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General Introduction

1.1	 Commercial applications of microalgae

Microalgae are eukaryotic unicellular organisms (Fig. 1.1) capable to convert light 
energy into chemical energy through photosynthesis. Microalgae produce a wide 
range of metabolites (e.g. proteins, lipids, carbohydrates, pigments and/or vitamins) 
that have a broad range of potential applications. Currently, microalgae are used 
as aquaculture feed and for the production of high-value products for human health 
and cosmetics (Table 1.1), thus being limited to low market volumes. No commercial 
applications of microalgae can be found yet for the production of bulk commodities 
(i.e. chemicals, food and fuels). 

Figure 1.1 Microscopy photograph of the microalga Nannochloropsis sp..

Table 1.1 Commercial applications of microalgae and cyanobacteria. From Spolaore et al. (2006).

Species Product/Activity Application(s)

Anabena N2 fixation Biofertilizers, growth promoting substances
Arthrospira platensis Proteins, PUFAs, vitamins, 

phycocyanin
Human health, animal feed additive, 
cosmetics

Chaetoceros muelleri PUFAs Aquaculture feed
Chlorella spp. Proteins, PUFAs, β-1, 

3-glucans
Human health, animal feed additive, 
cosmetics

Dunaliella salina β-carotene Human health, aquaculture feed, cosmetics
Haematococcus pluvialis Astaxanthin Human health, aquaculture feed 
Isochrysis PUFAs Aquaculture feed 
Nannochloropsis spp. PUFAs Aquaculture feed, cosmetics 
Nostoc Vitamin B12, auxins, N2 fixation Biofertilizers, growth promoting substances
Phaeodactylum PUFAs Aquaculture feed 
Thalassiosira pseudonana PUFAs Aquaculture feed 
Tetraselmis suecica Proteins Aquaculture feed 
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1.2	 Microalgal triacylglycerides as sustainable and renewable 
feedstock for the commodity industries

Triacylglycerides (TAGs) are a class of glycerol lipids constituted of three fatty 
acyl groups attached to a glycerol backbone. TAGs are largely used by the petro-, 
oleo-chemical and food industries in a wide range of applications (e.g. detergents, 
lubricants, solvents, biodiesel, food structure and taste) (Royal Dutch Shell Group 
1983; German 1999; Rupilius and Ahmad 2007). These TAGs are commonly derived 
from fossil reserves and terrestrial crops (e.g. palm, soybean, rapeseed, jatropha). 
However, the oscillations in crude-oil price and the limited availability of arable lands 
have determined a renewed interest in the development of sustainable alternative 
production platforms. Microalgal TAGs have drawn much attention from industry as 
potential supplement or replacement for the current commodity feedstocks (Chisti 
2007; Draaisma et al. 2013). In addition, higher areal productivities may be achieved 
with microalgae compared to terrestrial plants (Mata et al. 2010). The reason is that 
most of the microalgal biomass can be used (e.g. no roots, leaves etc.) compared to 
terrestrial plants, thus allowing higher land coverage (Tredici 2010). Furthermore, as 
microalgae are cultivated in photobioreactors, they do not require arable lands and 
can be grown in seawater, brackish or wastewater.

Despite the potential advantages offered by microalgal TAGs, these are not yet 
economically feasible for the commodity industries due to the high production costs 
(Griffiths and Harrison 2009; Wijffels and Barbosa 2010; Norsker et al. 2011; Acién 
et al. 2012). In order to reduce the production costs, microalgal TAG productivity 
should be further increased (Griffiths and Harrison 2009; Wijffels and Barbosa 2010; 
Norsker et al. 2011; Acién et al. 2012). Higher productivities would indeed result 
in a higher production per unit of time on the same ground area. To achieve high 
TAG productivities, cultivation parameters such as production strain and operational 
strategy need to be optimized.

1.3	 Species-specific photosynthetic activity under nitrogen starvation

TAGs are accumulated in microalgae under unbalanced growth conditions, such as 
nutrient starvation/limitation (Klok et al. 2013; Benvenuti et al. 2014; San Pedro et al. 
2014), high pH (Santos et al. 2012), high light intensities and high medium salinities 
(Pal et al. 2011). Nitrogen (N) starvation is the most common and straightforward 
strategy to induce TAG accumulation in microalgae (Rodolfi et al. 2009; Griffiths et al. 
2011) and it was adopted also for this thesis. 
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Under unbalanced growth conditions (e.g. nitrogen starvation), microalgae adapt 
photosynthesis to meet their metabolic demands (Foyer et al. 1990). During N-starvation, 
microalgae decrease their energy intake by reducing their pigmentation, activity of 
the photosystems and number of photosynthetic membranes (Simionato et al. 2013). 
Additionally, part of the absorbed photons is dissipated as heat or fluorescence (Klok 
et al. 2013). Therefore, TAG accumulation is always accompanied by a reduction in 
photosynthetic activity. The remaining photosynthetic activity dictates the amount of 
photons directed towards the synthesis of TAGs, and thus the TAG productivity. 

The ability of retaining a high photosynthetic activity during N-starvation is expected 
to be species-dependent and to represent the biggest contributor to the observed 
differences in reported TAG productivities (Griffiths and Harrison 2009). Therefore, 
the selection of microalgal species that maintain a high photosynthetic activity 
during N-starvation represents a key biological parameter for achieving high TAG 
productivities (Wijffels and Barbosa 2010).  

1.4	 Cultivation strategies for optimized TAG production

The cultivation strategy (i.e. batch, semi-continuous, continuous) is expected to have 
an impact on TAG productivity. As already mentioned, nitrogen (N) starvation is the 
most applied and effective method to produce TAGs. N-starvation can be applied 
in batch and semi-continuous (e.g. repeated-batch) processes. In a batch-process  
(Fig.1.2A), biomass is initially produced under N-replete conditions (“growth phase”), 
and subsequently subjected to N-starvation to trigger TAG accumulation (“stress 
phase”). In a production facility, this implies that a fraction of the facility area is used 
to produce the inoculum for the “stress reactor”, rather than being allocated to actual 
TAG production. Consequently, the total TAG productivity is reduced.
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Figure 1.2 Schematic representation of batch and repeated-batch processes.
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In repeated-batch processes (i.e. culture is partly harvested and the remaining fraction 
is resupplied with nutrients; Fig.1.2B), both biomass and TAG production occur in the 
same reactor, thus minimizing the area of the facility that is allocated to inoculum 
production. Additionally, in repeated-batch cultivations, nutrients are periodically 
resupplied, which could allow recovery of photosynthetic activity. Therefore, by 
repeatedly harvesting the culture at short time intervals, higher residual photosynthetic 
efficiencies could be maintained and thus higher total TAG productivities could 
possibly be achieved compared to a batch process.

1.5	 Lab-scale and outdoor microalgal TAG production 

Lab-scale research under well-defined conditions is essential to understand the 
effects of biological and process parameters on TAG productivity (Fig. 1.3A-B). 
However, it should always be validated whether lab-scale results can be translated 
to outdoor cultivations (Fig. 1.3C-D). Outdoors, cells have to continuously adapt to 
changing light and temperature conditions and therefore, lower productivities may be 
expected. Likewise, when bottlenecks are encountered outdoors, these should be 
further investigated and optimized at lab-scale before being tested again outdoors.

Figure 1.3 Cultivation systems used in this thesis. A) Erlenmeyer flasks. B) Lab-scale flat panel 
photobioreactor. C) Vertically stacked tubular reactors. D) Horizontally stacked tubular reactor.
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In general, more experience with outdoor TAG production is required. This is 
essential to fill the gap between lab-scale research and commercial production. At 
pilot-scale, possible process and technology bottlenecks (e.g. light gradients due to 
reactor mutual shading, temperature and pH control, mixing) should be tackled before 
scaling-up. 

1.6	 Thesis aim and outline

The aim of the research presented in this thesis is to increase microalgal TAG 
productivity by investigating the effect of biological and engineering parameters, such 
as the production strain and the operational strategy.

Chapter 2 aims at selecting a marine species with high TAG productivity. Seven 
species were screened performing nitrogen (N) run-out experiments. Nannochloropsis 
sp. was selected as the most suitable species for lipid production because it retained 
the highest photosynthetic efficiency during N- starvation, and thus achieved the 
highest TAG productivity. Nannochloropsis sp. was therefore used in all subsequent 
research performed in this thesis.  

Besides the selection of highly productive strains, process design has a great impact 
on the TAG productivity. This thesis highlights several contributing factors, which are 
mainly related to the applied stress pressure. In chapter 3 the effect of the initial-
biomass-specific (IBS) light availability (i.e. ratio of light impinging on reactor ground 
area divided by initial biomass concentration per ground area) is investigated for 
batch outdoor cultivations of Nannochloropsis sp. cultivated in two different tubular 
reactors (horizontal and vertically stacked) at different initial biomass concentrations 
at the start of the TAG accumulation phase, during two distinct seasons. Based on 
the observed trends, optimal initial biomass concentrations are suggested to achieve 
high areal TAG productivities for each reactor configuration and season.

The research performed for chapter 4 aimed at researching a different operational 
strategy to further increase TAG productivity. For this, repeated-batch cultivations 
were tested and compared to batch cultivations both at lab-scale and in two identical, 
simultaneously operated, outdoor vertically stacked tubular PBRs over different 
seasons. Although at lab-scale, batch and repeated-batch cultivations yielded similar 
TAG productivities, outdoors the batch process always outcompeted the repeated-
batch strategy. It was concluded that repeated-batch TAG production required 
further optimization and that a full understanding of the physiological responses 
underlying a process is essential to pursue process optimization and thus, process 
comparison. In chapter 5, the physiological responses of Nannochloropsis sp. to 
N-starvation and N-replenishment were determined in lab scale batch and repeated-
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batch cultivations. These physiological insights were condensed into a mechanistic 
model describing both batch and repeated-batch TAG production processes in flat 
panel PBRs. Scenarios for improved TAG yields on light were simulated and, based 
on the optimized yields, a comparison of the two processes was performed. It was 
concluded that under continuous light, an optimized batch process will always result 
in higher TAG productivities than an optimized repeated-batch process.

In chapter 6 an outlook on the research needed to further increase TAG productivity 
and assess the economic viability of microalgal TAG production is needed. 
Furthermore, a two-step TAG production process (i.e. growth reactors are operated 
in continuous mode such that multiple batch-operated stress reactors are inoculated 
and sequentially harvested ensuring a daily harvest of TAG-enriched biomass) is 
proposed for a hypothetical 100 ha-scale plant in southern Spain. Photosynthetic 
efficiencies based on outdoor pilot data are used as model input to conduct a techno-
economic analysis. The production cost of TAG-enriched biomass is presented based 
on current process technology. Finally, a sensitivity analysis is performed and a 
scenario with reduced production cost is identified.
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An economically feasible microalgal lipid industry heavily relies on the selection of 
suitable strains. Because microalgal lipid content increases under a range of adverse 
conditions (e.g. nutrient deprivation, high light intensity), photosynthetic activity is 
usually strongly reduced. As a consequence, lipid productivity rapidly declines over 
time, after reaching a maximum within the first days of cultivation. The microalgae 
Chlorella vulgaris, Chlorococcum littorale, Nannochloropsis oculata, Nannochloropsis 
sp., Neochloris oleoabundans, Stichococcus bacillaris and Tetraselmis suecica were 
compared on fatty acid content and productivity, but also on photosynthetic activity 
under nitrogen (N)-starvation. Cultures in N-replete conditions were used as reference. 
Photosystem II (PSII) maximum efficiency was followed during the experiment, as proxy 
for the change in photosynthetic activity of the cells. Strains with a high capacity for both 
lipid accumulation as well as high photosynthetic activity under N-starvation, exhibited a 
high lipid productivity over time.

Among the tested strains, Nannochloropsis sp. showed highest fatty acid content (45% 
w/w) and productivity (238 mg L-1 d-1) as well as PSII maximum efficiency, demonstrating 
to be the most suitable strain, of those tested, for lipid production.

This study highlights that for microalgae, maintaining a high photosynthetic efficiency 
during stress is key to maintain high fatty acid productivities over time and should be 
considered when selecting strains for microalgal lipid production.

Keywords: Microalgae; nitrogen-starvation; lipid productivity; photosynthetic activity.
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2.1	 Introduction

Microalgae can offer an important contribution to the transition to a bio-based 
economy. They can use residual carbon dioxide and nutrient-rich effluents and, 
through photosynthesis, produce bulk materials (e.g. proteins, fatty acids) for the fuel, 
chemical, feed and food industry. Microalgal lipids have drawn particular interest from 
industry due to their wide range of applications; they can serve as supplement in 
human and animal nutrition (Tredici et al., 2009), or as source of biodiesel (Schenk et 
al. 2008) and bioplastics (Hempel et al. 2011). Although a large-scale microalgal lipid 
production is technically feasible, production costs need to be drastically decreased 
to become economically viable (Wijffels and Barbosa 2010). Currently, biomass 
productivity, lipid content and lipid productivity are important bottlenecks preventing 
commercial production (Pienkos and Darzins 2009; Griffiths and Harrison 2009). 

Cellular accumulation of lipids can be enhanced by applying factors that limit or prohibit 
normal cell replication such as nutrient limitation/deprivation and high light intensities 
(Solovchenko et al. 2007; Rodolfi et al. 2009; Griffiths et al. 2011). Such conditions 
are often referred to as environmental stress conditions. In particular, nitrogen (N)-
limitation/starvation represents one of the most common and effective strategies to 
trigger lipid accumulation in microalgae (Rodolfi et al. 2009). Usually nitrogen stress 
in microalgae is accompanied by a reduction of photosynthetic capacity (Berges et 
al. 1996; Berges and Falkowski 1998; Parkhill et al. 2001). Possibly, lipid productivity 
suffers due to this reduction in photosynthetic energy supply (Klok et al. 2013) as it 
generally decreases over time after reaching an optimum within the first hours/days 
of starvation (Breuer et al. 2012).

Strains with a high capacity for both lipid accumulation and high photosynthetic 
efficiency under N-starvation are expected to exhibit high lipid productivity over time, 
representing suitable candidate for industrial applications.

Pulse-Amplitude Modulated (PAM) fluorimeters have been widely accepted as a non-
invasive tool to assess photosynthetic responses to changes in nutrient availability of 
microalgae and cyanobacteria (White et al. 2011; Schreiber et al. 2012; San Pedro et 
al. 2013; Ramanna et al. 2014).

In this study, photosystem II maximum efficiency of N-starved cells was followed by 
means of chlorophyll fluorescence and considered as screening-parameter, together 
with fatty acid content and productivity, for selecting suitable strains for lipid production. 
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2.2	 Materials and methods

2.2.1	 Experimental approach

The microalgae Chlorella vulgaris UTEX 259 (Cv), Chlorococcum littorale NBRC 
102761(Cl), Nannochloropsis oculata UTEX 2164 (Noc), Nannochloropsis sp. CCAP 
211/78 (Nsp), Neochloris oleoabundans UTEX 1185 (Nol), Tetraselmis suecica 
CCAP 6614 (Ts) and Stichococcus bacillaris UTEX B176 (Sb) were screened for 
their growth characteristics, lipid content and photosynthetic efficiency under nitrogen 
(N)-starvation. The strains were cultivated under identical controlled conditions in 
250-mL Erlenmeyer flasks (150 mL of culture) either in NO-

3-containing (N-replete) 
or NO-

3-free (N-depleted) medium. The standard culture medium was designed for 
comparison purposes and contained (in mM unless otherwise indicated): NaCl, 420; 
MgSO4 · 7H2O, 5; Na2SO4, 3.5; CaCl2 · 2H2O, 2.5; NaNO3, 70; KH2PO4, 0.88; K2HPO4, 
2.3; NaHCO3, 10; 2-[4-(2-hydroxyethyl)piperazinitrogen-1-yl]ethanesulfonic acid 
(HEPES), 100; EDTA-Fe(III)-Na-salt, 0.11; Na2 EDTA · 2H2O, 0.18; ZnSO4 · 7H2O, 4 
µM; CoCl2 · 6H2O, 1.2 µM; MnCl2 · 2H2O, 15.5 µM; CuSO4 · 5H2O, 1.3 µM; biotin, 0.1 
µM, vitamin B1, 3.7 µM, vitamin B12, 0.1 µM. NaCl concentration was increased up to 
490 mM in the N-depleted medium (0 mM NaNO3) to maintain the same salinity in both 
media. The pH was adjusted at 7.5 and monitored throughout the cultivation period.

Each strain was initially grown in four replicate flasks inoculated at an optical density of 
0.5 at 750 nm in N-replete medium. Flasks were placed in an orbital shaker incubator 
(Multitron, Infors HT, Switzerland) at 120 rpm, 70 % humidity and 25 °C.  The flasks were 
continuously illuminated at a light intensity of 190 µmol m-2 s-1 supplied by fluorescent 
lamps (TL-D Reflex 36 W/840, Philips, the Netherlands). To avoid carbon limitation the 
CO2 level in the headspace was maintained at 5% v/v. When a biomass dry weight of 2 g 
L-1 was reached, replicate flasks were pooled together, divided in a N-replete (N+) pool 
and a N-depleted (N-) pool and centrifuged (780 g, 5 minutes). Once the supernatant 
was discharged, the cells were washed with either N-replete or N-depleted medium 
and centrifuged again to eliminate remaining nitrate. Finally, cells were re-suspended 
in 150 mL of either N-replete or N-depleted medium. The moment of re-suspension 
was considered as beginning of the lipid accumulation phase (t =0). Duplicate flasks 
were incubated for 14 days under the same conditions as previously described.
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2.2.2	 Biomass dry weight

Samples were firstly diluted in ammonium formate (0.5 M) and then filtered over pre-
dried and pre-weighed glass fiber filters (Whatman, Ø 55 mm, pore size 0.7 µm). The 
filters containing the samples were rinsed three times with ammonium formate, dried 
(95 °C, 24 hours) and then cooled in a desiccator for at least two hours before being 
weighted again. Biomass dry weight (Cx, g L-1) was determined using the difference 
between the weights of the blank filters and the ones containing the samples.

2.2.3	 Fatty acid analysis

Biomass fatty acid content (fFA, g g-1) and profile were determined by a series of 
mechanical cell disruption, solvent based lipid extraction and trans-esterification of 
fatty acids to fatty acid methyl esters (FAMEs). Pentadecanoic acid (C15:0; Sigma–
Aldric) was added to each sample as internal standard. FAMEs were determined using 
gas chromatography (GC-FID) according to the procedure described by Breuer et al. 
(2013). Total fatty acid content was calculated as the sum of individual fatty acids.

2.2.4	 Dry weight-specific absorption coefficient

Light absorption by the microalgae cells in the range 400-750 nm was measured 
in a specialized spectrophotometer set-up. It includes an integrating sphere placed 
behind the sample cuvette to minimize the effect of light scattering on the absorption 
measurement. The wavelength-dependent dry weight specific absorption coefficient 
(aλ, m2 g-1) was determined following the procedure described by Vejrazka et al. (2011) 
and averaged over the PAR range (400-700 nm) to obtain the dry weight-specific 
absorption coefficient (ax, m2 g-1).

2.2.5	 Maximum photosystem II quantum yield

Photosystem II (PSII) maximum quantum yield (Fv/Fm) was determined at several time 
points during the experiment (day 0, 1, 2, 3, 4, 6, 9, 14) by means of chlorophyll 
fluorescence in a portable pulse-amplitude modulated fluorimeter (AquaPen-C 
AP-C 100, Photon Systems Instruments, Czech Republic; emission peak: 620 nm, 
saturating light pulse: 2100 µmol m-2 s-1). Beforehand, Fv/Fm was measured for a range 
of sample concentrations at optical densities (750 nm) between 0.05 and 0.4 and at 
three saturating light pulses (1500, 2100 and 3000 µmol m-2 s-1). Results of three 
independent measurements showed no substantial difference in Fv/Fm values obtained 
with the different settings (data not shown).

After 10 minutes of dark adaptation at room temperature, fluorescence of microalgal 
samples at optical density (750 nm) between 0.2 and 0.4 was measured using the 
PAM fluorimeter previously described.  
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The parameter Fv/Fm reflects the maximum quantum yield of photosystem II and it is 
calculated from the minimum level of fluorescence of dark-acclimated cells (F0) after 
exposure to a non-actinic beam, and the maximum fluorescence (Fm) following a short 
but strong actinic light pulse (Eq. 2.1). 
			   ( / ) =v m m 0 mF F (F - F ) /F  Equation 2.1		

2.2.6	 Calculations

The cultivation time-averaged volumetric productivity (Pi) was calculated by dividing 
the amount of product formed (i.e. biomass, total fatty acids) per culture volume 
during the 14-day-experiment by the cultivation time according to Eq. 2.2. 

		  	  =i i end i 0 end 0P c  (t  ) - c (t ) / (t  - t ) (g L-1 d-1) Equation. 2.2	

The maximum daily volumetric productivity (Pi, max) observed between two consecutive 
sampling points was calculated according to Eq. 2.3. 

 		   1 1 )i,max i j i j j jP max [(c (t ) - c (t )) / (t - t ]+ += (g L-1 d-1) Equation. 2.3

Where ci is the concentration of the component i (biomass or fatty acid concentration) 
and t is the time. 

2.3	 Results and Discussion

2.3.1	 Biomass growth and productivity

In all experiments an increase in dry weight concentration under both nitrogen (N)-
replete and N-depleted conditions was observed. However, the maximum increase in 
N-depleted cultures was always lower than in the N-replete ones (Table 2.1). Under 
N-starvation, the maximum increase was achieved at the end of the experiment (day 14), 
except for Neochloris oleoabundans (day 3), Chlorella vulgaris (day 11) and Tetraselmis 
suecica (day 4). Nannochloropsis sp. displayed the highest relative increase compared 
to the initial concentration under both N-replete (9.6 ± 0.5 -fold) and N-depleted growth 
conditions (5.8 ± 0.1 -fold).

As an example, the time-evolution of biomass concentration and fatty acid content of 
N-depleted cultures of Neochloris oleoabundans and Nannochloropsis sp. are shown in 
Figure 2.1. These two strains were chosen as example because, besides their high fatty 
acid content, they showed very different growth behavior under N-starvation.  The data for 
the others strains are reported in Supplementary material 2.1. Neochloris oleoabundans 
increased in dry weight until day 3, whereas Nannochloropsis sp., despite a slow initial 
pace, increased in biomass concentration until the last day of the experiment.
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Table 2.1 Maximum fold-increase in biomass concentration (relative to initial dry weight,1 fold-increase), 
maximum biomass productivity (Px, max), fatty acid content at the end of the cultivation (fFA, day14) and 
cultivation time-averaged volumetric fatty acid productivity (PFA) for nitrogen-replete (N+) and nitrogen-
depleted (N-) cultures of Chlorella vulgaris (Cv), Chlorococcum littorale (Cl), Nannochloropsis oculata 
(Noc), Nannochloropsis sp. (Nsp), Neochloris oleoabundans (Nol), Stichococcus bacillaris (Sb) and 
Tetraselmis suecica (Ts). 

Strain Max fold-increase in Cx
Px, max 

(g L-1 d-1)
fFA, day14 
(g g-1)

PFA
(mg L-1 d-1)

Cv N+

Cv N-
6.7
3.4

2.2
2.4

0.13
0.39

73
87

Cl N+

Cl N-
9.1
4.1

2.4
2.5

0.11
0.35

78
126

Noc N+

Noc N-
6.0
1.8

0.7
0.4

0.16
0.30

76
36

Nsp N+

Nsp N-
9.6
5.8

1.2
0.6

0.16
0.45

128
238

Nol N+

Nol N-
7.5
3.4

3.4
3.5

0.14
0.35

84
88

Sb N+

Sb N-
5.9
2.6

0.8
0.5

0.11
0.37

45
69

Ts N+

Ts N-
5.7
2.8

2.8
2.5

0.11
0.17

50
26

An initial increase in dry weight under N-starvation was also observed in previous 
studies (Li et al. 2008; Breuer et al. 2012; Van Vooren et al. 2012). This can be 
attributed to the fact that novel biomass is produced in the absence of nitrogen, 
showing that cells remain photosynthetically active to some extent. The example of 
Neochloris oleoabundans and Nannochloropsis sp. shows that the duration of the 
period in which photosynthetic efficiency is retained is highly species-specific.

During the first three days of cultivation in both N-replete and N-depleted cultures, 
all strains showed similar biomass concentrations (Supplementary material 2.1), 
and thus productivities. Thereafter, N-depleted cultures exhibited lower biomass 
productivities than the N-replete ones, or even negative productivities (Neochloris 
oleoabundans, Chlorella vulgaris and Tetraselmis suecica). 

Maximum daily biomass productivities are often achieved in the first days of 
N-starvation (Griffiths et al. 2011). In our experiment, maximum productivities (Eq. 2.3) 
were achieved in the first day of N-starvation, with the exception of Nannochloropsis 
oculata, Stichococcus bacillaris and Nannochloropsis sp. (Table 2.1). The initial 
high productivities could be related to the sudden exposure to higher light per cell 
after re-inoculation. Under N-starvation, the highest maximum daily productivities 
were observed for Neochloris oleoabundans (3.5 g L-1 d-1), Chlorococcum littorale 
(2.5 g L-1 d-1) and Tetraselmis suecica (2.5 g L-1 d-1).
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Figure 2.1 Time-evolution of biomass concentration (A) and fatty acid content (B) in nitrogen-depleted 
cultures of Nannochloropsis sp. (Nsp) and Neochloris oleoabundans (Nol).

Cultivation time-averaged biomass volumetric productivities (Table 2.1) were calculated 
over the 14-day-experiment (Eq. 2.2). Because of the steady time-increase in biomass 
concentration, the highest biomass productivity was observed for Nannochloropsis 
sp. (0.8 and 0.5 g L-1 d-1 for N-replete and N-depleted cultures, respectively).

2.3.2	 Fatty acid content and productivity

Under nitrogen (N)-replete conditions, fatty acid content was constant over the entire 
cultivation period for all tested strains (Supplementary material 2.1). On the contrary, 
N-depleted conditions led to considerable fatty acid accumulation (more than two-fold) 
in most strains by the end of the cultivation period. At day 14, fatty acid contents ranged 
between 35% and 45% w/w. An exception was Tetraselmis suecica which did not exhibit 
high lipid accumulation (only 1.4-fold increase) in response to N-starvation, as was 
reported before by Bondioli et al. (2012). The highest final fatty acid content was found 
in Nannochloropsis sp. (45% w/w). 

Lipid productivity has been proposed as the most suitable parameter when comparing 
microalgal strains for lipid production (Griffiths and Harrison 2009). 

Under N-starvation, the highest productivities were achieved within the first 2-3 
days of cultivation. However, productivity rapidly dropped in time because biomass 
growth was heavily impaired for most strains. An exception was Nannochloropsis 
sp., which exhibited high daily fatty acid productivities until the end of the cultivation 
period. Moreover, Nannochloropsis sp. and Chlorococcum littorale always exhibited 
higher daily fatty acid productivities under N-depleted conditions than under N-replete 
conditions (Fig. 2.2).  
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Figure 2.2 Daily volumetric fatty acid productivity for nitrogen-replete (N+) and nitrogen-depleted (N-) cultures 
of Chlorella vulgaris (Cv), Chlorococcum littorale (Cl), Nannochloropsis oculata (Noc), Nannochloropsis 
sp. (Nsp), Neochloris oleoabundans (Nol), Stichococcus bacillaris (Sb) and Tetraselmis suecica (Ts) at 
day 1, 2, 3, 4, 9 and 14 of cultivation.

In general, cultivation time-averaged fatty acid productivities were higher under 
N-depleted conditions than under N-replete ones (Table 2.1). Under N-starvation, 
Nannochloropsis sp. in the first place, and Chlorococcum littorale in the second place, 
almost doubled their cultivation time-averaged fatty acid productivity. 

Overall, the best balance between fatty acid content and growth was retained by 
Nannochloropsis sp. that showed the highest daily fatty acid productivities, except 
for the first two days (Fig. 2.2), and the highest cultivation time-averaged fatty acid 
productivity (Table 2.1). 

2.3.3	 Fatty acid profile 

To investigate the potential application of the microalgal lipids, fatty acid profiles 
under nitrogen (N)-replete and N-depleted conditions were analyzed for the entire 
cultivation period (Supplementary material 2.2). When cultivating strains under 
N-replete conditions the fatty acid profile of all strains did not change significantly. In 
N-replete cultures of Nannochloropsis sp. and Nannochloropsis oculata, EPA was the 
most abundant fatty acid and it accounted for 35% w/w of total fatty acids. Thereby, 
these strains are promising species for production of EPA as alternative to fish oil. 
The most abundant fatty acids in N-replete cultures of the other strains were C18:2 
and C18:3. Overall, the high abundance of unsaturated fatty acids found in N-replete 
cultures makes all seven strains a suitable source of nutraceuticals and aquaculture 
feed (Tredici et al. 2009). 

Under N-starvation the overall degree of unsaturation decreased for all strains. 
N-starvation led to a three-fold decrease in EPA content for the two Nannochloropsis 
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strains. Major changes in fatty acid profile regarded the increase primarily of C18:0 
and C18:1 content in Chlorophyceae, and of C16:0 in Nannochloropsis oculata, 
Nannochloropsis sp., Stichococcus bacillaris and Tetraselmis suecica. Our results 
are consistent with other studies (Griffiths et al. 2011; Simionato et al. 2013) who 
observed similar trends. 

2.3.4	 Light absorption and maximum photosystem II quantum yield under 
nitrogen-starvation

When screening microalgae for lipid productivity, it is important to know the photosynthetic 
capacity under stress conditions. For that reason we measured light absorption and the 
efficiency of light utilization over time. 

The specific absorption coefficient (ax) is a direct measure for cell-specific light 
absorption and an indirect measure for cellular pigmentation. A time-increase in the 
specific absorption coefficient was observed for nitrogen (N)-replete cultures (data not 
shown). In fact, given the high cell densities achieved by N-replete cultures, this increase 
can be explained as a result of an augmented degree of cell self-shading. Because 
the cultures suffered light limitation, the amount of chlorophylls likely increased to 
compensate for the reduced amount of light per cell. This phenomenon is a component 
of the photoacclimatory response (Falkowski and Owens 1980). 

A reduced ability to absorb light was found in the N-depleted cultures of all strains. This 
decrease in absorption coefficient (ax) is related to a decrease in photosynthetic pigment 
content that is often observed under N-starvation (Geider et al. 1998a; Pruvost et al. 
2009; Van Vooren et al. 2012; Solovchenko et al. 2013). Figure 2.3 (white bars) shows 
the fold-decrease in ax observed at the end of the cultivation (day 14) relative to the initial 
ax value (day 0) for N-starved cultures. The highest fold-decrease in ax was observed 
for Nannochloropsis sp., suggesting a strong down-regulation of the photosynthetic 
pigments for this strain.

Figure 2.3 Fold-decrease in specific 
absorption coefficient (ax; white bars) 
and PSII maximum quantum yield 
(Fv/Fm; grey bars) and fold-increase 
in biomass concentration (dots) for 
nitrogen-depleted cultures of Chlorella 
vulgaris (Cv), Chlorococcum littorale 
(Cl), Nannochloropsis oculata (Noc), 
Nannochloropsis sp. (Nsp), Neochloris 
oleoabundans (Nol), Stichococcus 
bacillaris (Sb) and Tetraselmis suecica 
(Ts) at the end of the cultivation (day 
14). Initial values (day 0) are 1 fold-
decrease/increase.
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The maximum quantum yield (Fv/Fm) of photosystem II  (PSII) was assessed during the 
experiment (Supplementary material 2.3) and used as a proxy to monitor the efficiency of 
light utilization by the seven strains. Photosystem II (PSII) has been suggested as one of 
the major targets of N-starvation (Berges et al. 1996). In fact, because of reduced protein 
synthesis, PSII proteins with a high turnover rate are the first ones to be affected by the 
lack of an inorganic nitrogen supply (Geider et al. 1993). Fv/Fm values around 0.6-0.7 are 
expected for healthy microalgal cells, whereas lower values are observed if cells have 
been exposed to biotic or abiotic stress (Young and Beardall 2003). In our study, Fv/Fm 
of cultures cultivated in nitrogen (N)-replete conditions did not change over time (data 
not shown). This confirmed the findings of Parkhill et al. (2001) according to which PSII 
maximum quantum yield is independent of growth irradiance, as long as nutrients are 
not limiting and cells are fully photo-acclimated. On the contrary, N-starvation led to a 
strong decrease in Fv/Fm for all strains, as shown in Fig. 2.3 (grey bars) which represents 
the fold-decrease in Fv/Fm observed at the end of the cultivation (day 14) relative to the 
initial Fv/Fm value (day 0) for N-starved cultures. The decrease in Fv/Fm indicates that 
N-starvation diminished the efficiency of photon utilization by PSII and thus, of linear 
electron transport. In this respect, Klok et al. (2013) observed a decreased photosynthetic 
efficiency and an increased energy dissipation that was reflected in a strongly reduced 
yield of biomass on light and productivity in N-limited Neochloris oleoabundans. 

In our experiments, the effect of N-starvation on photosynthetic efficiency was most 
severe in Tetraselmis suecica (7.3 fold-decrease), whereas the other strains showed a 
1.4-4.3 fold-decrease in Fv/Fm (Fig. 2.3). Altogether, our data confirm that photosystem 
II photochemistry was impaired by N-starvation, although the extent of impairment was 
highly strain-dependent.

Under N-starvation, light absorption and photosynthetic efficiency seemed to be 
inversely related (Fig. 2.3). Strains which exhibited a strong reduction in light absorption 
(i.e. ax), showed a smaller reduction in photosynthetic efficiency (Fv/Fm) compared to the 
others. A decrease in light absorption could be attributed to the lower light requirement 
of N-starved cells. This down-regulation could compensate for the impaired metabolic 
demand for growth, thus limiting the over-reduction of the photosynthetic machinery 
(Geider et al. 1993; Sauer et al. 2001). As a consequence, the efficiency of light utilization 
remained high. Apparently, these two factors resulted in the highest increase in biomass 
concentration (Fig. 2.3, dots) enhancing fatty acid productivity. This is best represented 
by Nannochloropsis sp. that exhibited the strongest decrease in ax, the smallest decrease 
in Fv/Fm and the highest increase in biomass concentration and fatty acid productivity 
under N-starvation. This observation is in accordance with the findings of Simionato 
et al. (2013), according to which Nannochloropsis largely retains its photosynthetic 
capacity and cell duplication under nitrogen-starvation due to the rearrangement of its 
photosynthetic apparatus. 
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2.4	 Conclusions 

In this study, a positive relation between high PSII maximum quantum yield and high 
fatty acid productivity was found for certain strains, highlighting the importance of 
aiming for an alga that accumulates large amounts of lipids while maintaining its 
photosynthetic capacity under nitrogen (N)-starvation to ensure high lipid productivities 
over time.

Among the tested strains, Nannochloropsis sp. showed highest fatty acid content (45% 
w/w) and productivity (238 mg L-1 d-1) as well as PSII maximum quantum yield over 
time demonstrating to be the most suitable strain, of those tested, for lipid production.
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Supplementary material

Supplementary material 2.1 Time-evolution of biomass concentration (Cx) and fatty acid content (fFA) 
in nitrogen (N)-replete (N+) and N-depleted (N-) cultures of Chlorella vulgaris, Chlorococcum littorale, 
Nannochloropsis oculata, Nannochloropsis sp., Neochloris oleoabundans, Stichococcus bacillaris and 
Tetraselmis suecica for the duplicate cultures (A, B).

Chlorella vulgaris (N+) Chlorococcum littorale (N+)

Time
(days)

Cx (g L-1) fFA (g g-1) Cx (g L-1) fFA (g g-1)
A B A B A B A B

0 1.31 1.31 0.13 0.13 1.24 1.26 0.11 0.11
1 2.75 2.75 0.12 0.12 2.93 2.76 0.11 0.12
2 3.27 3.41 0.14 0.12 3.80 3.93 0.10 0.10
3 3.93 4.16 0.12 0.11 4.72 4.50 0.10 0.10
4 4.07 4.33 0.12 0.12 4.85 4.75 0.10 0.10
6 4.92 4.97 0.13 0.12 5.56 6.29 0.11 0.11
9 7.14 6.66 0.12 0.12 8.22 8.22 0.11 0.09

14 8.77 8.61 0.13 0.13 11.37 11.30 0.11 0.10
Chlorella vulgaris (N-) Chlorococcum littorale (N-)

Time
(days)

Cx (g L-1) fFA (g g-1) Cx (g L-1) fFA (g g-1)
A B A B A B A B

0 1.15 1.12 0.13 0.13 1.32 1.30 0.11 0.11
1 2.55 2.91 0.15 0.15 3.01 2.90 0.13 0.12
2 2.85 3.06 0.19 0.19 3.71 3.76 0.14 0.16
3 3.16 3.20 0.22 0.22 3.81 3.69 0.19 0.18
4 3.11 3.07 0.23 0.22 4.29 3.95 0.20 0.21
6 3.06 3.07 0.31 0.29 4.40 4.54 0.25 0.23
9 3.77 3.42 0.33 0.34 4.70 4.85 0.30 0.32

14 3.32 3.42 0.37 0.41 5.31 5.41 0.36 0.34

Nannochloropsis oculata (N+) Nannochloropsis sp. (N+)

Time
(days)

Cx (g L-1) fFA (g g-1) Cx (g L-1) fFA (g g-1)
A B A B A B A B

0 1.30 1.34 0.15 0.15 1.26 1.26 0.14 0.14
1 1.35 1.39 0.17 0.17 1.40 1.39 0.15 0.14
2 1.79 1.52 0.16 0.16 1.79 1.80 0.16 0.15
3 2.32 2.08 0.16 0.15 2.77 2.70 0.15 0.14
4 2.68 2.40 0.16 0.16 3.28 3.20 0.15 0.15
6 3.39 3.15 0.15 0.15 4.70 4.39 0.15 0.14
9 4.61 4.30 0.14 0.15 6.25 5.68 0.12 0.14

14 8.15 7.73 0.16 0.16 12.57 11.67 0.15 0.16



Chapter 2

30 31

2

Selecting microalgae for lipid production

Nannochloropsis oculata (N-) Nannochloropsis sp. (N-)

Time
(days)

Cx (g L-1) fFA (g g-1) Cx (g L-1) fFA (g g-1)
A B A B A B A B

0 1.23 1.23 0.15 0.15 1.31 1.31 0.14 0.14
1 1.12 1.33 0.22 0.21 1.50 1.54 0.18 0.18
2 1.34 1.62 0.30 0.27 2.04 2.11 0.25 0.24
3 1.73 2.03 0.31 0.31 2.47 2.58 0.28 0.32
4 1.87 2.25 0.32 0.32 2.70 2.75 0.34 0.35
6 1.91 2.27 0.33 0.32 3.73 3.80 0.38 0.37
9 1.82 2.31 0.30 0.29 4.36 4.45 0.43 0.40

14 1.96 2.41 0.29 0.30 7.49 7.62 0.45 0.46

Neochloris oleoabundans (N+) Tetraselmis suecica (N+)

Time
(days)

Cx (g L-1) fFA (g g-1) Cx (g L-1) fFA (g g-1)
A B A B A B A B

0 1.18 1.20 0.10 0.10 1.47 1.35 0.12 0.12
1 3.38 3.53 0.11 0.11 2.98 3.57 0.10 0.07
2 3.97 4.04 0.12 0.13 3.33 3.19 0.11 0.12
3 4.18 4.17 0.11 0.11 3.49 3.45 0.11 0.13
4 4.31 4.34 0.11 0.12 3.81 3.76 0.10 0.09
6 4.71 5.02 0.13 0.12 4.83 4.63 0.10 0.11
9 6.56 6.63 0.12 0.12 6.76 6.20 0.09 0.09

14 8.86 9.08 0.14 0.14 8.31 7.80 0.10 0.11
Neochloris oleoabundans (N-) Tetraselmis suecica (N-)

Time
(days)

Cx (g L-1) fFA (g g-1) Cx (g L-1) fFA (g g-1)
A B A B A B A B

0 1.24 1.24 0.10 0.10 1.40 1.40 0.12 0.12
1 3.53 3.59 0.13 0.13 3.04 3.07 0.10 0.09
2 3.86 3.99 0.19 0.19 3.75 3.78 0.09 0.09
3 4.19 4.17 0.25 0.25 3.87 3.92 0.07 0.09
4 4.07 4.06 0.28 0.29 3.93 3.94 0.07 0.08
6 3.94 4.08 0.33 0.28 3.79 3.78 0.08 0.10
9 4.17 4.06 0.35 0.38 3.60 3.57 0.11 0.11

14 3.83 3.72 0.35 0.35 2.90 2.80 0.16 0.17

Stichococcus bacillaris (N+) Stichococcus bacillaris (N-)

Time
(days)

Cx (g L-1) fFA (g g-1) Cx (g L-1) fFA (g g-1)
A B A B A B A B

0 1.12 1.12 0.10 0.10 1.12 1.12 0.10 0.10
1 1.41 1.43 0.10 0.10 1.40 1.65 0.12 0.14
2 1.96 2.03 0.13 0.14 1.81 2.24 0.18 0.21
3 2.46 2.43 0.11 0.11 2.38 2.27 0.20 0.21
4 3.45 2.84 0.11 0.12 2.60 2.46 0.24 0.21
9 3.52 3.61 0.11 0.12 2.68 2.80 0.33 0.34

14 6.46 6.66 0.11 0.11 2.92 2.94 0.36 0.37
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Supplementary material 2.2 Time-evolution of fatty acid abundance in nitrogen (N)-replete (N+) and 
N-depleted (N-) cultures of Chlorella vulgaris (Cv), Chlorococcum littorale (Cl), Nannochloropsis oculata 
(Noc), Nannochloropsis sp. (Nsp), Neochloris oleoabundans (Nol), Stichococcus bacillaris (Sb) and 
Tetraselmis suecica (Ts).
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Supplementary material 2.3 Time-
evolution of maximum quantum yield of 
photosystem II (Fv/Fm) for nitrogen (N)-
replete (N+) and N-depleted (N-) cultures 
of Chlorella vulgaris (Cv), Chlorococcum 
littorale (Cl),  Nannochloropsis oculata (Noc), 
Nannochloropsis sp. (Nsp), Neochloris 
oleoabundans (Nol), Stichococcus bacillaris 
(Sb) and Tetraselmis suecica (Ts). 
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Background: Microalgal triglycerides (TAGs) are a promising sustainable feedstock 
for the biofuel, chemical and food industry. However, industrial production of microalgal 
products for commodity markets is not yet economically viable, largely because of low 
microalgal productivity. The latter is strictly dependent on initial-biomass-specific (IBS) 
light availability (i.e. ratio of light impinging on reactor ground area divided by initial 
biomass concentration per ground area). This study investigates the effect of IBS-light 
availability on batch TAG production for Nannochloropsis sp. cultivated in two outdoor 
tubular reactors (i.e. vertical and horizontal) at different initial biomass concentrations 
for the TAG accumulation phase, during two distinct seasons (i.e. high and low light 
conditions).

Results: Increasing IBS-light availability led to both a higher IBS-TAG production rate 
and TAG content at the end of the batch, whereas biomass yield on light decreased. 
As a result, an optimum IBS-light availability was determined for the TAG productivity 
obtained at the end of the batch and several guidelines could be established. The 
vertical reactor (VR) should be operated at an initial biomass concentration of 1.5 
g L-1 to achieve high TAG productivities (1.9 and 3.2 g m-2 d-1 under low and high 
light, respectively). Instead, the horizontal reactor (HR) should be operated at 2.5 
g L-1 under high light (2.6 g m-2 d-1), and at 1.5 g L-1 under low light (1.4 g m-2 d-1). 

Conclusions: From this study, the great importance of IBS-light availability on TAG 
production can be deduced. Although maintaining high light availabilities in the reactor 
is key to reach high TAG contents at the end of the batch, considerable losses in TAG 
productivity were observed for the two reactors regardless of light condition, when not 
operated at optimal initial biomass concentrations (15 – 40% for VR and 30 – 60% for HR).

Keywords: Microalgae; TAG productivity; outdoor; pilot-scale; light availability.A
bs

tra
ct
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3.1	 Background 

Microalgal triglycerides (TAGs) are a promising sustainable feedstock for the food, 
chemical and biofuel industry, as an alternative to traditional feedstocks that are 
typically derived from fossil or vegetable oil. Although high value products from 
microalgae are already commercially available, industrial production of microalgal 
products for commodity markets is not yet economically viable, largely because of 
low microalgal productivity (Pienkos and Darzins 2009). In this respect, outdoor 
pilot-scale research, in addition to mechanistic studies under controlled laboratory 
conditions, is essential to fully investigate the potential of the selected microalga for 
high outdoor productivities and to foster process scale-up.

In both laboratory and outdoor studies, the important role of light availability (i.e. ratio of 
light impinging on the reactor surface divided by biomass concentration in the reactor) 
on lipid production has been highlighted (Su et al. 2010; Münkel et al. 2013). In such 
cases, light availability was varied by varying initial biomass concentrations at the 
start of the lipid accumulation phase. Higher lipid content was obtained by increasing 
light availability, whereas an opposite trend was observed for TAG productivity at the 
end of the batch cultivation.

However, in outdoor cultivations, light availability, besides being influenced by 
total irradiance, is also determined by reactor configuration (vertical or horizontal) 
and design. When operated at the same total irradiance and (volumetric) biomass 
concentration, a lower light availability is expected in a vertical reactor because more 
biomass is present per ground area, compared to a horizontal one.

Experimental data that quantify the effect of light availability (i.e. biomass concentration, 
total irradiance and reactor configuration) on TAG production are therefore essential 
for process optimization. 

This study assesses the effect of initial-biomass-specific (IBS) light availability (i.e. ratio 
of light impinging on reactor ground area divided by the initial biomass concentration 
per ground area) on batch TAG production in Nannochloropsis sp. CCAP 211/78. 
N-starved cultivations were carried out at AlgaePARC pilot facilities in Wageningen, 
the Netherlands (N 51°59’45 88”, 5°39’28.15”). IBS-light availability was varied by 
setting different initial biomass concentrations (1 g L-1, 1.5 g L-1 and 2.5 g L-1) at the 
start of the TAG-accumulation phase in a vertical and in horizontal tubular pilot-scale 
reactors, which were simultaneously operated. Each initial biomass concentration 
was tested under two seasons, resulting in two distinct light conditions (14 ± 3 and 36 
± 2 mol m-2 d-1 average light intensity). 

Based on the trends observed in this study, several guidelines for optimization of 
outdoor batch TAG production are proposed.
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3.2	 Results

The time-evolution of biomass concentration, TAG, intracellular nitrogen and 
carbohydrate contents, as well as the TAG productivity, are shown in Fig. 3.1 for 
the run inoculated at 1.5 g L-1 in the vertical reactor under low light conditions. This 
run is shown as a typical example, and the parameters for all runs are given in 
Supplementary material 3.1. 

Figure 3.1 Time-evolution of biomass 
concentration (Cx) and TAG content (fTAG) (A), 
nitrogen (fN) and carbohydrate content (fcarbs) 
(B), TAG productivity (PTAG) (C) for the run 
inoculated at 1.5 g L-1 in the vertical reactor 
under low light conditions.
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Under nitrogen (N)-starvation, biomass concentration increased, though at a low pace, 
while the intracellular nitrogen content exhibited a constant decline over time (Fig. 
3.1A). As a response to N-starvation, TAG content promptly increased (Fig. 3.1B), 
while carbohydrate content decreased over time (Fig. 3.1B), suggesting that TAGs 
represent the main storage compound for N-starved cells of Nannochloropsis sp.. 

During a batch process, TAG productivity and content are inversely correlated 
because those conditions (e.g. N-starvation) which enhance massive TAG 
accumulation typically impair biomass production (Benvenuti et al. 2014). As a result, 
TAG productivity (PTAG) declined over time, after reaching a maximum in the early 
N-starvation phase (Fig. 3.1C). 
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3.2.1	 Batch TAG content 

In general, at the end of the batch, TAG content (fTAG, batch) was similar for both 
vertical (VR) and horizontal (HR) reactors, under both light conditions (Table 3.1). An 
exception was the run inoculated at 2.5 g L-1 under high light conditions. In this case, 
HR showed a much higher fTAG, batch than VR (16% in VR, 25% in HR).

The highest fTAG, batch of this study were found under high light conditions for the runs 
inoculated at 1 and 1.5 g L-1 (32-34% w/w) (Table 3.1). The highest fTAG, batch for the 
low light conditions were obtained by the runs inoculated at 1 and 1.5 g L-1 (26-31% 
w/w) (Table 3.1).

3.2.2	  TAG productivity

TAG productivities (PTAG (t)) achieved under high light conditions were always 
higher than those found at low light conditions (Table 3.1). For this study, highest 
TAG productivities at the end of the batch (PTAG, batch) were obtained under high light 
conditions by the runs inoculated at 1.5 g L-1 in VR (3.2 g m-2 d-1) and at 2.5 g L-1 in the 
HR (2.6 g m-2 d-1). For the low light conditions, the highest PTAG, batch was obtained by 
the runs inoculated at 1.5 g L-1 (1.9 g m-2 d-1 in VR and 1.4 g m-2 d-1 in HR). 

In general, maximum TAG productivity (PTAG, max) was achieved within the first three 
days of cultivation, regardless of light conditions and reactor configuration, with the 
exception of the runs inoculated at 2.5 g L-1 under high light conditions. In these 
cases, a PTAG, max was achieved at day 10 (Table 3.1) in both reactors. Under high light 
conditions, highest PTAG, max were achieved by the runs inoculated at 1.5 g L-1 (8.3 g m-2 
d-1 in VR and 5.4 g m-2 d-1 in HR). Under low light conditions, very similar PTAG, max (2.4-
2.6 g m-2 d-1) was found among the different runs and reactors. Only exception was 
the run inoculated at 1 g L-1 in HR, which resulted in the lowest PTAG, max (1.5 g m-2 d-1).

3.2.3	 TAG yield on light

For both the vertical (VR) and the horizontal (HR) reactors, TAG yield on light 
(YTAG, ph (t)) showed a maximum within the first three days of cultivation (Table 3.1). 
Exceptions were the runs inoculated at 2.5 g L-1 under high light conditions, which 
exhibited a maximum at day 10 (VR) and at day 4 (HR). After reaching maximum, 
YTAG, ph (t) decreased, resulting in values as low as 0.5 – 0.11 g mol-1 (VR) and 0.03 – 
0.08 g mol-1 (HR). 

With the exception of the runs inoculated at 1.5 g L-1, maximum TAG yield on light 
(YTAG, ph, max) was higher under low light conditions. The highest YTAG, ph, max (0.29 g mol-1) 
of this study was found for the run inoculated at 1.5 g L-1 in VR under high light 
conditions (Table 3.1).
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Table 3.1 Batch TAG content (fTAG, batch), batch (PTAG,  batch) and maximum (PTAG,  max) TAG productivity, and 
maximum TAG yield on light (YTAG, ph, max) obtained for the different initial biomass concentrations (Cx, N = 0) 
and average light intensity (I av). In brackets, day at which maximum TAG productivity and TAG yield on 
light were obtained.

High light conditions (36 ± 2 mol m-2 d-1)

Vertical reactor

Cx, N = 0 
(g L-1)

I av

(mol m-2 d-1)
fTAG, batch

(% w/w)
PTAG, batch

(g m-2 d-1)
PTAG, max

(g m-2 d-1)
YTAG, ph, max

(g mol-1)

1 35 ± 12 34 1.9 3.5 (day3) 0.16 (day3)

1.5 35 ± 10 32 3.2 8.3 (day1) 0.29 (day1)

2.5 39 ± 14 16 2.7 2.9 (day10) 0.08 (day10)

Horizontal reactor

Cx, N = 0 
(g L-1)

I av

(mol m-2 d-1)
fTAG, batch

(% w/w)
PTAG, batch

(g m-2 d-1)
PTAG, max

(g m-2 d-1)
YTAG, ph, max

(g mol-1)

1 35 ± 12 33 1.0 1.7 (day3) 0.08 (day3)

1.5 35 ± 10 32 1.6 5.4 (day1) 0.19 (day1)

2.5 39 ± 14 25 2.6 3.1 (day10) 0.08 (day4)

Low light conditions (14 ± 3 mol m-2 d-1)
Vertical reactor

Cx, N = 0 
(g L-1)

I av

(mol m-2 d-1)
fTAG, batch

(% w/w)
PTAG, batch

(g m-2 d-1)
PTAG, max

(g m-2 d-1)
YTAG, ph, max

(g mol-1)

1 17 ± 7 29 1.4 2.6 (day2) 0.13 (day1)

1.5 17 ± 4 26 1.9 2.6 (day2) 0.14 (day2)

2.5 12 ± 5 21 1.6 2.4 (day2) 0.12 (day2)

Horizontal reactor

Cx, N = 0 
(g L-1)

I av

(mol m-2 d-1)
fTAG, batch

(% w/w)
PTAG, batch

(g m-2 d-1)
PTAG, max

(g m-2 d-1)
YTAG, ph, max

(g mol-1)

1 17 ± 7 28 0.6 1.5 (day2) 0.07 (day2)

1.5 17 ± 4 31 1.4 2.6 (day1) 0.13 (day1)

2.5 12 ± 5 22 1.0 2.4 (day1) 0.11 (day1)
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3.3	 Discussion

3.3.1	 Effect of initial-biomass-specific light availability on TAG production

With initial-biomass-specific (IBS) light availability (IIBS), it is possible to account for 
both initial biomass concentration and total irradiance received. With this parameter, 
it is possible to isolate the effect of light on TAG production, independently of initial 
biomass concentration and solar conditions. Due to their designs and different areal 
biomass concentrations, a larger fraction of the light impinging on the ground area 
was intercepted by the vertical reactor, than by the horizontal one. Therefore, trends 
for each reactor were considered separately. 

At higher IBS-light availabilities (IIBS, batch), biomass yield on light (Yx, ph, batch; Fig. 
3.2A) decreased, whereas TAG content at the end of the batch (fTAG, batch; Fig. 3.2B) 
increased. These trends are in line with previously reported data (Münkel et al. 2013). 

Additionally, a clear positive relation between batch IBS-TAG production rate 
(rTAG, IBS, batch) and IIBS, batch was observed in our study, for both reactor configurations (Fig. 
3.2C). This relation clearly indicates that N-starvation alone does not guarantee high 
TAG production rates, and highlights the enhancing role of light on TAG accumulation 
(Kandilian et al. 2014).

For biorefinery of the biomass, high TAG contents are desired. Fig. 3.2B shows that 
higher TAG contents (fTAG, batch) can be obtained by increasing IIBS, batch. Increasing IIBS, 

batch can be achieved by reducing biomass concentration. However, the amount of 
biomass present in the system directly influences TAG productivity (PTAG, batch). Under 
the outdoor conditions of the Netherlands, optima for PTAG, batch were found as functions 
of IIBS, batch (Fig. 3.2D, Table 3.1). Decreasing the biomass concentration below a 
certain optimum value led to a loss in biomass productivity, because light was likely 
largely dissipated as heat rather than used, as also observed in the work of (Klok et 
al. 2013) for N-limited cultures of Neochloris oleoabundans. On the contrary, at lower 
IIBS, batch, biomass productivity was enhanced, but fTAG, batch was not always high enough 
to enable high PTAG, batch. In such cases, the applied energy imbalance was inadequate 
to ensure a high degree of stress and therefore, high specific rTAG, IBS, batch (Klok et al. 
2013).



Chapter 3

42 43

3

Batch TAG production in outdoor PBRs 

Figure 3.2 Biomass yield on light (Yx, ph, batch; A), TAG content (fTAG, batch; B), initial-biomass-specific TAG 
production rate (rTAG, IBS, batch; C) and TAG productivity (PTAG,  batch; D) at the end of the batch at increasing 
initial-biomass-specific light availabilities (IIBS, batch) for the different runs in vertical (black diamonds) and 
horizontal (white circles) reactors.

3.3.2	 Optimal settings for outdoor batch TAG production: reactor configuration 

and initial biomass concentration 

As previously discussed, initial-biomass-specific light availability in the system directly 
influenced both TAG content (fTAG, batch) and TAG productivity (PTAG, batch) at the end of 
the batch. As a result, optimal initial biomass concentrations for batch TAG production 
could be identified for each light condition and reactor configuration. 

Regardless of light conditions, an initial biomass concentration of 1.5 g L-1 resulted 
in highest batch TAG contents (32% and 26% w/w at HL and LL, respectively) in VR 
(Table 3.1). Under these conditions, the trade-off between TAG content and biomass 
productivity produced highest PTAG, batch (3.2 g m-2 d-1 and 1.9 g m-2 d-1 at HL and LL, 
respectively).
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Instead, HR, which because of its design receives more direct light, should be 
operated at higher biomass concentrations to limit photo-saturation and thus, light 
dissipation under high light conditions. In such a way, the resulting high biomass 
concentrations (Supplementary material 3.1) will largely compensate for the lower 
TAG content and TAG production rates. 

However, under low light conditions, an intermediate initial biomass concentration 
(1.5 g L-1) is suggested to reach high fTAG, batch (31% w/w) and PTAG, batch (1.4 g m-2 d-1) 
in HR.  

The optima for PTAG, batch as function of initial biomass concentration found within the 
range of tested initial biomass concentrations, are in contrast with what is reported 
in literature. In fact, in the studies of Su et al. (2010); Feng et al. (2011); Münkel 
et al. (2013), PTAG, batch increased with increasing initial biomass concentration. This 
discrepancy from the trends observed in our study, could be attributed to different light 
availabilities due to different reactor designs, light regimes, range of initial biomass 
concentrations and species (Feng et al. 2011; Münkel et al. 2013), as well as duration 
of the nitrogen-starvation period (Su et al. 2010).

We believe that PTAG, batch in HR could be further increased by increasing initial biomass 
concentration and by optimizing the reactor design. Likely, due to the large distance 
of the photoactive part from the ground (1 m) and spacing between tubes (0.05 m), a 
considerable amount of light was lost, thus reducing productivity. 

3.3.3	 Considerations on outdoor TAG production

The performance of outdoor lipid production processes should be described by 
productivities and yields calculated on the basis of ground area. Data obtained from 
a pilot plant can be used for extrapolation to full scale plants if dummy units are 
included in the pilot to mimic shading effects as if the reactor was placed in a large 
commercial production facility (Bosma et al. 2014). 

Microalgal batch lipid production at pilot-scale has been frequently carried out in 
flat panel reactors (Feng et al. 2011; Zemke et al. 2013; Münkel et al. 2013). Those 
studies were mostly conducted in single panels, without dummies and/or other reactor 
units. For this reason, productivities/yields obtained with such setups cannot be easily 
extrapolated to a full-scale plant, in which several reactor units are present and, 
consequently, reciprocal shadowing is likely to take place. Moreover, because of 
very different reactor designs, and thus light regimes, it is not possible to compare 
our results, for tubular reactors, with the ones obtained in flat panels, without falling 
in misleading assumptions.
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To the best of our knowledge, only one data dataset is available for batch lipid 
production in tubular reactors San Pedro et al. (2014). Table 3.2 shows a comparison 
of the results obtained by San Pedro et al. (2014) in a vertical tubular reactor with the 
ones obtained for our run at an initial biomass concentration of 1.5 g L-1 in the vertical 
reactor under high light conditions. Higher TAG content and initial-biomass-specific 
TAG production rate were obtained in our study suggesting that Nannochloropsis sp. 
is a more suitable alga than Nannochloropsis gaditana for TAG production. However, 
because of the much higher volume-to-ground area ratio for the reactor used by San 
Pedro et al. (2014), similar TAG productivities were achieved in the two studies. 

Table 3.2 Microalga used, initial biomass concentration (Cx, N = 0), duration of the cultivation, reactor type, 
volume-to-ground area ratio (V/Aground), TAG productivity (PTAG, batch), TAG content (fTAG, batch) and initial-
biomass-specific TAG production rate (rTAG, IBS, batch) at the end of the batch are shown for each study. The 
TAG productivity reported by (San Pedro et al. 2014) was re-calculated using the duration of the actual 
batch cultivation under N-starvation (i.e. 12 days), neglecting the time necessary to produce inoculum in 
chemostat-mode.

Microalga Cx, N = 0 
(g L-1)

Duration
(days)

Reactor
type

V/Aground
(m3 m-2)

PTAG, batch
(g m-2 d-1)

fTAG, batch
(g g-1)

rTAG, IBS, batch
(g g-1 d-1) Ref.

N. gaditana 1.5 12 vertical tubular 0.13 3.1 18 0.02 (San Pedro et 
al. 2014)

N. sp. 1.5 12 vertical tubular 0.04 3.2 32 0.06 This study

For the Nannochloropsis genus, much higher TAG productivities (4.6-6.3 g m-2 d-1) 
and contents (40-48 % w/w) are reported for semi-continuous cultivations in nitrogen-
free medium by Rodolfi et al. (2009) and Bondioli et al. (2012). In both cases, a 40% 
daily culture harvest was applied, resulting in higher light availabilities and therefore 
corresponding high TAG productivities. 

Based on these studies, it seems promising to explore other cultivation modes to 
increase TAG productivity. Although strategies such as semi-continuous (Rodolfi et 
al. 2009; Bondioli et al. 2012) or continuous (Klok et al. 2013) cultivations are more 
complex to operate than a batch, they offer several advantages (Klok et al. 2014).
Firstly, process conditions can be adjusted to changing light conditions. Secondly, 
biomass production and TAG accumulation occur simultaneously. In addition, (semi-) 
continuous processes require much less downtime than batch processes, which will 
result in more efficient use of equipment and therefore lower investment costs. Finally, 
maximum TAG productivities, obtained within the first days of a batch cultivation (Table 
3.1), can potentially be maintained for longer periods in optimized (semi)-continuous 
processes. Overall, these advantages could result in a higher TAG productivity and, 
by that, reduce land use.
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3.4	 Conclusions

From this study, the importance of initial-biomass-specific (IBS) light availability on 
TAG production can be deduced. It was shown that higher TAG contents and IBS-
TAG production rates can be achieved by increasing IBS-light availability. Moreover, 
under the tested outdoor conditions, an optimum for TAG productivity as a function of 
IBS-light availability was found for each reactor configuration. Based on these trends, 
an optimal initial biomass concentration for each light condition in the two tested 
reactor configurations was proposed: under high light, the vertical reactor should be 
operated at an initial biomass concentration of 1.5 g L-1 and the horizontal reactor at 
2.5 g L-1. Under low light conditions, an initial biomass concentration of 1.5 g L-1 was 
suggested, regardless of the reactor configuration. 

3.5	 Materials and methods

3.5.1	 Inoculum production

Pre-cultures were maintained in 250 mL Erlenmeyer flasks placed in an orbital shaker  
incubator (Multitron, Infors HT, The Netherlands) at 120 rpm under 2% CO2-enriched 
headspace, 70% humidity and 50 µmol m-2 s-1 continuous light supply. 

Subsequently, the flask cultures were used as inoculum for a 4.5 L air-lift flat panel 
reactor with a 2.5 cm light path. Mass-flow controllers (Brooks Instrument LLC 0254, 
Hungary) supplied 1.5 L min-1 of pressurized air for mixing, as well as CO2 on demand 
to keep pH at the set point of 7.5. A culture temperature of 25 °C was maintained 
by a water jacket which was connected to a cryostat (Julabo F12 EH, Germany). For 
the first cultivation days, the ingoing light intensity was increased daily to keep the 
outgoing light at about 20 µmol m-2 s-1. Thereafter, the ingoing light was set to 1000 
µmol m-2 s-1. 

When the biomass concentration was about 5 g L-1, the culture was used to inoculate 
an indoor horizontal tubular reactor (280 L). The photoactive part of this reactor 
was made of eight transparent flexible plastic LDPE tubes (8 m long, ø 0.060 m; 
Oerlemans Plastics, the Netherlands). The tubes were connected to a manifold, a 
recirculation pump and a reactor vessel. The liquid velocity was 0.3 m s-1. In the 
vessel, dissolved oxygen and pH sensors were placed, as well as cooling and heating 
coil to keep the culture temperature at 25 °C. The pH was set at 7.5 and controlled 
by means of on demand CO2 addition. Since the tubular reactor was located in a 
greenhouse, it was exposed to natural day/night cycles. However, to achieve higher 
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biomass productivities, continuous light was supplied by six high-pressure sodium 
lamps (Hortilux, Schréder, the Netherlands) placed above the tubes. The lamps 
supplied a light intensity of 350 µmol m-2 s-1. 

In all pre-cultivation steps, cells were grown on filtered natural seawater (obtained from 
the Oosterschelde, the Netherlands) enriched with (in mM): NaNO3, 25; KH2PO4, 
1.7; Na2EDTA, 0.56; FeSO4·7H2O, 0.11; MnCl2·2H2O, 0.01; ZnSO4·7H2O, 2.3·10-3; 
Co(NO3)2·6H2O, 0.24·10-3; CuSO4·5H2O, 0.1·10-3; Na2MoO4·2H2O, 1.1·10-3; HEPES 
(in Erlenmeyer flasks), 20. 

3.5.2	 Outdoor cultivations under nitrogen-starvation

Right before the onset of nitrogen-depletion, the biomass was harvested from the 
indoor horizontal tubular reactor and used to inoculate a vertical (VR) and a horizontal 
(HR) tubular outdoor reactors (Fig. 3.3) in nutrient-enriched, but nitrogen-free, natural 
seawater. The natural seawater was sterilized by addition of 5 ppm hypochlorite. 
Once the hypochlorite was removed by an activated carbon filter, the seawater was 
filtered through cascade filters (10 µm, 5µm, 1µm) and supplied to the reactors. At the 
beginning of the outdoor experiment (day 0), residual nitrogen (N-NO3

-) concentration 
in the medium was negligible (< 0.10 mM; Supplementary material 3.2). 

Figure 3.3 Outdoor tubular reactors used for the nitrogen-starvation regime.Outdoor vertical (A) and 
horizontal (B) tubular reactors in which the nitrogen-starvation regime was performed.

Each initial biomass concentration (1 g L-1, 1.5 g L-1 and 2.5 g L-1) was simultaneously 
tested in the two outdoor reactors during two seasons. This resulted in two light 
conditions: high light conditions (HL) refer to an average light intensity on ground 
area (Iground, av) of 36 ± 2 mol m-2 d-1 for the cultivations carried out in May-August 
2013; whereas low light conditions (LL) refer to Iground, av of 14 ± 3 mol m-2 d-1 for the 
cultivations carried out in September-October 2013 and March 2014 (Table 3.3, 
Supplementary material 3.3).
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Both reactors occupied approximately the same ground area (4.4 m2 VR, 4.6 m2 HR), 
resulting in an almost two-fold difference in reactor volume: 170 L for VR and 90 L 
for HR. VR consisted of two interconnected loops, whereas HR had one loop. The 
photoactive part was made of PMMA tubes (inner ø 0.046 m, outer ø 0.050 m, 0.050 
m horizontal and vertical distance between tubes for HR and VR, respectively). To 
remove oxygen from the culture, strippers (11 L and 22 L for HR and VR, respectively) 
were installed and air was sparged (1 L min-1) from the bottom through 1 mm holes by 
air blowers equipped with an air filter (Induvac, MBH series cartridge, 1 µm). Liquid 
velocity was set at 0.34 m s-1. To keep the pH at 7.5, CO2 was added to the culture 
on demand. A dissolved oxygen sensor was placed at the end of the photoactive part. 
Partial oxygen pressures never exceeded 300% to prevent oxygen inhibition (Sousa 
et al. 2012)the specific growth rate was 1.38; 1.36 and 1.06 day(-1. Temperature 
was kept between 20 and 30 °C (Supplementary material 3.4) by means of valves 
(Proportional Integral Differential regulation) that allowed either warm water (max. 60 
°C) or chilled water (8 °C) to move through the double-walled stripper, heating up or 
cooling down the culture until the set point was reached. 

Each reactor was controlled by a PLC (Programmable Logic Controller) connected to 
a supervisory control and data management system (SCADA). The SCADA was used 
to control equipment and log online measurements (temperature, pH, liquid/air/CO2 
flows, water). A more detailed description of the systems and equipment is given by 
Bosma et al. (2014).

3.5.3	 Biomass analysis 

TAG content and productivity were determined over 12 day-batch cultivation. Every 
day samples were taken from the reactors at 2:00 p.m., to determine biomass growth 
(optical density 750 nm and dry weight) and TAG content. Samples for carbohydrate 
and nitrogen content analysis were taken at day 0, 1, 2, 3, 6 and 12, at the same time 
of the day. Dry weight was determined as described by Vejrazka et al. (2011) and TAG 
content of the cells was analyzed as described by Breuer et al. (2013). Carbohydrate 
content was determined through the Dubois method (1965) using glucose (Sigma-
Aldrich G7528) as standard and starch (Fisher Scientific S/7960/53) as positive 
control. Nitrogen content of the biomass (in %w/w) was determined using a Flash EA 
2000 elemental analyzer (ThermoFisher Scientific, USA) at Twente University, the 
Netherlands.
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3.5.4	 N-NO3
- analysis

To prevent nitrogen starvation during the inoculum production phase and to verify 
nitrogen starvation at the start of the outdoor experiments, residual N-NO3

- in the 
medium was determined with a AQ2 nutrient analyser (Seal Analytical, USA). The 
method is based on the reduction of nitrate by copperized cadmium to nitrite which 
reacts with sulphanilamide and N-(1-naphtyl)-ethylenediamide in dilute phosphoric 
acid to form a reddish-purple azo-dye that can be determined spectrophotometrically 
at 520 nm (HMSO, 1981; APHA/AWWA/WEF, 4500; USEPA, 19932).

3.5.5	 Definitions and calculations

All the parameters calculated according to Eq. 3.1 – 3.7, are expressed as time-
averaged functions of cultivation time (i.e. the value at the time point of interest 
corrected by amount present at time zero and divided by the time from inoculation). 
“ Batch” time-averaged values are obtained at the end of cultivation whereas “maximum” 
time-averaged values are the peak values encountered during the cultivation. A 
schematic representation of (time-averaged) ground areal TAG productivity is given 
in Supplementary material 3.5.

3.5.5.1	 Biomass productivity

Biomass productivity at any time point t (Px (t); g m-2 d-1) was calculated according to 
Eq. 3.1;

( ) ( )x x, N = 0 R
x

ground

C t  - C VP t  = · 
t A

Equation. 3.1

with t as cultivation time (days); Cx as biomass concentration (g L-1); Cx, N = 0 as initial 
biomass concentration; VR as reactor volume (L); Aground as ground area (m2). 

To extrapolate pilot-plant results to larger scale, Aground was calculated including the 
empty spaces between the photoactive tubes and half the distance between the 
photoactive loops and the dummy loops from both sides (Zittelli et al. 2013). 

3.5.5.2	 Ground areal TAG productivity

TAG productivity at any time point t (PTAG (t); g m2 d-1) was calculated according to 
Eq. 3.2;

Equation. 3.2( ) ( ) ( )TAG x TAG x, N =0 R
TAG, 

ground

f t · C  (t) - f 0 ·C   VP t  = · 
t A

with fTAG as TAG content of biomass (g g-1).
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3.5.5.3	 Initial-biomass-specific TAG production rate

Initial-biomass-specific (IBS) TAG production rate at any time point t (rTAG, IBS (t); g g-1 
d-1) indicates the amount of TAG produced per amount of healthy biomass present in 
the reactor at the start of the cultivation. rTAG, IBS(t) was calculated according to Eq. 3.3;

( ) ( )TAG x TAG x, N =0
TAG, IBS

x, N = 0

f t · C  (t) - f 0 ·C 1r  (t) = ·  
C t

Equation. 3.3

3.5.5.4	 Light intensity

Daily light intensity (I daily; mol m2 d-1) was measured by a CaTec Li-Cor LI-190SA 
sensor. The light impinging on ground area at any time point t (I (t); mol m-2 d-1) was 
calculated according to Eq. 3.4.

daily0
( )

(t) = ∑
t I t

I
t

Equation. 3.4

The average light intensity over the entire cultivation period (I av; mol m-2 d-1) was 
calculated according to Eq. 3.4, with t = 12 (i.e. last day of batch).

3.5.5.5	 Initial-biomass-specific light availability

Initial-biomass-specific (IBS) light availability is defined as ratio of light impinging on 
reactor ground area divided by the initial biomass concentration per ground area. 
IBS-light availability at any time point t (IIBS

 (t) mol g-1 d-1) was calculated according 
to Eq. 3.5;

3.5.5.6	

( ) ( )
IBS

R
x, N = 0 

ground

I t
I t = VC  

A
⋅ Equation. 3.5

Biomass yield on light

Biomass yield on light at any time point t (Yx, ph (t) ; g mol-1) was calculated according 
to Eq. 3.6.

3.5.5.7	

x
x, ph 

P  (t)Y (t) =  
I (t)

Equation. 3.6

TAG yield on light

TAG yield on light at any time point t (YTAG, ph (t); g mol-1) was calculated according to 
Eq. 3.7.

TAG
TAG, ph 

P (t)Y (t) =  
I (t)

Equation. 3.7
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List of symbols and abbreviations

Abbreviation Description

HL High light conditions (36 ± 2 mol m-2 d-1)
HR Horizontal (tubular) reactor
LL Low light conditions (14 ± 3 mol m-2 d-1)
VR Vertical (tubular) reactor

Symbol Unit Description

Aground m2 Reactor ground area
Cx (t) g L-1 Biomass concentration at time t
Cx, N = 0 g L-1 Initial biomass concentration
fTAG, batch g g-1 TAG content at the end of the batch
fTAG g g-1 TAG content
I (t) mol m-2 d-1 Time-averaged light intensity at time t
I, av mol m-2 d-1 Average light intensity
I, daily mol m-2 d-1 Daily light intensity
IIBS (t) mol g-1 d-1 Time-averaged light availability at time t
IIBS, batch mol g-1 d-1 Time-averaged initial-biomass-specific light availability at the end of the batch
PTAG(t): g m-2 d-1 Time-averaged TAG productivity at time t
PTAG, batch g m-2 d-1 Time-averaged TAG productivity at the end of the batch
PTAG, max g m-2 d-1 Maximum time-averaged TAG productivity
Px(t) g m-2 d-1 Time-averaged biomass productivity at time t
Px, batch g m-2 d-1 Time-averaged biomass productivity at the end of the batch
rTAG, IBS (t) g g-1 d-1 Time-averaged initial-biomass-specific TAG production rate at time t
rTAG, IBS, batch g g-1 d-1 Time-averaged initial-biomass-specific TAG production rate at the end of the batch
VR L Reactor volume
YTAG, ph (t): g mol-1 Time-averaged TAG yield on light at time t
YTAG, ph, batch g mol-1 Time-averaged TAG yield on light at the end of the batch
YTAG, ph, max g mol-1 Maximum time-averaged TAG yield on light
Yx, ph (t) g mol-1 Time-averaged biomass yield on light at time t
Yx, ph, batch g mol-1 Time-averaged biomass yield on light at the end of the batch
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Supplementary material 3.1 Time-evolution of biomass concentration (Cx), TAG content (fTAG), 
carbohydrates (fcarbs) and nitrogen (fN) content of the runs at 1, 1.5 and 2.5 g L-1 in the vertical (VR) and 
horizontal (HR) reactors under high and low light conditions. Nitrogen and carbohydrate content could not 
be determined for the run inoculated at 1 g L-1 under high light conditions because of small sample volume. 
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Supplementary material 3.2 Residual N-NO3
- concentration in the cultivation medium at the start (day 0) 

of the outdoor runs inoculated at different initial biomass concentrations (Cx, N = 0) under high (HL) and low 
(LL) light conditions in the vertical (VR) and horizontal (HR) reactors.

N-NO3
-
 (mM)

Cx, N = 0 
 (g L-1)

HL LL
VR HR VR HR

1 0.04 0.05 0.10 0.08
1.5 0.02 0.02 0.01 0.03
2.5 0.10 0.10 0.01 0.03
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Supplementary material 3. 3 Daily light intensity (I daily) for the runs inoculated at 1, 1.5 and 2.5 g L-1. The 
dotted lines indicate the average light intensity (I, av) of 36 ± 2 and 14 ± 3 mol m-2 d-1 for high light (HL) and 
the high (HL) and the low (LL) light conditions, respectively.
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Supplementary material 3.4 Average culture temperature (Tav) during the outdoor runs inoculated at 
different initial biomass concentrations (Cx, N = 0) under high (HL) and low (LL) light conditions in the vertical 
(VR) and horizontal (HR) reactors.

Tav (°C)

Cx, N = 0 
 (g L-1)

HL LL
VR HR VR HR

1 23 25 22 23
1.5 25 25 23 25
2.5 24 25 21 22

Time (days)

P 
TA

G
 (g

 m
-2
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-1
)

Supplementary material 3.5 Schematic representation of time-evolution of (time-averaged) TAG 
productivity (PTAG). Maximum and batch time-averaged TAG productivities are highlighted.
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Microalgal triglycerides (TAGs) represent a sustainable feedstock for food, chemical 
and biofuel industries. Operational strategies (batch, semi-continuous, continuous 
cultivations) determine TAG productivity. In this study, semi-continuous (i.e. repeated-
batch at fixed harvesting frequency) and batch cultivations were compared on TAG 
production both at lab-scale and in outdoor cultivations. At lab-scale, the repeated-
batch TAG productivity was highest for a cycle time of two days (RB1; 0.21 g L-1 d-1) and 
similar to the maximum obtained with the batch (0.23 g L-1 d-1). Although TAG content 
was lower for RB1 (22 %) than for the batch (35 %), higher biomass productivities 
were obtained in RB1. Outdoors, repeated-batch cultivations were subjected to a lower 
degree of stress (i.e. higher amount of nitrogen present in the system relative to the 
given irradiance) compared to lab-scale. This yielded low and similar TAG contents (10 
–13 %) in the different repeated-batch runs that were outdone by the batch on both TAG 
content (15 – 25 %) and productivity (batch: 1.08 – 2.68 g m-2 d-1; repeated-batch: 0.35 
– 0.85 g m-2 d-1). The lab-scale experiments showed that repeated batch strategies, 
besides leading to similar TAG productivities compared to the batch, could make TAG 
production cost-effective by valorising also non-TAG compounds. However, optimization 
of outdoor repeated-batch cultivations is still required. For instance, the nitrogen supply 
and the harvest frequency should be adjusted on the total irradiance. Additionally, future 
research should focus on recovery metabolism upon nitrogen resupply. 

Keywords: Microalgae; TAG production; Batch; Semi-continuous; Outdoor.A
bs

tra
ct
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4.1	 Introduction

Under adverse growth conditions, microalgae can accumulate high amounts of fatty 
acids in the form of triglycerides (TAGs). Microalgal TAGs are increasingly discussed 
as sustainable feedstock for the commodity markets (i.e. food, chemical and biofuel) 
(Wijffels et al. 2010; Mata et al. 2010; Draaisma et al. 2013). Microalgae as TAG 
cell factories offer several potential advantages over agricultural crops, which are 
currently used to produce those commodities. Besides producing valuable co-
products (Mulders et al. 2014), microalgae can be cultivated on non-arable land and 
they have a low freshwater and fertilizer footprint when grown on wastewaters, sea- 
or brackish water. Additionally, the whole microalgal biomass can be used (e.g. no 
branch, leaves etc.), thus allowing complete land coverage. As a consequence, higher 
areal TAG productivities may be obtained with microalgae compared to agricultural 
crops (Hu et al. 2008).

At lab-scale, under defined conditions (e.g. temperature, light), high TAG productivities 
have already been achieved with some microalgal species (Griffiths and Harrison 
2009; Breuer et al. 2012; Benvenuti et al. 2014; Ho et al. 2014a). However, it should 
always be validated whether the productivities obtained at lab-scale can be translated 
to outdoor cultivations, in which cells are subjected to varying (e.g. light, temperature) 
conditions. For this reason, outdoor pilot-scale research is essential to identify 
technical and process bottlenecks that should be tackled before scaling up. 

When producing microalgal TAGs, an important aspect to evaluate is the adopted 
operational strategy (i.e. batch, semi-continuous, continuous cultivations), because it 
strongly affects process productivity (Benvenuti et al. 2015).  Presently, TAG production 
is widely carried out in a two-step batch process (Zemke et al. 2010; Feng et al. 2011; 
Münkel et al. 2013; San Pedro et al. 2014) in which biomass is firstly produced under 
optimal (e.g. nitrogen replete) conditions, and subsequently subjected to nitrogen 
(N) starvation to trigger TAG accumulation. A batch process, besides being easy 
to operate, ensures high final TAG contents (>30% w/w). However, after reaching 
a maximum within the first days of cultivation, TAG productivity decreases, due to a 
declining photosynthetic activity during N-starvation (Breuer et al. 2012; Benvenuti et 
al. 2014). Additionally, at the start of the batch, a fraction of the facility area and time 
are invested in inoculum production rather than in actual TAG production. Finally, a 
batch process implies downtime for reactor cleaning and start-up in between runs, 
thus decreasing productivity and increasing labor, water and chemical demands. 

These disadvantages can possibly be overcome by semi-continuous (Rodolfi et al. 
2009; Bondioli et al. 2012) and continuous (Klok et al. 2013; Lucas-Salas et al. 2013; 
Wen et al. 2014) cultivations. Despite these operational modes are more complex 
to operate, they offer several advantages (Klok et al. 2014). Firstly, maximum TAG 
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productivities, obtained within the first hours/days of batch cultivations, can potentially 
be maintained for longer periods in optimized (semi)- continuous processes. Secondly, 
cultivation settings (e.g. cycle duration) can be adjusted to changing light conditions. 
Finally, biomass production and TAG accumulation occur simultaneously in the same 
reactor, and downtime is negligible for long-term runs. Therefore, semi-continuous 
or continuous processes could result in a stable and robust process with higher TAG 
productivity compared to the classical batch approach. 

Recent advances for (semi)-continuous TAG production have been reported (Bona et 
al. 2014; Terigar and Theegala 2014; Wen et al. 2014; Ho et al. 2014b). However, to 
develop a robust alternative process, it is necessary to perform a solid comparison of 
(semi)-continuous and batch strategies under exactly the same cultivation conditions 
(e.g. reactor design, light regime, initial biomass-concentration for the TAG-
accumulation phase). Additionally, it is very important to perform process comparison 
not only under defined lab-scale conditions, but also outdoors and assess whether 
the findings obtained at lab-scale can be translated to outdoor cultivations. 

Aim of this study was to investigate semi-continuous (i.e. repeated-batch) cultivations 
both at lab-scale and outdoors and compare them to batch processes on TAG 
production. In the adopted strategy, the culture was partially harvested after a fixed 
number of days from nitrogen-depletion. The harvested volume was replaced by 
fresh medium containing nitrogen, and the culture was diluted to a fixed biomass 
concentration. Batch and repeated-batch were simultaneously tested both under 
defined lab-scale conditions and in outdoor reactors subjected to changing weather 
conditions and compared on TAG productivity. 

4.2	 Materials and Methods

4.2.1	 Growth medium 

In all pre- and cultivation steps both at lab-scale and outdoors, cells were grown on 
disinfected and filtered natural seawater (Oosterschelde, the Netherlands; (Benvenuti 
et al. 2015)) enriched with a nutrient stock consisting of (in mM): HEPES (for pre-
cultivation in Erlenmeyer flasks), 20; KH2PO4, 1.7; Na2EDTA, 0.56; FeSO4·7H2O, 0.11; 
MnCl2·2H2O, 0.01; ZnSO4·7H2O, 2.3·10-3; Co(NO3)2·6H2O, 0.24·10-3; CuSO4·5H2O, 
0.1·10-3; Na2MoO4·2H2O, 1.1·10-3; NaNO3, 25 (for pre-cultivation in Erlenmeyer 
flasks). During cultivation in reactors, nitrogen was supplied as described in section 
4.2.2.
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4.2.2	 Experimental approach

At the start of the batch cultivations, nitrogen (N) was dosed to reach, at N-depletion, 
the desired starting biomass concentration for the TAG accumulation-phase. At 
N-depletion, a N-free nutrient stock was supplied to ensure no side effects due to 
other nutrients limitation. Cultures were kept for 10 days after N-depletion.

In the adopted repeated-batch strategy (Fig. 4.1), cells were inoculated in N-replete 
conditions (Fig. 4.1, day 0). At N-depletion (Fig. 4.1, day 1), cells started accumulating 
TAGs and, after a fixed number of days from N-depletion, the culture was partly 
harvested (Fig. 4.1, day 2) and replenished with natural seawater, enriched with 
N-free nutrient stock. 

Figure 4.1 Schematic representation of a repeated-batch cultivation in which each cycle starts with addition 
of nitrogen to reach a set concentration, after which it is consumed within 1 day. A fixed harvest frequency 
of one day from nitrogen-depletion is applied. The culture is harvested to such an extent that the following 
cycle starts at a fixed biomass concentration. Red symbols indicate the day at which a harvest is applied. 
With Cx: biomass concentration and CN: nitrogen concentration.

The harvested volume was chosen as such that the next cycle started at 1 g L-1. 
Nitrogen was dosed in the medium as such that each cycle always started with 5 mM 
(lab-scale) and 2.5 mM (outdoors) of extracellular N. This ensured a re-growth phase 
that continued until extracellular N was depleted again. At that point, a new TAG-
accumulation phase followed until a new harvest was applied. 

To harvest the culture at the right frequency (i.e. the right amount of days after 
N-depletion), preliminary tests were conducted to identify the time at which external 
N-NO3

- concentration was zero. Typically, this was at 24 hours after addition of 
nitrogen for both lab-scale and outdoor runs. Both at lab-scale and outdoors, three 
different harvest frequencies were applied: 1, 2 and 3 days from N-depletion (RB1, 
RB2 and RB3, respectively). 
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4.2.2.1	 Lab-scale cultivations

Inoculum production and cultivation conditions 
Pre-cultures of Nannochloropsis sp. CCAP 211/78 were maintained in 250 mL 
Erlenmeyer flasks, which were placed in an orbital shaker incubator (Multitron, Infors 
HT, The Netherlands) at 120 rpm under 2% CO2-enriched headspace, 70% humidity. 
The flasks were continuously illuminated at a light intensity of 50 µmol m-2 s-1 supplied 
by fluorescent lamps (TL-D Reflex 36 W/840, Philips, the Netherlands). Two-week 
old flask cultures were centrifuged (780 g, 5 minutes) to remove remaining nutrients. 
Subsequently, cells were re-suspended in N-free medium and inoculated in an airlift-
loop photobioreactor with a light path of 20.7 mm, 1.9 L working volume and 0.08 m2 
surface area (Labfors, Infors HT, 2010). Mass-flow controllers supplied 1.0 L min-1 
pressurized air for mixing. The pH was set at 7.5 and controlled by means of on-demand 
CO2 addition. A culture temperature of 25 °C was maintained by water recirculation 
through water jackets that were in direct contact with the reactor cultivation chamber. 

Reactors were inoculated at 0.05-0.07 g L-1 biomass concentration. Each repeated-
batch cultivation was stopped when three consecutive cycle repetitions were achieved 
(i.e. constant biomass concentration at harvest), whereas the batch culture was kept 
for 10 days after N-depletion. 

Light supply 
For the first cultivation days, the ingoing light intensity was increased daily to keep the 
outgoing light at about 20 µmol m-2 s-1. When the biomass concentration reached 0.7 
– 0.9 g L-1, simulated day/night light rhythms of a midsummer day in the Netherlands 
were applied. By applying sinusoidal functions (Eq. 4.1), sunrise and sunset were 
simulated between 6AM and 10PM. The light intensity gradually increased and reached 
the maximal value (1500 µmol m-2 s1) at 2PM, after which it decreased to zero again.  

( ) max
tI t = sin I
P
π ⋅ ⋅ 

 
Equation 4.1

In which t is the amount of hours after sunrise (hours); Imax is the maximum light intensity 
(µmol m-2 s1), P is the duration of the light period (hours).

4.2.2.2	 Outdoor cultivations

Repeated-batch TAG production processes were also tested under outdoor conditions 
and their ground areal TAG productivities were compared to those of nitrogen-run-
out batch cultivations. The two cultivation strategies were tested at AlgaePARC pilot 
facilities in Wageningen, the Netherlands (N 51°59’45 88”, 5°39’28.15”) over different 
seasons (July-October 2014) in identical vertically stacked horizontal tubular reactors 
(VRs; 170 L culture volume, 4.4 m2 ground area) that were simultaneously operated.



Chapter 4

60 61

4

Batch and repeated-batch TAG production at lab-scale and outdoor PBRs 

Inoculum production and cultivation conditions  
Pre-cultures were maintained in 250 mL Erlenmeyer flasks, as previously described. The 
flask cultures were used to inoculate a 20 L panel reactor with a 4 cm light path. Mass-flow 
controllers (Brooks Instrument LLC 0254, Hungary) supplied 1.50 L min-1 pressurized air 
for mixing, as well as CO2, which ensured a culture pH of 7.5. A temperature of 25 °C was 
maintained by water recirculation through heating coils. An ingoing light intensity of 350 
µmol m-2 d-1 was supplied by fluorescence tubes placed in front of the reactor. From this 
flat panel reactor, a one-week old culture was used to inoculate an outdoor horizontal 
tubular reactor (90 L) (Benvenuti et al. 2015) operated as turbidostat at 3 g L-1. The 
biomass produced in this horizontal tubular reactor was used to inoculate the two identical 
VRs at similar starting biomass concentration (0.5 - 0.8 g L-1) in N-free medium. One 
system was operated as batch and the other system as repeated-batch. 

In both VRs, the residual nitrogen (N) carried along with the inoculum supported about 
0.5 g L-1 of newly formed biomass. In such a way, the desired initial biomass concentration 
(1.0 - 1.5 g L-1) was reached. This range of biomass concentrations was chosen based 
on the findings of our previous study (Benvenuti et al. 2015) which identified it as most 
suitable to achieve high TAG productivities in outdoor tubular reactors. Nitrogen was 
depleted from the medium within the first 2 – 4 days of cultivation in VRs, depending on 
the light received in this initial period. The moment of N-depletion was considered as start 
of the N-starvation phase for the batch and of cycle #0 for the repeated-batch cultivation. 

After a fixed number of days from N-depletion, the repeated-batch cultures were 
harvested and diluted to a set biomass concentration by means of harvest and supply 
pumps (Bosma et al. 2014). Medium was supplied into the system and, consequently, 
part of the culture was harvested from the system until the set turbidity value (i.e. biomass 
concentration) was reached. Offline dry weight determinations were used to calibrate the 
response curve of turbidity. In all systems, a linear relation of dry weight concentrations 
and turbidity was found with high accuracy (R2 > 0.90). 

For the repeated-batch cultivations, we aimed to harvest the culture at maximum ground 
areal TAG productivity. Because it was expected that more time is required when less 
light is available (Benvenuti et al. 2015), lower harvest frequencies were chosen when 
lower total irradiance was expected (Table 4.1). 

The batch cultivation was kept for 10 days after N-depletion, after which the complete 
reactor was harvested and cleaned before repeating the process again. For the 
repeated-batch cultivations, the same harvest frequency was tested for about a month 
(Table 4.1). Exception was the repeated-batch run carried out in the second half of 
August (RB2). This run was stopped after 14 days because of technical problems. 
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Table 4.1 Operational period, corresponding time-averaged light intensity (Iground (t)), days from N-depletion 
at which harvest was applied and number of harvest events are reported. RB: repeated-batch , B: batch.

Run Operational period
(2014)

Iground (t)
(mol m-2 d-1)

# days harvest
from N-depletion

# harvest
events

RB1 July 16th – August 8th 37 1 9
B1a July 12th – 24th 39 10 1
B1b July 26th – August 6th 36 9 1
RB2 August 19th – 28th 26 2 3
B2 August 15th – 27th 23 10 1

RB3 September 10th – October 6th 20 3 5
B3a September 3rd – 17th 24 10 1
B3b September 20th – October 4th 18 10 1

Operational settings for the outdoor reactors
In the three outdoor tubular reactors (HR, VR1 and VR2), liquid velocity was set 
at 0.34 m s-1. To keep the pH at 7.5, CO2 was added to the culture on demand. 
Temperature was kept between 20 and 30 °C by means of valves (Proportional 
Integral Differential regulation) that allowed either warm water (max. 60 °C) or chilled 
water (8 °C) to flow through a double-walled stripper, heating up or cooling down the 
culture until the set point was reached. A detailed description of the outdoor systems 
is given by Bosma et al. (2014) and Benvenuti et al. (2015).

4.2.3	 Offline-measurements 

Biomass samples were taken between 9 AM and 10 AM from the outdoor cultivations 
and at 2:00 PM from the lab-scale ones. Biomass concentration was measured 
daily (optical density 750 nm and dry weight), whereas cellular TAG content was 
measured only when a harvest was applied. Dry weight was determined as described 
by Vejrazka et al. (2011) and cellular TAG content was analyzed as described by 
Breuer et al. (2012) and Breuer et al. (2013a). Residual N-NO3

- in the medium was 
measured daily, until its depletion, with an AQ2 nutrient analyzer (Seal Analytical, 
USA) as described by Benvenuti et al. (2015). 

4.2.4	 Calculations and definitions

4.2.4.1	Time-averaged biomass and TAG productivity for batch and repeated-batch cultivations

Time-averaged volumetric biomass and TAG productivity (Pj, vol (t); g L1 d-1) was 
calculated according to Eq. 4.2;
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( )j0
j, vol 

R i

  
P (t)=

V  · t   
=∑ t

t
H

Equation. 4.2

In which Hj (g) is the amount of biomass or TAGs present in the harvest (for batch 
cultivations, Hj was calculated with the total reactor harvest); VR is the reactor volume 
(L); ti is any time point during cultivation (days).

To calculate TAG productivity of the batch cultivations, besides the N-starvation 
period (ti, N-starvation) also downtime (i.e. reactor cleaning and startup; tdowntime) and 
inoculum production (i.e. amount of biomass present at the moment of N-depletion; 
ti, inoculum) were considered. The following assumptions were made: downtime was fixed 
to 1 day, and inoculum was produced in a hypothetical “growth” reactor operated 
in continuous-mode under optimal conditions (e.g. nitrogen replete and optimal 
biomass concentration). This hypothetical growth reactor supplied biomass to the 
batch reactor, which was subsequently subjected to N-starvation to trigger TAG 
accumulation. Hence, ti, inoculum (Table 4.2) was calculated using the average light 
supplied rate over the cultivation period and an average biomass yield on light of 
0.59 g mol-1. This biomass yield was found for the most efficient biomass production 
systems (i.e. flat panel PBR operated with a fixed daily dilution rate of 0.27 d-1 over a 
period of 36 days) at AlgaePARC pilot facility, the Netherlands (de Vree et al. 2015). 
Thus, the time considered for calculations of batch time-averaged productivities is 
defined as ti, batch = tdowntime + ti, inoculum + ti, N-starvation.

Table 4.2 Time for inoculum production (tinoculum), average light supply rate (Isupply), reactor area (AR) and 
inoculum concentration (Cx, inoculum) for the lab-scale and outdoor batch runs.

BI, lab-scale BII, lab-scale B1a, out B1b, out B2, out B3a, out B3b, out

tinoculum (days) 1.4 1.3 1.9 2.0 3.1 2.7 3.3

Isupply (mol d-1) 4.4 4.4 172 160 102 105 78

AR
* (m2) 0.08 0.08 4.4 4.4 4.4 4.4 4.4

Cx, inoculum (g L-1) 1.92 1.84 1.12 1.10 1.10 0.99 0.91

* AR is the illuminated reactor surface area for the lab-scale systems and the reactor ground area for the 
outdoor systems.

For repeated-batch cultivations, both the startup procedure and the inoculum 
production will take place only at the beginning of the process and this time is 
negligible for long-term runs. Additionally, for the repeated-batch productivity, the 
first harvest (cycle #0) was not taken into account. As it was produced from N-replete 
biomass, it was not representative for a long-term operation. Thus, the start of cycle 
#1 was considered as start of the repeated-batch cultivations.
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4.2.4.2	 Time-averaged ground areal biomass and TAG productivity

For the outdoor runs, time-averaged ground areal biomass or TAG productivity (Pj, ground 
(t); g m-2 d-1) was calculated multiplying the time-averaged volumetric productivities 
by the reactor volume (170 L)-to- ground area (4.4 m2) ratio. 

4.2.4.3	 Biomass and TAG productivity over a repeated-batch cycle

For the repeated-batch cultivations, biomass and TAG productivity over a repeated-
batch cycle (Pj, cycle; g m-2 d-1) is also discussed. Pj, cycle was calculated by dividing the 
harvested biomass or TAGs (Hj; g) at the end of the cycle by the reactor ground area 
(m2) and cycle duration (days). 

4.2.4.4	 Time-averaged biomass and TAG yields on light

Time-averaged biomass (Yx, ph (t); g mol-1) and TAG (YTAG, ph (t); g mol-1) yield on 
light were calculated by dividing the time-averaged ground areal biomass or TAG 
productivity by the time-averaged irradiance (Iground (t); mol m-2 d-1) received on ground 
area during the considered time interval. 

4.3	 Results and discussions

4.3.1	 Lab-scale cultivations

4.3.1.1	 Batch cultivations

In the duplicate batch cultivations, nitrogen ran out at biomass concentrations of 1.92 
and 1.84 g L-1 (day 4). N-depletion triggered a sharp accumulation of TAGs, which, 
within 24 hours, increased fourfold (Fig. 4.2).

TAG content steadily increased until stabilizing at about 0.39 g g-1 by the end of the 
cultivation. Maximum time-averaged volumetric TAG productivity (PTAG, vol, max (t); 0.23 
g L-1 d-1) and yield on light (YTAG, ph, max (t); 0.10 g mol-1) were observed after four days 
of N-depletion (day 8) (Table 4.3). 

As shown by Zemke et al. (2013), higher YTAG, ph, max (t) can be achieved by starting 
the N-starvation phase at lower biomass concentrations, thus reducing the inoculum 
production time.



Chapter 4

64 65

4

Batch and repeated-batch TAG production at lab-scale and outdoor PBRs 

Figure 4.2 Time-evolution of 
biomass concentration and TAG 
content for the duplicate lab-scale 
batch cultivations. Empty symbols 
represent the day at which light 
intensity was switched to setpoint. 
The dotted line indicates day zero 
of nitrogen-starvation.

Table 4.3 Volumetric biomass productivity (Px, vol (t)), biomass yield on light (Yx, ph (t)), TAG content (fTAG), 
volumetric TAG productivity (PTAG, vol (t)) and TAG yield on light (YTAG, ph (t)) for the lab-scale batch and 
repeated-batch runs. Both values are shown for the batch duplicate cultures. RB1, RB2 and RB3 were 
harvested every 1, 2 and 3 days after nitrogen-depletion, respectively.

Lab-scale runs

Batch* RB1 RB2 RB3

Px, vol (t) (g L-1 d-1) 0.68
0.66 0.94 ± 0.02 0.57 ± 0.02 0.43 ± 0.01

Yx, ph (t)  (g mol-1) 0.29
0.28 0.40 ± 0.01 0.25 ± 0.01 0.19 ± 0.00

fTAG (g g-1) 0.34
0.36 0.22 ± 0.00 0.28 ± 0.01 0.33 ± 0.01

PTAG, vol (t) (g L-1 d-1) 0.23
0.24 0.21 ± 0.01 0.16 ± 0.00 0.14 ± 0.00

YTAG, ph (t)  (g mol-1) 0.10
0.10 0.09 ± 0.00 0.07 ± 0.00 0.06 ± 0.00

* At maximum time-averaged TAG productivity  

Higher YTAG, ph, max (t) were found in batch cultivations under continuous light for 
Scenedesmus obliquus (Breuer et al. 2013b). Besides that the YTAG, ph, max of different 
species differs substantially (Griffiths and Harrison 2009; Breuer et al. 2012; Benvenuti 
et al. 2014), the lower YTAG, ph, max found in our study under day/night cycles may be 
explained by the very high incident light intensities experienced during the central 
hours of the day (up to 1500 µmol m-2 d-1). It is indeed known that very high light 
intensities result in substantial yield losses, whereas lower incident light intensities are 
beneficial for YTAG, ph, max (t) (Breuer et al. 2013b). Moreover, during the night, energy 
storage metabolites are likely be respired to satisfy the maintenance energy demand 
(Torzillo et al. 1991; Fábregas et al. 2002), thus further decreasing YTAG, ph, max (t).
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4.3.1.2	 Repeated-batch cultivations

Each repeated-batch run was stopped after three consecutive cycle repetitions (Fig. 
4.3A-C).  Biomass concentrations (Fig. 4.3) and TAG contents (Table 4.3) at harvest 
were equal for the consecutive cycle repetitions, excluding the start-up cycle (#0). 
Furthermore, the biomass concentrations at harvest were similar for the different cycle 
durations tested, whereas the TAG contents increased at longer cycle durations.

Time (days) Time (days)

Time (days)

Figure 4.3 Time-evolution of biomass 
concentration for the lab-scale repeated-
batch cultivations (RB1, RB2 and RB3). 
RB1, RB2 and RB3 were harvested every 
1, 2 and 3 days after nitrogen-depletion, 
respectively. Red symbols indicate biomass 
concentration at N-depletion. Lines are 
drawn only for illustrative purposes.

Because cycles #0 (i.e. start-up cycles) started with nitrogen replete cells, higher 
biomass concentrations were obtained at the harvest after the first cycle compared 
to the consecutive cycles (# 1-3) that instead began with nitrogen depleted biomass 
(Fig. 3). Additionally, as also found by Han et al. (2013) for semi-continuous cultures of 
Chlorella pyrenoidosa (harvested at different time intervals and resupplied with a fixed 
amount of nitrate), biomass concentration at harvest was similar for the different cycle 
durations (3.00 ± 0.09 g L-1). A possible explanation for this phenomenon is that longer 
cycles #0 resulted in higher biomass concentrations at harvest (Fig. 4.3) and thus in 
lower intracellular nitrogen contents at the start of cycles #1. Such lower intracellular 
nitrogen contents are typically associated with a lower photosynthetic activity (Geider 
et al. 1998a; Breuer et al. 2015). This likely affected the biomass productivities such 
that the final biomass concentrations were equal for the different cycle durations. This 
phenomenon then repeated itself during the following cycles. 
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Biomass productivity was highest for the shortest cycle duration (i.e. 0.94 g L-1 d-1 in 
RB1; Table 4.3). As commonly found in literature (Münkel et al. 2013; Benvenuti et 
al. 2014), shorter N-starvation periods (i.e. shorter repeated-batch cycles) resulted 
in a lower TAG content which, in our experiments, ranged from 0.22 to 0.33 g g-1. 
However, because of the higher biomass productivity, the TAG productivity increased 
with decreasing cycle duration. The highest TAG productivity (0.21 g L-1 d-1) was found 
for RB1 (Table 4.3).

The repeated-batch TAG productivities obtained at lab-scale are among the highest 
reported for semi-continuous lab-scale TAG production processes (Chiu et al. 2009; 
Han et al. 2013; Bona et al. 2014; Ho et al. 2014b). Nevertheless, when looking at the 
efficiency of light conversion into TAGs, Han et al. (2013) found a higher TAG yield on 
light for Chlorella pyrenoidosa under a much lower and continuous light intensity (175 
µmol m-2 s-1). As previously discussed, this discrepancy in yields can likely be attributed 
to the different species and light regime. 

4.3.1.3	 Comparison of lab-scale repeated-batch and batch cultivations on TAG production

The average productivities obtained for the constant repeated-batch cycles (#1 - #3) 
were compared with the maximum batch TAG productivity (i.e. the productivity at 
the optimal harvest time for the batch). As shown in Table 4.3, the TAG productivity 
obtained with shortest repeated-batch cycle duration (i.e. RB1; 0.21 g L-1 d-1) 
was similar to the maximum TAG productivity of the batch process (0.23 g L-1 d-1). 
Additionally, RB1 resulted in a lower TAG content (RB1: 0.22 g g-1; batch: 0.35 g g-1) 
but in much higher total biomass productivities compared to the batch cultivation. 
About 0.43 g L-1 d-1 of non-TAG-biomass was made in the batch, whereas 0.73 g L-1 
d-1 was produced in RB1. Several cellular components can contribute to the non-TAG-
fraction of the biomass, such as non-acyl lipids, glyco- and phospholipids, sugars and 
proteins (Wang and Wang 2012; Bondioli et al. 2012). For instance, with the calculated 
intracellular nitrogen content (Supplementary material 4.1), it is possible to estimate 
the mass fraction and productivity of proteins (Breuer et al. 2012) that, besides TAGs, 
represent one of the major biomass constituents with a high economic value (Wijffels 
et al. 2010). The batch cultivations resulted in an estimated protein content of 0.21 
g g-1 with a productivity of 0.14 g L-1 d-1. RB1 yielded similar protein contents (0.24 
g g-1) but higher productivities (0.22 g L-1 d-1). Therefore, when only the TAG fraction 
of the biomass is valorized, the lower TAG contents obtained with RB1 will likely 
result in higher costs for downstream processes (harvesting, dehydration, extraction) 
(Molina Grima et al. 2003). However, repeated-batch TAG production may become 
cost-effective if a biorefinery approach is pursued (Wijffels et al. 2010). To valorize 
the whole biomass, mild cell disruption techniques (e.g. pulsed electric field) and 
separation technologies (e.g. ionic liquids), which are able to both separate hydrophobic 
and hydrophilic compounds, should be adopted (Vanthoor-Koopmans et al. 2013).  
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4.3.2	 Outdoor cultivations

4.3.2.1	 Batch cultivations 

For the batch cultivations, N-depletion occurred at 1.04 ± 0.09g L-1, after which 
TAG accumulation commenced. When comparing runs carried out under different 
irradiance, yields on light, instead of productivities, should be considered to account 
for the total amount of light received by the cultures. The time point chosen to 
compare the different batch runs was the day at which the time-averaged yield 
of TAG on light was maximal (YTAG, ph, max (t); i.e. optimal harvest time) (Table 4.4). 
Under the tested conditions, the highest YTAG, ph, max (t), corresponding to 0.09 g 
mol-1, was observed for B2 and B3a (Table 4.4). These runs were performed at 
intermediate irradiance (23 - 24 mol m-2 d-1). At lower irradiance, a larger proportion 
of the energy was likely redirected to maintenance (Vejrazka et al. 2013) and, 
consequently, less light was available for TAG synthesis. On the contrary, at high 
irradiance, light saturation occurred, thus decreasing photosynthetic efficiency.  

Table 4.4 Time-averaged ground areal biomass productivity (Px, ground (t)), time-averaged biomass yield on 
light (Yx, ph (t)), TAG content (fTAG), time-averaged ground areal TAG productivity (PTAG, ground (t)) at maximum 
time-averaged TAG yield on light (YTAG, ph, max (t)) and time-averaged light intensity (Iground (t)) for the outdoor 
batch runs (B1a, B1b, B2, B3a, B3b). In brackets, the day of nitrogen-starvation at which maximum time-
averaged TAG yield on light was found.

Outdoor batch runs

B1a B1b B2 B3a B3b

Px, ground  (t) * (g m-2 d-1) 11.85 9.23 8.99 11.45 6.33

Yx, ph (t) * (g mol-1) 0.36 0.28 0.39 0.46 0.40

fTAG * (g g-1) 0.21 0.21 0.23 0.20 0.15

PTAG, ground (t) 
*  (g m-2 d-1) 2.46 1.91 2.06 2.26 0.97

YTAG, ph, max (t) (g mol-1) 0.07 (3) 0.06 (3) 0.09 (6) 0.09 (5) 0.06 (4)

Iground (t) (mol m-2 d-1) 39 36 23 24 18

* At maximum time-averaged TAG yield on light 

Noteworthy, the lab-scale and the outdoor batch runs lead to similar YTAG, ph, max (t) 
(Table 4.3 and Table 4.4) despite completely different culture dynamics, as is apparent 
from the differences in TAG content and biomass productivity between the lab-scale 
and outdoors experiments. Noteworthy, the YTAG, ph, max (t) obtained in our outdoor 
batch cultivations are comparable with the ones found by Quinn et al. (2012) with the 
same microalgal species cultivated year-round in outdoor flat-panel photobioreactors 
in Colorado, USA. 
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4.3.2.2	 Repeated-batch cultivations

In contrast with the lab-scale repeated-batch experiments, the biomass concentration 
at harvest greatly varied for the outdoor repeated-batch runs (1.18 - 1.63 g L-1, 1.30 - 
1.53 g L-1 and 1.21 - 1.52 g L-1 for RB1, RB2 and RB3 respectively (Fig. 4.4; symbols).

Time (days) Time (days)

Time (days)

Figure 4.4 Time-evolution of biomass 
concentration (Cx; symbols) and daily 
irradiance on ground area (Iground; bars) for 
the outdoor repeated-batch runs. RB1, 
RB2 and RB3 were harvested every 1, 
2 and 3 days after nitrogen-depletion, 
respectively. Filled symbols correspond to 
days at which a harvest was applied. Lines 
are drawn only for illustrative purposes.

 

This can be attributed to the varying light conditions (Fig. 4.4; bars), and thus, constant 
cycle repetitions were not obtained. In RB1 and RB2, nitrogen (N) was generally 
consumed within 24 hours from addition. However, at lower total irradiance, i.e. RB3, N 
was depleted from the medium only after two or three days from addition. This resulted 
in longer re-growth phases, which strongly reduced the time-averaged biomass and 
TAG productivities and yields on light (Table 4.5). Average TAG contents at harvest were 
low (10 – 13 % w/w) and similar among the different repeated-batch runs (Table 4.5). 

Throughout a single repeated-batch run, TAG yield on light (YTAG, ph, cycle) greatly differed 
over the cycles (Supplementary material 4.2). 

Notably, the TAG content and YTAG, ph, cycle of the outdoor cultures were much lower than 
those obtained with our lab-scale repeated-batch cultivations (Table 4.3 and Table 4.5). 
Likely, the outdoor cultures were subjected to a lower degree of stress compared to the 
lab-scale ones. In other words, outdoors, too much nitrogen was present in the system 
for the given irradiance and cycle durations, thus resulting in low YTAG, ph, cycle. 
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Table 4.5 Time-averaged ground areal biomass productivity (Px, ground (t)), time-averaged biomass yield on 
light (Yx, ph (t)), average TAG content at harvest (fTAG), time-averaged ground areal TAG productivity (PTAG, 

ground (t)), time-averaged TAG yield on light (YTAG, ph (t)) and time-averaged light intensity (Iground (t)) for the 
outdoor repeated-batch runs. RB1, RB2 and RB3 were harvested every 1, 2 and 3 days after nitrogen-
depletion, respectively.

Outdoor repeated-batch runs

RB1 B2 RB3

Px, ground  (t) (g m-2 d-1) 8.13 4.77 2.66

Yx, ph (t) (g mol-1) 0.22 0.18 0.13

fTAG (g g-1) 0.10 ± 0.05 0.13 ± 0.02 0.13 ± 0.01

PTAG, ground (t) (g m-2 d-1) 0.85 0.59 0.35

YTAG, ph (t) (g mol-1) 0.022 0.023 0.018

Iground (t) (mol m-2 d-1) 37 26 20

Additionally, the highest YTAG, ph, cycle of the outdoor repeated batch experiments (i.e. 
0.04 g mol-1 corresponding to a PTAG, cycle of 2.2 g m-2 d-1 found for RB1) was about 1.5-
fold lower than the highest YTAG, ph, cycle (i.e. 0.06 g mol-1 corresponding to a PTAG, cycle of 
7.7 g m-2 d-1) reported by Bondioli et al. (2012) for a semi-continuous cultivation (44% 
daily harvest) of Nannochloropsis sp.. This discrepancy mainly relies on the higher 
degree of stress applied to cells in the study of Bondioli et al. (2012) compared to 
our cultivations. Firstly, in their study, no nitrogen (N) was re-supplied after harvest. 
Secondly, the culture likely experienced higher light availabilities. Because of the 
higher total irradiance and the reactor used by Bondioli et al. (2012) (i.e. single flat 
panel not subjected to mutual shadowing from other panels, as was the case for the 
tubes used in our study), their culture received a higher amount of light. Thus, the 
combination of lower nitrogen in the system and higher light availabilities resulted in 
the higher YTAG, ph, cycle reported by Bondioli et al. (2012).

4.3.3	 Outlook on future research 

To certainly assess whether repeated-batch TAG production represents an effective 
alternative to batch processes, several aspects should be further investigated. 

Outdoors, focus should be put on the applied stress pressure, and both nitrogen 
(N) supply and harvest frequency should be adjusted based on the expected total 
irradiance. Accurate production models could contribute in identifying optimal 
“nitrogen-to-light ratios“. These models should be developed upon dedicated sets 
of lab-scale experiments, where the dependency of both N-supply and harvest 
frequency from irradiance can be investigated under well-defined light regimes. 



Chapter 4

70 71

4

Batch and repeated-batch TAG production at lab-scale and outdoor PBRs 

Subsequently, the models should be validated outdoors under varying light conditions. 
Daily measurable parameters such as the irradiance, the biomass concentration 
(e.g. turbidity) and the cellular TAG content (e.g. Nile Red fluorescence (Chen 
et al. 2009) or FTIR spectroscopy (Miglio et al. 2013; Mayers et al. 2013)) should 
be used to implement the optimal operational settings in such a  way that harvest 
is always appropriately timed for any given N-supply and any given irradiance. 

Additionally, to operate an optimized repeated-batch process, a full understanding of 
cell recovery mechanisms upon N-replenishment is required as these may greatly affect 
the productivity of the entire process. Only few research papers have been published 
on this topic (Siaut et al. 2011; Fernandes et al. 2013; Mulders et al. 2015). In these 
studies, cells were replenished with an excess of nitrogen after a long N-starvation 
period (> 7 – 15 days). It was found that the TAGs, which were accumulated during 
the N-starvation period, were entirely respired within two days from N-replenishment to 
fuel the recovery process. However, the extent of TAG degradation and its rate depend 
on several factors such as species-specific photosynthetic responses to N-starvation 
and recovery, amount of resupplied nitrogen, harvest frequency and harvest volume. 
Therefore, the dependency of recovery mechanisms on these factors has to be fully 
understood before an optimal repeated-batch process can be designed.

Finally, as also speculated by Mulders et al. (2015), higher outdoor repeated-batch TAG 
productivities could possibly be achieved by resupplying the nitrogen around sunset. 
Culture recovery would then occur at night (Siaut et al. 2011; Přibyl et al. 2013), thereby 
enhancing TAG production during the light period. 

4.4	 Conclusions 

The lab-scale experiments demonstrated that repeated batch strategies can achieve 
similar TAG productivities compared to a batch process. Additionally, it was shown 
that repeated-batch cultivations can potentially make TAG production cost-effective 
by valorizing also non-TAG-compounds provided that biorefinery of the whole biomass 
is pursued. Contrarily, further optimization of outdoor repeated-batch strategies 
is needed as these were always outcompeted by the batch process on both TAG 
content and productivities. In particular, attention should be given to the chosen 
repeated-batch operational settings (e.g. nitrogen supply and harvest frequency) as 
these, together with the total irradiance, determine the applied stress pressure and 
thus, the productivity of the process.
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List of symbols and abbreviations

Abbreviation Description

B Batch
RB Repeated-batch
TAG Triglyceride
x Biomass

Symbol Unit Description

Aground m2 Reactor ground area
CN mM or g m-2 N-NO3

- concentration
Cx g L-1 Biomass concentration
Hj g Amount of biomass or TAGs present in the harvest
Iground (t) mol m-2 d-1 Time-averaged light intensity 
PTAG, cycle g L-1 d-1 or g m-2 d-1 Time-averaged TAG productivity over a repeated-batch cycle
PTAG, ground (t) g m-2 d-1 Time-averaged ground areal TAG productivity
PTAG, vol (t) g L-1 d-1 Time-averaged volumetric TAG productivity
PTAG, vol, max (t) g L-1 d-1 Maximum time-averaged volumetric TAG productivity
Px, ground (t) g m-2 d-1 Time-averaged ground areal biomass productivity
Px, vol (t) g L-1 d-1 Time-averaged volumetric biomass productivity
VR L Reactor volume
YTAG, ph (t) g mol-1 Time-averaged TAG yield on light
YTAG, ph, cycle g mol-1 Time-averaged TAG yield on light over a repeated-batch cycle
YTAG, ph, max (t) g mol-1 Maximum time-averaged TAG yield on light
Yx, ph (t) g mol-1 Time-averaged biomass yield on light
Yx, ph, cycle g mol-1 Time-averaged biomass yield on light over a repeated-batch cycle
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Supplementary material

Supplementary material 4.1 Calculation example of total nitrogen concentration in the reactor (CN tot) and 
nitrogen content of the biomass at harvest (fN harvest ) for a given initial biomass concentration (Cx, 0), an 
assumed initial nitrogen content of nitrogen replete biomass (fN, 0), a given nitrogen supply (CN supply) and a 
measured biomass concentration at harvest (Cx, harvest).  

Cx, 0 fN, 0 CN, 0 intra CN supply CN tot Cx harvest fN harvest

(g m-2) (g g-1) (g m2) (g m2) (g m2) (g m2) (g g-1)

cycle #0 40 0.08 3.20 1.55 4.75 80 0.06

cycle #1 40 0.06 2.37 1.55 3.92 80 0.05

cycle #n ... ... ... ... ... ... ...

CN, 0 intra = Cx, 0 ․ fN, 0 Equation i

where CN, 0 intra, fN, 0 and Cx,0 are intracellular nitrogen concentration, nitrogen content 
of nitrogen replete biomass and biomass concentration at the start of the repeated-
batch cycle, respectively. A nitrogen content of 0.08 g g-1 was assumed for nitrogen 
replete biomass as reported by Benvenuti et al. (2015).

N supply N,0 intra N tot
N harvest

x harvest x harvest

C + C  C  f = = 
C C

Equation ii

where fN harvest and Cx harvest are nitrogen content of the biomass at harvest and biomass 
concentration at harvest, respectively; CN supply is the nitrogen concentration (in the final 
culture volume) supplied at the start of the repeated-batch cycle.  

Supplementary material 4.2 TAG yield on light over cycle (bars) and TAG content (symbols) at harvest for 
each outdoor repeated-batch cultivation (RB1, RB2, RB3). RB1, RB2 and RB3 were harvested every 1, 2 
and 3 days after nitrogen-depletion, respectively.
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For a commercially feasible microalgal triglyceride (TAG) production, high TAG 
productivities are required. The operational strategy (e.g. batch, repeated-batch) affects 
the TAG productivity but a systematic comparison between different strategies is lacking. 
For this, physiological responses of Nannochloropsis sp. to nitrogen (N) starvation and 
N-replenishment were studied in lab-scale batch and repeated-batch cultivations under 
continuous light, and condensed into a mechanistic model that successfully described 
both production strategies. The effect of several model parameters (e.g. incident light 
intensity; maximum photosynthetic rate under nitrogen replete conditions; residual 
biomass fraction during N-starvation; N-resupply, cycle duration and harvest volume) 
was investigated. This sensitivity analysis allowed a comparison of the two processes 
on optimized TAG yields on light. Optimized TAG yields ranged, for batch, from 0.12 
g mol-1 (base case at high light) to 0.49 g mol-1 (at low light and with improved strain) 
and, for repeated batch, from 0.07 g mol-1 (base case at high light) to 0.39 g mol-1 
(at low light with improved strain and optimized repeated-batch settings). These base 
case yields are in line with the yields observed in current state-of-the-art outdoor TAG 
production. Based on our model simulations we conclude that for continuous light an 
optimized batch process will always result in higher TAG yield on light compared to an 
optimized repeated-batch process. This is mainly because repeated-batch cycles start 
with N-starved cells. Their reduced photosynthetic capacity leads to inefficient light use 
during the regrowth phase which results in lower overall TAG yields compared to a 
batch process.

Keywords: Microalgae; TAG production; batch; repeated-batch; recovery; mechanistic 
model.A
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5.1	 Introduction

Triglycerides (TAGs) are a class of non-polar lipids that are regarded as a sustainable 
feedstock for the chemical, food and biofuel industries (Wijffels et al. 2010; Draaisma et 
al. 2013; Chisti 2013). In microalgae, TAGs are accumulated under unfavorable growth 
conditions (e.g. high light intensities and/or nitrogen limitation/starvation), leading to 
a reduction in TAG productivity over time (Solovchenko et al. 2007; Klok et al. 2013; 
Benvenuti et al. 2014). TAG production is often carried out in a two-phase process 
in which biomass is first produced under nitrogen (N) replete conditions in batch or 
continuous cultivations, and then TAGs are accumulated under N- depleted conditions 
in batch-operated cultivations (Benvenuti et al. 2015). In our previous study (Chapter 
4), lab-scale repeated-batch cultivations (during which part of the culture is periodically 
harvested and fresh medium is re-supplied) were investigated leading to similar 
TAG productivities compared to batch cultivations. Nevertheless, a full optimization 
of repeated-batch TAG production is still lacking whereas a systematic process 
comparison is needed. For this, understanding of cell recovery mechanisms upon 
nitrogen re-addition is necessary as such recovery may greatly affect the productivity 
of the entire process. In previous studies (Siaut et al. 2011; Přibyl et al. 2013; Mulders 
et al. 2015) it was found that, once the cells were re-supplied with nitrogen (N) after a 
long N-starvation period, the TAGs, which were accumulated during N-starvation, were 
rapidly degraded, thus drastically reducing the TAG productivity of the entire process. 
Cell recovery depends both on the microalgal species and operational conditions, such 
as amount of re-supplied nitrogen, harvest frequency and harvest volume.

The aim of this study was to thoroughly assess whether repeated-batch TAG production 
represents an effective alternative to the classical batch mode for achieving higher 
TAG productivities. For this, the physiological response of Nannochloropsis sp. to 
nitrogen N-starvation and N-replenishment was investigated in lab-scale batch and 
repeated-batch cultivations and condensed into a mechanistic model that describes 
photosynthesis and carbon-partitioning under N-starvation (Breuer et al. 2015) and 
during recovery after N-replenishment. The model was used to identify potential 
improvements for both batch and repeated-batch processes and to compare the two 
processes on optimized TAG yields on light. 
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5.2	 Materials and methods

5.2.1	 Growth medium 

In all pre- and cultivation steps, cells were grown on disinfected and filtered natural 
seawater (Oosterschelde, the Netherlands; Benvenuti et al. (2015)) enriched with a 
nutrient stock consisting of (in mM final concentration): HEPES (for pre-cultivation 
in Erlenmeyer flasks only), 20; KH2PO4, 1.7; Na2EDTA, 0.56; FeSO4·7H2O, 0.11; 
MnCl2·2H2O, 0.01; ZnSO4·7H2O, 2.3·10-3; Co(NO3)2·6H2O, 0.24·10-3; CuSO4·5H2O, 
0.1·10-3; Na2MoO4·2H2O, 1.1·10-3. For pre-cultivation in Erlenmeyer flasks 25 mM of 
NaNO3 was added. In the actual experiments, nitrogen was supplied as described in 
section 5.2.2.

5.2.2	 Batch nitrogen run-out and repeated-batch cultivations 

Pre-cultures of Nannochloropsis sp. CCAP 211/78 were maintained in 250 mL 
Erlenmeyer flasks, which were placed in an orbital shaker incubator (Multitron, 
Infors HT, The Netherlands) at 120 rpm under 2% CO2-enriched headspace, 70% 
humidity. The flasks were continuously illuminated at a light intensity of 50 µmol m-2 
s-1 supplied by fluorescent lamps (TL-D Reflex 36 W/840, Philips, the Netherlands). 
Two-week-old flask cultures were centrifuged (780 g, 5 minutes) to remove remaining 
nutrients. Subsequently, cells were re-suspended in N-rich medium such that the 
biomass concentration in the reactor was 0.4 - 0.6 g L-1. Cultivations were performed 
in a flat panel photobioreactor with a light path of 0.02 m, 1.9 L working volume and 
0.08 m2 surface area (Labfors, Infors HT, 2010). Mass-flow controllers supplied 1.0 
L min-1 pressurized air for mixing. The pH was set at 7.5 and controlled by means 
of on-demand CO2 addition. A culture temperature of 25 °C was maintained by 
water recirculation through water jackets in direct contact with the reactor cultivation 
chamber. Initially the ingoing light intensity was kept at 150 µmol m-2 d-1. When the 
biomass concentration reached 0.9 - 1.1 g L-1, the light intensity was set at 636 µmol 
m-2 d-1. Experiments were carried out under continuous light to isolate the effects of 
nitrogen replenishment on cell recovery from those due to night respiration. 

At N-depletion, the batch cultures were supplied with the N-free stock, to prevent side 
effects due to limitation of other nutrients than nitrogen, and subsequently cultured 
for 17 days. In case of repeated batch cultures, every 72 hours 50% of the culture 
volume was harvested, after which fresh N-rich medium was added to fill the reactor. 
The nitrogen source was dosed such that the final N-NO3

- concentration in the reactor 
at the start of each cycle was either 70 mg L-1 (low N supply, LN) or 140 mg L-1 (high 
N supply, HN).
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5.2.3	 Batch nitrogen replenished cultivation

To study the dynamics of cell recovery after a prolonged nitrogen (N) starvation 
period, N-rich medium, containing an excess of nitrogen (i.e. 590 mg L-1 final 
N-NO3

- concentration in the reactor), was re-supplied to the batch culture. 700 
mL of N-rich medium were added to 1200 mL of culture broth such that the initial 
biomass concentration after nutrient replenishment was 2.81 g L-1. The moment of 
medium addition was considered as the start of the N-replenished batch cultivation. 
The culture was monitored until the external N-resupply was depleted again (i.e. 120 
hours after N-addition).

5.2.4	  Offline measurements

Biomass dry weight was determined as described by Vejrazka et al. (2011). The 
biomass content and profile of both triacylglycerols and polar lipids were analyzed as 
described by Breuer et al. (2012) and Breuer et al. (2013a). The total carbohydrates 
were quantified using the method described by Dubois et al. (1956). Cellular nitrogen 
content of the N-replete biomass at the start of the cultivation was measured with 
a Flash EA 2000 elemental analyser (ThermoFisher Scientific, USA) at Twente 
University, the Netherlands. Protein content was estimated by a presumed nitrogen 
content in proteins of 0.16 g g-1 and by assuming that all nitrogen was present in 
proteins (Breuer et al. 2012). Residual N-NO3

- in the medium was measured with 
an AQ2 nutrient analyzer (Seal Analytical, USA) as described by Benvenuti et al. 
(2015). Cellular nitrogen content throughout the cultivation period was calculated by 
the increase in biomass concentration, the amount of N-NO3

- consumed during the 
considered time period and the measured cellular nitrogen at the start of cultivation. 
Absorption cross-section was measured as described by Vejrazka et al. (2011). 

In general, the sum of TAG, polar lipids, carbohydrates and estimated protein mass 
fractions was always about 0.9 g g-1. Photosystem II maximum efficiency (Fv/Fm) 
was measured in a portable pulse-amplitude modulated fluorimeter (AquaPen-C 
AP-C 100, Photon Systems Instruments, Czech Republic; emission peak: 620 nm, 
saturating light pulse: 2100 µmol m-2 s-1), as described by Benvenuti et al. (2014).

5.2.5	 Modeling batch and repeated-batch TAG production

5.2.5.1	 Model structure

The model of Breuer et al. (2015) for batch TAG production with Scenedesmus 
obliquus in flat panel photobioreactors was adapted to describe photosynthesis and 
carbon partitioning in batch and repeated-batch cultivations of Nannochloropsis sp. 
and to calculate TAG yield on light as a function of the operational strategy. The model 
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consists of a photosynthesis, a metabolic network and a carbon partitioning module. 
The photosynthesis module uses the light intensity, reactor geometry and biomass 
concentration to calculate the biomass-specific photosynthetic rate (Appendix A.1.1). 
The carbon partitioning module (Fig. 5.1) describes the partitioning of the available 
photosynthetic capacity, as calculated by the photosynthesis module, into the different 
biomass constituents (i.e. reproducing biomass, TAG and residual biomass). For this, 
the photosynthetic and conversion yields are calculated with flux balance analysis in the 
metabolic network module. Finally, material balances are used to calculate with ordinary 
differential equations (ODEs, Eq. 5.A.12 – 5.A.15) the biomass concentration and 
composition during the cultivation using the rates derived from the carbon partitioning 
module. The cellular nitrogen content is used as proxy for the extent of N-starvation and 
regulates both the photosynthesis and the carbon partitioning modules. The availability 
of extracellular nitrogen is used as a switch between metabolic processes occurring at 
nitrogen replete or nitrogen depleted conditions. 

The photosynthesis module, as proposed by Breuer et al. (2015), was adopted without 
any modification to its mechanisms. The carbon-partitioning mechanism used by 
Breuer et al. (2015) for the starchless Scenedesmus mutant was used because, as 
it could be deduced from the changes in biomass composition observed during our 
cultivations, no starch or other storage metabolites are accumulated by Nannochloropsis 
sp. in response to N-starvation. Furthermore, a mechanism for TAG degradation upon 
N-resupply was devised and implemented into the carbon partitioning module (Fig. 5.1). 
For this, we included an on/off switch for such TAG degradation that was dependent 
on the cellular nitrogen concentration, and the enzymatic reactions involved in TAG 
catabolism (e.g. beta-oxidation) were added to the metabolic network module. Based 
on our observations, zero-order kinetics for TAG degradation were used. A detailed 
description of the model equations and the changes compared to the original model of 
Breuer et al. (2015) are reported in Appendix 5.A.1.

5.2.5.2	 Model calibration and validation

The batch model of Breuer et al. (2015) was calibrated using the parameter inputs 
derived from the nitrogen run-out batch cultivations (Fig. 5.2, Appendix 5.A.2). Next, the 
physiological insights into cell dynamics upon nitrogen re-addition and recovery metabolism 
(e.g. TAG degradation), gathered from the repeated-batch and nitrogen replenished 
batch cultivations (Fig. 5.3 – 5.5), were incorporated into the calibrated model to describe 
repeated-batch TAG production. As described in detail in Appendices 5.A.1.3 and 5.A.3, 
the conversion of TAGs into reproducing biomass was modeled using the critical cellular 
nitrogen content (0.025 g g-1) at which TAG degradation commences, and the TAG 
degradation rate (0.011 g g-1 h-1) as estimated from the N-replenished batch cultivation. 
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Figure 5.1 Schematic overview of the carbon partitioning module of Breuer et al. (2015) that was 
supplemented with a mechanism describing TAG degradation upon nitrogen resupply. The photosynthesis 
module provides the energy available for metabolism at a certain photosynthetic rate (node PE). This 
photosynthetic capacity is first used to fulfill maintenance (node 1). The latter is assumed to be proportional 
only to the fraction of reproducing biomass in the total biomass, and thus not to be dependent on the amount 
of accumulated storage metabolites. In case an extracellular nitrogen source is present, the remaining 
photosynthetic capacity is used to produce reproducing biomass (node 2), which is constituted of a 
constant ratio of proteins, carbohydrates, TAGs and other lipids (Appendix 5.A.1.2). Under N-starvation, it is 
assumed that no reproducing biomass is made, but that a fraction of the remaining photosynthetic capacity 
is first used for the synthesis of residual biomass (CHO), made of structural carbohydrates, such that the 
CHO content in the total biomass remains constant (node 3), as also observed during our cultivations. 
Finally, the remaining photosynthetic capacity is channeled into TAG synthesis. Then, a mechanism for 
TAG degradation upon N-resupply is devised and implemented in the model. The underlying hypothesis 
is that, once nitrogen is resupplied in repeated-batch cultivations, TAG degradation occurs only when the 
photosynthetic capacity of the cells is too low to initiate recovery and reproductive processes. In the model, 
the intracellular nitrogen content is used as a proxy for the photosynthetic capacity. Thus, when nitrogen 
is re-supplied following a N-starvation period such that the cellular nitrogen content is above a critical 
level (i.e. 0.025 g g-1, Appendices 5.A.1.3 and 5.A.3), no TAG degradation will occur. Differently, when 
nitrogen is re-supplied after a prolonged N-starvation period, during which the cellular nitrogen content has 
decreased below the critical level, TAGs are converted into reproducing biomass (node 4) at a fixed rate.
The illustrated photosynthetic and inter-conversion yields were calculated using flux balance analysis, as 
shown in Appendix 5.A.1.2.
Figure adapted from Breuer et al. (2015).
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5.2.5.3	 Optimization of TAG yield on light

The impact of several biological and process model parameters on the TAG yield on 
light was investigated and potential improvements for TAG yield on light was identified. 
This was done performing Monte-Carlo-sampled combinations of either 1) light intensity, 
biomass concentration at onset of N-starvation and reactor light path; 2) light intensity, 
maximum photosynthetic rate under N-replete conditions and residual biomass fraction 
made during N-starvation; or 3) light intensity, cycle duration, harvest volume and 
N-supply (Table 5.1). These model parameters were randomly varied within the ranges 
shown in Table 5.1, after which the model was run to calculate the TAG yield on light 
obtained for this set of input values. As reference, these simulations were also performed 
using the value of the parameter under study as estimated from the experimental data 
(Table 5.A.1 and Table 5.A.2). 

The TAG yield on light was chosen as optimization target as this is directly related to 
areal TAG productivity and represents the best parameter to compare different process 
strategies and light intensities (Mulders et al. 2014; Breuer et al. 2015). The obtained 
TAG yield on light of each batch simulation corresponded to the maximum time-averaged 
yield found during the batch period, corrected for the inoculum production phase. For 
repeated batch, the simulated yield corresponded to the yield obtained during one 
constant cycle repetition (Appendix 5.A.1.4, Eq. 5.A.20 – 21).

For the batch, the ODEs, as presented in Appendix 5.A.1.3 (Eq. 5.A.12 – 15), were 
integrated for a time interval between 0 and 1300 hours, as this was confirmed to be 
sufficiently large to ensure that maximum TAG yield was always achieved within that 
interval. For repeated-batch, 20 constant cycle repetitions were simulated. For each 
combination of tested parameters, 1000 iterations were performed to generate 1000 
combinations of parameter values and the corresponding maximum TAG yield on light.

Finally, the optimized TAG yields on light were used to compare batch and repeated-
batch on TAG production (Table 5.3).
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5.3	   Results and discussion 

5.3.1	 Nitrogen run-out batch cultivation

In the batch cultivations, nitrogen (N) was depleted at a biomass concentration 
of about 2.45 g L-1 (Fig. 5.2A). At the end of the cultivation, a 3.5 fold-increase in 
biomass concentration was observed. Although the biomass specific absorption 
cross-section (ax) showed a sudden decrease after the onset of N-starvation (Fig. 
5.1B), the volumetric absorption cross-section (ax, vol) increased for about 75 hours 
from the onset of N-starvation, suggesting that, during that period, pigment synthesis 
continued before declining during N-starvation. 

Figure 5.2 Batch nitrogen run-out cultivations. Time-evolution of (A) biomass (Cx) and N-NO3
- (CN-

NO3
-) concentrations, (B) volumetric (ax, vol) and biomass-specific (ax,) absorption cross-section, (C) TAG 

concentration (CTAG) and content (fTAG), (D) polar lipid concentration (CPL) and content (fPL), (E) carbohydrate 
concentration (Ccarbs) and content (fcarbs), (F) estimated protein concentration (Cprot) and content (fprot). The 
dotted line indicates the time point at which extracellular N-NO3

- concentration was zero. Data points for 
each of the duplicate cultivations are reported, indicating a very high degree of reproducibility.
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TAG concentration increased linearly during the first 120 hours of N-starvation (Fig. 
5.2C) and, within the first 75 hours of N-starvation, TAGs already represented 45% of 
cellular dry weight. This resulted in a maximum (time-averaged) TAG yield on light of 
0.21 g mol-1 (calculated as described in Appendix 5.A.1.4).

Contrarily to TAGs, estimated protein concentration did not increase from the onset 
of N-starvation, whereas polar lipid production ceased after 75 hours. However, no 
net polar lipid and protein degradation occurred, as their concentration remained 
more or less constant until the end of the cultivation, while their content progressively 
decreased from 0.10 to 0.03 g g-1 and from 0.44 to 0.12 g g-1, respectively (Fig. 5.2D 
and Fig. 5.2F). From the onset of N-starvation, carbohydrate concentration increased 
more or less proportionally to the increase in TAGs. Hence, carbohydrate content 
showed only a minor decrease over time (Fig. 5.2E). 

5.3.2	 Batch nitrogen replenished cultivation

To study the dynamics of cell recovery after a prolonged nitrogen (N)-starvation 
period, 700 mL of nutrient-enriched natural seawater was resupplied to 1200 mL 
of the N-starved culture leading to a final N-NO3

- concentration of 590 mg L-1 and 
to a biomass concentration of 2.81 g L-1. No N-NO3

- uptake was observed for the 
first 24 hours after replenishment (Fig. 5.3A). During that period, biomass and 
TAG concentrations decreased from 2.81 to 2.55 g L-1 and from 1.47 to 1.17 g L-1, 
respectively, with TAG content declining from 0.52 to 0.46 g g-1. Subsequently, within 
the next 96 hours, N-NO3

- was completely consumed concurrently with an increase 
in biomass concentration (Fig. 5.3A), absorption cross-section (Fig. 5.3B), as well 
as polar lipid (Fig. 5.3D), carbohydrate (Fig. 5.3E) and estimated protein (Fig. 5.3F) 
concentrations. Inversely, TAG concentration continued decreasing until 72 hours 
from nutrient-replenishment and TAG content returned to basal-levels (0.08 g g-1) 
(Fig. 5.3C). 
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Figure 5.3 Nitrogen-replenished batch cultivation. Time-evolution of (A) biomass (Cx) and N-NO3
- (CN-

NO3
-) concentrations, (B) volumetric (ax, vol) and biomass-specific (ax,) absorption cross-section, (C) TAG 

concentration (CTAG) and content (fTAG), (D) polar lipid concentration (CPL) and content (fPL), (E) carbohydrate 
concentration (Ccarbs) and content (fcarbs), (F) estimated protein concentration (Cprot) and content (fprot).

5.3.3	 Repeated-batch cultivations

The repeated-batch cultivations were stopped when three consecutive and constant 
cycle repetitions (i.e. steady-state cycles) were achieved (cycles #2 – 4 for the low 
nitrogen resupply [LN], and cycles #6 – 8 for the high nitrogen resupply [HN]) (Fig. 
5.4, Fig. 5.5 and Supplementary material 5.1). At the harvest of the constant cycle 
repetitions, biomass, TAG, estimated protein and carbohydrate concentrations, 
pigmentation as well as biomass specific TAG production rates and nitrogen 
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consumption rates were equal for the consecutive steady-state cycles (standard 
deviation within 5% of average). The following sections and discussion will primarily 
focus on the constant cycle repetitions. 

Overall, biomass concentration was higher for HN than for LN. In the constant 
cycle repetitions, biomass concentration increased from 2.88 ± 0.10 g L-1 to 
5.52 ± 0.05 g L-1 for LN (Fig. 5.4A) and from 3.78 ± 0.07 g L-1 to 7.30 ± 0.01 g L-1 for 
HN (Fig. 5.5A). The volumetric absorption cross section (ax, vol) increased until the end 
of the cycle for HN, and only for the first 34 hours of the cycle for LN, suggesting net 
pigment production during those periods. Contrarily, a sudden decrease in biomass 
specific absorption cross-section (ax) was observed immediately after culture harvest 
and dilution for both cultivations (Fig. 5.4B and Fig. 5.5B). Then, ax increased before 
declining again with the progression of N-starvation.

Figure 5.4 Low nitrogen (LN) resupply repeated-batch cultivation. Time-evolution of (A) biomass (Cx) 
and N-NO3

- (CN-NO3
-) concentrations, (B) volumetric (ax, vol) and biomass-specific (ax,) absorption cross-

section, (C) TAG concentration (CTAG) and content (fTAG), (D) polar lipid concentration (CPL) and content 
(fPL), (E) carbohydrate concentration (Ccarbs) and content (fcarbs), (F) estimated protein concentration (Cprot) 
and content (fprot). Red symbols indicate the moment at which a harvest was applied. Lines are drawn only 
for illustrative purposes.
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At the harvest of the constant cycle repetitions, TAG concentration was similar (2.95 ± 
0.02 g L-1 for LN and 3.07 ± 0.04 g L-1 for HN) for the two cultivations, thus resulting in 
similar TAG yields on light (0.13 ± 0.01 g mol-1 for LN and 0.12 ± 0.01 g mol-1 for HN) 
(Supplementary material 5.1), whereas TAG content was 0.54 ± 0.01 g g-1 for LN and 
0.42 ± 0.01 g g-1 for HN. In both LN and HN cultures, only negligible amounts of TAGs 
were degraded upon N-resupply (Fig. 5.4C and Fig. 5.5C). During the first 24 - 30 
hours of the constant cycle repetitions, TAG concentration remained rather constant 
while the cellular TAG content decreased from 0.54 ± 0.01 to 0.42 ± 0.01 g g-1 (LN) 
and from 0.42 ± 0.01 to 0.27 ± 0.03 g g-1 (HN). Remarkably, in both cultures, the 
decrease in TAG content proceeded for about 10 hours after nitrogen was depleted 
from the medium (Fig. 5.4C and Fig. 5.5C). 

Figure 5.5 High nitrogen (HN) resupply repeated-batch cultivation. Time-evolution of (A) biomass (Cx) 
and N-NO3

- (CN-NO3
-) concentrations, (B) volumetric (ax, vol) and biomass-specific (ax,) absorption cross 

section, (C) TAG concentration (CTAG) and content (fTAG), (D) polar lipid concentration (CPL) and content 
(fPL), (E) carbohydrate concentration (Ccarbs) and content (fcarbs), (F) estimated protein concentration (Cprot) 
and content (fprot). Red symbols indicate the day at which a harvest was applied. Lines are drawn only for 
illustrative purposes. 
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Polar lipid concentration increased until harvest in both cultivations, indicating a net 
production of polar lipids during the cycle, whereas polar lipid content remained rather 
constant (0.07 – 0.04 g g-1 g g-1 for LN and 0.11 – 0.07 g g-1 for HN) (Fig. 5.4D and Fig. 
5.5D). Carbohydrate concentration steadily increased over the cycle, indicating a net 
production of carbohydrates in both cultures, whereas carbohydrate content showed 
only minor fluctuations upon N-depletion (Fig. 5.4E and Fig. 5.5E).

Cellular nitrogen content fluctuated between 0.026 ± 0.000 g g-1 and 0.038 ± 0.001 
g g-1 (LN) and between 0.041 ± 0.001 and 0.065 ± 0.005 g g-1 (HN), peaking, in both 
cases, at 24 hours of the cycle. In both cultivations, estimated protein concentration 
increased during the first 10 - 24 hours after nitrogen (N)-supply (Fig. 5.4F and Fig. 
5.5F). Upon N-depletion, estimated protein concentration remained constant in both 
cultures. 

5.3.4	 Physiological responses to nitrogen starvation and replenishment

5.3.4.1	 Carbon partitioning during N-starvation

As it is reflected by the high TAG contents of early N-starvation, TAGs were produced 
at high rates in both nitrogen run-out batch and repeated-batch cultivations (Fig. 
5.2C, Fig. 5.4C and Fig. 5.5C), and no other storage compound was accumulated 
in response to N-starvation (Fig. 2E, Fig. 5.4E and Fig. 5.5E). Differently, Li et al. 
(2014) reported for Nannochloropsis oceanica IMET1 during early N-starvation, a 
sequential expression of genes involved first in β-(1,3)-glucans (e.g. chrysolaminarin 
and laminarin) synthesis and then in their degradation. The authors concluded that 
these sugars were inter-converted into TAGs. However, as it could be deduced 
from the changes in biomass composition during all our experiments (Figures 5.2 
– 5.5), this was not the case for our strain. In fact, in our cultivations, carbohydrate 
concentration increased proportionally to all other biomass components (i.e. polar 
lipids, TAGs and estimated proteins) such that their content showed only minor 
fluctuations. Furthermore, the increase in carbohydrate concentration was observed 
immediately after N-resupply, thus indicating that the carbohydrates produced during 
N-starvation were not degraded. Hence, it can be concluded that carbohydrates have 
a structural role rather than a storage function in Nannochloropsis sp.. In addition, as 
no net degradation of polar lipids was observed during our cultivations (Fig. 5.2D, Fig. 
5.4D and Fig. 5.5D), a net conversion of polar lipids into TAGs could be excluded for 
Nannochloropsis sp., which is in contrast from what is reported for Nannochloropsis 
gaditana (Simionato et al. 2013)  and Nannochloropsis oceanica IMET1 (Li et al. 
2014).
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5.3.4.2	 Nitrogen uptake upon N-resupply

In both repeated-batch cultivations, N-uptake started immediately after N-resupply 
and so did the synthesis of polar lipids, proteins and carbohydrates (i.e. reproducing 
biomass). Differently, in the N-replenished batch cultivation no net nitrogen uptake, and 
thus no synthesis of reproducing biomass, was observed during the first 24 hours after 
N-resupply (Fig. 5.3). This is in contrast with similar N-replenishment batch studies 
on Chlorella zofingiensis (Mulders et al. 2015) and Dunaliella tertiolecta (Young and 
Beardall 2003), for which an almost immediate N-uptake was observed. Besides 
species-specific differences, the delayed N-uptake can likely be attributed to an energy 
shortage to fuel N-uptake, which could be due to a low remaining photosynthetic activity 
caused by the much higher stress pressure to which our N-replenished batch culture 
was subjected.  Indeed, the combination of higher light intensity (636 vs. 150, Young 
and Beardall (2003) or 500 μmol m-2 s-1, Mulders et al. (2015)) and longer N-starvation 
resulted in a severe impairment of the photosynthetic machinery as indicated by the 
low maximum PSII efficiency (Fv/Fm) at the moment of N-resupply (Supplementary 
material 5.2). Moreover, Fv/Fm at the moment of N-resupply was substantially lower in 
our N-replenished batch culture (0.20) than in our repeated-batch cultivations (0.40 – 
0.50) for which N-uptake did commence immediately after N-resupply.

5.3.4.3	 TAG degradation upon N-resupply

Net TAG degradation was observed for the N-replenished batch cultivation (Fig. 5.3C), 
whereas it was negligible in both repeated-batch cultures (Fig. 5.4C and Fig. 5.5C). 
In the N-replenished batch culture, TAG degradation commenced immediately after 
N-replenishment, likely to generate energy and building blocks to initiate N-uptake 
and the recovery process. TAGs were degraded at a constant rate to baseline-levels 
promoting full cell recovery after 72 – 120 hours from N-addition. The observed 
TAG respiration is in line with the hypothesis that TAGs are accumulated as energy 
reserve to fuel nitrogen and carbon metabolism once favorable growth conditions are 
restored but photosynthesis alone cannot initiate recovery and reproductive processes 
(Turpin 1991; Siaut et al. 2011; Přibyl et al. 2013). For the repeated-batch cultivations, 
substantial TAG degradation was not observed, because, although the cells were 
repeatedly subjected to N-starvation cycles, they were exposed to shorter N-starvation 
periods. The hypothesis that TAG degradation after N-replenishment occurs only when 
the photosynthetic capacity is heavily impaired, is further supported by the lower Fv/Fm 
value of the N-replenished batch cultivation compared to the Fv/Fm of the repeated-batch 
cultures at the moment of N-resupply (Supplementary material 5.2). Thus, in repeated-
batch cultivations, TAG degradation is expected only for very high stress pressures 
(i.e. combinations of long cycle durations, low amounts of re-supplied nitrogen and low 
harvest volumes).
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5.3.5	 Comparison with literature

Table 5.2 compares the TAG yields on light obtained in this study with the yields reported 
in literature for similar batch and repeated-batch cultivations in flat panel PBRs. Note 
that for batch, only the nitrogen starvation period is considered. In such a way, the effect 
of the different N-replete growth phases, which were performed under different and, 
possibly, suboptimal conditions, is neglected. 

Table 5.2 Comparison of TAG yield on light obtained with various species for both lab-scale batch and 
repeated-batch cultivations in flat panel PBRs. The nitrogen starvation phase and the constant cycle 
repetitions are considered for batch and repeated-batch, respectively.

Batch (nitrogen starvation phase)

Species TAG yield 
 (g mol-1)

Light intensity 
(μmol m-2 s-1) Reference

C. zofingiensis 0.19 500 Mulders et al. (2014)
C. vulgaris 0.05 270 Pruvost et al. (2011)
N. oculata 0.17 250 Van Vooren et al. (2012)
Nannochloropsis sp. 0.14 636 1) Chapter 4
Nannochloropsis sp. 0.34 636 This study
N. oleoabundans 0.17 218 Santos et al. (2014)
N. oleoabundans 0.03 270 Pruvost et al. (2009)
S. obliquus 0.22 500 Breuer et al. (2014)
Starchless S. obliquus 0.37 500 Breuer et al. (2014)

Repeated-batch (constant cycle repetitions)

Species TAG yield
(g mol-1)

Light intensity
(μmol m-2 s-1) Reference

C. pyrenoidosa 0.12 175 Han et al. (2013)
Nannochloropsis sp. 0.07 636 1) Chapter 4 
Nannochloropsis sp. 0.13 636 This study (LN)
Nannochloropsis sp. 0.12 636 This study (HN)

1) Average daily light intensity supplied as a day/night cycle.

Despite that in the studies of Pruvost et al. (2009); Pruvost et al. (2011); Van Vooren 
et al. (2012); Han et al. (2013); Breuer et al. (2014); Santos et al. (2014); Mulders et 
al. (2014) with different species, a lower incident light intensity was applied, which is a 
condition known to be beneficial for TAG yield on light (Breuer et al. 2013b), comparable 
or higher batch and repeated-batch TAG yields were obtained with Nannochloropsis 
sp. in the present study. This confirms that this species is a highly productive microalga 
(Benvenuti et al. 2014). 

The lower yields reported in chapter 4 for lab-scale batch and repeated-batch cultivations 
of the same microalga subjected to day/night cycles can likely be attributed to losses 
due to photo-saturation at the very high light intensities experienced during the central 
hours of the day. 
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Figure 5.6 Model simulations (lines) and experimental data (symbols) of biomass, external N-NO3
- and 

TAG concentrations as well as TAG content for the N-run-out batch, N-replenished batch, low nitrogen 
supply (70 mg N-NO3

- L-1) repeated-batch and high nitrogen supply (140 mg N-NO3
- L-1) repeated-batch 

cultivations performed in this study.
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5.3.6	 Model simulations

When model simulations are performed using the calibrated parameters reported in 
Tables 5.A.1-5.A.2, it can be seen that the model closely follows the experimental 
data (Fig. 5.6). Furthermore, the predicted TAG yields (0.22, 0.14 and 0.15 g mol-1, for 
N-run-out batch, low N-resupply repeated-batch and high N-resupply repeated-batch, 
respectively) are in close agreement with the measured TAG yields (0.21, 0.13 and 
0.12 g mol-1, for N-run-out batch, low N-resupply repeated-batch and high N-resupply 
repeated-batch, respectively).

5.3.7	 Optimized TAG yield on light for batch and repeated-batch process

The model was used to identify potential for improvement of TAG yield on light for 
both batch and repeated-batch processes by performing Monte-Carlo sampled 
combinations of model parameters as reported in Table 5.1.

5.3.7.1	 Effect of incident light intensity and enhanced photosynthetic machinery 

In our model simulations, the incident light intensity and the maximum photosynthetic 
rate of nitrogen replete cells (qph

max, replete) were varied in order to assess the effect of 
these two model parameters on the photosynthetic efficiency and thus on the TAG 
yield on light.

For both batch and repeated-batch, decreasing the incident light intensity had the 
largest positive impact on the TAG yield (Fig. 5.7A, D, G). For instance, in the reference 
case (red dots in Fig. 5.7), the TAG yield increased up to fourfold when the light 
intensity was decreased from 1500 to 200 μmol m-2 s-1 (from 0.12 to 0.41 g mol-1 and 
from 0.07 to 0.29 g mol-1 for batch and repeated-batch, respectively). By reducing the 
incident light intensity, the extent of photosaturation decreased (Breuer et al. 2013b; 
Breuer et al. 2015). In practice, a reduction of light intensity can be partly achieved by 
applying the principle of light dilution using vertically oriented PBRs (Posten 2009).

The maximum photosynthetic rate decreases during N-starvation (Geider et al. 1998b) 
and consequently, the photosystem becomes saturated at lower light intensities 
(Eq. 5.A.1). Another approach to diminish photosaturation under N-starvation is to 
enhance the photosynthetic machinery by increasing the maximum photosynthetic 
rate under nitrogen (N) replete conditions (qph

max, replete) (Eq. 5.A.3). In our model 
simulations, increasing qph

max, replete resulted in higher TAG yields on light (Fig. 5.7B 
and 5.7E). The largest relative improvement (32 - 34%) was observed at high light 
intensity, where photosaturation mostly occurs, rather than at low light intensity, for 
which an 11- 13% relative improvement was nonetheless found.
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Repeated-batch

Repeated-batchBatch

Figure 5.7 Output of Monte-Carlo-sampled 
simulations (blue symbols). The ranges within 
which the parameters were varied are given in 
Table 5.1. (A and D) Impact of incident light 
intensity, maximum photosynthetic rate of nitrogen 
replete cells (qph

max, replete) and residual biomass 
made during nitrogen starvation (Xcho) for batch 
and repeated-batch, respectively. (G) Impact of 
incident light intensity, cycle duration (Δ), culture 
fraction remaining after harvest (f) and amount 
of nitrogen resupplied (N) for repeated-batch. To 
illustrate the individual contribution of and qph

max, 

replete (B – E), Xcho (C – F), Δ (H), f (I) and N (L) 
independently from the influence of light, the TAG 
yield is normalized to the yield (red symbols) 
predicted at the same incident light intensity and 
with the value of the parameter under study as 
presented in Table 5.A.1 (batch) and Table 5.A.2 
(repeated-batch). A relative yield of 1 indicates 
no change, relative yields above 1 represent an 
improvement and relative yields below 1 represent 
a decrease compared to the reference case. 
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5.3.7.2	 Higher TAG yield on light by improved carbon partitioning 

As Nannochloropsis sp. does not accumulate other storage compounds besides TAGs 
during N-starvation (Figures 5.2 – 5.5 and section 5.3.4.1), this alga already has a much 
more favorable carbon partitioning mechanism compared to other species (Breuer et 
al. 2013b; Breuer et al. 2014; Mulders et al. 2014). However, a further improvement of 
the carbon partitioning could be achieved by decreasing the residual biomass fraction 
of N-starved biomass (Xcho). Regardless of the incident light intensity, a lower Xcho can 
result in a 10 – 16% relative improvement for the batch (Fig. 5.7C), whereas a negligible 
improvement was observed for the repeated-batch (Fig. 5.7F), which was already 
characterized by a relatively low Xcho compared to the batch experiment.

5.3.7.3	 Higher TAG yield on light by optimized operational settings

The operational settings have a strong influence on the TAG yield on light for both batch 
and repeated-batch TAG production processes. The influence of biomass concentrations 
at the onset of nitrogen (N) starvation (Cx, N = 0) and reactor light path (z) has been already 
highlighted by several authors (Zijffers et al. 2010; Zemke et al. 2013; Ho et al. 2014b; 
Takache et al. 2015; Benvenuti et al. 2015). However, in our model simulations, almost 
no improvement in yield was observed compared to the reference case (Supplementary 
material 5.3). This can be attributed to the low maintenance coefficient (ms) that was 
used as model input. The low ms limited the negative effect of the high maintenance 
requirements that are usually associated to long z and high Cx, N = 0 (Bosma et al. 2007; 
Breuer et al. 2015). 

For repeated-batch, the effect of the amount of resupplied nitrogen (N), cycle duration (Δ) 
and remaining culture fraction after harvest (f) was assessed. Trends for individual settings 
could be identified. For instance, regardless of the light intensity, short Δ (< 48 hours) 
result in a lower yield compared to the reference case (Fig. 5.7H), whereas longer Δ led 
to a 1.5-fold maximum relative improvement. Higher yields compared to the reference 
case could be identified when lowering f (Fig. 5.7I), whereas the opposite was found for 
N (Fig. 5.7L). For the latter case, the high yields at high N-resupply are attributed mostly 
to an enhanced biomass production rather than to high TAG contents. 

In general, the combination of low N-supply, long cycle and large harvest volume 
resulted in a high TAG content but severely reduced biomass production, thus causing 
low TAG yields on light. The same result was observed when a low stress pressure 
(e.g. combinations of high N-supply, short cycle and small harvest volume) was applied. 
Highest yields were found for optimal combinations of the abovementioned settings. For 
instance, at low (LL: 200 – 300 µmol m-2 s-1), intermediate (IL: 550 - 650 µmol m-2 s-1) 
and high light (HL: 1400 – 1500 µmol m-2 s-1) intensities, the highest TAG yields (0.31, 
0.18 and 0.10 g mol-1 on average, for LL, IL and HL, respectively) were achieved with 
combinations of: 138 Δ, 0.34 f, 149 N (LL); 128 Δ, 0.37 f, 154 N (IL); 115 Δ, 0.37 f, 154 
N (HL). 
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5.3.7.4	 Effect of operational settings on TAG degradation

According to our hypothesis and experimental data, TAG degradation occurs only 
when high stress pressures are applied (Fig. 5.1), namely only for combinations of 
long cycle durations (Δ >72 hours), low amounts of re-supplied nitrogen (N< 70 mg 
L-1) and low harvest volumes (f >0.5). Under such operational settings, TAG yields on 
light are generally much lower (0.02 – 0.13 g mol-1) compared to those obtained under 
optimized operational settings where no TAG degradation occurs (0.10 – 0.31 g mol-1). 
Nevertheless, in our model, TAG degradation has a beneficial effect on the TAG yield 
on light. For example, when the longest cycle (Δ =192 hours), the lowest N-supply (N 
= 14 mg L-1) and the lowest harvest volume (f = 0.9) are simulated for an incident light 
intensity of 636 µmol m-2 s-1, approximately 5% of the TAGs made during the previous 
cycle are degraded. However, TAG yield is about 1.3-fold higher compared to the case 
in which operational settings and light intensity are the same but TAG degradation is 
switched off. This can be explained by the fact that, as a result of TAG degradation, a 
faster restoration of the photosynthetic capacity was obtained. This translates in a higher 
photosynthetic rate, faster uptake of nitrogen, larger biomass production and slightly 
lower TAG content. 

The quality of the model predictions in the range of those settings for which TAG 
degradation is modeled to occur depends on the validity of our hypothesis on the 
TAG degradation mechanism. Although the experimental data (Fig. 5.3 -5.5 and 
Supplementary material 5.2) do not contradict our hypothesis and the model is able to 
well describe TAG degradation in N-replenished batch cultivations (Fig. 5.6), the dataset 
is not complete enough, and the TAG degradation mechanism should still be validated 
for repeated-batch operations. 

5.3.8	 Process comparison 

In this section, batch and repeated-batch TAG production processes are compared 
on the optimized TAG yields (Table 5.3), as identified with the Monte-Carlo sampled 
simulations of model parameters (Table 5.1).

Optimized TAG yields on light were always higher for the batch than for repeated-batch. 
For the batch, optimized TAG yields ranged from 0.12 g mol-1 (scenario 1B) to 0.49 g mol-1 
(scenario 6B) and, at harvest, a TAG content of 0.42 - 0.53 g g-1 was obtained. For the 
repeated-batch, optimized TAG yields ranged from 0.07 g mol-1 (scenario 1RB) to 0.39 
g mol-1 (scenario 12RB). At harvest, TAG contents of 0.35 – 0.60 g g-1 were predicted. 
Furthermore, as it can be deduced from Table 5.3, during TAG production also the non-
TAG-biomass yield on light was generally higher for the batch than for the repeated-
batch. Several cellular compounds contribute to the non-TAG- biomass yield on light, 
such as proteins, sugars, non-acyl lipids, glyco- and phospholipids (Wang and Wang 
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2012; Bondioli et al. 2012). Therefore, provided that biorefinery of the complete biomass 
is pursued (Vanthoor-Koopmans et al. 2013), the potential for biomass valorization 
for both TAGs and non-TAG compounds is better for batch than for repeated-batch.

Table 5.3 Optimized TAG yields on light and TAG contents. B: batch; RB: repeated-batch. High, 
intermediate and low light intensities correspond to incident light intensities of 1500, 600 and 200 μmol 
m-2 s-1, respectively. TAG degradation did not occur for any of the reported RB cases. The model parameter 
values at which the TAG yields on light and TAG contents were achieved, are reported in Supplementary 
material 5.4.

Scenario
TAG yield 
on light
(g mol-1)

TAG 
content
 (g g-1)

Ba
tc

h

1B High light intensity (Base case) 0.12 0.42
2B Intermediate light intensity 0.23 0.42
3B Low light intensity 0.41 0.43

Increased maximum photosynthetic rate and decreased 
residual biomass fraction

4B • High light intensity 0.18 0.52
5B • Intermediate light intensity 0.31 0.52
6B • Low light intensity 0.49 0.53

Scenario
TAG yield 
on light
(g mol-1)

TAG 
content
 (g g-1)

Re
pe

at
ed

-b
at

ch

1RB High light intensity (Base case) 0.07 0.54
2RB Intermediate light intensity 0.15 0.52
3RB Low light intensity 0.29 0.44

Optimal N-resupply, cycle duration and harvest volume

4RB • High light intensity 0.09 0.50
5RB • Intermediate light intensity 0.18 0.51
6RB • Low light intensity 0.33 0.48

Increased maximum photosynthetic rate and decreased 
residual biomass fraction

7RB • High light intensity 0.10 0.60
8RB • Intermediate light intensity 0.19 0.54
9RB • Low light intensity 0.34 0.49

Optimal N-resupply, cycle duration and harvest 
volume & Increased maximum photosynthetic rate and 
decreased residual biomass fraction

10RB • High light intensity  0.11 0.35
11RB • Intermediate light intensity 0.22 0.47
12RB • Low light intensity 0.39 0.48
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The advantage of the batch relies on starting with a N-replete inoculum, thus with cells 
that have an intact photosynthetic capacity (Supplementary material 5.2). Differently, 
repeated-batch cycles start with N-starved cells. Likely, the reduced photosynthetic 
capacity of these cells leads to an inefficient use of light during the regrowth phase, 
thus resulting in lower TAG yields on light compared to batch processes.

Nonetheless, it should be underlined that the physiological responses to N-resupply 
in repeated-batch processes might differ when cells are subjected to day/night cycles. 
By supplying the nitrogen at night, cell recovery may take place in the dark (Přibyl 
et al. 2013) such that the daylight period can be efficiently used for TAG production. 
Besides that also batch cultures are likely to benefit from the nightly recovery, further 
research under day/night cycles is necessary to assess whether nightly recovery 
could represent an advantage of repeated-batch over batch. 

Finally, attention should be paid when using the model, which was developed 
based on lab-scale cultivations under continuous light, to predict outdoor yields/
productivities. Outdoor cultivations are subjected to varying light profiles. Hence, 
at equal daily light supply rates, lower yields (Benvenuti et al. 2015) are obtained 
compared to continuously illuminated cultivations. However, when correcting the TAG 
yields obtained at high light intensity (scenarios 1B and 1RB of Table 5.3) for an 
assumed average loss of 15% due to night respiration (Tredici 2010; Breuer et al. 
2015), comparable yields with those reported for outdoor batch (Quinn et al. (2012); 
Guccione et al. (2014); Benvenuti et al. (2015); chapter 4) and repeated-batch (Rodolfi 
et al. (2009); Bondioli et al. (2012); chapter 4) cultivations are found. 

5.4	 Conclusion

Batch and repeated-batch TAG production processes were successfully described 
using a mechanistic model which further allowed process comparison based on 
optimized TAG yields on light. According to our model simulations for continuous 
light, we can conclude that an optimized batch process will result in higher TAG 
productivities compared to an optimized repeated-batch process. This is mainly 
because, in repeated-batch mode, each cycle starts with nitrogen starved cells. The 
reduced photosynthetic capacity of these cells leads to inefficient light-use during the 
regrowth phase, consequently resulting in lower overall TAG yields on light compared 
to batch processes.
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Appendix

The model developed by Breuer et al. (2015) for batch TAG production with 
Scenedesmus obliquus in flat panel photobioreactors was further developed to 
describe the effect of nitrogen (N)-starvation and N-replenishment on photosynthesis 
and carbon partitioning in batch and repeated-batch cultivations of Nannochloropsis 
sp.. In particular, a TAG degradation mechanism was devised for repeated-batch 
cultivations and implemented in the model. The following sections describe in detail 
the modifications made compared to the original model of (Breuer et al. 2015).  

5.A.1 Model equations

5.A.1.1 Photosynthesis module

The equations used by Breuer et al. (2015) for the photosynthesis module were 
adopted without any modification to its mechanism. These equations are listed below. 
For discussion of underlying assumptions, we refer to Breuer et al. (2015).

The biomass specific photosynthetic rate (qph) at a given incident light intensity I was 
calculated using the hyperbolic tangent equation of Jassby and Platt (1976) (Eq. 
5.A.1).

max N
ph ph max

ph

a Iq  = q  tanh 
q

 ψ
  
 

Equation 5.A.1

Where ψN is the photosynthetic quantum yield, a is the absorption cross-section and 
qph

max is the maximum photosynthetic rate. The three parameters are affected by nitrogen 
(N) starvation and thus, they vary during a N-starved cultivation (Eq. 5.A.2 – 5.A.4). 

A linear relation between the absorption cross-section and the cellular nitrogen 
content (Q) was found also for Nannochloropsis sp. (Fig. 5.A.1). Therefore, Eq. 5.A.2, 
as proposed by Breuer et al. (2015) could be adopted. 

replete 
max

Qa = a  
Q

Equation 5.A.2

Where areplete and Qmax are the biomass-specific absorption cross-section and the 
cellular nitrogen content of N-replete biomass, respectively.

The maximum photosynthetic rate decreases linearly with decreasing nitrogen content 
reaching zero at the minimum nitrogen content (Qmin). To describe this phenomenon, 
the equation proposed by Geider et al. (1998b) was adopted (Eq. 5.A.3).

max max, replete min
ph ph

max min

Q - Qq  = q   
Q  - Q

 
 
 

Equation 5.A.3
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Where qph
max, replete is the maximum photosynthetic rate under nitrogen replete 

conditions. 

Figure 5.A.1 Linear relation between 
absorption cross-section (a) and 
cellular nitrogen content (Q) for the 
nitrogen run-out batch and repeated-
batch cultivations.

Furthermore, N-starvation results in a reduction of the photosynthetic quantum 
yield (Benvenuti et al. 2014). The physiological changes that determine a reduced 
photosynthetic quantum yield are lumped together in ΨN, assuming that ΨN decreases 
with decreasing cellular nitrogen content following a modified Droop equation (Droop 
2009) (Eq. 5.A.4).

1

min min
N

max

Q Q = 1- 1- 
Q Q

−
  

Ψ   
  

Equation 5.A.4

A light gradient is present in photobioreactors, thus cells are exposed to different 
(high and low) local light intensities due to culture mixing. When assumed that the 
characteristic times of photosynthesis (1 – 10 ms, Sukenik et al. 1987)) are much 
smaller than mixing times (order of seconds), the photosynthetic rate depends on 
the local light intensities throughout the photobioreactor. Therefore, the average 
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photosynthetic rate ( phq ) for a flat panel photobioreactor is described by Eq. 5.A.5, 
which neglects the effect of light scattering. Furthermore, it is assumed that the light 
is parallel (not diffuse) and enters the photobioreactor perpendicularly to its surface.

Equation 5.A.5
x(-aC z)z max N 0

ph ph max0
ph

a I e1q  = q  tanh dz
z q

 ψ
  
 

∫

Where z is the reactor light path, I0 is the incident light intensity and Cx is the biomass 
concentration.

5.A.1.2 Calculation of photosynthetic and inter-conversion yields using flux balance analysis

The theoretical maximum photosynthetic and conversion yields, as depicted in Fig. 
5.1, were calculated using flux balance analysis (MATLAB: linprog) (Eq. 5.A.6). For 
this, the metabolic network as described by Breuer et al. (2015) for the Scenedesmus 
starchless mutant was adopted with some modifications, which are listed below.

1)	 Based on our observations, reproducing biomass consists, on average, of 45% 
protein, 0.2% DNA, 6% RNA, 8% TAG (containing three palmitic acid molecules), 
20% carbohydrates, 13.8% membrane lipids (considered as monogalactosyl-
diacylglycerol molecules) and 7% ash.    

2)	 It is assumed that all fatty acids in TAGs are palmitic acid (C16:0) molecules 
instead of C18:1 as presumed by Breuer et al. (2015) for Scenedesmus. C16:0 
is indeed the most abundant fatty acid in Nannochloropsis sp. (Benvenuti et al. 
2014). Due to chemical differences between these fatty acids, a slightly higher 
theoretical TAG yield on light is obtained for Nannochloropsis sp. (1.39 g mol-1) 
compared to Scenedesmus obliquus (1.33 g mol-1). 

3)	 In our repeated-batch model, the conversion of TAGs into reproducing biomass 
was included. Therefore, the metabolic reactions of TAG activation, hydrolysis 
and oxidation were added to the metabolic network. The oxidation of C16:0 
produces 8 AcCoA, 7 NADH and 7 FADH2. In our modified network, FADH2 was 
converted into NADH at the expenses of ATP (1 ATP per NADH). The AcCoA 
produced by the beta-oxidation can either be oxidized in the citric acid cycle to 
produce ATP and NADH, or it can be used in the glyoxylate cycle to produce 
malate. Both pathways were already present in the network model so no extra 
reactions were added to the metabolic network.

Flux balance analysis was used to determine the flux distribution that results in the 
highest yield on photons for each of the biomass compounds (MATLAB: linprog) (Eq. 
5.A.6).
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Objective: Maximize VM

Constrained with   						             Equation 5.A.6
S · v = 0 		  (stoichiometric constraints)
vphoton = 1 		  (all rates are normalized to the photosynthetic rate)
vmin ≤ v ≤ vmax 		  (flux constraints used to describe reversibility of reactions)

Where S is the stoichiometric matrix and v is the vector containing the flux rates. 
The boundaries of the flux rates were set according to reversibility of reactions as 
described by Kliphuis et al. (2012). To calculate the yield of reproducing biomass (X) 
on TAG, vTAG is set to -1, vphoton is set to 0, vx is maximized and the conversion yield is 
calculated as vX/-vTAG.

This procedure results in theoretical maximum yields of 1.62 g X/mol photon (Yx, ph) 
(for growth on nitrate), 3.24 g CHO/mol photon (YCHO, ph), 1.39 g TAG/mol photon 
(YTAG, ph) and 0.94 gX/ g TAG (Yx, TAG).

5.A.1.3 Carbon-partitioning module

It is assumed that when the extracellular nitrogen concentration (N) is above 0, the 
remaining photosynthetic capacity that is not used to fulfill maintenance requirements 
(ms) is used for the synthesis of reproducing biomass (X). When N is zero, the 
synthesis of X is completely impaired (Eq. 5.A.7) and the remaining photosynthetic 
capacity is first used for the synthesis of CHO, such that CHO content in the biomass 
remains constant (Eq. 5.A.9), as also observed in our cultivations (Fig. 5.2, 5.4 and 
5.5, section 5.3.4.1). Finally, the remainder is channeled towards TAG synthesis (Eq. 
5.A.10). 

A mechanism describing TAG degradation upon nitrogen resupply is also considered. 
It is assumed that, when extracellular nitrogen is resupplied after a N-starvation period 
such that the cellular nitrogen content is above a critical level (i.e. Qdeg = 0.025 g g-1), no 
TAG degradation will occur. Differently, when nitrogen is re-supplied after a prolonged 
N-starvation period, during which the cellular nitrogen content has decreased below 
Qdeg, TAGs are converted into reproducing biomass (X) and TAG degradation follows 
0th order kinetics at the rate (rTAG, x

max) observed in our nitrogen replenished batch 
cultivation (Eq. 5.A.7).

max   
TAG, x deg 

TAG, x
deg

r   if Q Q  and  N> 0 and TAG >0
r  = 

0              if Q >Q  or  N 0 or TAG 0

 ≤ 
 

≤ ≤  
Equation 5.A.7

To also describe conversion of TAGs into X, the biomass-specific production rates of 
reproducing biomass (qx) and TAGs (qTAG) were redefined as shown in Eq. 5.A.8 and 
5.A.10, respectively. 
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Conversion of TAG to biomass

x, ph ph s TAG, x x, TAG 
x max

QY  q  - m  + r  Y if  N > 0 q  = Q
 0                                                                   if N 0

 

 

  
  
  
 ≤ 

⋅


Equation 5.A.8

 		
CHO

x
Available photons

CHO De novo CHO production

ph s CHO,ph CHO
max x

CHO                     0                             if     >X  or N>0
c

q =
Q CHO(q - m ) Y if   X  and N 0

Q c
  

 
 
 
 
 

⋅ ≤ ≤ 
 





Equation 5.A.9

 		



Photons remaining 
De novo after CHO productionAvailable photons

TAG production TAG degradation
TAG CHO

ph s TAG, ph TAG, x
max CHO, ph

0 if N >0

q = qQq  - m  -  Y - r if N  0
Q Y

≤

 
 
      ⋅  
 
 
  








Equation 5.A.10

As nitrogen is present only in reproducing biomass (X), the biomass-specific nitrogen 
uptake rate (qN) depends on the production rate of X and its nitrogen content (Qmax), 
resulting in Eq. 5.A.11.

					   
qN = -qxQmax 

Equation 5.A.11
	

Ordinary differential equations (ODEs) were adopted to describe change in 
reproducing biomass (X), CHO, TAG and extracellular nitrogen concentration (N) (Eq. 
5.A.12 – 5.A.15). ODEs were integrated as functions of time using the 4th/5th order 
Runge-Kutta algorithm by means of the MATLAB ode45 function.

x x
dX = q C
dt

TAG x
dTAG = q C

dt

CHO x
dCHO = q C

dt

N x
dN = q C
dt

Equation 5.A.12

Equation 5.A.13

Equation 5.A.14

Equation 5.A.15

The total biomass concentration (Cx) is calculated as shown in Eq. 5.A.16.

				    Cx = X + CHO  + TAG Equation  5.A.16

The cellular nitrogen content of total biomass is calculated according to Eq. 5.A.17.
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max

x

Q   XQ = 
C
⋅

Equation 5.A.17

As Nannochloropsis sp. does not accumulate other metabolites besides TAGs during 
N-starvation (Fig. 5.2 Fig. 5.4 – 5.5 and section 5.3.4.1), the carbon partitioning 
mechanism used by Breuer et al. (2015) for the starchless Scenedesmus mutant was 
adopted, therefore no conversion of starch (or any other compound) into TAGs was 
considered.

Moreover, because Nannochloropsis sp., in contrast to Scenedesmus obliquus, 
contains considerable amounts of TAG (0.08 g g-1) in the N-replete reproducing 
biomass, the TAG content during N-starvation was corrected for the TAGs present in 
the reproducing biomass (XTAG, x), according to Eq. 5.A.18.

TAG, x 

x

 X  X+ TAG
TAG content =

C
⋅

Equation  5.A.18

CHO content was instead calculated as proposed by Breuer et al. (2015), resulting 
in Eq. 5.A.19.

 				  
CHO, x

x

X  X + CHO
CHO content =  

C
⋅

Equation 5.A.19

Where XCHO, x is the CHO fraction in reproducing biomass and assumed to be 0.31 g 
g-1 for batch (Table 5.A.1) and 0.17 g g-1 for repeated-batch (Table 5.A.2).

5.A.1.4 Calculation of projected TAG yield on light for batch and repeated-batch

Eq. 5.A.20 was used to calculate projected TAG yields on light (YTAG, ph). For the batch, 
the TAG yield is the maximum time-averaged yield, whereas for the repeated-batch, it is 
the yield at the harvest of the constant cycle repetitions. 

To perform a fair comparison between batch and repeated-batch strategies, YTAG, ph of 
the batch was corrected the inoculum production. Therefore, the factor x

inoc, ph

C , N=0
Y  was 

included in Eq. 5.A.20 assuming that for the batch the inoculum, which is defined as the 
biomass present at the onset of nitrogen starvation (Cx, N= 0), was produced at a certain 
biomass yield on light (Yinoc, ph) in a continuous-operated PBR at a biomass concentration 
equal to Cx, N= 0. Differently, for (long-term) repeated-batch cultivations, it can be assumed 
that inoculum production would be required only at the start of the cultivation and thus it 
can be neglected. Hence, x

inoc, ph

C , N=0
Y was set to zero for repeated-batch.

x, N=00 

inoc, ph

TAG (t)TAG yield on light = CI t + 
z Y

Equation 5.A.2.20

Differently from the original model of Breuer et al. (2015), in which the inoculum of the 
batch cultivation was always produced at a Yinoc, ph of 1 g mol-1, in our modified model, 
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Yinoc, ph was calculated as a function of incident light intensity, biomass concentration and 
reactor light path (Eq. 5.A.21), as the dynamics of cell recovery and thus the re-growth 
phase in repeated-batch cycles are also dependent on these parameters. 

x, ph ph s
inoc, ph 

0

x, N=0

Y  q  - m  
Y = I

z C

⋅

⋅

Equation 5.A.21

 					   

5.A.2 Model calibration for nitrogen run-out batch cultivations of Nannochloropsis sp.

Upon the adaptations made as described in Appendix 5.A.1, the model of Breuer et al. 
(2015) was calibrated using the results of our nitrogen (N) run-out batch experiment. 
The results of the duplicate cultivations were combined and treated, by averaging, as 
a single dataset. The first experimental point, immediately after setting the light at 636 
µmol m-2 s-1, was used as initial condition for integration and was considered as t = 0. 
The following data points, until biomass decay was observed, were used for parameter 
estimation (MATLAB: Monte-Carlo algorithm and fminsearch) as described by Breuer et 
al. (2015), yielding the calibrated values as presented in Table 5.A.1. The experimental 
settings for incident light intensity and reactor light path, and the experimentally observed 
absorption cross-section and cellular nitrogen content of N-replete cells were used as 
model constants. 

5.A.3 Model validation for N-replenished batch and repeated-batch cultivations

The model was validated on the repeated-batch cultivations using the calibrated 
values of the batch experiments, with the exception of Xcho. The two repeated-batch 
cultivations led to similar residual biomass fractions (Xcho). However, these were much 
lower compared to Xcho during the batch (Table 5.A.1). Consequently, the parameter 
estimation procedure was performed on Xcho only, while the maximum photosynthetic 
rate of nitrogen-replete cells (qph

max, replete), the minimum cellular nitrogen content (Qmin) 
and the maintenance coefficient (ms) were fixed to the estimated values from the batch 
model. Regardless of the repeated-batch dataset used, an estimated value of 0.17 g 
g-1 was obtained for Xcho. 

A TAG degradation mechanism was devised (Fig. 5.1) and then implemented in the 
model (Eq. 5.A.7 -8 and 5.A.10). Although net TAG degradation was not observed 
with the tested repeated-batch cultivations (Fig. 5.4C and Fig. 5.5C), this did occur in 
the N-replenished batch cultivation (Fig. 5.3C). Thus, the values for the critical cellular 
nitrogen content at which TAG degradation commences (Qdeg) and the TAG degradation 
rate (rTAG, x) were estimated from the N-replenished batch cultivation. 

For each of the two repeated-batch cultivations, the first experimental point, immediately 
after setting the light at 636 µmol m-2 s-1, was used as initial condition for integration and 
was considered as t = 0. 
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Table 5.A.1 Estimated parameters, constants and boundary conditions used for solving the material 
balances presented by Breuer et al. (2015) for batch TAG production.

Nitrogen run out batch calibration experiment

Estimated parameters Unit Value
qph

max, replete mol g-1 h-1 0.026
Qmin g g-1 0.020
ms mmol g-1 h-1 0.093
Xcho g g-1 0.310

Constants Unit Value
Qmax g g-1 0.070
areplete m2 g-1 0.080
z m 0.020
I0 µmol m-2 s-1 636
XCHO, x g g-1 0.180
XTAG, x g g-1 0.080

Initial values Unit Value
Cx g m-3 928
TAG and CHO g m-3 0
N-NO3 g m-3 107

Table 5.A.2 Estimated parameter, constants and boundary conditions used for solving the material 
balances for repeated-batch TAG production. 

Repeated-batch calibration experiment

Estimated parameter Unit Value
Xcho g g-1 0.170
Constants Unit Value
qph

max, replete mol g-1 h-1 0.026
Qmin g g-1 0.020
ms mmol g-1 h-1 0.093
Qmax g g-1 0.070
areplete m2 g-1 0.080
z m 0.020
I0 µmol m-2 s-1 636
XCHO, x g g-1 0.180
XTAG, x g g-1 0.080
rTAG, x g g-1 h-1 0.011
Qdeg g g-1 0.025
Initial values Unit Value
Cx g m-3 1173 (LN); 900 (HN)
TAG and CHO g m-3 0
N-NO3 g m-3 65 (LN); 100 (HN)
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List of symbols

Symbol Unit Description

a m2 g-1 Absorption cross-section
areplete m2 g-1 Absorption cross-section of nitrogen replete biomass
CHO g m-3 Concentration of residual biomass made during N-starvation
Cx g m-3 Biomass concentration
Cx, N = 0 g m-3 Biomass concentration at onset of nitrogen starvation 
f % (v/v) Remaining fraction in the reactor after harvest
I0 mol m-2 s-1 Incident light intensity
ms mmol g-1 h-1 Maintenance coefficient
N g m-3 Amount of nitrogen resupplied after each harvest
N-NO3

- g m-3 Extracellular nitrate concentration
Q g g-1 Cellular nitrogen content
Qdeg g g-1 Cellular nitrogen content below which TAG degradation begins 
Qmax g g-1 Maximum cellular nitrogen content of N-replete biomass
Qmin g g-1 Minimum cellular nitrogen content

phq	 mol g-1 h-1 Biomass-specific photosynthetic rate averaged throughout the 
reactor

qph
max, replete mol g-1 h-1 Maximum photosynthetic rate of N-replete cells

qi g g-1 h-1 Biomass specific production rate of component i
rTAG, x g g-1 h-1 Conversion rate of TAG into reproducing biomass 
t h Time
TAG g m-3 TAG concentration
Xcho, x g g-1 CHO content in reproducing biomass
Xcho g g-1 CHO content in newly formed biomass during N-starvation, 

excluding reproducing biomass 
XTAG, x g g-1 TAG content in reproducing biomass
Yi, j g mol-1 or g g-1 Yield of component i on component j (subscript ph refers to 

photons)
z m Reactor light path
Δ h Repeated-batch cycle duration
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Supplementary material

Supplementary material 5.1 Time of nitrogen-depletion (tN = 0), biomass-specific nitrogen uptake (-qN) 
and TAG production (qTAG) rates, time-averaged biomass (Yx, ph, HARV, CYCLE (t)) and TAG (YTAG, ph, HARV, CYCLE (t)) 
yields on light at the harvest of each cycle for the low and high nitrogen supply repeated-batch cultivations.  
Biomass specific rates were calculated by normalizing the volumetric rates to the average biomass 
concentration during the considered time interval. Volumetric rates were calculated with linear regression 
of concentrations vs. time. R2 of linear regressions were always > 0.90. Productivities are corrected for the 
amount of biomass and TAGs present at the start of each cycle (i.e. t = 0). Constant cycle repetitions are 
highlighted in bold. 

Low nitrogen supply repeated-batch cultivation

tN = 0
(h)

-qN
(mg g-1 h-1)

qTAG
(mg g-1 h-1)

Yx, ph, HARV, CYCLE (t)
(g mol-1)

YTAG, ph, HARV, CYCLE (t)
(g mol-1)

cycle #0 13 2.7 9.6 0.29 0.14
cycle #1 18 1.4 7.9 * 0.25 0.12
cycle #2 18 1.3 6.5 * 0.25 0.13
cycle #3 17 1.5 6.5 * 0.25 0.13
cycle #4 17 1.4 6.8 * 0.25 0.13

High nitrogen supply repeated-batch cultivation

tN = 0
(h)

-qN
(mg g-1 h-1)

qTAG
(mg g-1 h-1)

Yx, ph, HARV, CYCLE (t)
(g mol-1)

YTAG, ph, HARV, CYCLE (t)
(g mol-1)

cycle #0 14 3.0 5.9 0.32 0.10
cycle #1 14 2.5 5.3 ** 0.28 0.10
cycle #2 16 2.3 4.5 ** 0.31 0.11
cycle #3 16 2.0 4.5 ** 0.28 0.10
cycle #4 18 1.7 4.8 ** 0.27 0.11
cycle #5 19 2.0 7.2 ** 0.28 0.12
cycle #6 22 1.7 6.8 ** 0.30 0.12
cycle #7 21 1.7 6.8 ** 0.30 0.12
cycle #8 21 1.8 6.6 ** 0.30 0.12

(*) Calculated excluding the first 24 hours of the cycle
(**) Calculated excluding the first 30 hours of the cycle
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Supplementary material 5.2 Time-evolution of maximum photosystem II efficiency (Fv/Fm) for the batch 
and the low (LN) and high (HN) nitrogen supply repeated-batch cultivations. Red symbols indicate the 
value of maximum photosystem II efficiency at nitrogen-resupply.
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Supplementary material 5.3 Batch process. Output of Monte-Carlo-sampled simulations on maximum 
TAG yield on light (blue symbols). The ranges within which the parameters were varied are given in Table 
5.1. A) Impact of incident light intensity, biomass concentration at onset of nitrogen starvation (Cx, N = 0) and 
reactor light path (z). (B- C) To illustrate the contribution of Cx, N = 0 and z independently from the influence 
of light, the TAG yield was normalized to the yield predicted at the same incident light intensity and with 
the value of the parameter under study as presented in Table 5.A.1 (red symbols). A relative yield of 
1 indicates no change, relative yields above 1 represent an improvement and relative yields below 1 
represent a decrease compared to the reference case.
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Microalgal triglycerides (TAGs) hold great promise as sustainable feedstocks for the 
commodity industries. The biological improvement and process optimization strategies 
that are needed to maximize TAG productivity and reduce production costs are 
discussed. Furthermore, we present a techno-economic assessment of a two-step TAG 
production process, where growth reactors are operated in continuous mode such that 
multiple batch-operated stress reactors are inoculated and harvested sequentially. 
The analysis is conducted for a hypothetical 100-ha plant in southern Spain using 
vertically stacked tubular photobioreactors (PBRs). The base-case is based on outdoor 
pilot-scale data from AlgaePARC and current process strategy and PBR technology, 
resulting in a cost of 7.4 € per kg of biomass containing 24% TAG (w/w). By optimizing 
both the biological performance and the process technology, the production cost can 
be decreased to 3.0 € per kg of biomass containing 60% TAG (w/w). We believe to be 
on the right track to achieve an economically feasible TAG production platform provided 
that photosynthetic efficiency is further improved, the whole biomass is valorized and 
cheaper PBRs are designed.A
bs

tra
ct
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6.1	 Introduction

Currently, microalgal products are mainly sold in niche markets. Commercially relevant 
microalgal products are basically biomass or extracts rich in PUFAs (EPA, DHA), 
essential and antioxidants (carotenoids, tocopherols and phenols) as supplements for 
human health and cosmetics (Spolaore et al. 2006; Paul et al. 2012). However, in the 
last ten years, industry has been looking at alternative and sustainable feedstocks for 
commodities in the food, feed, chemical and biofuel sectors. This is mainly due to the 
social and political awareness for sustainability, the instability of fossil fuel prices, the 
pressure on agriculture crops for non-food applications, the growth in population and 
limited availability of arable land. In this context, microalgal triglycerides (TAGs) are 
regarded as an attractive source to supplement or substitute oils derived from fossil 
resources and/or agricultural crops (Chisti 2007; Draaisma et al. 2013). Microalgae 
can grow on non-arable lands and they have a low freshwater and fertilizer footprint 
when grown on wastewater, sea- or brackish water (Draaisma et al. 2013). In addition 
to TAGs, also the remaining biomass has value and therefore the whole biomass can 
be used (Vanthoor-Koopmans et al. 2013). A commercial microalgal bulk industry 
would represent an enormous incentive for national economies. Malik et al. (2015)
calculated that the production of 1 Mton of bio-crude oil from microalgae could 
generate 13,000 new jobs in Australia and turnover of 2.6 billion €. Despite the high 
potential of microalgae as sustainable TAG cell factories, microalgal TAGs are not 
listed among the most valuable components for the commodity industries (Ruiz et al., 
manuscript submitted). 

This thesis focused on increasing microalgal TAG productivity by selecting a highly 
productive strain and assessing the impact of a batch and a repeated-batch nitrogen 
starvation process on the productivity, both at lab-scale and outdoor pilot cultivations. 
We showed that maintaining a high photosynthetic efficiency, while accumulating 
TAGs, is key for achieving high TAG productivities. Additionally, we demonstrated 
that in a batch process the highest TAG productivity is obtained. 

This chapter first gives an outlook on the research needed to further improve TAG 
productivity. Then, a two-step-100 ha-scale TAG production process is designed 
in which, in the first step, biomass is grown under nitrogen replete conditions in 
continuously operated photobioreactors (PBRs) and, in the second step, multiple 
batch-operated stress PBRs are inoculated and sequentially harvested, thus ensuring 
a daily harvest of TAG-enriched biomass. Finally photosynthetic efficiencies based on 
outdoor pilot data are used as model input to conduct a techno-economic analysis. 
The production costs of TAG-enriched biomass are presented based on current 
process technology. A sensitivity analysis is performed and a scenario with reduced 
production cost is evaluated.
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6.2	 How to increase TAG productivity

Several approaches for increasing TAG productivity have been proposed (Table 6.1). 
These are essentially related to the selection and/or development of the production 
strain as well as to the optimization of process conditions. In the following sections, 
the most relevant approaches are discussed and guidelines for improving TAG 
productivities are presented. 

Table 6.1 Possible strategies to increase TAG productivity. 

Target Approach Example for realization of approach

BIOLOGY

Favorable carbon 
partitioning towards 
TAG production

1. Strain selection
2. Metabolic engineering
3. Laboratory evolution

1.	High throughput screening
2.	Targeted overexpression/knockdown of 

key genes
3.	Mutagenesis & selective pressure & 

FACS
High photosynthetic 
efficiency

PROCESS

4. Reactor design and 
configuration

4.	Vertical PBRs, High S/V PBRs

Optimal process 
strategy

5. Batch 
6. Repeated-batch 
7. Continuous 

5 - 6. Tune harvest frequency 
6 - 7. Nutrient dosing based on irradiance
5 - 7. Optimal IBS-light availability

ALE: Adaptive Laboratory Evolution
FACS: Fluorescence Assisted Cell Sorting
S/V: Surface/Volume ratio
IBS: Initial-biomass-specific

6.2.1	 Biological approach

6.2.1.1	 Exploring genetic diversity of microalgae

Several screening studies have been performed (Rodolfi et al. 2009; Doan et al. 
2011; Griffiths et al. 2011; Breuer et al. 2012; San Pedro et al. 2013; Benvenuti et 
al. 2014; Guccione et al. 2014; Taleb et al. 2015). In practice, only few microalgal 
species (e.g. Nannochloropsis, Chlorella, Scenedesmus, Neochloris) have been 
tested. However, the high genetic diversity of microalgae should be fully explored to 
select a robust production strain. To reduce risks of contamination and decrease costs 
during cultivation (e.g. cooling, pH control) microalgae should be isolated from highly 
selective and extreme environments such as deserts, hot and alkaline-saline waters. 

Additionally, high-throughput screening protocols (e.g. 96-well plates) (Doan et al. 
2011) for which the target product (e.g. TAG) can quantified (Cabanelas et al. 2015) 
should be used. The predictability of such high high-throughput screenings should be 
validated at lab-scale with the selected strains and processes should be developed 
under simulated outdoor production conditions (Taleb et al. 2015). Finally, the selected 
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strains should be tested outdoors in pilot PBRs under relevant climate conditions 
(Guccione et al. 2014; Bosma et al. 2014; Fon-Sing and Borowitzka 2015).

6.2.1.2	 Strain development

Besides the natural diversity of microalgae, strain development can further enhance TAG 
productivity. Improving carbon partitioning towards TAG production and photosynthetic 
efficiency are the two main targets (Stephenson et al. 2011; De Bhowmick et al. 2015). 
Recently, successful attempts in increasing TAG productivity and/or content have 
been achieved either by targeted knockdown of a key gene involved in TAG catabolism 
(Trentacoste et al. 2013), or by disabling competitive carbon pathways with starchless 
mutants (Li et al. 2010; Breuer et al. 2014; de Jaeger et al. 2014). Similar results 
could also be achieved by decreasing the fraction of residual biomass made during 
N-starvation (e.g. reducing the carbon flow towards polysaccharide and glycoprotein 
matrix of the cell wall). Besides metabolic engineering, also Adaptive laboratory 
evolution (ALE) to a selective pressure combined with Fluorescence Assisted Cell 
Sorting (FACS) can lead to increased TAG productivities (Yu et al. 2013; Cabanelas 
et al. 2015).

Higher photosynthetic efficiencies could be achieved by increasing the electron flow 
through the electron transport chain (Chida et al. 2007), the activity and specificity of 
limiting enzymes, e.g. RuBisCo, involved in anabolic pathways (Atsumi et al. 2009; Lin 
et al. 2014) and also with reduced antenna size mutants (Kirst et al. 2014). 

6.2.2	 Process approach 

6.2.2.1	 Effect of reactor design on photosynthetic efficiency

As extensively reviewed by Zittelli et al. (2013), much research on developing or 
improving PBR design is ongoing (e.g. optimal distance between panels/loops, culture 
depth, mixing times, light distribution in the reactor). The ideal PBR should intercept all 
available sunlight while ensuring high photosynthetic efficiencies (Posten 2009). This 
can possibly be achieved with flat panel PBR designs that allow tilting the reactor to 
the incoming light (e.g. GWP-III flat panel, F&M Srl, www.femolnine.it).

In general, for high TAG productivities, PBRs with a high surface-to-volume ratio (e.g. 
Solix Biofuels® and Proviron Holding NV flat panels and thin-layer cascades ponds) 
should be preferred as, if properly mixed, they ensure high photosynthetic efficiencies 
and high volumetric TAG concentrations (Masojídek et al. 2011; Quinn et al. 2012; 
Jerez et al. 2014). Finally, the selection of optimal designs should be guided by techno-
economic analyses considering both the biological productivities and production costs 
associated to each design. 
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6.2.2.2	 Operational strategy: Batch vs. (semi-) continuous operations

In the effort of identifying optimal strategies for TAG production, much focus has been 
addressed on the batch vs. (semi-) continuous debate (chapter 4; Klok et al. 2013; 
Bona et al. 2014; Wen et al. 2014; Ho et al. 2014; San Pedro et al. 2014; Fuentes-
Grünewald et al. 2015). 

In chapter 5 we showed that the batch process is the most effective strategy for TAG 
production. This is because batch cultures start with N-replete cells to which a sudden 
and large energy imbalance is applied (i.e. N-starvation). These cells have a high 
residual photosynthetic capacity for both biomass and TAG production. Likely in both 
semi-continuous and continuous cultures, cell recovery occurs at low photosynthetic 
efficiencies thus reducing the overall TAG productivity.

6.3	 Two-step TAG production in southern Spain: a techno-economic 
analysis

In the following section a techno-economic analysis of a two-step TAG production is 
presented. 

To ensure a continuous supply of inoculum for the TAG accumulation phase, nitrogen 
(N) replete biomass is produced in continuous (chemostat)-operated PBRs (“growth 
PBRs”) such that multiple batch-operated “stress PBRs” are sequentially inoculated 
and harvested ensuring a daily harvest of TAG-enriched biomass (Fig. 6.1). Projections 
were made for a 100 ha-scale plant using vertically stacked tubular PBRs in southern 
Spain (37˚15’ N 6˚ 56’ W). The techno-economic model originally developed by Ruiz 
et al. (manuscript submitted) for nitrogen replete biomass production was extended 
with the TAG production phase. Our evaluation includes the cultivation phase and 
the biomass concentration step to obtain 15% w/w algal slurry as final product. The 
production costs of TAG-enriched biomass are presented.
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Figure 6.1 Schematic view of a two-step TAG production process. For simplicity, only one growth PBR and 
six stress PBRs are depicted. The growth PBR is operated in chemostat-mode. The outflow of the growth 
PBR is free of nitrogen and, every day, it fills one stress PBR. In each stress PBR, the TAG-accumulation 
phase starts immediately after inoculation (time to fill one unit is negligible) and runs in batch-mode for 
six days. The sequential inoculation and harvesting of all stress PBRs over a period of six days ensures a 
constant daily harvest of TAG-enriched biomass from the entire stress area.
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6.3.2.1	 Process description

The production area (100 ha) is divided in two stages: the growth phase, where 
biomass is produced in chemostat-operated PBRs, and the stress phase, producing 
TAG-enriched biomass in batch-operated PBRs (Figure 6.2). The process starts by 
filtering natural seawater, which is then mixed with nutrients in an automatized mixing 
unit and pumped into the growth PBRs. The seawater-based medium enters the 
growth PBRs only during daylight hours, and, concurrently, the same culture volume 
leaves the reactors. This outflow sequentially fills different stress PBRs to which no 
nutrients are added to promote TAG accumulation. In each stress PBR unit, the TAG-
accumulation phase starts immediately after inoculation. For this, it is assumed that 
the culture leaving the growth PBRs is free of an extracellular nitrogen source (i.e. 
in the growth PBR, nitrogen is dosed based on productivity) and the time for filling a 
stress PBR unit is negligible. In the stress phase, independent PBR units are harvested 
sequentially, resulting in a batch strategy with a certain retention time. Thus, from 
the entire stress area there is a constant daily harvest of TAG-enriched biomass. 
When the stress PBRs are harvested, the TAG-enriched biomass is pumped to the 
centrifuge where 15% algal slurry is obtained. In both growth and stress PBRs, the 
culture is mixed by a recirculation pump and supplied with CO2. Degassers ensure 
that oxygen partial pressure never exceeds 300%. Culture temperature is controlled 
between 20 and 30 ˚C with heat exchangers that recirculate cooling water available 
from an external water reservoir at a constant temperature of 25 ˚C. Wastewater 
treatment is not performed because the effluent of the stress PBRs is considered 
free of nutrients and organic matter. As also in Ruiz et al. (manuscript submitted), 
the plant is operational for 300 days per year, three cleanings per year are performed 
and one manager, three supervisors and 28 operators are required to run the plant.
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6.3.2.2	 Empirical data and area allocation

The yearly biomass and TAG productivities were calculated from the photosynthetic 
efficiencies obtained outdoors at AlgaePARC in the Netherlands (de Vree et al. (2015), 
for biomass production and chapter 3 for TAG production) and the total irradiance in 
southern Spain. For the growth phase, an average photosynthetic efficiency of 2.23% 
for biomass production (containing 4% TAG w/w) and a daily culture dilution rate 
of 27% were used. For the stress phase, an average photosynthetic efficiency of 
1.48% for biomass production (containing 24% TAG w/w) was used (Supplementary 
material 6.1). Under low light conditions in the Netherlands (14 mol m-2 d-1), total 
TAG productivity is maximal after nine days in the stress reactor, whereas at high 
light conditions (36 mol m-2 d-1), the productivity is maximal after six days. Because 
southern Spain has longer periods of high light compared to the Netherlands, we 
chose to always harvest the TAG-enriched biomass after six days in the stress PBRs. 
This retention time of six days can thus be regarded as a 17% daily dilution of the 
PBRs in the stress area. 

The total production area (100 ha) was allocated between growth and stress phase 
using mass balances based on total area and the aforementioned dilution rates. It 
resulted in areas of 38.2 and 61.8 ha for the growth and stress phase, respectively; 
with 10% of the growth area being allocated to inoculum production to fill the growth 
PBRs after a routine cleaning or culture crash. The area for inoculum production 
is considered identical to the growth area in terms of operational and capital costs 
(OPEX and CAPEX). However, since this biomass is only incidentally transferred to 
the growth PBRs, the inoculum production area is assumed as non-productive. The 
area occupied by side-equipment and piping is considered as 10% of the production 
area, thus resulting in a total facility area of 110 ha. 

As described by Ruiz et al. (manuscript submitted), the model uses location-specific 
parameters such as climatic conditions, energy costs, labor costs and employer’s 
contribution to labor costs as well as workweek hours. For model specifications, we 
refer to the work of Ruiz et al. (manuscript submitted). In Supplementary material 6.2, 
the changes in major equipment (numbers 1 – 10 in Fig. 6.2) capacity and power 
requirement are reported. These modifications were made due to the different process 
strategy adopted in this study (i.e. different area, flows and volumes) compared to 
Ruiz et al. (manuscript submitted).
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6.3.2.3	 Production cost of TAG-enriched biomass: base-case based on pilot plant data

The photosynthetic efficiencies and TAG contents obtained at pilot-scale using current 
process technology and design were used as model base-case (Table 6.2). A TAG-
enriched biomass production cost of 7.4 €·kg-1 was obtained and the Net Energy 
Ratio (NER) was 1.1, indicating that the amount of energy (i.e. chemical energy) 
generated by the process was slightly higher than the energy required for operating 
the plant. 

A cost breakdown analysis was conducted (Fig. 6.3). Our analysis shows that, in both 
phases, the largest contribution to total costs (38% for growth and 31% for stress) 
is given by construction and other fixed costs (e.g. land, property tax, insurance, 
contractor’s fee). The main contributing factors to major equipment costs are 
recirculation pumps (45% for growth and 37% for stress) and temperature control 
(22% for growth and 30% for stress) (Fig. 6.3C-D).

Figure 6.3 Cost breakdown for growth (A and C) and stress (B and D) phases for a two-step-continuous 
TAG production process in vertically stacked tubular PBRs. Labor costs are included only in the stress 
phase for the total plant area (100 ha).
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Table 6.2 Results of the techno-economic analysis.

Base case
Growth phase: 2.17% PE, 4% TAG w/w
Stress phase: 1.48% PE, 24% TAG w/w
30 ˚C culture temperature for cooling
Current process technology

Optimized case 
Growth phase: 6% PE, 4% TAG w/w
Stress phase: 4.10% PE, 60% TAG w/w
40 ˚C culture temperature for cooling
Optimized process technology*)

Total costs (M€·yr-1) 28.4 30.9
Biomass production (Kton·yr-1) 3.8 10.2
TAG production (Kton·yr-1) 0.5 3.0
Biomass cost (€·kg-1) 7.4 3.0
CAPEX (M€·yr-1) 12.0 15.8
OPEX (M€·yr-1) 16.4 15.1
Initial investment (M€) 174.9 230.8
Produced energy (GWh·yr-1) 26.0 76.3
Consumed energy (GWh·yr-1) 23.5 43.5
NER 1.1 1.8

*) Flow velocity is reduced from 0.45 to 0.3 m s-1 during the day and to 0.23 m s-1 during the night. 
Concentration of the biomass is performed by microfiltration and subsequent centrifugation; flue gas is 
used as CO2 source; 310 operational days per year instead of 300; reduced number of employees (one 
manager, one supervisor, eight operators); cleaning reduced from three times to one per year; the fraction 
of the facility used to prepare inoculum is reduced from 10 to 5% of the growth area.

6.3.2.4	 Production cost of  TAG-enriched biomass: optimized scenario

For a substantial cost reduction, both the biological performance of the production 
strain and the process technology should be optimized. For this, a sensitivity analysis 
was performed. The PE during the growth phase was increased to 6% (Cuaresma et 
al. 2011; Ruiz et al. manuscript submitted). The PE of stress phase was increased 
proportionally to 4.1%, while the TAG content was augmented to 60% w/w (Breuer 
et al. 2014). Furthermore, the culture temperature required for cooling was increased 
from 30 to 40 ˚C (Guccione et al. 2014). The process technology was optimized 
by reducing the flow velocity from 0.45 to 0.3 m s-1 during the day (Norsker et al. 
2011) and to 0.23 m s-1 during the night (Gómez-Pérez et al. 2015); TAG-enriched 
biomass was pre-concentrated by microfiltration and subsequently centrifuged; flue 
gas instead of commercial CO2 was used; the plant was operational for 310 days per 
year instead of 300; the number of employees was reduced to one manager, one 
supervisor and eight operators; reactors were cleaned once per year instead of three; 
the fraction of the facility used to prepare inoculum was reduced from 10 to 5% of the 
growth area (Ruiz et al., manuscript submitted).

The TAG-enriched biomass production cost were substantially reduced, decreasing 
from 7.4 to 3.0 €·kg-1 (Table 6.2). 
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Nevertheless, to enter the commodity markets, production costs should decrease 
further. As shown by Ruiz et al. (manuscript submitted), cost reduction can be 
achieved using plastic film flat panels that, compared to tubular systems, require lower 
installation and operational costs (e.g no recirculation pumps). Furthermore, to ensure 
the economic viability of microalgal TAGs at the current commodity market values 
(0.5 – 2.5 €·kg-1, Ruiz et al., manuscript submitted), the whole biomass components 
should be valorized and/or the selling price of microalgal TAGs should be increased 
(e.g. enriching the TAG composition in specific fatty acids).

6.4	 Conclusions

Guidelines for optimization of TAG productivity are given. A great potential relies both 
on strains with enhanced photosynthetic machinery and carbon partitioning towards 
TAGs and on PBRs able to intercept all the sunlight while ensuring high photosynthetic 
efficiencies. With a techno-economic analysis of a two-step TAG production process 
in vertically stacked tubular PBRs, we showed that the production costs of TAG-
enriched biomass can be substantially decreased by optimizing both the process 
technology and the biological performance. However, high TAG productivities and 
contents alone do not directly guarantee the economic feasibility of the process, when 
comparing to the present market value of TAGs. Cost-competiveness strictly relies on 
the valorization of the whole biomass components and on development of cheaper 
PBR designs (e.g. plastic film flat panels). 

Concluding, with this work we laid down a solid basis for assessing the economic 
potential of microalgae and we identified the crucial bottlenecks that should be 
overcome to enable profitable and sustainable microalgal TAG production for the 
commodity markets. 
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Summary

Microalgae have drawn the attention of many industries due to the large variety of 
commercially relevant products (e.g. pigments, lipids, sugars and proteins) that can 
be sustainably obtained from microalgae. 

The work presented in this thesis focused on the production of triglycerides (TAGs). 
Microalgal TAGs are promising sources for supplementing or replacing the traditional 
feedstocks (fossil and vegetable oils) of the food, chemical and biofuel industries. 
Being cultivated in confined systems such as ponds or closed reactor, microalgae do 
not require arable lands. Furthermore, they can grow on seawater and higher areal 
TAG productivities can be achieved with microalgae compared to terrestrial crops 
(e.g. palm and soy). Nevertheless, microalgal TAGs are not yet economically feasible 
due to the high production costs. To reduce these costs, TAG productivity needs to 
be maximized. 

The aim of this thesis was to increase microalgal TAG productivity by investigating the 
effect of biological and engineering parameters (i.e. production strain and operational 
strategy).  

The most common technique to induce TAG accumulation in microalgae is to expose 
them to nitrogen (N) starvation. As a result of N-starvation, the photosynthetic capacity 
of the cells is reduced, thus determining a decrease of TAG productivity over time. 
However, differences between microalgal species in their response to N-starvation 
are expected. 

Chapter 2 aimed at selecting a marine species with high TAG productivity. For this, 
seven marine species (Neochloris oleoabundans, Chlorococcum littorale, Chlorella 
vulgaris, Nannochloropsis oculata, Tetraselmis suecica, Stichococcus bacillaris 
and Nannochloropsis sp.) were screened under N-starvation and photosystem II 
maximum efficiency was followed during the experiment, as proxy for the change 
in photosynthetic activity of the cells. For some species, such as Neochloris 
oleoabundans, photosynthetic activity dropped almost immediately after N-depletion, 
whereas other species were able to maintain their photosynthetic activity for longer 
periods, while accumulating TAGs. Nannochloropsis sp. was identified as the most 
suitable species for lipid production as it retained the highest photosynthetic activity 
during N-starvation and achieved the highest lipid productivity. Nannochloropsis sp. 
was therefore used in all following studies.

The biomass concentration in the reactor at the onset of N-starvation together with the 
total irradiance received by the culture (i.e. initial-biomass-specific light availability) is 
expected to have a large impact on TAG productivity. Chapter 3 aimed at optimizing 
TAG productivity in outdoor batch pilot cultivations of Nannochloropsis sp. by 
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investigating the effect of initial-biomass-specific light availability on TAG production 
in horizontal and vertically stacked tubular reactors, which were simultaneously 
operated under high and low light conditions. It was found that TAG content increased 
with increasing initial-biomass-specific light availability, whereas an optimum for TAG 
productivity was determined for each reactor configuration and light condition. Based 
on the observed trends of TAG productivity for the Dutch climate conditions, it was 
concluded that for highest TAG productivities, the vertical reactor should be always 
operated at an initial biomass concentration of 1.5 g L-1, whereas the horizontal reactor 
should be operated at 2.5 g L-1 and 1.5 g L-1 under high and low light conditions, 
respectively.

The research performed in chapter 4 aimed at assessing repeated-batch processes 
(i.e. culture is partly harvested at fixed intervals and the remaining fraction is resupplied 
with nutrients) to further increase TAG productivity compared to batch processes. 
Repeated-batch cultivations were tested and compared to batch cultivations both 
at lab-scale under day/night cycles and in two identical, simultaneously operated, 
outdoor vertically stacked tubular PBRs over different seasons. Although at lab-scale, 
batch and repeated-batch cultivations led to similar TAG productivities, outdoor 
repeated-batch processes were always outcompeted by the batch. It was concluded 
that repeated-batch processes require further optimization. For this, the dependency 
of physiological responses on operational strategies and settings should be fully 
investigated to design an optimal repeated-batch process and perform a fair process 
comparison.

The dependency of physiological responses on operational strategies and settings 
was studied in chapter 5 for lab-scale batch and repeated-batch cultivations subjected 
to continuous light. The obtained physiological insights were condensed into a 
mechanistic model that successfully described both production processes. The effect 
of several biological (maximum photosynthetic rate under nitrogen replete conditions, 
residual biomass fraction during N-starvation) and process parameters (incident 
light intensity, N-resupply, cycle duration and harvest volume) was investigated on 
TAG yield on light. With model simulations, scenarios for optimized TAG yield on 
light were identified enabling processes comparison. It was concluded that, under 
continuous light, an optimized batch process would always result in higher TAG yields 
on light compared to an optimized repeated-batch process. This is mainly because, 
differently from the batch, repeated-batch cycles start with N-starved cells. Their 
reduced photosynthetic capacity leads to an inefficient use of light during the regrowth 
phase, thus resulting in lower TAG yields. Nonetheless, it should be underlined that 
the physiological responses to N-resupply in repeated-batch cultures might differ for 
cells that are subjected to day/night cycles. 
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In chapter 6 an outlook on the most relevant biology and process driven approaches 
for increasing TAG productivity is presented. Additionally, a techno-economic analysis 
for a two-step-continuous TAG production process (i.e. growth reactors are operated 
in continuous mode such that multiple batch-operated stress reactors are inoculated 
and sequentially harvested) is performed for a hypothetical 100 ha-scale plant in 
southern Spain using vertically stacked tubular reactors. Photosynthetic efficiencies 
based on outdoor pilot data were used as model input. The production costs of TAG-
enriched biomass based on both current technology and optimized scenarios were 
presented.

By optimizing both photosynthetic efficiency and process technology, the production 
cost could be decreased from 7.4 to 3.0 €·kg-1. However, production costs should 
be further reduced. Concrete opportunities for cost reduction are offered by cheaper 
reactor designs (e.g. plastic film flat panels). Finally, we showed that, at the current 
commodity market values, the cost-effectiveness of microalgal TAGs highly relies on 
the valorization of the whole biomass.

Altogether, this thesis led to increased insights into the biological and process 
parameters that determine microalgal TAG productivity and provided a solid basis for 
assessing the economic potential of microalgae. 

We are on the right track to achieve an economically feasible microalgal TAG 
production.
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