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A B S T R A C T 
 

 

This work focused on two subjects related to microalgae industrial production: medium recirculation in industrial-scale 

cultivation of Nannochloropsis oceanica and the implementation of a pasteurisation process in a Chlorella vulgaris and N. 

oceanica industrial production unit. The productivity of a N. oceanica culture growing semi-continuously in industrial 

photobioreactors with renewal rates ranging from 30 to 85% and medium recirculation rates higher than 75% was analysed 

over time. Additionally, the elemental composition of recycled culture medium was examined to assess whether the nutritive 

medium recipe was suited for cultivation systems with medium recirculation. It was concluded that N. oceanica can be 

cultivated in an industrial system with medium recirculation for at least 45 days. Furthermore, the nutritive medium recipe 

was altered to better fit the needs of a culture in these conditions. Concerning pasteurisation, its effect on the microbial load 

and on the pigments content of the biomass was analysed. For this purpose, pasteurisation was simulated at laboratory scale 

and the microbial load reduction and the pigment degradation in liquid concentrated C. vulgaris and N. oceanica biomass 

samples was determined. Moreover, an attempt was made to find the optimal pasteurisation temperature within the studied 

range. Although this optimisation could not be performed for C. vulgaris biomass, the acquired knowledge about the 

complications found in this thermal treatment will allow to tune relevant process parameters to its successful application in C. 

vulgaris biomass for food-grade products. For N. oceanica, pasteurisation at 67°C was found to be appropriate in order to 

save resources. 
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1. Introduction 

Over the past few decades, microalgae have risen a 

great interest due to their potential for producing valuable 

metabolites - such as vitamins, proteins, lipids, pigments 

and carbohydrates – for health, food, feed, cosmetics and 

biofuel industries. As the microalgae biomass market 

grows, so does the need for cheaper and more productive 

cultivation and processing strategies for microalgae large-

scale production, motivating research and development 

projects concerning this biotechnology. One of the great 

challenges of microalgae biotechnology is to create 

productive but sustainable cultivation systems. As these 

systems use a considerable amount of water and 

nutrients, it becomes necessary to find strategies to 

reduce water usage and nutrient supply costs. (1) (2) One 

of the main goals of this work was to analyse the 

influence of culture medium recycling on an industrial 

Nannochloropsis oceanica cultivation for producing 

biomass for feed products. To do so, a comparison 

between the chemical composition of fresh and recycled 

culture media was made and productivity parameters for 

a cultivation system with medium recirculation was 

analysed throughout time. 

Because large-scale microalgae production is still 

developing, quality control parameters have not yet been 

fully established. Regarding food and feed industries, 

these parameters have a great influence on the production 

costs and are of extreme importance for the market. The 

other main goal of this work was to assist the 

implementation of a pasteurisation process in Algafarm, a 

production unit for industrially produced Chlorella 

vulgaris and Nannochloropsis oceanica which were 

intended to be commercialised as food and feed products, 

respectively. In order to optimise pasteurisation 

temperature, the degree of microbial load reduction and 

thermolabile pigment degradation was analysed for three 

different temperatures on a laboratory scale. The same 

pasteurisation method was then tested on an industrial 

scale to confirm laboratory data. 

2. Background  

In the development of this work, two different species 

of microalgae - Chlorella vulgaris and Nannochloropsis 

oceanica - were used. Regarding pigment content, 

chlorophylls – specifically chlorophyll a and b - are the 

most abundant pigments in C. vulgaris, representing 1–

2% of its dry weight. Other important pigments in C. 

vulgaris are carotenoids (which can reach 0.8% of 

biomass dry weight in Chlorella spp). (3) Microalgae 

from the genus Nannochloropsis are mainly composed of 

violaxanthin, vaucheriaxanthin and chlorophyll a. Other 
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carotenes, such as zeaxanthin, canthaxanthin, astaxanthin 

and β-carotene have been detected in minor quantities. 

The ratio between total carotenoids and chlorophyll a was 

shown to be around 0.6-1.3, depending on the strain. (4) 

(5) 

Cultivation systems and culture parameters 
Light, temperature, nutrient concentration, oxygen 

and carbon dioxide concentrations, pH, salinity, toxic 

chemicals concentration, competition by other microalgae 

and contamination by other microorganisms are some of 

the factors impacting on microalgae growth. (6) 

Autotrophic growth is the most commonly practised type 

of growth when culturing microalgae. This strategy has 

the disadvantage of making growth dependent on the 

light conditions. There are also a few microalgae species 

which can be grown heterothrophically or 

mixothrophically. Although heterotrophic growth can 

achieve higher cell densities, it also presents many 

disadvantages, such as the increase of contamination and 

competition by other microorganisms, the rise of 

cultivation costs and the inhibition of light-induced 

metabolites production. (7) Mixotrophic growth has been 

reported to be a good alternative approach to obtain 

higher biomass concentrations and growth rates. 

Chlorella vulgaris has been shown to grow under 

photoautotrophic, heterotrophic and mixotrophic 

conditions. (8) 

Medium recirculation strategy 
In consequence of a considerable water usage and the 

high costs related to water and nutrient supply and waste 

treatment, the reuse of culture medium becomes essential 

in large-scale microalgae cultivations. However, the 

recirculation strategy must be carefully thought, tested 

and optimised for each microalgae species and system 

conditions, since toxic metabolite build-up or nutrient 

depletion could occur. Moreover, the harvesting strategy 

for separating the culture medium from cells should also 

be optimised in order to avoid the accumulation of 

organic matter in the culture. (9) (10) 

Harvesting and downstream processing of microalgae 

biomass 
One of the most critical steps in microalgae p large-

scale production is biomass harvesting, accounting for 

15-30% of the production costs. This process has to be 

optimised for each specific culture, according to the 

microalgae species, the value and properties of the end 

product and the processing steps which may follow 

harvesting.  The selected harvesting method should also 

allow recycling of the culture medium. (11) For most of 

the applications, a two-step concentration method, 

comprising a thickening and a dewatering stages, is more 

adequate to obtain a thick microalgal slurry that 

facilitates additional downstream processing. (12) 

Centrifugation and filtration are commonly used as 

dewatering operations. (13) When using centrifugation, it 

can be difficult to completely separate cell debris and 

small contaminants from the culture medium, which 

presents a limitation for medium recirculation. Filtration 

is more adequate to recycle culture medium, as it allows 

the complete separation of cells and contaminants from it. 

(14) 

Product Quality for microalgae food and feed 

products 
Biomass sold for human nutrition must be of high 

quality. Food quality and safety are generally assessed by 

analysing different factors, such as the microbial load and 

the chemical composition of the product. Presently, there 

are no standardised regulations concerning the quality of 

microalgal products and the criteria and quality claims 

made on products of such kind are mostly defined by the 

producers and distributors themselves. Microalgal 

biomass industrial production under sterile conditions is 

virtually impossible, being important to control both 

culture conditions and downstream processing, in order to 

contain microbial contamination and reducing the 

microbial load of the final product. (15) There are several 

different methods for reducing the microbial load on 

food-grade products. These include both thermal 

(pasteurisation, sterilisation and canning) and non-

thermal (irradiation, high-pressure processing and 

chemical treatments) procedures, being the first ones 

more widely spread in food industry. Although the use of 

non-thermal preservation methods is intended to 

minimize the degradation of food quality through limiting 

heat damage of the food, many of these technologies are 

still at an earlier level of experience on industrial scale 

implementation. According to the International Dairy 

Federation, the minimum time-temperature combinations 

now recognised world-wide for milk pasteurisation are 

63°C for 30 minutes or 72°C for 15 seconds. (16) 

A careful treatment of the algal biomass to preserve 

valuable substances, such as sensitive pigments, is 

contradictory to a reduction of (viable) microbial 

contaminants. Heat exposure during processing causes 

chlorophyll degradation. Microbial activity can also lead 

to chlorophyll degradation by damaging microalgae cells. 

(15) Chlorophyll degradation occurs mainly in senescent 

or damaged cells and thus high concentrations of this 

pigment degradation products are indicators for low-

quality biomass. The major degradation products of 

chlorophyll are pheophytins (formed when chlorophyll 

molecules lose their central magnesium atom), 

chlorophyllides (formed from the removal of the phytol 

group in chlorophyll) and pheophorbides (which are the 

result of chlorophyll molecules which lost both their 

phytol group and magnesium atom). (17) 

Regarding microalgae products for feed purposes in 

aquaculture, there is also very few information available 

about product quality. However, it is easy to infer that, 

being at the beginning of the food chain, microalgal feed 

products will influence the success of the aquaculture 

system and, ultimately, the quality and safety of 

aquaculture-produced fish. Thus, it is important to control 

microbial load of microalgal feed products. (18) 
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3. Materials and methods 

Biological material and cultivation systems 
Regarding medium recirculation trials, a 1 m3 

photoautotrophic culture of an industrial strain of N. 

oceanica grown in a flat-panel PBR - the carbon and 

nitrogen sources being carbon dioxide and nitrate, 

respectively - was used to inoculate a 10 m3 tubular PBR. 

When sufficiently concentrated, the culture was scaled-up 

to a 35 m3 PBR and then to a 100 m3 PBR where it was 

periodically harvested (renewal) maintaining a 

concentration of approximately 1 g dw/L. The culture 

was grown in a culture medium with 30 g/L salinity in all 

cultivation stages. C. vulgaris biomass for the 

pasteurisation trials was obtained from several harvesting 

batches from an industrial production unit. The 

cultivation conditions of harvested biomass were: 100 m3 

tubular PBR, semi-continuous regime, mixotrophic 

growth with acetate and nitrate as carbon and nitrogen 

sources, respectively, brackish growth medium with 10 

g/L salinity and inorganic salts. Nitrogen was provided as 

needed through the nutritive medium, which contained 

nitrate, phosphate, sulphur, magnesium, potassium, 

calcium and trace elements (confidential recipe) and the 

culture biomass concentration was maintained around 1 

g/L through periodic culture harvesting. All PBRs were 

located outdoors in Portugal, with an average of 13 hours 

of light per day, where the culture was always kept below 

30°C. C. vulgaris biomass harvest was washed by 

diafiltration (0.2 μm absolute membrane system) to 

remove the salt and to reach a biomass concentration of 

10-30 g/L. N. oceanica harvested biomass was not 

washed and was concentrated by membrane filtration to 

35-70 g dw/L. All experiments were conducted on 

Algafarm’s production unit. 

Culture medium formulation (N. oceanica cultures) 
The culture medium which was used to cultivate N. 

oceanica in Algafarm’s PBRs comprises artificial 

saltwater accompanied with a very specific mineral 

solution (MS) and the nutritive medium with the desired 

nitrate concentration. The MS is a very rich source of 

minerals and nutrients such as magnesium - in order to 

protect the intellectual property of A4F – Algafuel S.A, 

its composition is not presented in this work. The mixture 

of artificial saltwater and MS will be called Culture 

Water (CW) for simplification purposes. CW is 

constituted by process water containing 351 mM of 

sodium chloride and 15mL MS/L of CW. 

The nutritive medium which was used to supplement 

CW in large-scale N. oceanica cultures is an outsourced 

industrial medium based on a recipe developed by A4F-

Algafuel S.A. for laboratory-scale cultivation. It has 

theoretically the same nutrients concentration than the 

medium used in laboratory-scale but in the form of 

different salts (due to large-scale limitations in raw 

materials cost, homogenisation and precipitate 

formation). In order to protect the intellectual property of 

A4F-Algafuel S.A., only ranges of variation in the 

concentration of each nutrient between the recipe 

developed by A4F-Algafuel S.A. and the reference recipe 

of f/2 medium – the medium in which the first was based 

on - are provided in Table 1. Unlike f/2 medium, the 

industrial nutritive medium does not contain vitamins, as 

the gain in culture productivity would not compensate the 

costs brought by the addition of these substances in large-

scale production systems. In order to provide magnesium 

as a micronutrient, the nutrients in the f/2 medium are 

dissolved in natural or artificial saltwater. Because the 

industrial nutritive medium is added to CW, this 

precaution is no longer necessary. (19) 

Table 1 - Comparison between the nutrients concentrations in 
f/2 medium recipe and in the nutritive medium recipe developed 
by A4F-Algafuel S.A. for laboratory-scale cultivation. 

Element Δ(%) Element Δ(%) 

Phosphorous + [5 to 70] Molybdenum 
+ [900 to 

1000] 

Iron - [30 to 99] Copper - [15 to 90] 

Zinc + [100 to 200] Cobalt - [15 to 90] 

Manganese - [15 to 90] Silicon - [80 to 100] 

 
Operational procedures 

To simulate the pasteurisation conditions described in 

section 4 (assay 2), concentrated biomass was heated to 

67, 72 and 77°C (pasteurisation temperature) in a water 

bath where temperature was set to three degrees above 

the pasteurisation temperature, in order to obtain a 

heating time of 6-8 min (similar to the biomass residence 

time inside the coil of the industrial heating system). Two 

flasks containing biomass and another two containing 

water were placed inside the water-bath in each 

simulation (this configuration was ideal to equally heat 

the replicates). All flasks were equal and contained the 

same volume of liquid (40 mL) being the bath water level 

always higher than the height of liquid in each flask. One 

of the flasks had a thermometer measuring the 

temperature of the biomass. All flasks were firmly closed. 

In each simulation, the flasks were positioned in the bath 

one by one and always by the same order and with a 

similar time lag between each placement, being the flask 

with the thermometer the first one to be placed in the 

bath. Each flask was manually shaken at a time and 

always by a similar period of time and the same order so 

as to simulate the turbulent flux of the biomass in the 

industrial heating system. Once the flask with the 

thermometer reached 72°C, the flasks were removed from 

the water bath by the same order in which they were 

placed and agitated there, and they were isolated in 

polyurethane foam for approximately 15s (holding time 

at the pasteurisation temperature). The flasks were then 

placed in an ice water bath to be rapidly cooled to 25°C. 

The heating and cooling times were measured with a 

chronometer.  

Analytical methods 
The concentration of liquid culture samples (assay 1) 

was obtained by measuring the turbidity of the culture 

with a probe inside the PBR. To obtain the biomass 

concentration, its dry weight (dw) was estimated through 

correlations between turbidity and optical density (OD) 

and between OD and dw in N. oceanica cultures. The 

calibration curve between turbidity and OD was obtained 
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from online-measured turbidity values from the culture, 

measured at the time of sample collection for measuring 

the OD at 600 nm in a spectrophotometer. The 

corresponding equation is y=0.474x-2.13 (R2=0.9754). 

The calibration curve between OD and dw for N. 

oceanica cultures was obtained by measuring the OD at 

600nm in a spectrophotometer and the dw at 180°C in a 

moisture analyser. The corresponding equation is 

y=0.214x (R2=0.9813). 

The concentration of concentrated liquid biomass 

samples (assays 2 and 3) was obtained by measuring the 

DW of the sample at 180°C in a moisture analyser.  

Incident radiation was continuously measured by a 

PAR irradiance meter during assay 1. Culture volumetric 

productivity was calculated for each cultivation day in 

assay 1 and was determined in (g dw/L)/day according to 

equation (1): 

(1) ������� ������� ������������ =

                                             =  
�������� ������� (�)

�������� (�)×������������(����)
 

Chlorophylls, pheophytins and pheophorbides and 
carotenoids concentrations were determined by total 
wavelength spectrophotometric scan of the pigment 
solution obtained from biomass samples by extraction 
with bead beating and acetone. After measuring the 
visible absorption spectrum of the pigments solution 
extracted from biomass, each pigment concentration was 
determined by spectral decomposition: an iterative 
method that matched the sum of the absorbance spectra 
of each accounted pigment to the measured spectrum. 

Total Viable Counts (TVC) at 30°C were performed 
by pour-plate technique. Duplicates were made and the 
plates were incubated at 30°C. Only plates with a number 
of Colony-Forming-Units (CFU) between 30 and 300 
were considered in the analysis. 

4. Results and discussion 

In this work, a medium recirculation strategy at an 

industrial-scale cultivation of N. oceanica was examined 

by the culture productivity and the variation on the 

concentration of culture medium inorganic components 

(assay 1). Turbidity measurements were taken from the 

N. oceanica culture of a 100 m3 PBR where culture 

medium was recirculated in each culture renewal 

according to production needs and resources availability.  

These measurements were used to calculate the 

productivity of the culture and to depict its evolution 

during the assay. Incident radiation was also measured in 

order to identify productivity changes caused by this 

parameter. For the examination of the nutritive medium 

suitability for the studied system, a culture sample was 

collected at the end of the assay and the media elemental 

composition was determined by an external contractor 

and then compared to the culture medium recipe. Fresh 

culture medium was also compared to the recipe. 

On the other hand, the implementation of a 

pasteurisation process in a C. vulgaris and N. oceanica 

industrial production unit was analysed to verify its effect 

on the microbial load and on pigment concentrations of 

the product (assay 2). Pasteurisation at 67, 72 and 77°C 

was simulated at laboratory scale and microbial load 

reduction and pigment degradation were analysed in C. 

vulgaris and N. oceanica biomass samples. The 

comparison of the microbial load reduction observed at 

the laboratory scale with the one observed at the 

industrial scale was considered a way to validate the 

extrapolation of the results from laboratory simulations to 

the industrial pasteurisation process. Thus, the validation 

tests consisted in the determination of the microbial load 

reduction of a batch of C. vulgaris and another of N. 

oceanica during the industrial pasteurisation process 

implemented at Algafarm (with a pasteurisation 

temperature of 72°C).  

Assay 1 - Analysis of a medium recirculation strategy 

on Nannochloropsis oceanica production at an 

industrial scale 
Table 2 shows the renewal cycles which were 

analysed in this assay. Not all the renewal cycles had the 

same duration, as the decision of harvesting a culture was 

made according to culture state and evolution. During the 

assay, culture pH and temperature remained within an 

acceptable range for growing Nitrate concentration 

measurements and microscopic observations were being 

performed to the culture as a standard production 

procedure, which enabled the detection of anomalies in 

these two parameters which could have an influence on 

culture growth. 

Table 2 - Renewal cycles during cultivation. 

Renewal 

Cycle 

Production 

time (days) 

Renewal 

rate (%) 

Recirculation 

rate (%) 

1 7 59 93 

2 17 57 100 

3 6 84 95 

4 6 69 94 

5 6 30 85 

6 2 30 100 

Figure 1 shows the daily volumetric productivity 

alongside the total incident radiation and the same 

productivity alongside the dw for each cultivation day. 

Both DW and daily volumetric productivity were 

estimated from turbidity measurements. By observing 

Figure 1 the influence of incident radiation on culture 

productivity becomes clear, as the variation in daily 

culture productivity goes along with the variation in total 

incident radiation for about 80% of the days. These 

variations are not necessarily proportional between them 

due to other factors impacting on culture productivity, 

such as pH and temperature, culture concentration and 

contamination by microalgae predators. It is also natural 

to observe sometimes a delay between the variations in 

culture productivity and incident radiation, as microalgae 

cells are biological systems and therefore have a 

detectable response time to environmental changes. 

However, there was a decrease in volumetric productivity 
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between the 31st and the 36th days of cultivation that 

could not be explained by the incident radiation. After 

checking the other available data from the culture, it was 

discovered that, by mistake, no nutritive medium was 

added to the culture on the 32nd day of cultivation and 

that, because it was a Friday, the culture remained with a 

limiting concentration of nutrients until the 35th day of 

cultivation. This error combined with the fact that there 

was a major renewal (84% of the culture was renewed) 

between the 30th and 31st days of cultivation explains the 

decrease in culture productivity during that period. The 

abrupt variation in the volumetric productivity observed 

between days 39 and 40 might also have been due to low 

nutrients concentration, as the nitrate concentration had 

reached a low level (about 1mM) by day 39 and was 

increased by 5 times in day 40. Regarding Figure 1 it is 

easy to observe each renewal cycle by the evolution of 

DW. It can also be remarked that the culture remained in 

the exponential growth phase during the assay, with the 

exception of the periods in which growth was limited 

either by incident radiation (period between days 11 and 

15 of the cultivation) or nutrient concentration (period 

between days 22 and 35 of the cultivation). This fact 

suggests that medium recirculation did not impact on 

culture productivity, supporting the hypothesis of being 

possible to cultivate N. oceanica in a cultivation system 

with medium recirculation.  

 The elemental composition corresponding to the 

culture medium recipe was calculated according to the 

nutritive medium recipe provided to the industrial 

nutritive medium manufacturer and the recipe for CW. 

Elemental analysis which had been performed to process 

water from Algafarm and to the MS were considered in 

order to account for the elemental composition of these 

two components of CW. To perform the comparison 

between the recipe and the medium samples, the 

elemental concentrations in the recipe from the industrial 

nutritive medium were reduced according to the nitrate 

concentration that was quantified in each medium 

sample. The variation in the elemental composition of the 

fresh and recycled culture medium samples regarding the 

culture medium recipe is presented in Table 3.  

Comparing to the recipe, the fresh culture medium 

had an excessive concentration of molybdenum, copper, 

zinc, manganese and strontium and a shortage in iron. 

Because the recipe had been previously optimised for the 

growth of marine microalgae species, any major 

deviations from it should not occur and thus it is 

reasonable to say that the culture medium was 

unbalanced when comparing to its formula. This 

unbalance means that either the nutritive medium was not 

correctly formulated or the elemental composition of the 

process water or the MS had changed dramatically since 

the performance of the elemental analysis to their 

compositions. Since only the composition of the nutritive 

medium can be altered, its manufacturer should be 

contacted in order to either improve medium formulation 

according to the present recipe or to change the nutritive 

medium recipe. Cobalt concentration in the fresh culture 

medium was below the lower limit of detection (LLD) of 

the analytical method. In future elemental analysis to 

determine such low cobalt concentrations, an analytical 

method with a lower LLD should be requested to the 

analytical laboratory performing this analysis. 

Table 3 - Concentration variation in the fresh and recycled 
culture media (Δ0 and Δ1, respectively) regarding the culture 
medium recipe. Only elements which are considered relevant for 
microalgae production were taken into account. Only variations 
which were equal or superior to 30% in absolute value were 
considered relevant. *- Cobalt concentration in the fresh culture 
medium sample was lower than the Lower Limit of Detection 
(LLD) of the analytical quantitative method. 

Regarding the comparison between the culture 

medium recipe and the recycled medium sample, because 

variations might have been caused by unbalanced 

nutritive/culture medium formulation, it is important to 

compare this analysis to the one made to the fresh culture 

medium sample. The direct comparison between the 

elemental compositions of fresh and recycled medium 

samples could not be made, as the consumption rate for 

each element is unknown and therefore none of the 

compositions could be reduced by nitrate concentration to 

turn the compositions comparable. Instead, a comparison 

was made between the variations which were observed 

Element Δ0 (%) Δ 1 (%) Element Δ0 (%) Δ 1 (%) 

P - -61 Mo 433 406 
Ca - - Cu 366 3342 
Mg - - Co <LLD* 627 
Fe -76 - B - - 
Zn 158 395 Si - -99 
Mn 147 -89 Sr 35 52 

Figure 1 - Daily productivity and total incident radiation (left) and daily productivity and dw (right) throughout the assay. Different renewal 
cycles are indicated by areas signalled with different colours. 
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between the fresh culture medium sample and its recipe 

and between the recycled medium sample and the same 

recipe.  

According to this analysis, phosphorous, 

manganese and silicon were being exhausted from the 

culture medium, as their concentrations in the recycled 

medium were lower than the ones in the recipe and there 

was no negative variation between their concentrations in 

the fresh culture medium and the recipe. Moreover, zinc 

and copper were accumulating in the recycled medium, 

using the same logic as for phosphorous, manganese and 

silicon. Iron and strontium concentrations might also 

have been increasing in the recycled media. However, 

because iron can easily precipitate in the nutritive 

medium, there is a possibility that this element was not in 

shortage in the fresh medium but had instead precipitated 

in the stored nutritive medium (if it had precipitated, it 

would not be detected in the elemental analysis. 

Concerning cobalt, because the variation between cobalt 

concentrations in the fresh culture medium and in the 

recipe could not have been superior to 75% (considering 

cobalt concentration in the recipe and the value of the 

LLD of the cobalt quantification method, which is the 

maximum cobalt concentration that could exist in the 

fresh culture medium sample), it can be concluded that 

there was certainly a considerable accumulation of this 

element during cultivation. Finally, regarding 

molybdenum concentration, the positive variation 

between the recycled medium samples and the culture 

medium recipe seems to have been caused by an 

excessive concentration of this element in the fresh 

medium sample and not by its accumulation during 

cultivation.  

In view of these results, there are some changes that 

could be done in the nutritive medium recipe in order to 

optimise it for systems with medium recycling. Because 

phosphorous and manganese are important macro and 

micronutrients for N. oceanica cultures, their 

concentrations in the recipe should be increased (silicon 

has no important role in N. oceanica cultures and keeping 

its concentration low can prevent contamination by 

competing diatoms). (20) Copper, zinc and cobalt should 

have their concentrations reduced, in order to avoid 

future toxic accumulation of any of them in the culture 

medium, and also generate savings in culture medium 

costs. (21) Iron concentration and precipitates occurrence 

in the formulated nutritive medium should be verified in 

order to confirm whether this element was accumulating 

during cultivation or not; if its accumulation is 

confirmed, then it should be adopted the same solution as 

for copper, zinc and cobalt. (22) Strontium concentration 

could also be decreased so as to maintain the same 

concentration in the culture medium as in the recipe, also 

lowering the cost of nutritive medium.  

Assay 2 - Analysis of the pasteurisation temperature 

impact in Chlorella vulgaris and Nannochloropsis 

oceanica biomass quality 
A preliminary assay showed that it is possible to 

decrease by 6 logs the microbial load of C. vulgaris 

biomass through pasteurisation at 72°C by 15 s (data not 

shown). This led to the investment in the necessary 

equipment to include a pasteurisation process in the C. 

vulgaris production system at the plant for further 

assessments of biomass quality. The industrial 

pasteurisation process consisted in heating the 

concentrated biomass to 72°C with a holding time of 15 

s. Biomass circulated inside a heat exchanger (through a 

coil in a tank filled with hot water), where heating 

occurred. After leaving the tank, the biomass was 

directed to a spray dryer in an isolated pipe where the 

residence time was 15 s, in order to achieve the desired 

holding time at 72°C.  

Assay 2 was developed to find the relationship 

between pasteurisation temperature and microbial load 

reduction and between pasteurisation temperature and 

pigment degradation, allowing the optimisation of the 

pasteurisation conditions of the process to be 

implemented at Algafarm. This consisted in simulating 

pasteurisation at 67, 72 and 77°C, at laboratory scale, and 

analysing consequent microbial load reduction and 

pigment concentration variation. Experiments were 

conducted on C. vulgaris and N. oceanica biomass 

batches for testing purposes only. Two simulations were 

executed for each tested pasteurisation temperature. 

Details on the pasteurisation simulation procedure are 

provided in section 3. TVC and pigment concentration 

analysis were performed to the duplicates in the water 

bath and to a control. In order to validate that the 

laboratory experiments which were conducted mimicked 

the industrial process conditions, the microbial load 

reduction in pasteurised batches of C. vulgaris and N. 

oceanica was compared to the one obtained in the 

laboratory-scale simulations. These analysis will be 

referred to as validation tests. 

Table 4 presents the simulation conditions for each 

experiment conducted on a batch of C. vulgaris and N. 

oceanica biomass. A different batch of biomass was used 

in each simulation. The heating and cooling times 

remained similar between all the assays. Therefore, 

microbial load reduction was expected to increase with 

pasteurisation temperature. However, the results do not 

corroborate this relationship between microbial load 

reduction and pasteurisation temperature. This fact could 

indicate that a wider range of temperatures is required to 

visibly alter microbial load reduction on C. vulgaris and 

N. oceanica biomass, which would mean that any 

temperature between 67 and 77°C would be suited for 

pasteurising biomass, provided that biomass 

contamination is reduced to an acceptable level. In that 

case, lower temperatures could be chosen in order to 

decrease the damage inflicted by heat to microalgae cells. 

Nevertheless, a greater number of simulations in the 

studied temperature range should be performed – which 

was not possible during this work due to time limitations 

- to guaranty that the hypothesis above is true and that the 

final product has the necessary specifications to be 

commercialised. A new set of simulations in a wider 

temperature range should be performed with the aim of 

correlating pasteurisation temperature with microbial 
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load reduction. The results also suggest that investigating 

the role of other factors besides temperature influencing 

microbial load reduction is worthwhile (e.g. evolution of 

the bacterial flora in the culture during the length of each 

cultivation or between seasons; other biomass 

characteristics). Figure 2 shows the microbial load 

reduction obtained in each experiment using C. vulgaris 

and N. oceanica biomass.  

Table 4 - Simulation conditions for the experiments conducted 
in assay 2. A code name was attributed to each simulation, in 
order to facilitate discussing the results of the assay. The 
simulations signalled with an asterisk were performed using the 
same biomass sample. 

The heating and cooling times remained similar 

between all the assays. Therefore, microbial load 

reduction was expected to increase with pasteurisation 

temperature. However, the results do not corroborate this 

relationship between microbial load reduction and 

pasteurisation temperature. This fact could indicate that a 

wider range of temperatures is required to visibly alter 

microbial load reduction on C. vulgaris and N. oceanica 

biomass, which would mean that any temperature 

between 67 and 77°C would be suited for pasteurising 

biomass, provided that biomass contamination is reduced 

to an acceptable level. In that case, lower temperatures 

could be chosen in order to decrease the damage inflicted 

by heat to microalgae cells. Nevertheless, a greater 

number of simulations in the studied temperature range 

should be performed – which was not possible during this 

work due to time limitations - to guaranty that the 

hypothesis above is true and that the final product has the 

necessary specifications to be commercialised. A new set 

of simulations in a wider temperature range should be 

performed with the aim of correlating pasteurisation 

temperature with microbial load reduction. The results 

also suggest that investigating the role of other factors 

besides temperature influencing microbial load reduction 

is worthwhile (e.g. evolution of the bacterial flora in the 

culture during the length of each cultivation or between 

seasons; other biomass characteristics). 

Comparing the results obtained for C. vulgaris and 

for N. oceanica, it appears that biomass from C. vulgaris 

suffers higher microbial load reductions than biomass 

from N. oceanica. A possible explanation is that the flora 

in N. oceanica cultures (salinity of 30 g/L in N. oceanica 

cultures Vs. 10 g/L in C. vulgaris cultures) might be less 

susceptible to heat exposure: increased tolerance to heat 

treatment has been described in salt-resistant bacteria. It 

has been shown that some of the small molecules 

accumulated in the cytoplasm to counteract the external 

osmotic pressure increase protein stability, affecting the 

cell’s response to thermal stress. (35) Nevertheless, the 

comparison of the microbial load reduction between the 

two microalgae species was beyond the scope of this 

work, not being further developed. 

 The concentrations of total chlorophylls (sum of 

chlorophylls a and b) and total carotenoids of each C. 

vulgaris sample before being submitted to the 

pasteurisation simulation process were of 1-3% dw and of 

0.3-1.0% dw, respectively, which is in accordance with 

the values found in literature (indicated in section 2). 

Figure 3 shows the concentration variation of total 

chlorophylls, total pheophytins and pheophorbides (a and 

b) and total carotenoids in each sample of C. vulgaris 

biomass. As predicted, the concentrations of chlorophylls 

and carotenoids decreased and the concentration of 

pheophytins and pheophorbides increased after the 

heating process. However, it seems difficult to associate 

the pasteurisation temperature with the level of variation 

in pigment concentration in this experiment just by 

analysing these two variables, as pigment variation did 

not increase with the pasteurisation temperature. Another 

obtained result was that, after the heating process, the 

Code 

Pasteurisation 

Temperature 

(°C) 

Bath 

Temperature 

(°C) 

Heating 

time 

(min) 

Cooling 

time 

(min) 

C. vulgaris 

A 67 70 6.8 2.2 

B 67 70 7.0 2.1 

C 72 75 7.2 1.6 

D 72 75 7.7 2.1 

E 77 80 8.3 1.9 

F 77 80 7.4 2.0 

N. oceanica 

G 67 70 6.3 2.3 

H 67 70 6.9 2.2 

I 72 75 6.8 2.9 

J* 72 75 6.8 2.1 

K 77 80 7.7 2.7 

L* 77 80 8.1 2.0 

Figure 2 - Microbial load logarithmic reduction in the pasteurisation simulations at 67, 72 and 77°C for C. vulgaris (left) and N. oceanica 
(right). The letters in the bars correspond to each simulation’s code. Error bars show the uncertainty based on the standard deviation in plate 
counts for the replicates in each simulation (replicates in the water bath). 
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biomass used in simulation A changed its colour from 

green to brown. All the other biomass samples 

maintained its colour, even though the biomass from 

simulation A did not suffer the highest variations in 

pigment concentration.  

Of all the samples, it was the one from simulation B, 
where biomass was heated to the lowest tested 
temperature, which suffered the greatest reduction in 
chlorophyll concentration. Because each biomass sample 
came from a different culture batch, culture 
characteristics were then analysed for each biomass 
sample in order to verify if there were other factors which 
could significantly influence chlorophyll degradation 
during heating. The differences found between the 
simulations should be explained by the pasteurisation 
temperature and the susceptibility of the microalgae cells 
in each biomass sample. For this reason, the microalgae 
cells state and the level of contamination by predators in 
the cultures were examined through microscopic 
observation. Each biomass sample was then classified 
according to these two factors and ranked by its overall 
susceptibility to heat treatment based on the first two 
classifications. These biomass classifications are 
presented in Table 5. On the one hand, the microalgae 
cells from the culture that was used in simulation C were 
in bad conditions, due to a parasitic contamination. That 
means that these cells would be more easily disrupted 
during processing, leading to a higher exposure of their 
pigments to heat and, consequently, to higher levels of 
chlorophyll degradation. On the other hand, the samples 
from simulations A, D and E displayed a level of 
contamination by predators - which do not have a cell 
wall - above average. This fact would lead to the 
exposure of the pigments from the digested cells, 
increasing the variation in pigment concentration in the 
heated biomass sample. The classification system 
described above demonstrated that the dissimilarities in 
cells state and contamination level between different 
biomass batches may be relevant to heat response during 
pasteurisation. 

Table 5 - Information regarding culture characteristics for each 
biomass batch used in a simulation. Culture state refers to the 
state of microalgae cells from the culture. 

Code Culture state Contamination level 
Overall 

classification 

A Medium High 1 

B Good Medium 2 

C 
Bad (fragile 

cells) 
Medium 1 

D Good High 1 

E Good High 1 

F Good Medium 2 

 However, it does not provide a plausible 
explanation to the high variation in chlorophyll 
concentration found in simulation B. For this reason, the 
ratio between total pheophytin and pheophorbide and 
total chlorophyll in each unheated biomass sample 
(control), which is an indicator for biomass degradation, 
as well as the length of the time period between the 
washing and the heating during pasteurisation simulation 
of each biomass batch used in this assay were also 
investigated. Table 6 shows the ratio between total 
pheophytin and pheophorbide and total chlorophyll for 

each biomass sample before the pasteurisation simulation 
occurred and the approximate storage time of each 
biomass sample between its washing and its use in a 
pasteurisation simulation.  

Table 6 - Ratio between total pheophytin and pheophorbide and 
total chlorophyll in each biomass sample prior to pasteurisation 
simulation and approximate time between sample collection and 
pasteurisation simulation (storage time) for each biomass 
sample. 

Simulation 

code 

(Pheophytin+pheophorbide)/ 

chlorophyll 

Storage 

time (h) 

A 0.143±0.005 20 - 25 

B 0.178±0.009 60 - 65 

C 0.52±0.07 11 - 16 

D 0.13±0.01 27 - 32 

E 0.17±0.02 22 - 27 

F 0.20±0.01 27 - 32 

The ratio presented confirms the more degraded 
state of the cells in the biomass used in simulation C, 
Considering that the biomass sample which clearly spent 
more time in storage after the removal of the culture salt 
was the one used in simulation B, it is probable that heat 
susceptibility caused by osmotic stress was the reason for 
its high pigment degradation. After this project, further 
work was developed by A4F – AlgaFuel, S.A. in order to 
characterise the influence of salt removal by biomass 
washing in C. vulgaris cells. Regarding cellular integrity 
and heat resistance, the comparison between cells from 
washed and unwashed biomass revealed that the osmotic 
shock provoked by biomass washing was relevant and 
responsible for changes in cell’s permeability. Moreover, 
it confirmed that cell damage increased with the time of 
exposure to osmotic stress, i.e. the storage time between 
biomass washing and its pasteurisation. 

Despite having exposed possible reasons for the 

differences in chlorophyll variation, an explanation for 

the colour change which was observed in biomass from 

simulation A was not found in the results. According to 

literature, exposure of chlorophyll to acid can originate 

the removal of its magnesium atom and posteriorly lead 

to a change in colour to olive brown. This information 

suggests that the pH in biomass from simulation A during 

heat exposure might have been higher than in other 

samples. A future method to avoid biomass from 

changing its colour would be controlling the pH in 

concentrated biomass prior to pasteurisation, for example 

by addition of sodium bicarbonate. Nevertheless, the 

changes in pigment profile and content which provoked 

this effect on biomass colour could not be identified, as 

the variation in chlorophyll and pheophytin and 

pheophorbide concentrations was not particularly 

distinguishable between the biomass sample from 

simulation A and the other biomass samples. (23) 

In order to check if all the decrease in chlorophyll 

concentration could be explained by the increase in 

pheophytin and pheophorbide concentration, the molar 

balance to chlorophylls, pheophytins and pheophorbides 

during pasteurisation simulation was performed for each 

biomass sample. If all chlorophyll degradation products 
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were represented in the increase of quantified pheophytin 

and pheophorbide, then this molar balance would be 

described by equation (2), where [chlo a] and [chlo b] 

represent the molar concentrations of chlorophyll a and b 

and [pheo a] and [pheo b] represent the sum of 

concentrations of pheophytin a and pheophorbide a and 

the sum of concentrations of pheophytin b and 

pheophorbide b, respectively (note that the volume of the 

system remains constant). 

(2) {[�ℎ�� �] + [�ℎ�� �] + [�ℎ�� �] + [�ℎ�� �]}������� =

                            = {[�ℎ�� �] +  [�ℎ�� �] + [�ℎ�� �] + [�ℎ�� �]}����� 

However, if the molar balance was incomplete, it 

would mean that not all the compounds involved in 

chlorophyll degradation had been fully quantified. In that 

case, the molar balance in question would be described 

by equation (3), where ε represents the concentration of 

unquantified compounds involved in this process, i.e. the 

molar concentration of initial pigments that could not be 

quantified after pasteurisation simulation. 

(3) {[�ℎ�� �] + [�ℎ�� �] + [�ℎ�� �] + [�ℎ�� �]}������� =

                      = {[�ℎ�� �] +  [�ℎ�� �] + [�ℎ�� �] + [�ℎ�� �]}����� +  �  

The percentage of initial total pigment 

concentration that could not be quantified after 

pasteurisation simulation, i.e. the percentage of the molar 

balance which does not close, can therefore be calculated 

by equation (4). 

(4) % ������������ ��������� =

                          =  
�

{[���� �]��[�ℎ�� �]��[���� �]��[���� �]�}
 

Table 7 shows the percentage of unquantified 

compounds calculated for each C. vulgaris biomass 

sample. There are two biomass samples for which at least 

10% of the initial total pigment molar concentration 

could not be quantified after pasteurisation simulation: 

the biomass samples from simulations A and C. This 

indicates that, for these samples, there may be a relevant 

fraction of chlorophyll degradation products which is not 

being taken into account in the present analysis and could 

explain the colour change that occurred in the biomass 

sample from simulation A. Although chlorophyll 

degradation pathways are very complex and are not yet 

fully understood, there are some acknowledged facts 

about these reactions that might explain the possibility 

referred above. 

Table 7 - Percentage of unquantified compounds in the mass 
balance of chlorophyll and derivatives between biomass before 
and after pasteurisation simulation. The uncertainty was 
calculated based on the standard deviation in pigment 
concentration values for the replicates in each simulation. 

Code 
% unquantified 

compounds 
Code 

% unquantified 

compounds 

A 15±5 D 5±3 

B 4±2 E 11±3 

C 18±7 F 8±3 

The generally accepted pathway of chlorophyll 

degradation comprises two stages, before (early stage) 

and after (late stage) the cleavage of the tetrapyrrole 

macrocyclic ring. Early stage reactions produce colourful 

compounds that continue to exhibit chromophores typical 

of chlorins. Late stage reactions cleave the macrocycle, 

producing colourless primarily linear tetrapyrroles which 

have lost the characteristic chlorin chromophore. (17) 

(24) The only chlorophyll derivatives that were 

accounted by this method were pheophytin and 

pheophorbide. Consequently, it can be hypothesised that 

the sum of initial quantified chlorophyll and derivatives 

that could not be quantified after pasteurisation 

simulations A and C was transformed in other 

chlorophyll degradation products during the heating 

process. Differences in these unquantified products 

between biomass from simulation A and other biomass 

samples could possibly be the reason for its colour 

change. However, this possibility cannot be verified as no 

other method was used to quantify chlorophyll 

derivatives during this work. 

The ratio between total carotenoids and chlorophyll 

a of each N. oceanica sample before being submitted to 

the pasteurisation simulation process was 1.3-1.4, which 

is in accordance with the values found in literature 

(indicated in section 2). Only traces of chlorophyll b and 

pheophytin and pheophorbide a were found and there was 

no pheophytin or pheophorbide b in the samples. This is 

also in accordance with this genus description in 

literature. Figure 3 shows the concentration variation of 

total chlorophyll and total carotenoids in each sample of 

N. oceanica biomass. Despite a slight variation in 

Figure 3 - Variation in chlorophyll a and total carotenoid 
concentrations after the pasteurisation simulation for N. 
oceanica samples. The letters below bars indicate the 
corresponding simulation. Error bars show the uncertainty 
based on standard deviation between triplicate pigment 
concentration measurements. 
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chlorophylls concentration, the variation in pigment 

content was always inferior to 10% of its initial value. 

Regarding total carotenoid concentration, only the 

biomass in simulation I suffered a decrease of about 10% 

of its initial total carotenoids concentration. Like for C. 

vulgaris biomass, no tendency is revealed between 

pasteurisation temperature and the level of variation in 

pigment concentration. 

In relation to the validation tests, Figure 4 presents 

the microbial load logarithmic reduction which was 

obtained during the industrial pasteurisation process and 

the ones obtained during pasteurisation simulations for C. 

vulgaris samples. The microbial load reduction obtained 

during industrial pasteurisation is in accordance with the 

results obtained at pasteurisation simulations. Thus, the 

method for simulating pasteurisation was adequate for 

reproducing the effects of the large-scale heat treatment 

in C. vulgaris. The same happened with N. oceanica 

batch which was analysed (data not shown). 

5. Conclusion 

Regarding medium recirculation, this work allowed to 

conclude that N. oceanica can be cultivated in an 

industrial cultivation system with medium recirculation 

for at least 45 days, using artificial saltwater and 

recycling always more than 85% of the harvested volume 

in each renewal, for renewal rates between 30 and 85%. 

There were various nutrients accumulating and depleting 

during cultivation. Therefore, these nutrients 

concentration variations should be countered by moderate 

adjustments in the nutritive medium recipe, avoiding any 

future nutrient constraints or toxic effects. In addition, an 

unbalance between the culture medium recipe and the 

actual formulated fresh culture medium demands the 

revision of the formulation/production practices to the 

industrial nutritive medium manufacturer. This work led 

to the optimization of the nutritive medium recipe used 

by A4F-Algafuel S.A. in N. oceanica cultures.  

Concerning pasteurisation of microalgae biomass, it 

can be concluded that it is possible to decrease by 4 to 6 

logs the microbial load of C. vulgaris and by 2 to 4 logs 

the microbial load of N. oceanica concentrated biomass 

through pasteurisation at a temperature between 67 and 

77°C by 15 s. The pasteurisation temperature could not 

be optimised for C. vulgaris. Production and culture 

parameters such as the type of culture contaminants, the 

storage time after salt removal and the pH and the initial 

degradation state of the concentrated biomass seem to 

exert a relevant influence on the response of the 

microalgae cells to heat. Thus, an attempt should be made 

to standardize C. vulgaris biomass batches in relation to 

these parameters and new experiments should be 

performed in order to study the impact of each of them 

individually. Pasteurisation at 67°C seems adequate for 

N. oceanica biomass. 
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