 YES 330 0.51 ± 0.03  1 vs 5 185 1.7 115.4 ± 2.0 * 323 0.44   1 vs 5 * 

Am (6) Control 20 YES 880 0.23 ± 0.02 6 vs 7 156 0.3 122.8 ± 6.1 ** 45 2.33   6 vs 7 * 

Am (7) Treatment 25 YES 330 0.21 ± 0.02 6 vs 7 77 0.9 419.4 ± 21 ** 57 1.30   6 vs 7 * 
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Figure 1. Growth rate and neutral lipid per cell in Heterosigma akashiwo determined 
spectrofluorometrically (488/570 ex/em, nm), during different growth phases. TAG r.u. = 
Triacylgycerides relative units.  = Growth rate (div*day-1). * Means significant differences (p < 0.05) 
compared to the control treatment (880 M). ** Means extremely significant differences (p < 0.0001).

Higher growth rates, although were achieved in H. akashiwo under treatment conditions at 25ºC 

in medium containing 330 µM of NaNO3 (Table 2). In terms of DW, there was an significantly 

reduction in the volumetric productivity of the biomass but, free fatty acids concentration plus 

TAG concentration measured by GC confirmed that this conditions resulted in larger and 

significant (300%) amounts of microalgal lipids by cell (ng*cell-1) (Table 2), with marked 

accumulation after culture day 15 (Fig. 2). Neutral lipid accumulation (spectrofluorometric 

analysis) was approximately 30% greater in H. akashiwo at 25ºC in medium containing 330 µM 

of NaNO3 than under control conditions on the same day of culture (Fig. 2). The intense lipid 

accumulation was also observable when cells were stained with Nile Red and examined under 

epifluorescence microscopy (Fig. 3, c,d). 

μ
0.24 ± 0.007  **

0.16 ± 0.007 

0.15 ± 0.0 

0.07 ± 0.0       **
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Figure 2. TAG concentrations (bars) and growth curves (lines) of A. minutum (upper plots) and H. 
akashiwo (bottom plots). Treated cultures (25ºC; 330 M) are shown in the plots on the right, control 
cultures (20ºC; 880 M) in those on the left. Note that the TAG axis has a different scale. 

The physiological response of A. minutum species to high temperature and low NaNO3

concentration was similar to that of H. akashiwo, with no significant differences found in the 

growth rates (Table 2, comparison , 6 vs. 7). Volumetric productivity was also higher in cells 

incubated under control conditions, differing by > 1 g DW biomass*L-1 (Table 2, comparison 

DW, 6 vs. 7). The accumulation of TAG, as measured by spectrofluorometer and GC analysis, 

in A. minutum cells submitted to treatment conditions was extremely significantly (p < 0.0001) 

higher (> 200%) than in the control (Table 2 and Figure 2), with marked accumulation also after 

culture day 15. Those differences were not significant (p > 0.05) in terms of total oil produced, 

with a slightly (26%) higher oil concentration (comparison, 6 vs. 7). Stained Alexandrium cells 

with Nile Red confirmed the presence of oil inside the cells. In the treated cells, high 
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concentrations of lipids droplets were visible inside the cytoplasm whereas in control cells just a 

few stained drops could be seen (Figure 3, A-B). 

Figure 3. Nile Red hydrophobic staining confirms TAG lipids bodies in A. minutum (a, b), H. akashiwo
(c, d). a-c Control experiments (20ºC; 880 M NaNO3), b-d treated experiments (25ºC; 330 M NaNO3). 

Fatty acids composition 

In H. akashiwo, no significant differences (p > 0.05) in terms of changes in the fatty acid profile 

between growth phases and control vs. treatments experiments were found. In H. akashiwo

cultured under control conditions, fatty acids differed only slightly with respect to two growth 

phases (Table 3). The largest increase was 1.1% in saturated lauric acid C12:0, followed by 

0.9% in MUFA palmitoleic acid C16:1, and 0.7% in palmitic acid C16:0. In addition, some fatty 

acids decreased, especially the PUFAs arachidonic acid C20:4n6 (-1.7%) and C18:5 (-0.9%). 

The fatty acids of H. akashiwo under treatment conditions differed from those in cells under 

control conditions during stationary phase. Specifically, there was a small increase in the 

saturated fatty acids profiles, particularly C14:0, C15:0, C16:0 (1.0%, 0.2%, 0.1%, 
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respectively), as well in palmitoleic acid C16:1 (0.7%), the PUFA eicosapentanoic acid C20:5n3

(0.1%), and arachidonic acid C20:4n6 (1.1%). At the same time, there was a decrease in the 

percentage of  linolenic acid C18:3n6 (-3.7%), and a slightly decrease in stearic acid C18:0 (-

0.1%), and lauric acid C12:0 (-0.3%).  

In A. minutum, no significant differences (p > 0.05) in terms of changes in the fatty acid profiles 

of the different growth phases and control vs. treated experiment were found. The fatty acids 

profile of A. minutum cultured under control conditions differed only slightly with respect to 

growth phase, with decreases in the PUFAs C20:4n6, C18:5, C18:2n6 (-1.4%, -0.7%, -0.6%, 

respectively), and in the MUFA C18:1n9 (-0.3%) (Table 3). The largest increase was in 

linolenic acid C18:3n6 (2.1%). Differences in the fatty acids of A. minutum under control vs. 

treatment conditions during stationary phase consisted of a slight decrease under the latter 

conditions, especially in the saturated portion C16:0, and C12:0 (-1.2% and -0.1%, 

respectively). There also was a decrease in MUFA C14:1 (-0.2%) and PUFA C18:3n6 (-2.7%). 

In contrast, there was a small increase in docosahexanoic C22:6 (0.8%), arachidonic acid 

C20:4n6 (0.4%), linoleic acid C16:1 (0.2%), and saturated pentadecanoic acid C15:0 (0.3%) 

(Table 3).  
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Table 3. Relative abundance (%) of fatty acids in the marine strains H. akashiwo and A. minutum, in the 
control and treated experiments, as determined during exponential phase and stationary phase. SAFA 
saturated fatty acids, MUFA mono-unsaturated fatty acids, PUFA poly-unsaturated fatty acids, SD 
standard deviation.

Heterosigma akashiwo Alexandrium minutum

Control (1) Treatment (5) Control (6) Treatment (7)

Phase Exponential Stationary Exponential Stationary Exponential Stationary Exponential Stationary 

Fatty acids  SD                   SD                    SD                    SD                   SD                    SD                       SD                      SD 

C12:0 1.4 ± 0.4 2.5 ± 0.6 2.3 ± 1.8 2.2 ± 1.6 2.1 ± 1.2 2.0 ± 1.1 2.6 ± 1.1 1.9 ± 1.5

C14:0 1.5 ± 0.0 1.8 ± 0.0 1.7 ± 0.7 2.8 ± 1.4 1.1 ± 0.5 1.2 ± 0.0 1.2 ± 0.2 1.2 ± 0.1

C14:1 0.3 ± 0.0 0.5 ± 0.0 0.3 ± 0.0 0.2 ± 0.0 - 0.2 ± 0.0 0.3 ± 0.1 - 

C15:0 0.3 ± 1.2 0.4 ± 1.4 0.3 ± 0.0 0.6 ± 0.0 - - 0.2 ± 0.0 0.3 ± 0.0

C16:0 14.7 ± 1.1 15.4 ± 1.2 12.8 ± 4.6 15.5 ± 2.9 11.6 ± 2.8 12.2 ± 0.4 12.9 ± 2.1 11.0 ± 0.9

C16:1 0.8 ± 0.0 1.7 ± 0.0 1.3 ± 0.5 2.4 ± 1.4 - - - 0.2 ± 0.0

C17:0 0.7 ± 0.6 0.6 ± 0.6 - 0.5 ± 0.3 0.6 ± 0.1 0.8 ± 0.6 0.7 ± 0.0 0.7 ± 0.5

C18:0 1.0 ± 0.3 1.3 ± 0.0 0.9 ± 0.1 1.2 ± 0.2 0.8 ± 0.0 0.5 ± 0.7 0.6 ± 0.1 0.7 ± 0.6

C18:1n9 1.7 ± 0.0 1.6 ± 0.0 1.5 ± 0.4 3.6 ± 1.6 1.8 ± 0.5 1.5 ± 0.0 0.9 ± 0.3 0.5 ± 0.0

C18:2n6 1.6 ± 0.0 1.8 ± 0.0 1.5 ± 0.7 - 2.3 ± 1.1 1.7 ± 0.0 1.5 ± 0.6 1.7 ± 0.0

C18:3n6 19.5 ± 1.3 18.4 ± 1.1 19.0 ±  2.1 14.7 ± 5.1 20.7 ± 2.8 22.8 ± 0.6 21.4 ± 2.0 20.1 ± 1.3

C18:5 1.4 ± 0.0 0.5 ± 0.0 0.8 ± 0.0 - 0.7 ± 0.0 - 0.3 ± 0.0 - 

C20:5n3 0.5 ± 2.0 0.5 ± 0.0 0.5 ± 0.0 0.6 ± 0.2 - - - - 

C20:4n6 3.3 ± 0.0 1.6 ± 0.8 1.9 ± 0.0 2.7 ± 1.2 1.4 ± 0.4 - 2.5 ± 0.7 0.4 ± 0.1

C22:0 0.9 ± 0.0 0.9 ± 0.0 - 0.7 ± 0.0 1.0 ± 0.2 0.9 ± 0.0 0.8 ± 0.1 0.9 ± 0.0

C22:6 0.7 ± 0.2 0.6 ± 0.2 0.6 ± 0.0 0.8 ± 0.0 - - 2.1 ± 0.6 0.8 ± 0.1

SAFA 20.5 22.9 18.0 23.5 17.2 17.6 19.0 16.7 

MUFA 2.8 3.8 3.1 6.2 1.8 1.7 1.2 0.7 

PUFA 27.0 23.4 24.3 18.8 25.1 24.5 27.8 23.0 

Trace < 0.1% 49.7 49.9 54.6 51.5 55.9 56.2 52.0 59.6 
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Discussion and conclusion 

Different approaches have been used to enhance the quantity and quality of lipid production 

over the last few years. All of them have led to the conclusion that improved culture strategies 

are needed in order to obtain an increased oil concentration in microalgae cells (Takagi et al., 

2006; Liu et al., 2008; Melis et al., 2008). Among the strategies examined, the use of genetically 

modified organisms (GMO) and strain selection (Melis et al., 2008) has been done. The 

establishment of GMO cultures is time-consuming, requires bio-safety considerations, and 

typically involves high costs (Melis et al., 2008) but strain selection is also problematic. Here, 

we combined a strategy of marine strain selection and alterations in abiotic variables to enhance 

the cellular oil concentration. Two strains of microalgae, one raphidophyte and one 

dinoflagellate, previously determined to yield optimal lipid production under control conditions 

(Fuentes-Grünewald et al., 2009) were subjected to physiological stress, by altering key abiotic 

parameters, and the effects on oil production and biomass productivity subsequently examined. 

In our working volume, the gentle aeration of the cultures via aeration resulted in higher growth 

of the raphidophyte species as well as the production of higher amounts of biomass than 

obtained with non-aerated cultures. This result was primarily due to the CO2 concentration in 

the injected air flow, which supports microalgal growth, and, secondly to the agitation or 

hydrodynamic turbulence provoked by the air inside the flasks allows a good mix of the cells 

with the liquid medium. Dinoflagellates and raphidophytes are microalgae that require minimal 

amounts of turbulence to grow which is enhanced with low-level turbulence, especially 

hydrodynamic turbulence or air bubbling (Sullivan et al., 2003). There are also other 

dinoflagellate species that cannot grow under turbulent conditions especially when accompanied 

by mechanical agitations produced by an oscillating rod, magnetic stirring, shaker (Berdalet et 

al., 2007). The low-volume air flow (ca. 0.1 v/v*min-1) used in this study resulted in well-mixed 

cultures and adequate nutrient availability for the cells, with no visible cell damage. By contrast, 

a high-volume flow of injected air ( 0.5 v/v*min-1) deforms cell membranes and induces the 

production of ROS, which cause visible damage to the membranes of dinoflagellates microalgal 

cells (Berdalet et al., 2007; Gallardo-Rodriguez et al., 2009). Accordingly, the use of low-

volume air flow (ca. 0.1 v/v*min-1) is recommended for the culture of dinoflagellates and 

raphidophytes in enclosed systems, such as bubble column photobioreactors. 

In the combined treatment, there were no significant differences in growth rates for the two 

species tested, nevertheless, the amounts of oil per cell were significantly higher in stationary-

phase cells cultured under treatment than under control conditions. Stationary phase was 
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previously identified as the best harvest time in terms of maximum lipid accumulation and 

biomass concentration (Fuentes-Grünewald et al., 2009). At the beginning of the curve, the 

similar growth rates of the strains in the treated and control conditions were due to the initially 

abundant availability of nutrients (especially nitrogen). However, the oil concentration in cells 

of A. minutum and H. akashiwo under control conditions remained low during the exponential 

phase and did not strongly increase as the culture approached stationary phase. The high 

concentration of oil in cells under treatment condition during stationary phase was likely 

triggered by the exhaustion of available nitrogen in the culture medium. These results are 

consistent with those of other nitrogen depletion studies carried out in freshwater microalgae 

from the chlorophycean group as Chlorella vulgaris or Neochloris oleoabundans (Liu et al., 

2008; Widjaja et al., 2009). 

The final cell concentration was strain-dependent, according to their particular physiology and 

growth rate.  But in general, biomass concentration was highest in microalgae under control 

conditions, TAG and total lipid accumulation per cell were greater in cultures under treatment 

conditions. This may have been due to the stress conditions imposed by the latter, which 

stimulated the cellular production of energetic reserves. Previous studies showed that lipid 

accumulation in the final part of the growth curve of batch cultures is greater in Dinophyceae 

and Raphidophyceae than in other microalgal groups, such as Prasinophyceae and 

Bacillariophyceae (Mansour et al., 2003; Liu et al., 2008; Fuentes-Grünewald et al., 2009). 

While the cell densities of the tested strains under treatment conditions were always below those 

obtained under control conditions (see maximum cell concentration in Table 2), this was not the 

case for the oil concentration, which was higher in H. akashiwo and A. minutum under treatment 

than under control conditions. This result recommends the use of a combined approach in which 

temperature is increased and nitrogen is limited in order to improve the oil concentration in 

microalgae biomass. Whereas both strains cultured under treatment conditions produced less 

biomass, they had higher per-cell oil contents and oil concentration than their paired controls. 

The oil composition of microalgae exposed to stress (suboptimal light, temperature, air, 

nutrients, salinity, CO2) has been shown to vary such that lipids required for growth, especially 

polar lipids that contribute to the cell membrane. Polar lipids are no longer produced and 

instead, those required for energetic reserves (neutral lipids) accumulated in order for the 

microalgae to avoid starvation (Guschina & Harwood, 2006; Widjaja et al., 2009). 
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Thus, if algae are to be used as feedstock in the production of biodiesel or metabolites, it is 

important to determine whether and how their lipid composition varies during stress conditions, 

because the composition of the raw material used for the trans-esterification reaction determines 

the characteristics of the biofuel obtained (Griffiths et al., 2009) or the quality of the metabolites 

produced (Sanchez et al., 2008). Our strains are highly similar in terms of lipid profile, and 

specifically to palm oil (Ramos et al., 2008; Fuentes-Grünewald et al., 2009), which is most 

commonly lipid used in first-generation biodiesel production, based on its high cetane number 

and good oxidation stability, both of which are indicators of the high percentage of saturated 

fatty acids accumulated. Here, as seen in the fatty acids profile of the control and the treated 

microalgae, the lipid profile was not drastically altered by stress treatment, as only the PUFA 

portion increased in Heterosigma under treatment conditions. In Alexandrium under treatment 

conditions, a decrease in the principal saturated fatty acids C12:0 and C16:0 and in the PUFA 

portion (below 2.5%) was registered. The absence of a drastic change in the fatty acids 

produced by the microalgae under treatment condition indicates that, at least qualitatively, the 

microalgal biomass obtained under the abiotic conditions stress used in the present study would 

not significantly differ in terms of lipid profiles relevant for biofuel purposes. Interestingly, 

treatment enhanced the production of specific PUFA, including 6 as arachidonic acids, 

favoring greater production of these metabolites, which are of value in the nutritional and 

cosmetics industries (Sanchez et al., 2008).  

Following our results, to achieve industrial-scale microalgae production with an increase 

temperature and nutrient limitation, we propose a hybrid strategy of growth: using a greenhouse 

enclosed photobioreactor (GH-EPBR) and stable environmental conditions to obtain high 

biomass production with controlled temperature and nutrients, followed by inoculation of the 

microalgae into an open pond system with warm water and deficiency of nutrient. Many 

thermoelectric power plant use seawater to cool their turbines; this seawater flows out of the 

turbines at a higher temperature (approximate increase of 5�10ºC), which in most cases could be 

suitable for microalgal cultures. Moreover, the outflow seawater usually has a nitrogen 

concentration lower than that of commercial culture medium. This can be used in the same 

strategy as evaluated in this study, promoting microalgal growth and then N-starving the 

microalgae in order to enhance oil production, including high-quality raw material in amounts 

needed for biodiesel production or the increased production of high value molecules.  
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Abstract 

The principal fatty acids of the lipid profiles of two autochthonous dinoflagellates (Alexandrium 

minutum and Karlodinium veneficum) and one raphidophyte (Heterosigma akashiwo), 

maintained in bubble column photobioreactors under outdoor culture conditions, are described 

for the first time. Biomass production, lipid content, and lipid productivity of these three species 

were determined and the results compared to those obtained when the strains were cultured 

indoors. Under the latter condition, the biotic values did not significantly differ (P < 0.01) 

whereas under outdoor conditions, differences in both duplication time and fatty acids content 

were measured. Specifically, Alexandrium minutum had the better general results in terms of 

biomass productivity (0.35 g·L-1·day-1), lipid productivity (80.8 mg lipid·L-1·day-1), and lipid 

concentration (252 mg lipid·L-1) at the time of harvest (stationary phase) in outdoor condition. 

In all three strains, growth rate and physiological response to the light and temperature 

fluctuations of outdoor conditions greatly impacted the production parameters. Nonetheless, the 

species could be successfully grown in outdoor photobioreactors and were of sufficient 

robustness to allow the establishment of long-term cultures yielding consistent biomass and 

lipid production. Our findings point out the potential of culturing marine strains in coastal 

biomass production facilities. 

Keywords:  
Lipids; Microalgae; Photobioreactor; Dinoflagellates; Raphidophytes;  

Outdoor-Indoor cultures; Biodiesel. 
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Introduction 

One of the main goals of microalgal biomass production is to find new algal strains capable of 

growing in enclosed systems and yielding high biomass productivity and lipid content (Griffiths 

et al., 2009; Greenwell et al. 2010). The industrial-level production of microalgal biomass is 

essential to the goal of replacing, at least partly, the demand for fossil fuels with more 

sustainable and environmentally friendly 3rd-generation biodiesel. To date, only restricted 

microalgal genus most belonging to the Chlorophycean group such as Chlorella vulgaris, 

Chlorella protothecoides, Chlamydomonas reinhardtii or Neochloris oleoabundans, have been 

used in these attempts, in experiments limited to the laboratory or pilot scale (Liang et al., 2009; 

Li et al., 2010; Widjaja et al., 2009). However, these laboratory-pilot observations cannot be 

extrapolated to outdoor conditions because the physiological behaviour is strains-dependent, 

and when the microalgae are subjected to natural external conditions such as light irradiance, 

light cycles, and temperature, their physiology vary continuously as the culture performance as 

well. 

Since the 1970s there have been several projects in which especially freshwater algae were 

cultivated for biomass production (Bennemann et al., 1982; Borowitzka 1988, Sheehan et al., 

1998). However, the massive amounts of freshwater, already in short supply in many places 

throughout the world, needed for industrial-scale algal cultivation would substitute one 

environmental problem with another. Therefore, consistent with the recommendation to build 

�the reactor around the algae� (Morweiser et al., 2010), the target of 3rd-generation biodiesel 

production must be the exploitation of seawater microalgae isolated from the same areas where 

biomass culture and production facilities are located; that is, to work with local algae using in 

situ conditions.  

The biotechnological use of microalgae biomass for biofuel production has been developing 

rapidly over last few years (Chisti 2007; Hu et al 2008). Most of the known microalgae already 

used for biodiesel production are freshwater microalgae from the Chlorophycean group. Target 

species for biomass production have traditionally been those with a known growth cycle, fast 

cell growth and those that usually were cultivated for other aims: as a protein source such as 

Tetraselmis suecica, or the cyanobacteria Spirulina platensis, or those microalgae used for 

aquaculture activities such as Isochrysis galbana, Nannochloropsis oculata  (Chiu et al., 2009; 

Rodolfi et al., 2008) and others that produce special metabolites such the green algae as 

Haematoccocus pluvialis (Grewe et al., 2008) or Scenedesmus almeriensis (Sanchez et al., 
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2008) , which are widely used in industry in the synthesis of pigments and as a food additives. 

Others suitable algae for biomass production recently described are those from the 

dinoflagellates and raphidophytes groups (Fuentes-Grünewald et al., 2009). Some genus from 

this group were successfully cultured in different culture system such as flasks, bubble columns, 

photobioreactor, etc (Parker et al., 2002; Fuentes-Grünewald et al., 2009; Gallardo-Rodriguez et 

al., 2010), but most of these works were done in small volumes under laboratory conditions. 

Another crucial aspect to implement microalgal biomass facilities is the choice between the two 

major culture systems currently employed in microalgal biomass production: enclosed or open 

systems. Enclosed systems mainly consist of photobioreactors (PBRs) in the form of a bubble 

column or flat panel while open systems include open ponds or raceways (Carvalho, et al. 2006; 

Chen, et al. 2011). Each has its advantages and disadvantages, with the final choice depending 

on the desired final product. Enclosed systems are more expensive than open ponds in terms of 

construction, maintenance, and energetic requirements but they allow the control of abiotic 

parameters, such as temperature, pH, and CO2 injection. Consequent, the biomass obtained is of 

higher purity and has a higher volumetric concentration (Carvalho, et al. 2006). Open systems 

have lower construction costs, need less maintenance, and have lower energy requirements, but 

biomass productivity is lower and there are problems related to evaporation and contamination 

by other microalgal species, fungi, and protozoa. Culture facilities for microalgal production are 

usually indoors, such that the abiotic parameters are controlled to allow for efficient growth of 

the strains, resulting in efficient biomass, high-quality products, and a constant harvest of 

microalgal biomass. However, this strategy is accompanied by a high energy demand and thus 

by high production costs (Norsker, et al. 2011). By contrast, outdoor conditions imply variations 

in temperature and solar irradiance; furthermore, biomass production is irregular as it depends 

on the geographic location and on the season of the year. The advantage of an enclosed system 

under outdoor conditions is the lower energy costs, since in the natural environment incident 

sunlight can be used (Chen et al., 2011). 

To date, there has been no pilot-scale assessments of the growth, biomass and lipid production 

of dinoflagellates and raphidophyte strains cultured outdoors. Moreover, there is little 

information on the growth and physiological response of microalgae exposed to the varying 

environmental conditions of outdoor culture systems. The aim of this study was to evaluate the 

growth, biomass productivity, lipid profiles, and physiological responses of three species of 

microalgae, specifically, two dinoflagellates (Alexandrium minutum and Karlodinium 
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veneficum) and one raphidophyte (Heterosigma akashiwo), when cultured in an enclosed system 

(a bubble column photobioreactor) under outdoor vs. indoor conditions. 

Materials and Methods 

Photobioreactor design 

The bubble column photobioreactor (bcPBR) used in the indoor and outdoor conditions of this 

study is schematized in Fig. 1. The nine polymethylmethacrylate tubes (2.0 m height and 0.15 m 

Ø) had a volume of 0.033 m3 each, with a total bcPBR working volume of 0.297 m3. In the 

outdoor condition, these tubes were inclined at an angle of 15º with respect to the incident 

sunlight (east-west orientation). For indoor conditions, they were vertically positioned at 0.1 m 

distance from the light source to avoid heating. Agitation of the column�s contents was achieved 

by continuously injected pre-filtered air (Iwaki filter, 0.2-µm pore size) with an air flow rate of 

0.1 vol/vol*min-1. The injected atmospheric air was provided by a chiller pump; the average 

CO2 concentration measured was 420 ± 14 ppm (Qubit systems CO2 analyzer) with not external 

supply of carbon dioxide injection to the bcPBR. The air flow rate had been previously tested 

with respect to optimal microalgal growth and found to achieve a well-mixed supply of nutrients 

while avoiding the formation of reactive oxygen species (Gallardo-Rodríguez et al., 2010) or 

deleterious turbulence (Berdalet et al., 2007). 

Figure 1. Schematic bubble column photobioreactor (bcPBR) and photographs of the bubble column in 
the outdoor and indoor conditions 
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Experimental design 

Indoor and outdoor experiments were done at the Institut de Ciències del Mar (ICM-CSIC), 

Barcelona, Spain (41º 23� 08.12�� N � 02º 11� 45.84�� E). The dinoflagellates Karlodinium 

veneficum (ICMB 252) and Alexandrium minutum (AMP4) and the raphidophyte Heterosigma 

akashiwo (ICMB 830) were isolated from natural samples collected from the northwest 

Mediterranean Sea. The same strains were used throughout the experiments, with samples run in 

triplicate. Indoor conditions consisted of an environmentally controlled room where all abiotic 

parameters could be regulated. Microalgae cultures in the experimental bcPBR tubes were 

subjected to a 12:12 h light:dark (L:D) cycle. Illumination was provided by a 1:1 combination of 

Gyrolux fluorescence (58W; Sylvania, Erlangen, Germany) and cool-white (58W; Philips, 

Eindhoven, The Netherland) tubes, together emitting a photon irradiance of 110 μE m-2 s-1

(measured with a Li-Cor photometer Li 185-B).  

Both indoor and outdoor cultures were grown in filtered (0.21-µm) seawater, with a salinity of 

37 and neutral pH (measured with Eutech Instruments PCD 650 Waterproof Portable Meter), 

obtained from the ICM culture facilities, supplemented with full L1-enriched seawater without 

added silicate (Guillard 1993). The composition of the medium was as follows: NaNO3, 880 

M; NaH2 PO4 * H2O, 36.3 M; Na2 EDTA * 2H2O, 11.7 M; FeCl3 * 6 H2O, 11.7 M; CuSO4 

* 5 H2O, 0.01 M; Na2MoO4 * 2H2O, 0.09 M; ZnSO4 * 7 H2O, 0.08 M; CoCl2 * 6 H2O, 0.05 

M; MnCl2 * 4H2O, 0.9 M; H2SeO3, 0.01 M; NiSO4 * 6 H2O, 0.01 M; Na3VO4, 0.01 M; 

K2CrO4, 0.001 M. Indoor cultures were maintained in a temperature-controlled room at 20ºC ± 

1ºC. Under indoor conditions, batch cultures of the strains were established because the 

conditions inside the room were constant for the entire period of the experiment. These 

observations were confirmed in a previous assay carried out in a semi-continuous system and 

measuring growth rate, biomass production, and lipid production by each of the strains 

(Fuentes-Grünewald et al., 2009). 

For outdoor conditions, the bcPBRs were placed on the ICM-CSIC terrace (Figure 1). The 

experiment was started in mid November and terminated in mid May (autumn-winter and 

spring, respectively, in the northern hemisphere). The cultures were run in semi-continuous 

mode, since harvest of 50% of the biomass depended on the duplication time of each species. 

Figure 2 shows the harvest time for each species. As in the indoor conditions, pre-filtered air 

was used for agitation inside the bubble column. The temperature inside the tubes was recorded 

with a temperature data logger (HOBOware) every 30 min throughout the experiment. Solar 
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radiation data were obtained from the Catalunya meteorological station 

(http://www.meteo.cat/xema), using the station nearest to our institute�s location (approximately 

1 km). The daily averaged solar radiation between 10:00 AM and 2:00 PM was calculated for 

the duration of the experiment and expressed in μE m-2 s-1. Daily averaged irradiance for the 

different estimated growth rates for each species was also calculated and the results compared. 

Discrete in situ measurements of photosynthetically active radiation (PAR) were done as for the 

indoor conditions.  

Growth rates and duplication time 

Net growth rates were estimated for the three strains. Every 2 or 3 days, 10-ml subsamples were 

withdrawn from each culture and fixed in Lugol�s iodine solution. Cell abundances were 

estimated at 200�400× magnification using a Sedgewick-Rafter chamber and inverted optical 

microscopy (Leica-Leitz DM-II, Leica Microsystems GMbH, Wetzlar, Germany). Net 

exponential growth rates, μ (div * day-1) (Guillard RRL 1995), were calculated as the slope of 

the regression line of ln (N) vs. time (t), with N defined as the estimated cell concentration (Eq. 

1). 

μ = Ln (N2 / N1) / (t2 - t1)         (1) 

Where N1 and N2 = cell number at time 1 (t1) and time 2 (t2) respectively. 

Duplication time (Td) was defined as the time needed for a doubling of the algal concentration 

(Eq. 2) 

                             Td = Ln(2) (2)

μ

To compare cell counts, chlorophyll a (as a proxy of biomass) was calculated using a 

fluorometer (Fluoremetres Turner Designs) and expressed as g Chl a L-1. 10 mL of live 

samples were read directly in the fluorometer. 

Biomass harvesting 

The tested strains were harvested when the cultures reached steady-state conditions (usually in 

the late exponential growth phase). At this point, half of the biomass in the tubes was removed 

for filtration and the volume replaced by filtered seawater and fresh new medium.  
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Fatty acids analyses 

Lipids from the three strains of microalgae were analyzed twice during the growth curve: during 

exponential phase and during stationary phase. Triplicates of a 50-ml were filtered on pre-

combusted (450ºC 4 h) GF/F Whatman glass-fiber filters, immediately frozen in liquid N2, 

freeze-dried for 12 h, and then stored at -20ºC until analysis (~5�10 days). The filters were 

placed in a tube with 3:1 dichloromethane-methanol (DCM:MeOH) spiked with an internal 

standard (2-octyldodecanoic acid and 5-cholanic acid). Lipids were extracted using a 

microwave-assisted technique (5 min at 70ºC), previously described to be the simplest and most 

effective for microalgal lipid extraction (Kornilova et al., 2003; Escala et al., 2007; Gómez-

Brandón et al., 2008). After centrifugation, the extract was first taken to near dryness in a 

vacuum centrifuge maintained at constant temperature and then fractionated by solid-phase 

extraction (SPE), according to a previously published method (Ruiz et al., 2004). The sample 

was subsequently re-dissolved in 0.5 ml of chloroform and eluted through a 500-mg 

aminopropyl mini-column (Waters Sep-Pak® cartridges) previously activated with 4 ml of n-

hexane. The first fraction (neutral lipids) was eluted with 3 ml of chloroform:2-propanol (2:1) 

and the fatty acids recovered with 8.5 ml of diethyl ether:acetic acid (98:2). The free fatty acid 

(FFA) fraction was methylated using a 20% solution of MeOH/BF3 and heating at 90ºC for 1 h, 

yielding fatty acid methyl esters (FAMEs). The reaction was quenched with 4 ml of NaCl-

saturated water. FAMEs were recovered by extracting the samples twice with 3 ml of n-hexane. 

The combined extracts were taken to near dryness, re-dissolved with 1.5 ml of chloroform, 

eluted through a glass column filled with Na2SO4 (to remove residual water), and, after 

chloroform removal, subjected to nitrogen evaporation. The extracted sample was stored at -

20ºC until gas chromatography (GC) analysis. At that time, the extracts were re-dissolved in 30 

µL of iso-octane and then analyzed in a Thermo Finnigan Trace GC Ultra instrument equipped 

with a flame ionization detector and a splitless injector and fitted with a DB-5 Agilent column 

(30-m length, 0.25-mm internal diameter, 0.25-µm phase thickness). Helium was used as the 

carrier gas, delivered at a rate of 33 cm s-1. The oven temperature was programmed to increase 

from 50 to 320ºC at 10ºC min-1. Injector and detector temperatures were 300 and 320ºC, 

respectively. FAMEs were identified by comparison of their retention times with those of 

standard fatty acids (37 FAME compounds, Supelco® Mix C4-C24), and quantified by 

integrating the areas under the curves in the GC traces (Chromquest 4.1 software), using 

calibrations derived from internal standards. 
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Dry weight biomass 

Dry weight (DW) was determined by filtering duplicate subsamples (10 ml) through pre-

weighed glass-fiber filters (Whatman GF/F 25 mm, nominal pore size 0.7 µm). The filters were 

dried in an oven (105ºC) for 4 h and then weighed in a Sartorious balance (precision of ± 

0.001g). 

Biomass productivity, lipid content, and lipid productivity 

All data provided are reported on a volumetric basis. Biomass productivity in semi-continuous 

culture was determined as the product of the specific growth rate  (obtained from Eq. 1 in Sect. 

2.3) and the dry weight biomass concentration (Sect. 2.5), with the results expressed as grams 

per liter per day. Lipid content was reported as a percentage of dry weight (% DW). Lipid 

productivity (oil produced by the algae as determined by volume and time) was calculated as the 

product of biomass productivity (g DW per liter per day) and lipid content (% DW). 

Data analysis 

Data from the biotic parameters (Table I) were transformed (log x+1) to normalize variance for 

parametric analysis. The effects of treatments on the strains� biotic parameters were compared 

using a multifactorial ANOVA with a confidence of 99%. Specified factors for the ANOVA 

included conditions (outdoor or indoor) and species (Heterosigma akashiwo, Alexandrium 

minutum, or Karlodinium veneficum). The Tukey HSD test was used after ANOVA to identify 

significant differences between mean values, with a probability level of 1% (P < 0.01) 

indicating significance. All statistical analyses were conducted with STATISTICA© 6 software for 

PCs. 

Results 

Environmental conditions and abiotic parameters 

The first experiment under outdoor conditions was done with Heterosigma akashiwo during the 

autumn-winter. This was followed by a second experiment using Alexandrium minutum and 

Karlodinium veneficum during the spring. 



Dinoflagellates and Raphidophytes in photobioreactors 

 87

For H. akashiwo cultures, irradiance and temperature in the outdoor treatment were highly 

variable throughout the studied period (Figure 2A). The average temperature was 12.1 ºC, with 

a minimum of 0.4 ºC in mid December, but there was no decay of the culture (Figure 2A-C). 

However, a second temperature minimum of 0.9ºC occurred on March 8th corresponding to an 

unusual snow storm and resulted in the sudden death of the cultures (data not shown). The 

night-day temperature amplitude during the autumn-winter study period was close to 10ºC, with 

the minimum recorded early in the morning (around 07:00 AM) and the highest temperatures at 

noon. Average irradiance of the H. akashiwo cultures was 1494 μE m-2 s-1. The minimum was 

recorded at the end of December (143 μE m-2 s-1), and the maximum at the beginning of March 

3321 μE m-2 s-1 (Figure 2C). Irradiance and temperature inside the tubes were highly correlated 

(r2 = 0.87). At high irradiance (> 2500 μE m-2 s-1), temperatures rapidly climbed to > 15ºC (with 

a delay of < 4 h between the two variables), especially in March, at the end of the growth 

period. The initial pH of the H. akashiwo culture in the outdoor photobioreactor was 7.99 ± 

0.03, reaching a maximum of 8.95 after 28 days, and with an average for the entire autumn-

winter period of 8.36 ± 0.04. 

As seen in Figure 2A, the initial conditioning time of H. akashiwo in the outdoor environment 

was relatively long, almost 10 days, after which the strain began to grow exponentially. Steady-

state conditions in the culture were reached between days 20 and 25, which allowed the first 

harvesting of biomass. Subsequently, the strain resumed steady-state growth within 4�6 days 

(average duplication time for H. akashiwo), achieving a value > 30 ug Ch a/L. From the 

beginning until the end of the experiment, H. akashiwo cultures were run for almost 120 days in 

semi-continuous mode. K. veneficum and A. minutum were cultured in the spring. Accordingly, 

both temperature and irradiance were higher than during the period of H. akashiwo culture. The 

average temperature was 17.1ºC, with a maximum of 37.6ºC and a minimum of 0.9ºC, and the 

average irradiance 2430 μE m-2 s-1, with a maximum of 4020 μE m-2 s-1 and a minimum of 202 

E m-2 s-1 (Figure 2D). 
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Figure 2. Growth curves of Heterosigma akashiwo (A), Karlodinium veneficum, and Alexandrium minutum (B) in semi-continuous culture under outdoor conditions. 
Continuous record of temperature (ºC) and irradiance (μE m-2 s-1) in the PBR system for Heterosigma (C), Karlodinium and Alexandrium (D), under outdoor conditions 
in Barcelona, Spain.  (� Heterosigma akashiwo; ------ Alexandrium minutum; � � � Karlodinium veneficum).
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A
s seen in Figure 2B

 (right, Y
 axis), K

. veneficum
 entered the late exponential grow

th phase 

around day 18, reaching C
h a values of > 60 µg/L, follow

ed by a second grow
th phase in w

hich 

C
hl a concentrations w

ere 20�30 µg/L. The corresponding values for A. m
inutum

 w
ere sim

ilar 

to those of K
. veneficum

 during the first exponential grow
th phase but w

ere reached in less tim
e 

(< 10 days). The C
hl a values during the tw

o exponential grow
th phases w

ere betw
een 15 and 

20 µg C
h a/L (Figure 2B

, left Y
 axis). 

E
ffect of culture conditions and species on biotic param

eters 

B
iotic param

eters (grow
th rate, duplication tim

e, biom
ass productivity as dry w

eight, lipid 

concentration, and lipids productivity) w
ere significantly higher in outdoor than in indoor 

conditions (F = 224.7, P < 0.01) and there w
ere significant differences am

ong species (F= 21, P

< 0.01). In addition, the interaction am
ong factors w

as significant (F= 42, P < 0.01).  

G
row

th rates and duplication tim
e 

The grow
th rates of the three species under indoor conditions did not significantly differ 

(according to a post-hoc Tukey test after a significant A
N

O
V

A
 test Tukey P < 0.01; Figure 3). 

B
y contrast, under outdoor conditions, the grow

th rates of the three species varied w
idely and 

w
ere highly different over tim

e due to the variability of the natural irradiance and the fluctuating 

tem
peratures (Figure 3). 

D
ry w

eight and biom
ass productivity 

N
o significant differences (according to a post-hoc Tukey test, P < 0.01) w

ere found am
ong the 

strains w
ith respect to biom

ass productivity and dry w
eight under indoor conditions (Table 1). 

U
nder outdoor conditions, the dry w

eight biom
ass of H

. akashiw
o w

as significantly higher than 

that of the other tw
o species (post-hoc test Tukey P < 0.01).  

M
axim

um
 lipid content, lipid concentration, and lipid productivity 

Sam
ples for lipid analysis w

ere collected at the end of the exponential grow
th phase from

 

outdoor and indoor cultures of all three strains. The highest lipid content w
as m

easured in 

indoor cultures of K
. veneficum

 (Table I) w
hereas outdoor cultures of this species had the low

est 

lipid content and those of A. m
inutum

 the m
axim

um
. The values for H

. akashiw
o and A. 

m
inutum

 differed only slightly but w
ere double the m

axim
um

 lipid content of K
. veneficum

.
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Outdoor Indoor
Species Heterosigma 

akashiwo 
Alexandrium 

minutum 
Karlodinium 

veneficum 
Heterosigma 

akashiwo 
Alexandrium 

minutum 
Karlodinium 

veneficum 
Taxon Raphidophyte Dinophyta 

(thecate) 
Dinophyta 
(athecate) 

Raphidophyte Dinophyta 
(thecate) 

Dinophyta 
(athecate) 

Td (days) 5.32 ± 1.4 2.66 ± 1.1 3.63 ± 1.6 4.56 ± 2.3 5.87 ± 0.8 5.45 ± 0.6
Dry weight biomass 

(g/L) 
1.46 ± 0.1 1.20 ± 0.03 1.06 ± 0.02 1.15 ± 0.1 1.14 ± 0.04 1.14 ± 0.06

Biomass productivity 
(g·L-1·day-1) 

0.25 ± 0.04 0.35 ± 0.11 0.22 ± 0.07 0.20 ± 0.09 0.16 ± 0.02 0.15 ± 0.01 

Maximum 
lipid content (%) 

23 22 12 24 23 27 

Maximum Lipid 
concentration 

TAG+FFAs (mg L-1) 

253.3  252.0 127.1 214.6 253.4 257.9 

Lipid productivity 
(mg·L-1·day-1) 

56.1 ± 9.7 80.7 ± 23.9 26.7 ± 8.6 48.8 ± 14.7 36.5 ± 4.9  40.3 ± 3.0 

Table 1. Biotic parameters of the strains tested under indoor and outdoor culture conditions. Duplication time (Td) was calculated in the exponential growth phase. 
Productivities were measured during the same phase of culture (harvest time) and are expressed in volumetric unit. (± SD). TAG triacylglycerides, FFAs free fatty 
acid.
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Figure 3. 3D graph showing the growth rates (μ day-1) of the Heterosigma, Karlodinium and Alexandrium
strains tested in this study under the different incident natural light (μE m-2 s-1), and temperature (ºC) 
conditions outdoors. The growth rates of the strains, under the consistent irradiation and temperature 
conditions indoors are shown within the large circle. 

The lipid concentration, expressed as the sum of triacylglycerides plus the FFA fraction, yielded 

values > 250 mg/L in H. akashiwo and A. minutum under outdoor conditions. On a per cell 

basis, the highest amount was achieved by A. minutum (4.40 ng lipid/cell), followed by H. 

akashiwo (4.17 ng lipid/cell), and the lowest amount by K. veneficum (3.55 ng lipid/cell). Under 

indoor conditions, however, total volumetric lipid concentrations between the strains did not 

significantly differ (Tukey test P < 0.01). Per cell, the maximum lipid content occurred in A. 

minutum (4.08 ng lipid/cell), with H. akashiwo lagging far behind (1.37 ng lipid/cell) and 

followed by K. veneficum (1.26 ng lipid/cell). 

In terms of lipid productivity, the best performer was A. minutum, which under outdoor 

conditions produced 3 times more lipid than K. veneficum. However, when the three species 

were cultured under indoors controlled conditions, the differences in volumetric production 

were not as large (Tukey test P< 0.01), with H. akashiwo as the highest producer (Table I). 
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Fatty acids profile  

The oil fraction was extracted from the three strains during the same growth phase. Saturated 

fatty acids (SAFA) accounted for the largest proportion, specifically, palmitic acid C16:0, 

followed by stearic acid C18:0 and myristic acid C14:0. The second largest contributor of fatty 

acids consisted of the polyunsaturated fatty acids (PUFA), especially eicosapentaenoic acid 

C20:5n3. The monounsaturated fatty acids (MUFA) fraction was comparatively small, with 

palmitoleic acid (C16:1) as the principal contributor. 

The SAFA concentration differed among the species and with respect to culture conditions. 

Indoor conditions produced the highest SAFA concentrations: 49.8 lipid mg L-1 for K. 

veneficum at culture day 20, 46.7 lipid mg L-1 for H. akashiwo at culture day 23, and, 29.7 lipid 

mg L-1 for A. minutum also at culture day 23. However, MUFA were detected in only two of the 

three strains cultured indoors, with a maximum concentration at day 23 for H. akashiwo and K. 

veneficum at of 3.9 and 2.7 lipid mg L-1, respectively. Regarding the PUFA fraction, and 

specifically eicosapentaenoic acid, this high-value oil was produced by only one species, H. 

akashiwo, with larger amounts obtained from indoor vs. outdoor cultures and the maximum of 

9.8 mg L-1 occurring on culture day 23 (Figure 4). 

The lipid profiles of strains cultured outdoors were similar to those obtained from indoor 

cultures, with the highest concentrations accounted for by the SAFA fraction, followed by the 

MUFA and PUFA fractions. A comparison of the total concentration of FFAs resulting from 

indoor vs. outdoor culture conditions showed differences in A. minutum and in K. veneficum at 

~20 days; however, there was no difference (Tukey test P< 0.01) in the FFAs analogously 

produced by H. akashiwo (Figure 4). 
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Karlodinium veneficum

Heterosigma akashiwo

Alexandrium minutum

Indoor Outdoor
Karlodinium veneficum

Heterosigma akashiwo

Alexandrium minutum

Indoor Outdoor

Figure 4. Growth curve (black line) and fatty acids concentrations (bars) of the three strains cultured in 
bubble column photobioreactors under indoor and outdoor growth condition. Fatty acids were measured 
during the stationary phase of culture.
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Discussion 

The present study confirms that cultures of dinoflagellate and raphidophyte strains can be 

maintained over the long term (months) under outdoor conditions in the Mediterranean area. 

Previous studies involving outdoors cultures of different microalgal groups reported production 

parameters measured over a short period of time, i.e., days (Krompkamp et al., 2009) or weeks 

(Rodolfi et al., 2008). Our study was of much longer duration, from autumn-winter for H. 

akashiwo (approximately 4 months) and during the spring season for A. minutum and K 

veneficum (> 1 month). An advantage of H. akashiwo is that it grows during seasons (autumn-

winter) that are usually adverse for other microalgal species due to unfavorable light and 

temperature conditions. However, all three species analyzed in this study were robust in the 

system used (bubble column photobioreactor), with successful outdoor growth probably due to 

the fact that the strains were isolated from natural populations inhabiting the study area (NW 

Mediterranean basin). Optimal growth of autochthonous species of seawater microalgae might 

therefore be achieved under conditions similar to those of their local environment. 

The bcPBR used herein allowed good mixing of the cells inside the tubes, with the gas intake in 

the bottom of the system promoting aeration and dispersion. This type of PBR is known to have 

a high surface to volume ratio and a small footprint area (Morweiser et al. 2010). In our study, 

the bcPBRs� configuration and orientation with respect to the sun avoided overheating inside 

the tubes at noon, when maximum temperatures were recorded, because the angle of the 

incident sunlight exposed the tubes to maximal amounts of solar energy mainly in the morning, 

with a reduction at noon and in the afternoon. In summer, when incident light reaches high 

radiation values (> 4000 μE m-2 s-1) already before 10:00 AM, the increasing temperature inside 

the bubble column (41ºC mid July) resulted in photo-inhibition (decolorized cells) and cell 

death in all strains tested (data not shown). This sequence of events might also be explained by 

the temperature amplitude, which in summer can be over 25ºC during the day. In order to avoid 

this variation, the PBR system was covered with a black Raschel net that diminished the light 

impacting the surface of the PBR. The reduction in incident light allowed the growth of A. 

minutum and K.veneficum during the spring season. 

It is well established (Soroking et al., 1958) that microalgal growth varies depending on light 

intensity (light-limited, light-saturated, light-inhibited state). Under light-limited conditions, the 

specific growth rate usually correlates linearly with light intensity. Under the indoor conditions 

of this study, all the parameters were stable (see Materials and Methods) the constant light (low 
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irradiance) and temperature maintained the growth of all three stains and yielded consistent 

results. However, while these stable conditions enable predictable production, the amount of 

energy needed to maintain the system is relatively high.  

 In the present experimental set-up, the outdoor conditions resulted in an enhanced growth rate 

for all three species, due to the higher light intensity than in indoor conditions (Figure 3). The 

strains were resistant to the variations in temperature and light that occurred outdoors (10ºC 

amplitude and up to 3000 μE m-2 s-1 of incident light). This adaptability of the cultures permitted 

a long production period. On a year-round basis, however, it would be necessary to avoid the 

extreme temperature amplitude occurring in bcPBRs placed outdoors. For example, the PBR 

system could be installed inside a greenhouse, where it is possible to control abiotic parameters 

(Molina-Grima et al., 2003), although this would incur high initial construction costs. 

Interestingly, the strains differed in their biomass productivity (g·L-1·day-1) depending on the 

culture conditions. For indoor cultures, productivity was similar for all strains and was higher 

than reported for other strains of microalgae, such as diatoms (Chaetoceros spp.: 0.04�0.07 g·L-

1·day-1), the haptophyte Isochrysis galbana (0.14 g·L-1·day-1), and the Xanthophyceae Monodus 

subterraneus (0.19 g·L-1·day-1) (reviewed by Chen et al., 2011) under similar laboratory 

conditions and despite the inclusion of a CO2 supply. Better results were obtained under outdoor 

conditions, with the productivity of A. minutum reaching a maximum of 0.35 g·L-1·day-1, 

comparable to the high biomass typically produced by Nannochloropsis oculata (Chiu et al., 

2009). It is important to note that our culture system has a gas intake that does not require the 

addition of CO2, but instead simply uses the CO2 available in the atmosphere (420 ± 14 ppm). It 

was used atmospheric CO2 in order to help in the sequestration of this green house gases. We 

hypothesize that even better results can be obtained for the dinoflagellates and raphidophytes 

tested if additional CO2 were provided, which would increase carbon availability to the cells and 

allow adjustment of the pH of the cultures.  

The higher biomass productivity obtained in this study was probably due to the high biovolume 

of the cells (A. minutum 2856 m3, H. akashiwo 1147 m3, and K. veneficum 516 m3). By 

contrast, at 13 m3, the average biovolume of the freshwater green algae Chlorella vulgaris is 

much lower (Schmidtke et al., 2010) and that of the Eustigmatophyceae Nannochloropsis even 

lower, due to the small size (< 4 m) of these organisms. Nevertheless, biomass production, 

expressed a g dw per liter, by our three microalgal strains was quite similar to or even higher 

than that of the above-mentioned green algae because, although the cell concentration over the 
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same period of time was lower, this was compensated for by much greater biovolume. These 

data are important because they demonstrate the availability of marine microalgae with high 

biomass productivity under outdoor conditions. Thus, the target organisms are not simply those 

with fast growth, but species that combine good growth under outdoor conditions with high 

carbon storage (e.g., lipids) and biomass productivity. 

In the present study, the lipid content of the strains was > 22% by dry weight, under outdoor and 

indoor conditions, except for outdoor cultures of K. veneficum (Table 1). These data are 

comparable to those published for other taxa (see review of Chen et al., 2011), in which 

maximum concentrations of lipids were produced by Dunaniella tertiolecta (67% by dry 

weight). The strains of the present study had a higher lipid content than the mean values 

reported for many others species in the same review of Chen et al., 2011. 

Average lipid productivity by our strains was higher outdoors than indoors and was related to 

lipid content.  While for outdoor cultures strain-specific differences in lipid productivity were 

noted, for indoor cultures they were not significant. However, a comparison of the average of 

each experimental set-up showed that lipid productivity was higher under outdoor conditions (> 

12.7 mg·L-1·day-1). Interestingly lipid productivity was high than that reported for phototrophic 

marine and freshwater green cells by Rodolfi et al., 2008, in their work reported the highest 

lipid productivity for a marine strain reached by Nannochloropsis sp. (61 mg·L-1·day-1), the 

highest lipid productivity for a freshwater strain was for Scenedesmus sp. (53.9 mg·L-1·day-1) in 

the same research work. Our A. minutum and H. akashiwo strain cultured in outdoor conditions 

reaching best results (Table 1) in terms of lipid productivity compared with Rodolfi et al., 2008. 

In fact, the lipid productivity of our three strains reached best results that of several species of 

autotrophic cells, such as Botryococcus braunii, Chlorella protothecoides, C. sorokiniana, and

C. vulgaris (Illman et al., 2000; Liang et al., 2009; Yoo et al., 2010). 

The fatty acids profile of microalgae varies depending on growth phase, nutrient availability, 

light, and other external parameters (Mansour et al. 2003, Zhekisheva et al., 2002; Takagi et al., 

2006). Similarly, the lipid composition of the three strains examined herein was previously 

shown to depend on the growth phase (Fuentes-Grunewald et al., 2009). The present study is the 

first to determine the principal fatty acids of the lipid profiles of dinoflagellates and 

raphidophytes under indoor and outdoor culture conditions. The cells were harvested during the 

exponential phase or at the beginning of the stationary phase (corresponding in this study to 

days 17 and 23) because, according to the growth curves, cell density and biomass productivity 
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were highest at these time points. During that period, for example, the lipid profile of H. 

akashiwo was similar under outdoor and indoor conditions and was dominated by SAFA lipid 

fraction. However, even in this alga, eicosapentaenoic acid EPA, production was substantial, 

nearly 10 mg/L. These data are of commercial interest for large-scale production of C20:5n3. 

Also of interest was the fact that there was no drastic change in the lipid profile of the strains in 

response to the changing environmental conditions. 

Conclusion 

We have analyzed three strains of dinoflagellates and raphidophytes that can be used for 

biomass production outdoors. These algae are present in seawater all over the world and can be 

easily isolated. Compared to freshwater algae, they are more competitive in terms of lipid 

productivity and environmental production. Moreover, as shown herein, they can be cultured in 

a bubble column photobioreactor system for long-term biomass production in the Mediterranean 

area. Under these culture conditions, no drastic changes in terms of growth rate, biomass 

productivity, lipid content, and fatty acid profile are expected. Therefore, these strains are good 

candidates for the year-round production of microalgal biomass suitable for 3rd-generation 

biodiesel fuel. 
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CCHHAAPPTTEERR VV

Energetic balance and environmental impact analysis of marine 

microalgal biomass production for biodiesel generation in a 

photobioreactor pilot plant  
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Abstract 

A life cycle assessment (LCA) and an energetic balance analysis of marine microalgal biomass 

production were done in order to determine the energetic balance, the environmental impacts 

and to detect the critical points of its production for large scale planning. The artificial lightning 

and temperature conditions of an indoor bubble column photobioreactor (bcPBR) were 

compared with the natural conditions of an equivalent outdoor system. Marine microalgae, 

belonging to dinoflagellate and raphidophyte groups, were cultured and the results compared 

with published LCA data obtained from green microalgae (commonly freshwater algae). Among 

the species tested, Alexandrium minutum was chosen as the target marine microalgae for 

biomass production under outdoor conditions, although there were no substantial differences 

between any of the marine microalgae studied. Under indoor culture conditions, the total energy 

input for Alexandrium minutum was 912 MJ/kg vs. 126 MJ/kg for outdoor conditions. Thus, > 

80% reduction in energy requirements was achieved using natural environmental conditions, 

demonstrating the feasibility of outdoor culture as an alternative method of bioenergy 

production from marine microalgae. Growth stage was identified as the principal source of 

energy consumption for all microalgae tested, due to the electricity requirements of the 

equipment, followed by the construction material of the bcPBR. The global warming (GW) 

impact was 7.5 times lower in outdoor than in indoor conditions. Although the energetic balance 

was negative under both conditions, this study concludes with suggestions for improvements in 

the outdoor system that would allow the scale-up of this biomass production technology for 

Mediterranean outdoor conditions.  

Keywords:  
Marine Microalgae; Biodiesel; Photobioreactor; Life Cycle Assessment; Energetic Balance. 
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Introduction 

The next decade will be crucial in solving many of the environmental issues of our planet, 

especially those regarding the increase in greenhouse gases (GHG), water shortages, and the 

depletion of fossil fuels. Issues related to CO2 emissions and fossil fuel depletion are linked, due 

to the large amounts of CO2 released into the atmosphere from the industrial, transportation, and 

energy sectors (Bates et al., 2008). To avoid further increases in GHG emissions and to enlarge 

the energetic matrix of different countries, governments, policy stakeholders and researchers 

groups are investing and developing in projects related to the production of biofuels from 

terrestrial biomass feedstock, such as corn, rapeseed, sunflowers, and sugarcane. However, the 

use of these feedstock�s for biofuel production is controversial since the processing and 

commercialization of terrestrial plants are associated with several environmental and social 

problems, including a loss of biodiversity, increased freshwater consumption, higher prices of 

edible plants, and the resulting social inequalities (Dauvergne et al., 2010). Alternatively, one of 

the most promising feedstocks for biofuel production is microalgae, due to their photosynthetic 

conversion efficiency, fast growth, sustainable biomass, and high content of triacylglycerols 

(TAG), the oil used commonly as a raw material for biodiesel production (Chisti, 2007, Hu et 

al., 2008). 

Until now, freshwater microalgae have been the main microalgal species researched for biomass 

and biodiesel production purposes. Of particular interest are the green algae, or Chlorophycean, 

such as Chlorella vulgaris, Chlorella protothecoides, Chlamydomonas reinhardtii, and 

Neochloris oleoabundans, due to their high growth rates and their well-studied life cycle. 

However, a drawback to their use is the permanent need for large quantities of freshwater in the 

continuous production of sufficient microalgal biomass, independent of the culture system. By 

contrast, using sea/wastewater as the culture medium would significantly reduce the water 

footprint (Yang et al., 2011). This, in turn, implies the need to isolate seawater strains from the 

same place where they will later be grown. The efficient use of these strains requires that they 

have high TAG concentrations as well as other energetically favorable cellular metabolites. One 

of the many advantages of the use of seawater is that it leaves freshwater supplies free for other 

human and ecosystemic uses, avoids ecological problems associated with the introduction of 

exotic microalgal species, maintains without any alteration the local ecology, and avoids the 

loss of biodiversity (Griffiths et al., 2009). 
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Based on these considerations, our group has explored the growth rates, lipid profiles, and TAG 

concentrations of different marine microalgal species, culturing the strains of interest in 

enclosed systems and improving these cultures for energetic purposes (Fuentes-Grünewald et 

al., 2009). Most of the microalgae were evaluated in previous studies and found to belong to the 

dinoflagellates and raphidophytes. Dinoflagellates are well known because of their extensive 

bloom-forming proliferations in natural marine environments throughout the world (Anderson, 

1989; Smayda, 1997). In terms of the production of biomass for bioenergy, this harmful trait 

becomes an opportunity and an advantage. Moreover, as determined in our previous studies and 

in other works (Parker et al., 2002; Gallardo-Rodriguez et al., 2009), dinoflagellates and 

raphidophytes readily adapt to growth in enclosed systems, and their natural capacity of 

proliferation can be exploited in order to establish long-term biomass cultures facilities in 

different coastal countries. 

The biotechnology used for biomass production from microalgae principally involves two types 

of culture configuration: open and enclosed systems. Open systems, such as raceways or open 

ponds, have a low initial cost of construction and maintenance, but a relatively low volumetric 

productivity, and parameters such as temperature, evaporation, and contamination cannot be 

totally controlled (Chisti, 2007). Enclosed systems, such as horizontal photobioreactors, bubble 

columns, or flat panels, produce a higher volumetric biomass (13-fold greater than raceways 

ponds), allow the growth of a single microalgal cell type (monoculture), and have fewer 

contamination problems than open systems. However, the initial cost of construction is, in any 

case, higher for enclosed than for open systems (Chisti, 2007). Moreover, the energetic cost of 

microalgal biomass production in enclosed systems suffers from the current need for materials 

and procedures that require high amounts of energy, such as the different plastics used in the 

construction of the photobioreactor in bubble column photobioreactors and the concrete needed 

for open pond systems. In addition, electricity consumption during the microalgal growth stage 

(water, air pumping, CO2 injection, etc.) or in the filtration systems used to extract the biomass 

from the seawater in the dewatering stage is also high. Both open and enclosed systems are used 

to grow microalgae under autotrophic condition, with sunlight as the energy source, nutrients 

obtained from liquid medium, and inorganic carbon, as CO2, provided in pure form or as 

injected air with atmospheric CO2 concentrations. With these inputs, chemical energy is formed 

via photosynthesis (Huang et al., 2010). 
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In the present study, an enclosed system was chosen to achieve high marine microalgae biomass 

production, since it allows the control of abiotic parameters and biomass production per 

volumetric area is higher than in open systems. An additional consideration in establishing open 

system facilities is the high price of land in the Mediterranean area. Another factor is the stable 

weather conditions in this area. Since local strains of dinoflagellates and raphidophytes produce 

extensive natural proliferations in the Mediterranean basin (Anglès et al., 2010), these 

conditions were reproduced in controlled systems, together with the same abiotic parameters 

and seawater encountered by natural populations, following the suggestion of �built around 

algae� facilities for long-term microalgal biomass production (Morweiser et al., 2010). 

Life cycle assessment (LCA) is a tool that allows the potential impacts along the life cycle of a 

product, process, or activity to be evaluated. LCA studies in microalgal biomass production for 

biodiesel purposes are principally based on models or laboratory data, but, in fact, most of the 

data are assumptions or refer to a hypothetical system based on extrapolations from lab-scale 

studies (Batan et al., 2010; Collet et al., 2011; Yang et al., 2011) . In the present work, data for 

the LCA were obtained from a previous study (Fuentes-Grünewald et al. submitted), in which 

microalgal cultures were run in a bubble column photobioreactor (bcPBR) pilot plant under 

controlled conditions (indoors) and in a natural environment (outdoors). Energetic balance is the 

key consideration in the design and development of a new methodology/feedstock aimed at 

energy production. Accordingly, measuring and evaluating the energy consumption of a newly 

proposed system simplify improvements and facilitate increases in its efficiency. 

The aims of the present study can be defined as follows:  

1) To determine the energetic balance of dry marine microalgal production (Alexandrium 

minutum, Karlodinium veneficum and Heterosigma akashiwo) in a bcPBR pilot plant under 

indoor and outdoor conditions. 2) To evaluate and determine the principal environmental and 

energetic impacts in the production of marine microalgal biomass under artificial (indoor) and 

natural (outdoor) conditions of temperature and lighting in a bcPBR pilot plant. 3) To assess the 

relative energetic and environmental contributions of LCA stages, in order to detect the weak 

but also the critical points of an outdoor system, with the goal of obtaining a viable and scalable 

design for an industrial-scale biofuels facility. 4) To discuss the feasibility of microalgal 

biomass production facilities for biodiesel generation in the Mediterranean basin using outdoor 

conditions without the need of energy input using artificial light and temperature control.  
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Materials and methods 

Description of the microalgal cultivation in the pilot plant 

The study was conducted at the Institut de Ciències del Mar (ICM-CSIC), Barcelona, Spain, 

under ambient Mediterranean climate conditions (41º 23' 16.5" N; 02º 10' 11.71" E). Three 

species of microalgae, two belonging to Dinophyceae (AMP4 Alexandrium minutum and 

ICMB252 Karlodinium veneficum) and one to Raphidophyceae (ICMB830 Heterosigma 

akashiwo) were grown in bubble columns under indoor and outdoor environmental conditions.  

The experimental design consisted of a bcPBR, which has a supporting structure of wood and 

polymethylmethacrylate tubes, as shown in Figure 1. The polymethylmethacrylate tubes (2.0 m 

height and 0.15 m Ø) had a volume of 0.033 m3 each. Three tubes were used for each microalgal 

species, both for indoor and outdoor conditions; thus, the indoor system had a total workload of 

0.297 m3 as did the outdoor system. The bcPBR was 2.65 m in length and 0.75 m in width. The 

separation between tubes was 0.11 m, with a total surface utilized of 1.98 m2 and a 

volume/surface ratio of 150 (L/m2). For both growth conditions, the microalgae were cultured in 

triplicate.Under indoor conditions, the microalgal strains were grown in a temperature-

controlled room at 20ºC ± 1ºC. All cultures were grown in filtered (0.21-µm) seawater (salinity 

of 37 and neutral pH) obtained from the ICM culture facilities and supplemented with full L1-

enriched medium without added silicates (Guillard, 1993). Pre-filtered air (Iwaki filter, 0.2-µm 

pore size) with a CO2 concentration of 420 ± 16 ppm (measured by a Qubitsystem S151 CO2

Analyzer) was injected from the bottom of the tubes at a flow of 0.1 v/v*min-1, which allowed 

gentle agitation inside the bubble column.  

For outdoors conditions, a bcPBR with the same layout, seawater salinity, pH, injected air, and 

growth medium as used for the indoor conditions was placed on the terrace of the ICM-CSIC. 

The experiment started in mid November 2009 and was terminated at the end of May 2010 

(autumn, winter, and spring in the northern hemisphere). Cultures were run in semi-continuous 

mode, since 50% of the biomass was harvested depending on the duplication time of each 

species (Figure 2). Throughout the experiment, light and temperature were recorded under 

outdoor conditions from the Catalonia meteorological station net (XEMA).
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Figure 1. Photograph of the bubble column photobioreactor (bcPBR) under outdoor (left) and indoor 
(right) conditions.  

Dewatering 

To obtain dry biomass, the samples were centrifuged at 4500 rpm for 7 min in a Sigma 3-16K 

centrifuge to separate the sea water from the microalgae. The supernatant water was discarded 

and a wet biomass pellet was recovered. Further steps (oil extraction, 

transterification/conversion, transportation, and distribution) of biodiesel production are outside 

the scope of this study and are not detailed in the LCA.

Figure 2. Growth curve of the different microalgae tested under outdoor conditions.       Indicates the 
harvest time of the culture. 
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Tools/LCA of the microalgal biomass production in a bcPBR pilot plant 

The energy and environmental assessment of the proposed experimental design was carried out 

using the LCA methodology. As noted above, the LCA evaluates the potential impacts along the 

life cycle of a product, process, or activity, from raw material extraction to production, use, and 

disposal (ISO 14040). ISO 14040 provides guidance on the four steps of the LCA: goal and 

scope, inventory analysis, impact assessment, and life cycle interpretation. 

Functional unit and boundary system 

The functional unit of this study is the production under indoor and outdoor conditions of 1 kg 

of dry microalgal biomass from each of the species studied. The biomass is to be used in 

biodiesel production. Figure 3 shows the studied system and its limits (inside the dotted brown 

line). The system includes all necessary steps to obtain dry biomass from microalgae: culture 

medium production, bcPBR structure production, energy consumption during the filling and 

dewatering stages, growth of the microalgae (indoors and outdoors), and bcPBR maintenance 

(cleaning). Lipid extraction and transesterification are not considered in the LCA as they are 

outside the limits of the system. 
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Figure 3. Life cycle system of microalgal biomass production for biodiesel production   

Life cycle inventory 

Table 1 show the life cycle inventory and the data, which were collected and classified 

throughout the experiment (November 2009-May 2010). All data are expressed per functional 

unit, i.e., the production of 1 kg of dry microalgal biomass, except for the equipment, expressed 

in terms of power. Inflows were power equipment (kW), operating rates (h kg-1), 

photobioreactor material (kg acrylic kg-1), culture medium doses (g kg-1), and seawater 

consumption (m3 kg-1). Outflows of the system were dry biomass for biodiesel production (kg) 

and the waste seawater with L1 culture medium obtained following centrifugation (kg m-3). In 

the dewatering process, 98.5% of the water is lost as a result of centrifugation dewatering 

(Fuentes-Grünewald et al., 2009). The production inventory of the culture medium was taken 

from the literature and the Ecoinvent database (Classen, 2007; Frischknecht et al., 2007).  



Chapter V 

112 

Assumptions for life cycle inventory 

In the life cycle inventory several assumptions were made I) Total energy consumption of the 

water pump for filling was assumed to be 1% for the experiment because this value is used 

elsewhere in the ICM. This calculation took into account the relationship between the total flow 

rate of the pump (500 L min-1) and flow through the bcPBR (5 L min-1). II) Total energy 

consumption of the air pump was assumed to be 0.3% for the same reasons as explained above. 

The total flow of the air pump is 804 L min-1 and the flow required by the bcPBR is 2.5 L min-1.  

III) Total volume of the chamber used is greater than the volume required for this experiment; 

therefore, the total energy consumption of the chamber (28.8 m3) was adapted to the volume of 

the growing tubes (0.3 m3), taking into account the space needed between tubes (14%). IV) For 

energy consumption due to the fluorescent lights, the same procedure as used for the chamber 

was adopted. V) A production rate of 25% lipids was assumed for each microalgal species 

(Fuentes-Grünewald et al., 2009). VI) For the bioenergy production calculation, the 

experimental, low calorific value of 39 MJ kg-1 was used (Lechón et al., 2006). VII) The useful 

life of the bcPBR was estimated to be 10 years, and its total weight 80 kg. 
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  LIFE CYCLE STAGES 
INPUTS OUTPUTS 

Str. 
(1) 

Filling 
(2) 

Growing of microalgae 
(3) 

Dewatering 
(4) 

Maintenance 
(5) 

Production 
(6) 

Waste water 
(7) 

PBR Water Pump SW Nutrients Chamber Air pump Fluorescence Centrifuge Washing Dry biomass  Waste 
seawater  

(kg ) kWa h m3 A(g) B(g) C(g) kWb H kWc h Kwb h kW h m3 kW h kg Kg  
Heterosigma 

Indoors 0.21 0.01 12.12 0.80 4.32 2.78 0.001 0.49 337 0.02 675 0.13 337 0.46 3.75 0.05 0.42 1.87 1.00 66.67  
Outdoors 0.27 0.01 15.62 1.03 4.64 3.59 0.001 0.00 0 0.02 869 0.00 0 0.46 4.83 0.06 0.42 2.41 1.00 66.67  

Alexandrium 
Indoors 0.22 0.01 12.84 0.85 5.57 3.59 0.001 0.49 357 0.02 715 0.13 357 0.46 3.97 0.05 0.42 1.98 1.00 66.67  

Outdoors 0.25 0.01 14.71 0.97 5.24 3.38 0.001 0.00 0 0.02 819 0.00 0 0.46 4.55 0.06 0.42 2.27 1.00 66.67  

Karlodinium 
Indoors 0.22 0.01 12.63 0.83 4.50 2.90 0.001 0.49 351 0.02 703 0.13 351 0.46 3.90 0.05 0.42 1.95 1.00 66.67  

Outdoors 0.26 0.01 15.46 1.02 5.51 3.55 0.001 0.00 0 0.02 860 0.00 0 0.46 4.78 0.06 0.42 2.39 1.00 66.67  

A: fertilizers N/P/K, B: metals, C: vitamins; a: 1% of power water pump; b: 3% of chamber energy consumption and fluorescents, c: 0,3% of air pump 

Table 1. Life cycle inventory of biomass production for three marine microalgal species cultured under indoor and outdoor conditions.
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Energy assessment 

Simapro 7.1.8 software and the method of �Cumulative Energy Demand v 1.4� were used in the 

energy assessments of all stages of the LCA. The same method was used to estimate direct 

energy consumption, including from the use of seawater and the freshwater needed for the 

maintenance or production of culture medium. 

In addition, the net energy balance was determined, calculated as the difference between energy 

output and energy input. 

Life cycle impact assessment (LCIA) 

SimaPro 7.1.8 software was used for the environmental evaluation together with the method 

detailed in �CML baseline 2001.� The impact categories were: abiotic depletion (AD kg Sb eq.); 

acidification (A kg SO2 eq.); eutrophication (E kg PO4 eq.); global warming potential (GW kg 

CO2 eq.); ozone layer depletion (ODP mg CFC-11 eq.); human toxicity (HT kg 1,4-DB eq.); 

freshwater aquatic ecotoxicity (FWAE kg 1,4-DB eq.); marine aquatic ecotoxicity (MAE T 1,4-

DB eq.); terrestrial ecotoxicity (TE kg 1,4-DB eq.); and photochemical oxidation (PO kg C2H4

eq.). 

Sensitivity analysis 

A sensitivity analysis was conducted using the variables energy consumption and lipid content 

of dry biomass. Energy consumption was modified at intervals of 50% and lipid content from 

25 to 65% for A. minutum. This analysis was done for outdoor Alexandrium production because 

this dinoflagellate species had the best energetic results. 
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Results  

The following sections describe the results obtained for the energetic balances for indoor and 

outdoor production systems and for the energetic and environmental assessment of the different 

stages considered in the LCA. Finally, the data from the sensitivity analyses determined from 

the best results (A. minutum) are presented. 

Energetic results  

Table 2 lists the total energy consumption by each species of marine microalgae for both 

production systems and the output bioenergy production from microalgae based on the 

assumptions described in Section 1.6. The obtained energetic balances are shown as well. The 

results are expressed in MJ per kg of dry microalgae species biomass. Table 3 details the dry 

biomass obtained per liter. 

Heterosigma Alexandrium Karlodinium 
Indoor Outdoor Indoor Outdoor  Indoor Outdoor 

bcPBR 30.60 39.60 32.15 36.50 32.15 37.98 
Filling and 
culture 

Filling (water 
pump) 

0.33 0.42 0.35 0.40 0.34 0.42 

Filling 
(seawater) 

8.79 11.33 9.31 10.67 9.16 11.20 

Culture 0.26 0.30 0.34 0.32 0.27 0.34 
Growing of 
microalgae 

Chamber 598.37 0.00 633.87 0.00 623.30 0.00 
Air pump 54.35 70.04 57.57 65.96 56.61 69.32 

Fluorescents 158.09 0.00 167.47 0.00 164.68 0.00 
Dewatering 

Centrifuge 6.21 8.00 6.57 7.53 6.46 7.92 
Maintenance       

Washing 
pump 

2.80 3.61 2.97 3.40 2.92 3.57 

Water 0.31 0.40 0.32 0.37 0.32 0.39 

Input 
(MJ/kg)

Total 861 135 912 126 897 132 
 Output 

(MJ/kg)  8.78 8.78 8.78 8.78 8.78 8.78 
 Balance(

MJ/kg)  -853 -126 -903 -118 -889 -123 

Table 2. Energy consumption, output and balance per kg of dry biomass for each life cycle stage and for 
each microalgal species and growth system 
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Heterosigma (g*L-1) Alexandrium (g*L-1) Karlodinium (g*L-1) 
Indoor Outdoor Indoor Outdoor Indoor Outdoor 
1.25 0.97 1.18 1.03 1.20 0.98 

Table 3. Conservative DW biomass per liter for each microalgal specie and growth system  

The energy balance results showed large differences between the indoor and outdoor systems in 

contrast to the biomass results, in which the two systems did not differ substantially. In addition, 

for each type of microalgae and for both systems, biomass production was robust, and in future 

experiments and applications any microalgal species could be used.  

Energy results of production systems 

The outdoor system consumed less energy than the indoor system, with differences between 727 

and 786 MJ kg-1. These differences were due to the indoor systems� requirements for 

temperature and light, which need to be artificially provided and controlled to maintain constant 

environmental conditions for growth, but, also to a generally higher energy consumption of 84�

86% (values highlighted in gray in Table 2). In outdoor systems, temperature and light were 

provided naturally, with no need for additional energy input.  

For both productions systems, the balances obtained were negative but as expected from the 

energetic input results, energy balances were best for the outdoor system. Specifically, 

Alexandrium grown in the outdoor bcPBR had the best energy balance (-118 MJ kg-1) while 

indoor production of this same microalgae had the worst balance (-903 MJ kg-1). 

Energy results of microalgae 

The energetic results for the different microalgal strains grown in the same production system 

differed only slightly. In the case of outdoor production, energy consumption differences were 

less than 6.0% as was the case for the balance results. For indoor production, the energy 

consumption results differed by less than 6.0% and for the energy balance results by 5.0%. 
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Energy results of life cycle stages 

The analysis of life cycle stages of both types of production and all three microalgal strains 

indicated that higher energy consumption was due to microalgal growth. For indoor production 

systems, growth stage accounted for 94.1% of total energy consumption, with the chamber 

consuming 73.8% and the fluorescent lights 19.5%. In outdoor production systems, the growth 

stage accounted for 51.9% of total consumption, with no energy consumption used to fulfill 

light and temperature requirements. The life cycle stage with the second highest consumption 

was bcPBR production, for both production systems. The energy requirement was 3.5% for the 

indoor system and 29.2% for the outdoor one. The LCA results for the dewatering process 

indicated an energy consumption of 6�8 MJ kg-1, which represents contributions of less than 

1.0% (indoor system) and 6.0% (outdoor system). According to the LCA, energy consumption 

was lowest for the use of culture medium to promote microalgal growth. 

Environmental results  

In the following, the environmental impacts of bioenergy production per functional unit, as 

determined for ten impact categories, are analyzed. The total environmental impact by 

production system and by type of marine microalgae, particularly with respect to the global 

warming category, is presented, followed by an evaluation of the relative contributions of life 

cycle stage.  

Total environmental impacts 

For all impact categories and all microalgal species, outdoor systems had a lower environmental 

impacts (see Table 3). Specifically, Alexandrium outdoor production had the lowest 

environmental impacts and in all categories (marked in black in Table 4). By contrast, 

Alexandrium indoor production had the highest impacts (indicated in gray in Table 4) for all 

categories. As with the energetic results, there were few differences between types of 

microalgae. For outdoor systems, differences between Heterosigma, Alexandrium, and 

Karlodinium were between 0.8% (MAE) and 6.0% (AC) while for indoor systems these 

differences were 1.3% (GW) and 5.7% (ODP).  
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Heterosigma Alexandrium Karlodinium Impact category  
(Eq. Units)

Indoors Outdoors Indoors Outdoors Indoors Outdoors 
A.D (kg SB eq.) 1.04E+00 1.50E-01 1.10E+00 1.41E-01 1.08E+00 1.48E-01 

A.C (kg SO2 eq.) 1.33E-00 1.67E-01 1.41E+00 1.57E-01 1.34E+00 1.65E-01 

E (kg PO4 eq.) 6.88E-02 9.55E-03 7.29E-02 9.01E-03 7.17E-02 9.46E-03 

GW (kg CO2 eq.) 1.42E+02 2.03E+01 1.50E+02 1.91E+01 1.48E+02 2.01E+01 

ODP (kg CFC-11eq.) 8.00E-06 1.51E-06 8.48E-06 1.42E-06 8.33E-06 1.50E-06 

HT (kg 1,4-DB eq.) 4.21E+01 4.74E+00 4.46E+01 4.47E+00 4.38E+01 4.70E+00 

FWAE (kg 1,4-DB eq.) 9.38E+00 1.10E+00 9.93E+00 1.04E+00 9.77E+00 1.09E+00 

MAE (kg 1,4-DB eq.) 2.37E+04 2.60E+03 2.51E+04 2.45E+03 2.47E+04 2.58E+03 

TE (kg 1,4-DB eq.) 2.36E-00 2.53E-01 2.50E+00 2.38E-01 2.46E+00 2.50E-01 

PO (kg C2H4 eq.) 4.96E-02 6.49E-03 5.25E-02 6.11E-03 5.17E-02 6.42E-03 

Table 4. Environmental impacts for microalgal species and impact category. Abiotic depletion (AD kg Sb 
eq.); acidification (A kg SO2 eq.), eutrophication (E kg PO4 eq.), global warming potential (GW kg CO2
eq.); ozone layer depletion (ODP mg CFC-11 eq.); human toxicity (HT kg 1,4-DB eq.); freshwater 
aquatic ecotoxicity (FWAE kg 1,4-DB eq.); marine aquatic ecotoxicity (MAE T 1,4-DB eq.); terrestrial 
ecotoxicity (TE kg 1,4-DB eq.) and photochemical oxidation (PO kg C2H4 eq.) 

With respect to the global warming (GW) category, indoor system production implied similar 

emissions of CO2 eq. per functional unit (kg of dry biomass), with an average of 146.3 ± 4 for 

all algae tested. For the same category but for outdoor production, the results were an average of 

19.5 ± 0.5 kg of CO2 eq. for Heterosigma, Alexandrium, and Karlodinium. Thus, GW was 7.5 

times lower under outdoor than indoor conditions.  

Environmental impacts of life cycle stage  

The best performance in terms of environmental impacts depended on the strain and condition. 

Figure 4 shows the relative contributions of the life cycle stages of Alexandrium indoor 

production. The higher environmental impacts under indoor conditions for Alexandrium were 

due to microalgal growth stage, which accounted for 91-98% of all environmental impacts as a 

function of energy consumption, i.e., temperature and light conditions requirements. The life 

cycle stage of filling had a 7.4% contribution to ODP. The relative contributions of the other 

stages were less than 4%. 
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Figure 4. Relative contributions of different life stages of Alexandrium under indoor conditions.  

The environmental result for the outdoor production of Heterosigma and its relative percentages 

for each life cycle stages are shown in Figure 5. As was the case for indoor production of 

Alexandrium, outdoor production of Heterosigma had the worst environmental results. This 

result was used to define the principal environmental impact. 

Figure 5. Relative contribution of different life cycle stages of Heterosigma under outdoor conditions. 

The microalgal growth stage contributed between 42% (ODP) and 80% (TE) to the total 

environmental impacts. The contribution of the life cycle stage of bcPBR was between 0.2% 
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(TE) and 28.1% (GW). As with indoor production, for ODP, a significant contribution was due 

to filling, which accounted for 50% of emissions. 

Sensitivity analysis  

Sensitivity analysis of the outdoor production of Alexandrium was performed by changing the 

energy consumption and lipid content of the dry biomass. Energy consumption, shown on the y

axis fell from 50% to 50% and lipid content increased from 10% to 10%. A positive balance 

resulting from an 88% decrease in energy consumption and a 55% increase in lipid content is 

shown in Figure 6. Thus, for Alexandrium, positives energy balances were 4 and 15 MJ per kg 

of dry biomass for the outdoor system, respectively.  

Figure 6. Sensitivity analysis after modifying energy consumption and lipid content.
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Discussion 

The energetic assessment indicates negative balances for both indoor and outdoor production 

systems but for the latter bioenergy can be gained by reducing energy consumption. The 

production of microalgae in an outdoor rather than an indoor system not only implied a decrease 

in biomass production but also produced a significant decrease in total energy consumption. 

Biomass productivities in outdoor photobioreactors naturally illuminated using solar light would 

depend on the prevailing weather conditions in a particular locality (Ugwu et al., 2008). In this 

regard, under Mediterranean climate conditions, the outdoor production system yielded similar 

or even better results as obtained for green algae in others studies based on the same 

geographical area (Chen et al., 2011), and the differences between the marine microalgal species 

were so small that the production of any of them would be possible.  

In recent years, many LCA studies on the production of microalgae for energetic purposes have 

been conducted; however, there is an enormous variety of microalgae species that can be used to 

produce biodiesel and many different methods of microalgal cultivation. In addition, the life 

cycle stages included in each study may vary. Thus, while some studies have analyzed the entire 

cycle (Stephenson et al., 2010; Campbell et al., 2011) others have only considered the culture 

process, as in our study (Jorquera et al., 2010). The schemes used to obtain our results and those 

of other studies are presented in Table 5. However, due to methodological and life cycle 

differences, general comparisons and extrapolations are difficult. 

The results shown in Table 5 are in accordance with our outdoor balance results but the bcPBR 

used in our experiment had higher energy consumption than other cultivation systems, such as 

those used by Razon et al. (2011) and Xu et al. (2010). The growth stage had the highest energy 

consumption because it used general equipment design of other processes. Redesign of this 

stage and the introduction of more efficient and specific equipment for the production of 

microalgae will therefore be a key step in reducing energy consumption. Flat-plate 

photobioreactors and raceway ponds consume considerably less energy than tubular PBRs 

(Sierra et al., 2008; Lehr et al., 2009), such that an alternative strategy to decrease energy 

consumption would be to use an outdoor system based on a raceway pond. Nonetheless, in 

places where evaporation is high, raceway ponds require more frequent water pumping than 

tubular bioreactors (Stephenson et al., 2010), which would increase energy consumption. 

However, raceway or open ponds can still be implemented in those countries with extensive 

non-arable or inexpensive land (e.g., North African countries). In contrast, in those countries 



Chapter V 

122 

where high land prices limit the system (EU Mediterranean countries), bcPBRs or other 

enclosed systems are a reasonable choice. Moreover, in every coastal country, the use of marine 

microalgae confers an advantage over systems dependent on freshwater microalgal species 

because of the reduced requirement for freshwater.  

In our study, production of the bcPBR was the second highest source of energy consumption, 

according to the LCA. As indicated by Ugwu et al. (2008), one of the disadvantages of such 

reactors is that their construction requires sophisticated materials. Thus, innovations in the 

layout and construction materials would significantly reduce energy consumption associated 

with production. These innovations include the combination of advanced designs of synthetic 

bags floating partially submerged in an artificial pond (a combination of open and enclosed 

systems), or a single reactor module consisting of one large translucent plastic bag containing 

multiple vertical panels (Morweiser et al., 2010). 

The impacts of downstream processing also must be considered in the energy balance, i.e., 

dewatering and lipid extraction (Grima et al., 2003; Scott et al., 2010). In our study, energy 

consumption resulting from dewatering was 6 and 8 MJ kg-1 for outdoor and indoor systems, 

respectively. In the study of Sander et al. (2010), this was the largest energy input, consuming 

54 MJ per kg of dry biomass. Environmental problems can arise especially during the 

dewatering stage, because at least one part of the seawater used during the growth stage is 

discharged into the environment, with the loss of high nutrient concentrations (especially 

phosphorous and metals) from the system. Xu et al. (2011) also carried out a comparative LCA 

on dry and wet processes. Dewatering in the dry process was associated with 39% of total 

consumption but in the wet process the highest energy consumption, 28%, was incurred during 

lipid extraction. In the studies of Lardon et al. (2009) and Khoo et al. (2011), the highest energy 

consumption stage was also lipid extraction whereas in our assessment this stage was not taken 

into account. Further studies must be conducted to establish the best options for the dewatering 

and lipid extraction processes. 
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Author Microalgae Reactor E. consumption (MJ/kg) Balance  

  Reactor Growing Dewatering  

Razon et al. (2011) Haematoccocus pluvialis (freshwater) 
Nannochloropsis sp (seawater) 

PBR + raceway pond 
Raceway pond 

19 
34 

- 
- 

- 
- 

-134 
-465 

Jorquera et al. (2010) 
Nannochloropsis sp (seawater) 
Nannochloropsis sp (seawater) 
Nannochloropsis sp (seawater) 

Raceway pond 
Flat-plate PBR 
Tubular PBR 

- 
- 
- 

- 
- 
- 

- 
- 
- 

27,8 
24,6 
-127 

Stephenson et al. (2010) Chlorella vulgaris (freshwater) Tubular PBR 
Raceway 

- 
- 135 - 

- 
-162 
-31 

Sander et al. (2010) - PBR and raceway pond - 0.1 53.9 -49 

Xu et al. (2010) Chlorella vulgaris (freshwater) Open pond dry route 
Open pond wet route 

0.8 
1.0 

3.3 
2.2 

4.7 
0.40 

-5.2 
-5.8 

This work Alexandrium minutum (seawater) bcPBR 36.5 65.96 7.53 -118 

Table 5. Schemes of various LCA studies of bioenergy from microalgae.  
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According to the LCA, the use of culture medium to promote microalgal growth was the life 

cycle stage with the lowest energy consumption. This contrasts with terrestrial crops for biofuel 

purposes, in which energy consumption related to crop fertilization and, even more, to 

production was the highest in the whole cycle. Fertilizer manufacture itself amounts to 46% in 

the establishment of the crop and 32% in the first cycle (Gasol et al., 2009). 

The use of microalgae for biodiesel production has been promoted in part as a means to reduce 

CO2 emissions and improve sustainability (Lee et al., 2011; Singh et al., 2011). Some of the 

previously reported LCA studies have also conducted environmental analyses (Sander et al., 

2010; Stephenson et al., 2010; Khoo et al., 2011), but they did not analyzed GHG emissions. 

The environmental results of our study showed only small differences between microalgal 

species but large differences between indoor and outdoor systems, as was expected from the 

energy results. The growth stage had the highest emissions while for the global warming 

category (GW) the emission cost for a dry kg of biomass was 140 and 11 kg CO2 eq., in the case 

of the indoor and outdoor systems, respectively; thus, the redesign of this stage would be the 

key to impact reduction.  

Finally, there is a need to standardize data quality for the inventory used, especially for the 

purpose of comparing studies. Our study, as well as others (Lardon et al., 2009; Campbell et al., 

2011; Xu et al., 2011) used experimental data, whereas in most cases the data were obtained 

from a bibliographic inventory or extrapolated from industrial processes for other modes of 

generic biofuel production. In this sense, the energy balances obtained may not be consistent. 
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Conclusion 

In Mediterranean outdoor conditions, marine microalgae production for biodiesel is a good 

option and a feasible route to obtain bioenergy. We recommend that production and research 

under indoor conditions be rejected based on the energy results obtained. However for outdoor 

systems, efforts should be made to decrease energy consumption. As shown herein, the highest 

energy consumption is during the growing stage, due to the mechanical requirements of the 

pumps and the need for air injection. Thus, for industrial scale improvements more efficient 

equipment is needed. Similarly, more energy-conserving bcPBR material or its eco-design could 

significantly reduce energy consumption. Any of the three microalgae analyzed can be 

cultivated and exploited on a large scale as there were no substantial differences in biomass 

production between them. In addition, the use of any of these marine microalgae leaves 

freshwater for other human uses and thus helps to overcome the critical issue of freshwater 

consumption in the production of microalgae. This would improve the feasibility of bioenergy 

in terms of its large scale production and the scarcity of freshwater in the Mediterranean area.  

Other experiments should be conducted to assess productivities in Mediterranean climates for 

spring-summer periods in order to evaluate whether higher productivities are achieved and less 

energy is needed. Besides biodiesel production, additional research is needed to identify 

coproducts for bioenergy and other purposes. 
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We will discuss here the ideas that have been generated throughout different chapters of the 

thesis. Some of the points cover more than one chapter and the discussion is framed in different 

points: methodological issues, strain selection, growth rates, lipid and biomass production, 

enhanced lipid production in cells, growth under indoor and outdoor conditions, life cycle 

assessment and energy balance. These topics were compared with published results obtained 

with microalgae from the �green algae� group, in order to exemplify the possibility to use 

dinoflagellates and raphidophytes microalgae groups as suitable candidates for microalgal 

biomass production for biodiesel generation.

Before discussing the results obtained, several methodological aspects should be evaluated. 

Discussions of the methodological improvements in the quantifications of lipids, specifically the 

neutral lipids fraction, such as the use of a stain under spectrofluorometer technique for quick 

lipids recognition are needed. This technique was compared to the more conventional 

methodology of gas chromatography (GC) which will be also discussed. Standardization of 

methodology problems in the lipid measurements is also discussed. 

Methodological aspects 

The gas chromatography methodology used to identify the fatty acids also allows the 

quantification of the fatty acids. Due to the integration of the main peaks, it is possible an 

underestimation of some trace peaks that could contribute both to the concentration of oil and 

the identification of special fatty acids. But, for our purposes, this fraction is the minor one, with 

no rellevant contribution to the SAFA fraction. SAFA fraction were the most abundant fatty 

acids expressed by dinoflagellates and raphidophytes during their growth, and the 

underestimation of some trace peaks not influenced the results obtained, nevertheless, they are 

important if the aim is to characterized a specie or identify this special metabolites. 

GC analysis, the traditional method for lipids measurement is high in time and material 

consuming. This is a useful method to establish and characterize the lipid profile of microalgae 

and allows an estimation of the concentration of oil presented in microalgal biomass, but, it is 

not a quick measurement of lipids in cells. In the chapter II, it was suggested the use of the 

hydrophobic stain Nile Red for TAG measurements in microalgae cells. This method is 

qualitative accurate and is highly advisable to use when the aim is to check the status in 

microalgal cultures in terms of lipids (TAG) production.  
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As in other algae (Elsey et al., 2007; Qingyu et al., 2008), it was demonstrated in this thesis that 

the use of Nile Red stain in dinoflagellates and raphidophytes is feasible as well. 

Other important methodological issue identified during the thesis, was related to the unit used 

by different authors to report the oil accumulation in microalgal cells. The most common unit 

usually is % of accumulation per cells, but, there are differences if we refer to the total fatty acid 

content, the TAG fraction or a specific fatty acid. For this reason it is very difficult to compare 

among published studies. It is highly advisable for future studies to use a unit when exists an 

increase in oil content as: grams of lipids Carbon/ by Carbon cell, instead of percentage (%) of 

oil accumulation by cell. This standardization will allows us to evaluate the importance of the 

Carbon molecule during the whole process in biomass or lipids in microalgal cells to use for 

biodiesel production.  

Strain selection, growth rate, biomass production 

The characterization of growth rate of 6 dinoflagellates, 2 diatoms, 1 raphidophyte, lead us to 

identified two dinoflagellates species: Alexandrium minutum and Karlodinium veneficum and 

one raphidophyte Heterosigma akashiwo that can be cultured in controlled enclosed system 

(bcPBR), under laboratory condition (indoor). The strains show similar growth rate (table 1.4 

and Chapter IV) between them independently of the working volume. Nevertheless, when the 

cultures were exposed under natural environmental condition, there were variations among the 

strains, reaching values upper than 0.3 div*day-1 for A. minutum and in exceptional cases more 

than 0.57 div*day-1 for H. akashiwo and K. veneficum. This enhanced growth rate imply a 

reduction in the duplication time and a consequently a reduction in the production time, from a 

growth period approximately of 30 days obtained in the Chapter II, to a growth period of less 

than 25 days in similar controlled condition (indoor) obtained in the Chapter IV. The 

improvement in growth rate could be explained for the higher irradiation (ca. 1400 μE m-2 s-1) 

received by the bcPBR at outdoor environmental conditions, compared with the low irradiation 

inside the controlled room (ca. 110 μE m-2 s-1). These growth rate results are similar to those 

algae traditionally used for biomass production (e.g. the wild type Chlorella sp.), or in the case 

of the mutant Chlorella sp. that show a little bit higher growth rate (> 0.7 div day-1) in outdoor 

condition (1500 μmol m-2 s-1) and in summer season, but with a night time light supply of 300

μmol m-2 s-1 (Ong et al., 2010). 
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The improvement of the growth rate in A. minutum, H. akashiwo or K. veneficum at outdoor 

condition, allows us to point out that the use of local environmental cultures conditions is 

beneficial. The use of autochthonous marine strains is desirable and seems to be viable in terms 

of biomass production, is consistent with those recent studies that suggest �Built around 

microalgae the facilities for biomass production� (Morweiser et al., 2010), or with the 

definition of �optimal species� (Greenwell et al., 2010). These statements meet the premise of 

high biomass production and low environmental impacts in our proposed conceptual equation 

(Eq. 1, Introduction).  

The raphidophyte H. akashiwo show the best average growth rates during the whole research 

and the growth rates recorded were independent of the working volume and culture condition 

(table 1.4). Surprisingly H. akashiwo was able to maintain a steady growth for more than 6 

months, meanwhile the others strains tested after an average of 30 days of culture show a 

decline and cell dead in culture conditions. The H. akashiwo growth maintenance can be 

explained for the release of ammonia (NH4) to the culture medium by the cells themselves. Final 

nutrient concentrations when the raphidophytes cultures reach the stationary phase (during 

experiment in Chapter III, data not shown) presented decrease of nitrate, nitrite, and 

phosphate, from the initial concentration measured. Nevertheless, the ammonia (NH4) 

concentration increases from the initial concentration to the final one. Probably H. akashiwo 

used this nitrogen source to maintain the growth in healthy conditions and extend the steady 

state of the culture for a long time. 

Despite different studies show that dinoflagellates have low growth rate compared with others 

microalgae taxa (Tang, 1995, 1996), the final biomass production of this group is higher in most 

of our strains compared with the green algae group (table 1.4). This is due to the higher 

biovolume (total cell volume) of the species. Most of the strains of the Chlorophycean group 

(Chlorella, Neochloris, Chlamydomonas), Prasinophyceae as Tetraselmis sp. or 

Prymnesophycean as Isochrysis spp. have small size and low biovolumes (Olenina et al., 2006). 

Chlorella vulgaris show an average of 13 m3, several orders smaller than our Alexandrium 

minutum strain with and average biovolume of 2856 m3. This can be an advantage for 

culturing the dinoflagellates in terms of biomass production, lipid accumulation and carbon 

storage, because, although growth rates and cell concentration usually are lower than green 

algae, the compared biomass productivity and lipid productivity is higher in A. minutum and H. 

akashiwo (table 1.4) than the commonest freshwater phototrophic strains Chlorella vulgaris

(Rodolfi et al., 2008; Gouveia & Oliveira 2009). Since high biomass production is not just 
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influenced by the growth rate, but also is influenced for cell biovolume. The enhancement of 

growth rate combined with the high biovolume of our strains, we observed that one of the 

principal production parameter was affected the dry weight biomass production, reaching 

average values > 1.13 ± 0.05 g*L-1 at indoor condition and 1.26 ± 0.2 g* L-1 for outdoor 

condition in the same system production bcPBR (Chapter IV), involving a high biomass 

productivity for dinoflagellates and raphidophytes when were compared with microalgae from 

the green algae groups (table 1.4). 

This high biomass productivity, but, with relatively low cell concentration showed in our strains 

could be an advantage as well in the dewatering stage of the production process, because the 

energey consumption to extract the same water volume with a filtration technique, is higher in 

those culture with more cell concentration than those with less cell density. During the 

dewatering stage or extraction process, the morphology of dinoflagellates and raphidophytes can 

also be an advantage. Our proposed strains K. veneficum and H.akashiwo are nude tecate that 

means with any type of cell wall, and A. minutum is a tecate with a cell wall composed by 

numerous plates, that can be easily broken comparing with the typical two valves of the diatoms 

or others microalgae. The strong cell wall present in some green microalgae used for biomass 

production could be an advantage in cultures conditions, especially when the cultures are 

submitted to a higher mechanical or hydrodynamic forces, but, would be a disadvantage in 

terms of cell disruption for lipid extraction, because imply the use of physical methods (e.g. 

sonication) that require a high energy consumption during the extraction process. In K. 

veneficum and H.akashiwo the absence of cell wall imply an advantage in terms of energy 

during the extraction stage, because it would be easy to break the cell wall of the proposed 

strains and, to do the extraction process, consequently improving the energetic results of the 

whole process.  

Influence of abiotic parameters in the strains 

The abiotic parameters have a great impact on the biotic variables of microalgae cultures. Here, 

we focused and characterize some abiotic parameters such as: aeration, temperature and 

nitrogen depletion on lipid production.

The aeration in microalgae cultures had great influence in the biotic parameters. Those cultures 

that have not aeration show poor growth rate, dry weight and biomass productivity (chapter III). 

The use of injected atmospheric air, lead us to use the atmospheric dissolved carbon dioxide in 
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order to improve the growth of the strains, and, at the same time reduce the CO2 emissions into 

the atmosphere. In this thesis the benefits in terms of carbon dioxide reduction by the uptake of 

this gas was not assessed, and probably this has high effects in the viability of a microalgal 

biomass project and in the results of our proposed conceptual equation (Eq. 1, Introduction) 

being more positive in terms of high growth rate and low environmental impacts. Further 

studies are required to asses this point. 

The injected air flow of 0.1 v/v*min-1 provoked a turbulence inside the bcPBR that allow an 

optimal microalgal growth and found to achieve a well-mixed supply of nutrients. The 

turbulence is a physical parameter than must be measured when we will use local strains, before 

establishing culture facilities. This physical parameter can affect the physiological response of 

submitted strains. Some species resist a level of turbulence for growth, but in some cases when 

the cell is not protected by a strong cell wall, a higher turbulence imply cell damage or the 

production of reactive oxygen species (Gallardo-Rodriguez et al., 2010), as it was observed in 

K. veneficum cells (Figure 1.6) and H. akashiwo cells submitted to a high injected air flow > 0.5 

v/v*min-1. It is highly advisable for future studies to use an air flow of 0.1 v/v*min-1 as a 

standard injected air for cultures of dinoflagellates and raphidophytes in flasks or bcPBR. The 

specific effect of the turbulence was out of the scope of the thesis, but further studies are 

required to asses this point. 

Figure 1.6 Microphotographs of Karlodinium veneficum submitted to high injected flow air (> 0.5 
v/v*min-1) (right image) showing chloroplast and change in the intracellular pigment concentration 
produced by the reactive oxygen species as a consequence of exposure to shear forces produced by 
hydrodynamic turbulence, and compared with cultures with injected air flow of ca. 0.1 v/v*min-1 (left 
image). 
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Apart from the aeration, nitrogen and temperature were identified as the principal abiotic 

variables measured that affected the performance of culture in the dinoflagellates and 

raphidophytes tested. When the cultures were submitted to a higher temperature (25ºC) than 

standard conditions (20ºC) in a controlled chamber, and, maintaining the standard nutrient 

concentration (N, P, vitamins and metals) a higher growth rate was obtain (e.g. H. akashiwo, 

Table 2, Chapter III). Temperature was crucial in our production system (bcPBR) as well, 

when strains were submitted to two different environments (in-outdoor). The culture run 

satisfactorily in the controlled chambers that implies controlled temperature (despite a high 

energy consumption, revised in Chapter V), but, when the strains were submitted to natural 

fluctuated environmental condition (variation in light and temperature in the bcPBR) strains 

need a higher conditioning time to start the exponential growth (e.g. usually > 10 days for H. 

akashiwo, Chapter IV). Although the fluctuation in temperature was high in the season tested 

(approximately 10ºC in autumn and winter condition) H. akashiwo respond to this outdoor 

condition with no significant difference in terms of growth rate than in indoor condition 

(Chapter IV). With extremely high amplitude of temperature inside the bcPBR in summer 

(approximately 25ºC) all the cultures showed a decrease in biomass production, leaching cell 

and a consequent dead of the cultures. These conditions should be avoided in future works or 

when to scale-up a bcPBR production is needed. One suggestion to face this problem could be 

the implementation of the bcPBR inside the greenhouses. This implies a higher initial cost but 

constant biomass production can be obtained through the year. Another solution that is currently 

implemented is the use of cold water to cooling down enclosed systems such as PBR. This has 

the advantage to use the PBR under high extreme temperature condition, but, also with a high 

energetic cost and freshwater consumption.  

Dissolved inorganic nitrogen (DIN) is one of the main nutrients for microalgae growth. During 

the experimentation of different NaNO3 concentration (Chapter III), the cultures respond 

according to the DIN level in terms of growth rate. Those cultures with DIN repleted conditions 

show higher growth rates than those submitted to DIN depleted condition (Figure 1, Chapter 

III).  Further discussion on the effect of DIN depletion in lipid accumulation and productivity of 

the strains will be discussed in the improvement of lipids section. 
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Microalgae Biomass 

productivity 

(g*L-1*day-1) 

µ 

(div*day-1) 

Lipid content 

(% Biomass) 

Lipid productivity 

(mg*L-1*day-1) 

References 

Tetraselmis suecica 0.28 - 12.9 36.4 Rodolfi et al., 2008 

Tetraselmis sp. - 0.19 10.1 22.7 Huerlimann et al., 2010 

Nannochloropsis sp. - 0.41 32.7 20.0 Huerlimann et al., 2010 

Nannochloropsis sp. 0.21 - 29.6 61.0 Rodolfi et al., 2008 

Nannochloropsis sp. 0.09 - 28.7 25.8 Gouveia et al., 2009 

Pavlova lutheri 0.14 - 35.5 50.2 Rodolfi et al., 2008 

Skeletonema costatum 0.08 - 21.1 17.4 Rodolfi et al., 2008 

Scenedesmus sp. 0.26 - 21.1 53.9 Rodolfi et al., 2008 

Scenedesmus obliqus 0.09 - 11-22 / 35-55 19.8 / 49.5 Gouveia et al., 2009 

Chlorella vulgaris 0.20 - 18.4 36.9 Rodolfi et al., 2008 

Chlorella vulgaris 0.18 - 5.1 9.2 Gouveia et al., 2009 

Isochrysis sp. - 0.25 28.6 21.1 Huerlimann et al., 2010 

Alexandrium minutum    (in � outdoor) 0.16     -     0.35 0.12   -   0.37 23     -       22 36.5      -       80.7 Chapter IV 

Karlodinium veneficum   (in � outdoor) 0.15     -     0.22 0.13   -   0.25 27     -       12 40.3      -        26.7 Chapter IV 

Heterosigma akashiwo    (in � outdoor) 0.20     -     0.25 0.18   -   0.28 24     -        23 48.8      -         56.1 Chapter IV 

Table 1.4 Comparison of growth rate, biomass productivity, lipid content, and lipid productivity of different microalgae. In the work of Rodolfi et al., 2008 the strains 
were cultivated in 250 mL flasks, incubated at 25ºC, continuous illumination, and in an orbital shaker with CO2 enriched air. Gouveia et al., 2009 used outdoor 
raceways ponds for cultures; the lipid content was expressed as % of wet weigth. Huerlimann et al., 2010 used aerated batch cultures (10 L) at indoor conditions. In the 
chapter IV it was used a bcPBR (300 L) with injected air, at in-outdoor conditions.  
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Lipids and metabolites production in target strains 

Lipids variability in microalgae 

To develop sustainable microalgal biomass industrial facilities for biodiesel production, one of 

the main objectives is to obtain high oil concentration in target microalgae (Hu, et al., 2008). 

Different percentages of lipids content are present in microalgae strains, from low percentage of 

total lipid content determined as percentage of dry weight e.g. Tetraselmis sp. 8.2 % 

(Huerlimann et al., 2010) until extremely high lipids concentration as Schizochytrium sp. with 

77 % (Chisti, 2007). However, considering the principal microalgal strains used today 

(Botryococcus sp., Chlorella sp., Crypthecodinium sp., Nannochloropsis sp., Neochloris sp., 

Phaeodactylum sp., and Tetraselmis sp.), the average of oil content of these species reviewed is 

roughly a 27 % of oil content by dry weight (Chisti, 2007).  

In the Chapter II, III and IV we evaluate the % lipids by dry weight of our proposed 

microalgae and most of them have similar percentage in indoor conditions among them (27 %

K. veneficum, 24 % in H. akashiwo, and 23 % in A. minutum, (table 1 from chapter IV) and, 

when they are compared with those from the green algae group (table 1 from chapter I). 

Moreover, in terms of lipids percentage by dry weight, our algae show similar results (except K. 

veneficum) under different cultures in-outdoor conditions, as you can see table I chapter IV, but 

even higher when they are submitted to an abiotic stress. This is an advantage of dinoflagellates 

and raphidophytes, because it can get �fat� using abiotic stress with the consequent increase in 

neutral lipids (TAG) concentration (> 200% in A. minutum; > 30% in H. akashiwo, Chapter 

III) but, with a minimal change in their fatty acid profile. Interestingly, when H. akashiwo was

cultivated in a bcPBR enclosed system in natural environmental conditions, presented a higher 

concentration of a high value metabolite as eicosapentaenoic acid (C20:5n3) compared to when 

was cultivated under controlled laboratory conditions. 

Besides the increase of the lipids quality in microalgae submitted to abiotic stress, there was a 

natural increase in the total lipid content when the microalgae passes from the exponential 

growth phase to the stationary phase. This is clear in the dinoflagellate and raphidophytes tested 

in this thesis, and the results are consistent with others investigation in the same microalgal 

groups (Mansour et al., 1999, 2003). It is known that when cells reach the stationary phase 

parallel to depletion in the nutrients concentration there is a consequently accumulation of the 

neutral lipids fraction (composed mainly for SAFA fraction) which are used as energy storage 
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for microalgal cells. This was corroborated in the chapter II and chapter III, and it is highly 

advisable in further research or when is implemented a screening of the local strains, to know 

how the selected microalgae change their lipids profile and lipid content during the growth 

curve or when are exposed to abiotic stress conditions. 

Lipids Profile 

The lipids profile of a feedstock is a key point for the final product, because depending on it, the 

biodiesel obtained can be different. The lipid profile is a combination of different percentages of 

SAFA, MUFA, and PUFA. The lipid profile of our strains are dominated for the SAFA fraction, 

with an average for our target microalgae of 35.1 % (being the highest concentration of this 

fraction in the dinoflagellate A. catenella with 42.3 % and the lowest for the diatom P. 

delicatissima 22.3%, Chapter II). Dinoflagellate tested in the chapter II shows an average 

concentration of 12.1 % in MUFA fraction and 9.8 % in the PUFA fraction. The raphidophyte 

strain tested show similar results to the dinoflagellates in terms of lipids profile. The most 

abundant saturated fatty acid presented in dinoflagellates and raphidophytes was the palmitic 

acid C16:0 (Figure 1.2, Chapter I), our results are consistent with the reviewed data in 

dinoflagellates and raphidophytes, because in all the dinoflagellates and raphidophyte tested the 

palmitic acid C16:0 was identified as one of the principal contributor to the fatty acid profile.  

The fatty acid profile of a feedstock for biodiesel generation is of great importance, the % of 

SAFA, MUFA and PUFA will affect the characteristic of the biofuel produced. It is known that 

vegetable oils with high percentage of SAFA have a high cetane number (CN) (Ramos et al., 

2008; Tang et al., 2010). The CN is one of the most commonly cited indicators of diesel fuel 

quality (Van Gerper, 1996), and can be defined as the time period between the start of the 

injection and the first identifiable pressures increase during combustion of the fuel. Meher et al., 

2006, mention that a higher CN better it is its ignition fuel properties, and, Ramos et al., 2008 

explains that an adequate CN is required for a good engine performance, a high CN help ensure 

cold start properties and minimize the formation of white smoke. In their work also presented 

that a low CN have been associated with more highly unsaturated components such C18:2 and 

Linoleic C18:3. In the revision work of Tang et al., 2010, it was also expressed its concern in 

the concentration presented in the algal oil analyzed. An extracted information from Tang et al 

2010 (Table 1.5), was compared with our results and with fatty acid profile from the commonly 

terrestrial vegetable oil used for biodiesel production. The comparison presented indicates that 

the fatty acid profile of the tested microalgae in this thesis is optimal for energetic purposes. The 
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low concentration of MUFA and PUFA in the strains will produce a biodiesel with a high CN. 

Thus, the fatty acid profile presented in the proposed microalgae would have excellent ignition 

quality. Further studies in the biodiesel obtained from dinoflagellate and raphidophytes must be 

made in order to prove these results. 

Another important characteristic of the desirable biofuel produced from vegetable marine oil is 

the oxidation stability. This characteristic is influenced for the % of PUFA and MUFA 

presented in the feedstock, high percentages of un-saturation imply a quick oxidation of the 

biofuel produced. The oxidation stability is expressed as the period of time passing before fatty 

acid methyl esters aged at 110 ºC and under a constant air stream, are degraded to such an extent 

the formation of volatile acids, the defined induction period is in the oxidation stability is six 

hours (UNE-EN 14214). Ramos et al., 2008, compared different vegetable oil source and their 

properties of the biodiesel obtained. A comparison with extracted data from the work of Ramos, 

and the fatty acid profile of dinoflagellates and raphidophytes were contrasted with those 

vegetable oil used for biodiesel production (Figure 4 in Chapter II). It was observed that our 

strains are highly similar in terms of lipid profile to the palm oil, this results is observed as well 

in table 1.5, especially in the SAFA portion. If we compare the results in terms of oxidation 

stability for palm oil (4 hours in Ramos et al., 2008; and 7.4 hours in Tang et al., 2010) and 

comparing with our results we can infer a similar performance in terms of oxidation stability for 

our strains, is mean a sum of high CN and good oxidation stability > to 4 hours. 

It was demonstrated that the fatty acids profile of the strains did not have significant difference 

among them, when the strains were submitted to outdoor environmental condition compared to 

those strains cultured in indoor condition (Chapter IV). The strains tested maintain the same oil 

characteristic at in-outdoor condition, and when were scale-up they could grow under natural 

environmental condition, with minimal change in their lipid profile. These results together with 

the desirable characteristic of a high CN and a good performance in terms of oxidation stability 

show us that the strains tested during this study, should be considered as a viable feedstock with 

stable lipids profile and fulfil the required characteristic of sustainable and clean biofuel. 
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FA Schizochytrium  

limacium 

Chlorella 

protothecoides 

Alexandrium 

minutum 

Heterosigma 

akashiwo 

Karlodinium  

veneficum 

Palm Soybean

C14:0 5.3 1.3 3.4 7.1 6.5 0.6 - 

C16:0 56.7 12.9 11.7 10.4 11.3 47.2 14.1 

C16:1 - - 0.9 0.5  - 0.7 

C18:0 - 2.8 19.0 15.5 19.3 3.0 5.2 

C18:1 - 60.8 1.4 1.2 1.0 40.8 25.3 

C18:2 - 17.3 0.4 0.4 0.2 8.2 48.7 

C18:3 - - 2.1 2.1 1.9 0.2 6.1 

C20:0 - 0.4 0.3 0.5 0.3 - - 

C20:1 - 0.4 1.1 0.9 0.8 - - 

C22:5 5.1 -  - - - - 

C22:6 29.7 - 0.1 0.1  - - 

SAFA 62.0 17.4 34.4 33.5 37.4 50.8 19.3 

MUFA - 70.2 3.4 2.6 1.8 40.8 26 

PUFA 34.8 17.3 2.5 2.5 2.1 8.4 54.1 

O.S. (h) - - - - - 3.5 7.4 

Table 1.5 Comparison of some fatty acid methyl ester (%) of different microalgae strains with terrestrial 
plant commonly used for biodiesel production. Palm oil and Soybean oil profiles were extracted from 
Tang et al., 2010. Microalgae lipids profiles from (Xu et al., 2006; Johnson et al., 2009; Fuentes-
Grünewald et al., 2009). O.S. (h): Mean oxidation stability (hours) 

Improvement of lipids productivity 

The enhanced in lipids production is another key point in microalgal production for biodiesel 

purposes. There are three possible strategies for increasing the lipids production in microalgal 

cell. Tang et al., 2010, recognized that the biochemical engineering, the genetic engineering and 

the transcription factor engineering are the principal one. Among these strategies, nowadays the 

commonly used is the biochemical engineering. In this strategy, changing the abiotic parameters 

produce an increase in TAG content. It is well known that in many microalgae change in the 

abiotic parameters such as: temperature, salinity, pH, oxygen concentration, CO2 and specially 

nitrogen starvation produce cellular stress and trigger the accumulation of TAG in microalgal 

cells (Converti et al., 2009; Liang et al. 2009; Pruvost et al., 2009; Widjaja et al. 2009). 

Basically this accumulation is attributed to the formation of energetic oil reserve in the cell body 

and this oil is mostly formed by TAG.  
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In Chapter III we evaluated in which circumstances there were an accumulation of TAG in 

microalgal cells of dinoflagellates and raphidophyte. Previously a natural variability in our 

strains in the quantity and the quality of the strain lipids profile were reported. Specifically, 

there was an increment of the neutral lipid fraction from the exponential to stationary phase of 

growth. It was demonstrated that after changing the abiotic parameters, increase temperature 

and decrease NaNo3 concentration, an accumulation of oil with no change in cell growth was 

obtained.  

In our study the N limitation and the exposition to stress condition were equal for the strains 

tested with concentrations of 330 M NaNO3 and a culture temperature of 25 ºC, but the TAG 

accumulation was different and it was clearly strain-dependent according also with the results of 

Widjaja et al., 2009 and Pruvost et al., 2011 for other species. With the same N deficiency H. 

akashiwo show an increase of 30% of TAG, meanwhile A. minutum obtained more than 200% 

of TAG accumulation. It was confirmed that the response to abiotic stress is strain-dependent 

and it is not comparable among species or microalgae groups, unless that the results reported in 

terms of lipids accumulation (%), were expressed in grams of lipids Carbon/ by Carbon cell as 

was suggested in the methodological discussion. 

With the evidence in TAG accumulation by microalgal cells in lab controlled conditions, and, 

with the aim to scale up an industrial level, the use of a hybrid strategy is suggested: in a first 

step the main objective is to produce microalgal biomass under stable and controlled condition 

(bcPBR) in enclosed systems, and then in a second step to transfer the live microalgal biomass 

produced to an open ponds with higher seawater temperature and low nitrogen concentration, 

then it would be possible to induce the a �fatten� of marine microalgae. Today, this suggestion 

is feasible in a large scale microalgal biomass facilities. As the implementation of industrial 

project need the use of CO2 flow streams for microalgal biomass production, this gas can be 

provided from thermoelectrical or coal fired power plant.  Regarding temperature, these power 

plants use water in order to cooling down the turbine (usually marine water if the project is 

located near the shore, or fresh water when is located near rivers or lakes). This effluent of 

water with a higher temperature approximately 5 to 10 ºC than normal water and without 

significant concentration of nutrient (low N concentration) can serve to improve the lipids 

production of algal strain. This culture strategy could be useful and needs to be explored at 

industrial scale. 
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System for microalgal biomass production 

Due that there were no information available for cultures of dinoflagellates and raphidophytes in 

open systems, we scale-up and use enclosed systems for cultures of dinoflagellates and 

raphidophytes (Chapter IV). bcPBR was choose to growth the strains, due to that the biomass 

production by volumetric area is higher than open systems; the air flow can be controlled and, 

there low probabilities of contamination in the enclosed systems. The lay-out and the schematic 

view of the bcPBR is show in figure 1 in Chapter IV. With the use of polymethilmethacrylate 

tubes with a higher volume capacity (33 L and 120 L), and after several re-inoculation an 

improvement in different biotic parameters was observed (e.g. growth rate table 1.4, Discussion) 

at indoor controlled condition.  These enhanced biomass for K. veneficum, H. akashiwo and A. 

minutum.  

Once we achieve the optimal strains and increase the biomass production of microalgae in a 

bcPBR at indoor conditions, the challenge was to grow the target strains in outdoor 

environmental conditions to minimize the cost of the production. To achieve the objectives of 

increasing biomass production and decreasing the economics cost, there are some innovations 

and proposition to use new hybrid design combining different production system. Morweiser et 

al., 2010, show that the combination of closed and open system could be an advantage in terms 

of production and control of important abiotic parameters as temperature. The use of hybrid 

strategies (closed + open system) for microalgal biomass production has been described recently 

(Rodolfi et al., 2008; Chi et al., 2009; Widjaja et al., 2009). Their works show how to combine 

closed systems with open facilities. This approach was done firstly in order to enhance the 

biomass and lipid production in microalgal cells (in the marine microalgae Nannochloropsis 

spp. Rodolfi et al, 2008, and, the freshwater strain Chlorella vulgaris, Widjaja et al., 2009) 

given optimal culture condition in the first part of the growth (closed system), and after submit 

the cells into a nutrient deficiency to trigger an accumulation of lipids, and specially TAG 

production in open system. Our results agree with those studies, using first the enclosed bcPBR 

to give the best cultures conditions for microalgae and finally �fatten� the algae submitting them 

to a higher temperature and nitrogen depletion (Chapter III). 

Further research must be developing to characterize the growth and biomass production of 

dinoflagellates and raphidophytes in other systems production such as open raceways, ponds or 

tank in order to establish whether it is possible to use these recognized cheaper systems 

production. The use of this type of facilities can diminish the initial cost of the project and the 
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energy requirement since it was identified that in the growth stage of the target strain in a 

bcPBR the energetic consumption by air/water pump were the principals inputs (Chapter V). 

Probably this energetic consumption can probably be reduced in open systems using more 

efficient water/air pumping equipment and able to implement projects of microalgal biomass 

production for biodiesel generation more competitive and sustainable. 

Energy Balance and Environmental Impact

Energy balance

The LCA revealed that the energetic balance was negative for all the microalgae tested and 

cultures conditions measured (Chapter V). This indicates that in the proposed conceptual 

equation (Eq. 1, Introduction) there is a relevant factor that influences the sustainable biodiesel 

production nowadays. 

                   [High Biomass]  *  [High Oil Production]                                Sustainable Biodiesel

 [Low Energy Consumption]  *  [Low Environmental Impact]                Production

Regarding the strains, the best energetic performance result was for A. minutum cultured in 

bcPBR at outdoor conditions with a negative energy consumption of -118 MJ/Kg for a Kg of 

dry biomass produced. This values are lower of values showed by Razon et al., 2011 (-465 

MJ/Kg) using the seawater strain Nannochloropsis spp. and culture in open raceways. However, 

the negative energetic results in our strains and growth systems are relatively closely of those 

microalgae cultured in similar enclosed systems such as PBR and using the freshwater strain 

Chlorella vulgaris (- 134 MJ/Kg, Razon et al., 2011).  Regards the energy balance at outdoor 

condition, after A.minutum, K. veneficum (-123 MJ/Kg) has the second better results in energy 

consumption and finally H. akashiwo (-126 MJ/Kg). In spite of negative energy balance, seems 

to be that the species analyzed have similar and closed results, this implies that the results in 

terms of biomass and energy balance are quiet close independently of the species used (target 

microalgae). It is highly recommended avoid the use of indoor cultures condition due to the 

excessive energy consumption (Chapter V). 

The principal input of energetic consumption and environmental impact during the process of 

dinoflagellates and raphidophytes microalgal biomass production was in the growing stage as 

pointed in many recent studies (Jorquera et al. 2010; Stephenson et al. 2010; Sander et al. 2010; 
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Xu et al. 2011; Razon et al. 2011). The negative balance was due to the high energy 

consumption in water pumping for filling the bcPBR and air pumping for aeration of the 

cultures. To make sustainable in terms of energy this type of project at industrial scale, and as 

explained above it is highly recommendable improve the efficiency of the water/air pumping 

device. Moreover, despite the dewatering stage in our process analysis was the lowest input in 

terms of energy consumption (6%), others authors as Molina Grima et al., 2003 show that this 

part of the process could be the highest at industrial scale, this is due basically and depending on 

the system used (filtration, centrifugation) for the dewatering stage. The use of filtration or 

centrifugation is the commonest; the efficiency will depend on the cell concentration, cell size, 

cell wall and cell biovolume. Others options as bio-flocculation can be implemented, but, 

depending on the final desirable product it is necessary to add chemical flocculants (such as 

AlO3) and after the concentration of the biomass, chemical added for flocculation has to be 

extracted, being this process more expensive, chemical aggressive and time and energy 

consuming. 

Regards to environmental impact, the impact of Global Warming (GW) expressed in CO2

equivalent was the highest for both cultures conditions: artificial temperature-lightning support 

at indoor condition, and, natural environmental conditions at outdoor. But, there are high 

difference between cultures conditions, a reduction of 80% in this category (GW) is obtained 

when the culture were done at outdoor condition, using just air pumping for the aeration of the 

bcPBR. The inclusion of new PBR design or mixture of culture systems, can improve as well 

the efficiency in energy consumption for microalgal biomass production. 

Despite that the generation of CO2 equivalent in the GW category is high in both cultures 

conditions, this negative impact will probably been reduced if we take into account the CO2

absorbed by the microalgae during the growth process. The use of this gas for photosynthetic 

organism will result in a net negative CO2 output due to CO2 capture intrinsic in the production 

of biomass during the photosynthesis (Batan et al., 2010). Further studies are necessary to 

establish the CO2 uptake for the microalgae tested, in order to determine if the life cycle of the 

process can be produced with zero emissions or at least reduce to a neutral carbon dioxide 

emission. The construction material of the bcPBR implies high energy consumption and a high 

impact in Global Warming (GW) too. Probably a better option is to use re-usable plastic 

material with a low impact in the production of a bcPBR.  
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Take into account that our strains are marine species, the water foot print will be low compared 

with those projects that used freshwater strain to produce biomass. Groom et al., 2008, show 

that microalgae-based biodiesel production may consume much less potable water than 

conventional feedstock-based biodiesel production if microalgae are grown in sea or waste 

water. Yang et al., 2011 indicate that the use of seawater can reduce the life-cycle freshwater 

usage by as much as 90%, however  the author also explain that the use of certain amount of 

freshwater has to be consumed in the production of microalgae biodiesel no matter what type of 

culture water is used. Freshwater is a strategic and vital element, that probably will have a huge 

pressure in the next future, for the use of human population and the ecological use too, for that 

reason is highly recommendable to use marine strains in order to decrease the environmental 

impact and the pressure on the freshwater. 

Our environmental analysis, did not take into account the possible impact in the location where 

the project will be develop. In a future, this has to take into account, as well as it is mandatory to 

achieve high biosafety consideration in order to prevent the escape of alocthonous organisms, 

when the biomass production is made with exotic organisms. In our case, we use local marine 

strains and the use of autochthonous strains allow us avoid ecological problems. 
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GENERAL CONCLUSIONS 
Several conclusions have been reached on the production of microalgal biomass of 

dinoflagellates and raphidophytes to be used as feedstock for biodiesel production: 

 Two species of Dinophyceae, Karlodinium veneficum and Alexandrium minutum and 

one Raphidophyceae Heterosigma akashiwo, were found to be a particular interest as a 

bioresource for biodiesel production based on: their lipid content, their net growth rate, 

their high average in wet biomass, and their short period of growth compared with 

terrestrial plants. 

 Dinoflagellates and raphidophytes tested have a closed lipids profile to the commonest 

terrestrial oil (palm oil) used as feedstock for biodiesel production. 

 An increase in the fatty acid content was observed during the transition from 

exponential phase to stationary phase in the dinoflagellates and raphidophyte tested; this 

increase was more evident in Karlodinium veneficum (97 %). 

 Nile Red stain can be used to check the TAG production in microalgal cell of 

dinoflagellates and raphidophytes. 

 An increase in the TAG portion was observed when the target strains were submitted to 

a stress condition of growth using abiotic parameters, especially high temperature and 

nitrogen depletion. 

 There was a significant increase in fatty acid concentration by cells in the strains tested 

under treatment condition (25ºC and 330 µM NaNO3) 

 No significant change in fatty acid profile was detected when the strains were submitted 

to stress condition of high temperature and low nitrogen concentration. 

 Aeration has a great influence in the growth rate, dry weight and maximum cell 

concentration of the microalgae tested. 

 A flow of 0.1 v/v*min-1, as a standard injected air for cultures of dinoflagellates and 

raphidophytes in flasks or bcPBR, was demonstrated to improve the growth rate, 
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allowing an optimal availability of the nutrients and no damages in the cultures was 

observed in terms of turbulence produced. 

 Heterosigma akashiwo, Karlodinium veneficum and Alexandrium minutum can grow 

under natural environmental conditions (fluctuations of light, irradiance and 

temperature) in a bcPBR enclosed systems for several months in the Mediterranean 

basin. 

 The growth rate, biomass productivity, and lipids productivity of dinoflagellates and 

raphidophytes species was directly affected by irradiance and temperature, reaching 

higher values of growth in outdoor condition than the indoor condition. 

 Biomass productivity, lipids content and lipids productivity of Heterosigma akashiwo

and Alexandrium minutum were higher to those obtained by the �green algae group� in 

similar culture conditions. 

 No significant change in the fatty acid profile was record in those cultures at outdoor 

conditions, compared with those cultures at indoor conditions. 

 The energy balance was negative for all the microalgae and system culture tested.  

 The best energetic results are for those cultures under outdoor natural environmental 

condition. 

 The best energetic results among the strains tested, was for Alexandrium minutum 

cultured in a bcPBR enclosed system under outdoor natural condition.  

 The growth stage was identified as the main step in terms of energy requirements and 

environmental impact, especially the water pumping and the aeration of the bcPBR. 

 The main environmental impact was for the global warming (CO2 equivalent) been the 

growing stage (water/air pumping) one of the highest contributors in this item, followed 

by the ozone depletion (OD) principally for the construction material used in the 

bcPBR. 
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FUTURE REMARKS 

It is needed to characterize the recurrent microalgae blooms recorded in coastal countries 

around the world. This characterization must be made in terms of their lipid productivity and 

lipid content of those strains that usually reach high biomass production in confined waters 

(ports, bays, etc), to determine if possible to use this biomass for energetic purposes. This 

source can be ocasionally used as natural biomass for biofuels purposes, but, also is important to 

know the possible effects in the ecological environment if the extraction takes place from a 

natural environment. 

CO2 uptake by the microalgae is an important variable that must to be evaluated in cultures of 

dinoflagellates and raphidophytes. There are not information available regards the use of CO2

for this microalgae groups in natural environment conditions. This, together with the proposed 

unit of Carbon accumulation in cells, will allows us to understand and evaluate the total whole 

biogeochemical cycle of the Carbon molecule during the process production of microalgal 

biomass. Further studies in the CO2 uptake of dinoflagellates and raphidophytes must be made, 

in order to know the behaviour and performance of these groups of microalgae and their 

ecological and biomass productivity implications in scenery of high CO2 in the atmosphere.

To scale-up the production of microalgal biomass to industrial level, there many statements in 

the whole process in biodiesel production to take into account. First we have to consider 

�optimal species� of dinoflagellates and raphidophytes to be cultured in open systems. It is 

desirable and highly advisable to testi the selected strains in different culture systems (some 

microalgae can grow better in one system than in another). It is essential the location since 

suggested countries for the instalation of microalgal facilities are those placed between 40º S 

and 40º N latitude. The price of the non arable land is an important variable to choose one or 

another type of culture configuration and will depend on the country. The CO2 source 

(consistent and reliable); the availability of freshwater for consumption in the dewatering stage, 

and to consider the transport communication net (ports, railways, airports) is also highly 

advisable. All this variables and the desirable microalgal biomass produced allow us to define 

the culture system selected and the place which will be installed. 
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Abbreviations 

List of the abbreviations and symbols used in this thesis: 

A   Acidification 

AD   Abiotic depletion 

ASP   Aquatic species program 

ASTM   American society for testing material 

bcPBR   Bubble column photobioreactor 

CO2   Carbon dioxide 

CN   Cetane number 

DHA   Docosahexanoic acid 

DIN   Dissolved inorganic nitrogen 

DW   Dry weight 

E   Eutrophication 

EPA   Eicosapentanoic acid 

FAME   Fatty acid methyl ester 

FA   Fatty acid 

FFA   Free fatty acid 

FTIR   Fourier transform infra red 

FWAE   Fresh water aquatic ecotoxicity 

GC   Gas chromatography 

GHG   Green house gases 

GWP   Global warming potential 

HAB   Harmful Algae Bloom 

HT   Human toxicity 

LCA   Life cycle analysis 

MAE   Marine aquatic ecotoxicity 

MJ   Mega joules 

MUFA   Mono unsaturated fatty acid 

OPA   Octadecapentanoic acid 

ODP   Ozone layer depletion  

PAR   Photosynthetic active radiation 
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PBR   Photobioreactor 

PO   Photochemical oxidation 

PUFA   Poly unsaturated fatty acid 

SAFA   Saturated fatty acid 

TAG   Triacylglycerol 

Td   Time of duplication 

TE   Terrestrial ecotoxicity 

TPP   Thermoelectrical power plant 

 Growth rate 

WW   Wet weight 
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