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Abstract 

A Danish strain of the green microalgae Scenedesmus sp. was isolated, identified and characterized 

with respect to productivity under outdoor cultivation conditions at northern latitudes. The algae were 

cultivated outdoors in Denmark in closed tubular photobioreactors using only sunlight, simple 

inorganic nutrients and under ambient temperatures. The biomass composition was evaluated in terms 

of protein content and quality. The average volumetric and areal biomass productivity obtained for the 

Scenedesmus sp. isolate during outdoor cultivation was 0.083 g dm L-1 day-1 and 6.40 g dm m-2 day-1, 

respectively. Thus, productivities are comparable to data reported in the literature under similar 

conditions. A strain-specific nitrogen to protein conversion factor of 5.5 was determined for the 

Scenedesmus sp. strain enabling more accurate protein estimations from simple nitrogen determination 

methods like Kjeldahl analysis in the future. The protein content was determined to be 52.4% of dried 

biomass for this Scenedesmus strain. The sum of essential amino acids was 42% which is high 

compared to other microalgae. The results are compared and discussed in comparison to other 

microalgae and soybean as a common plant protein source. 

  This article has been accepted for publication and undergone full peer review but has not been
through the copyediting, typesetting, pagination and proofreading process which may lead to
differences between this version and the Version of Record. Please cite this article as doi:
10.1111/ppl.13532

This article is protected by copyright. All rights reserved.

http://orcid.org/0000-0001-6524-7723
mailto:maol@teknologisk.dk
mailto:jsp@teknologisk.dk
http://dx.doi.org/10.1111/ppl.13532
http://dx.doi.org/10.1111/ppl.13532


 
 

Introduction 

To accommodate the future demands for an increasing protein supply for food and feed, there is an 

unmet need for new crops and technologies capable of producing sustainable protein. The European 

protein import comprises about 70% of the total protein demand (Ruiz et al. 2016). Specifically, 

imported protein from crops such as soybean has a high environmental footprint, including land use, 

emission of greenhouse gasses and deforestation (Kingston-Smith et al. 2010). In recent years, 

microalgae have arisen as a promising alternative protein source (Torres-Tiji et al. 2020; Becker 2007; 

Draaisma et al. 2013). 

Most microalgae have high growth rates as well as high protein content and can therefore be 

considered a suitable alternative protein crop - potentially setting new standards in terms of land-use 

efficiency (Ruiz et al. 2016; Huntley et al. 2015; de Vree et al. 2015). Microalgae-based proteins have 

low land requirements compared to animal-based proteins: < 2.5 m2 per kg of protein compared to 47–

64 m2 for pork, 42–52 m2 for chicken, and 144–258 m2 for beef production (van der Krimpen et al. 

2013; de Vries and de Boer 2010). In addition, algae cultivation does not necessarily compete with 

arable land and can utilize industrial side streams to supply the algae production with nutrients, CO2 

and excess heat (Borkenstein et al. 2011; Xu et al. 2015). 

Most microalgae are photosynthetic organisms using solar light energy to fix atmospheric CO2 to 

produce important biological compounds like amino acids, fatty acids, carotenoids and vitamins. Also, 

microalgae have a simple morphology and lifecycle and do not require long periods of ripening (Perin 

et al. 2019). With the right approach, microalgae as novel protein crops will have annual protein 

productivities far exceeding those of conventional protein crops, with up to 20 times more protein than 

soybean and 40 times more than corn (van der Krimpen et al. 2013; Spiller et al. 2020; Draaisma et al. 

2013). 

Microalgae have a strong ability to acclimate to varying light conditions, temperatures, salinity and 

media composition (Ras et al. 2013). These properties may increase the chances of selecting algal 

species, capable of nearly year-round cultivation, even in the northern hemisphere (Cheregi et al. 

2019). The approach of screening and selecting local algae stains for outdoor cultivation has been used 

in the past (Cheregi et al. 2019; Huntley et al. 2015; Lynch et al. 2015). These studies all counted 

strains of the Scenedesmus genus among their most promising candidates. This outcome is likely a 

result of high adaptability within this genus and wide geographic distribution as well as resistance 

towards contamination (Duong et al. 2015; Lee et al. 2014; Vidyashankar et al. 2013).  

Outdoor pilot-scale algae cultivation is generally done in either open ponds or closed photobioreactors. 

The areal biomass production (g dry matter m-2 day-1) in outdoor algae production is roughly 3 times 

higher in horizontal reactors compared to open ponds. The volumetric productivity (g dry matter L-1) 

can be more than 8 times higher in closed reactors depending on the system design (Arbib et al. 2013; 



 
 

Ruiz et al. 2016; Mata et al. 2010). The current study utilizes closed horizontal tube reactors made of 

inexpensive plastic tubes that are easy to construct and can withstand the elements. 

Many microalgae species are reported to have a high crude protein content, up to 70% of the dry 

matter, which makes them interesting as alternative protein crops (Becker 2007; Babadzhanov et al. 

2004). These values are commonly obtained using the traditional conversion factor for nitrogen to 

protein of 6.25 (Canelli et al. 2020; Gorissen et al. 2018). This approach assumes that all the measured 

nitrogen content in the cell is converted into protein, which can result in up to 40% overestimation 

(Templeton and Laurens 2015). However, the NPN content, including compounds like intracellular 

inorganic nitrogen, nucleic acids and chlorophylls, must be considered. Hence, accurate comparison of 

the protein content in different microalgae require direct quantification of amino acids or nitrogen-to-

protein conversion factors obtained from such quantifications (Mæhre et al. 2018; Templeton and 

Laurens 2015). 

A high protein content is no guarantee of high nutritional quality of a given protein source, and the 

content of essential amino acids (EAA) is of great importance. Some of these EAAs like lysine, 

tryptophan and methionine are often found in limited amounts in both plants and algae (Young and 

Pellett 1994; Mišurcová et al. 2014). The amino acid profiles of commercial microalgae species like 

Chlorella and Arthrospira correlate nicely with the official recommendations for human requirements 

of EAAs (Becker 2007).  

The chemical composition of microalgae depends greatly on various cultivation factors (Torres-Tiji et 

al. 2020; Templeton and Laurens 2015). Especially the availability of nitrogen has a major impact on 

the protein content of microalgal biomass (Markou et al. 2012). Compounds like lipids and 

carbohydrates, including fibers and sugars, will comprise an increasing fraction of the biomass 

concurrently with a reduced protein content (Chisti 2007). 

Only a few microalgae are currently approved for food application, and widely used species like 

Chlorella and Arthrospira are approved on the basis of their historical use as food (Papadopoulos 

2008). Application of new microalgae for feed and food requires approval and is regulated by EFSA 

(European Food Safety Authority) in EU and FDA (Food and Drug Administration) in the United 

States (García et al. 2017).  

Despite being regarded as highly relevant for both food and feed application, no Scenedesmus species 

- including the one cultivated in this study – have been approved for food application (Enzing et al. 

2014; van der Spiegel et al. 2013). Studies of microalgae belonging to the Scenedesmus genus indicate 

an absence of toxic compounds, and approval to utilize algae from the Scenedesmus genus for food 

purposes should be attainable in the foreseeable future (Vidyashankar et al. 2015; Kent et al. 2015; 

Silva et al. 2020).  



 
 

With the aim to identify microalgae suitable as a protein crop for outdoor cultivation at northern 

latitudes to complement Europe’s massive foreign protein import, we explored and characterized the 

productivity of a local strain of the green microalgae Scenedesmus sp. The alga was cultivated in 

Denmark in outdoor closed tubular photobioreactors using only sunlight and ambient temperatures. 

The biomass was evaluated in terms of protein content and protein quality; EAAs, and non-protein 

nitrogen. Also, a strain-specific nitrogen to protein conversion factor was developed for the 

Scenedesmus strain enabling more accurate protein estimations from simple methods like Kjeldahl 

analysis in the future. The results are compared to other microalgae and soybean, one of the best 

current vegetal sources of protein with regards to human requirements (Tessari et al. 2016; Zarkadas et 

al. 2007). Finally, the biomass productivity and required land use for cultivation of microalgae for 

protein production were estimated. 

 

Material and methods 

Algal strain identification 

A local strain of the eukaryotic green algae Scenedesmus sp. was isolated on Lolland, Denmark 

(54.6984283,11.7126248). The alga was initially identified based on morphological characteristics 

using a Leica DM 650 light microscope at 1000× magnification. Subsequently, confocal microscopy 

was used. Cells were collected by gentle centrifugation and fixed in FAA (formaldehyde alcohol 

acetic acid, 10:50:5% + 35% water) for 18h and washed in water. Acid fuchsin 0.01% (Sigma-

Aldrich) was added to the cells in the tube, and after 10 min, cells were washed in water and placed on 

a microscope slide. Cells were allowed to settle for 1 min before applying the cover slip. A confocal 

laser scanning microscope (Leica SP5-X, Leica Microsystems) was used for imaging the red 

fluorescence from vacuole and cytoplasm, using 40× oil objective, the 543 nm laser for excitation and 

an emission range of 600-650 nm as well as a transmission image. 

The identity of the isolated algae strain was further verified by phylogenetic analysis using the rbcL 

and 18S-ITS regions. Algal cells were mechanically disrupted using powder as described by (Radha et 

al. 2013), and the resulting supernatant was used directly as PCR template. The rbcL and ITS regions 

were amplified using the Platinum polymerase from Invitrogen and following manufacturer’s protocol. 

The rbcL region was amplified using the following primers: RcbLZ-F 5’- 

CAACCAGGTGTTCCASCTGAAG -3’ and RcbLZ-R 5’- CTAAAGCTGGCATGTGCCATAC -3’ 

(Zou et al. 2016). The ITS region was amplified using the following primers: NS7m-F 5’- 

GGCAATAACAGGTCTGT -3’ and LR1850-R 5’- CCTCACGGTACTTGTTC -3’ (Pröschold et al. 

2001). Resulting PCR products were purified using the commercial NucleoSpin® Gel and PCR Clean-

up kit from Macherey-Nagel and sequenced by Eurofins Genomics. 



 
 

A library of sequences was made for each of the two sequenced regions using NCBI 

(www.ncbi.nlm.nih.gov/). 92 rbcL sequences were collected from various microalgae species of the 

Chlorophyceae or Trebouxiophyceae classes. To create an ITS sequence library, the ITS sequence 

obtained from the Danish Scenedesmus sp. was entered in the BLAST tool and the 99 most similar 

sequences were extracted. Phylogenetic analyses were made for each gene in MEGA7 (Kumar et al. 

2016) using the Neighbor-Joining method (Saitou and Nei 1987). Evolutionary history is represented 

by a bootstrap consensus tree inferred from 1000 replicates (Felsenstein 1985). The percentage of 

replicate trees supporting the individual clusters are shown next to the branches. Any branches with 

less than 50% bootstrap replicates are collapsed.  

 

Algal cultivation 

Prior to pre-cultivation the alga was kept in standard BG11 media at 23°C at 100 µmol m2 s-1 under 

16/8 h light/dark cycle. Pre-cultivation of inoculum for the outdoor cultivations was done in an indoor 

vertical airlift photobioreactor with a tube diameter of 6 cm (Thoisen et al. 2020). A stable pH of 7.5 

was maintained by injection of pure of CO2 into the air-phase of the PBR through a valve controlled 

by the pH meter FU20, Yokogawa. This is a common practice for microalgae cultivation in closed 

reactors (de Vree et al. 2015; Pereira et al. 2018). 

Outdoor cultivations were conducted in triplicates in identical tubular reactors designated “R1”, “R2” 

and “R3” placed on ground level on a black surface (Fig. 1). Each reactor was composed of 60 m 100 

nm polyethylene tubes with a diameter of 10 cm X-Ophan (Hasselager), a 115 L conical based mixing 

tank (TC 1/R, Astro S.r.l., Mornico al Serio (BG), a circulation pump (AquaForte DM-20000 Vario, 

SIBO Fluidra Netherlands B.V.) and standard 40 mm PVC tubing to complete the circuit. The system 

was fitted with sensors for pH measurement (FU20, Yokogawa), dissolved oxygen (OxyGuard). Pure 

CO2 was injected into the water before it entered the tubes when the measured pH was above the set 

threshold. Compressed air (1000 L h-1) was injected into the tube before the mixing tank to remove 

excess oxygen. Each system had a total net (water) volume of 550 L and 50 L of headspace in the 

mixing tank. LI-190SA Quantum Sensors from LI-COR were placed at ground level to measure the 

Photosynthetic Photon Flux Density (PPFD) of photosynthetically active radiation (PAR) at the 

cultivation site. 

The applied quantum sensors measure the Photosynthetically Active Radiation (PAR) as 

Photosynthetic Photon Flux Density (PPFD), which has units of quanta (photons) per unit time per 

unit surface area in the unit micromoles of quanta per square meter per second (μmol m-2 s-1) 

Mean PAR is the average of 2 sensors. Thus, the average molar PAR per minute (PARmol) is 

calculated as follows: 

http://www.ncbi.nlm.nih.gov/)


 
 

𝑃𝑃𝑃𝑃𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 =
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑃𝑃𝑃𝑃𝑅𝑅 × 60 

1000000
 

Subsequently, the PARmol results for each minute in 24h are summed to yield the average daily PAR 

(mol m-2 day-1) 

For inoculation, 20 L algae culture in linear growth added to each of the outdoors reactors at day 0, 

obtaining an initial algal density (OD720nm) in the three reactors of 0.28, 0.23 and 0.21 for reactor R1, 

R2 and R3, respectively, equaling an initial dry matter concentration of approximately 0.18, 0.17 and 

0.17 g L-1. 

Nutrient medium for the outdoor cultivations was composed of a mix of the commercial fertilizer 

Hornum NPK 5-1-4 (Fausol A/Sand urea to achieve a final N:P ratio of 8. The nutrient concentrate 

was diluted to obtain the following nutrient concentrations in the final growth medium: NO3
- 140 mg 

L-1, NH4
+ 27 mg L-1, HPO4

- 27 mg L-1, K+ 40 mg L-1, Cl- 1.1 mg L-1, Mg2+ 4.45 mg L-1, SO4
2- 26 mg L-

1, Fe3+ 0.407 mg L-1, Cu2+ 0.02 mg L-1, Zn2+ 0.02 mg L-1, Mn2+ 0.15 mg L-1, H3BO3 0.25 mg L-1, F- 

0.004 mg L-1, urea 34.4 mg L-1.  

 

Algal growth measurements 

The algal growth was monitored every 2-3 days by measuring the optical density of the culture using 

an Eppendorf BioSpectrometer® basic at 720 nm (Doria et al. 2012). Biomass dry matter (g L-1) weight 

was measured by filtration of 5 ml algae suspension through a pre-weighed Macherey-Nagel MN GF-

5 glass fiber filter with 0.4 µm pore size, washed with 10 ml deionized water and dried in the oven at 

105°C overnight and subsequently weighed on an analytical scale (Wang et al. 2013). After 21 days of 

cultivation the algal biomass was harvested from the three reactors by centrifugation at 10.000 rpm 

using a GEA Westfalia separator model OTC 3-03-107, GEA. The biomass was stored at -20° C until 

further analysis. The high rotation speed during harvesting had no visual impact on the rigid 

Scenedesmus cell walls. 

The volumetric biomass productivity (g L-1 d-1) of the Scenedesmus sp. isolate was calculated for the 

linear growth phase for the three outdoor cultivations: 

   Volumetric productivity = (B2-B1)/T 

B2 and B1 are the dry matter density at the time T (days) at the start and the end of the linear growth of 

the outdoor cultivations. 

Areal biomass productivity AP:  

1 m2 reactor system has a volume of 78 L culture. The daily dry matter productivity for 1 m2: 



 
 

Areal productivity = 78 L × volumetric productivity (g L-1 d-1) 

 

Biochemical composition of algal biomass 

The biochemical composition of the algae biomass was obtained in triplicates, one from each of the 

three parallel cultivations. Prior to further analysis the algae paste was dried at 105°C overnight in a 

VWR DRY-Line oven and milled for 1 min using an IKA analytical mill model 11 B. The three 

samples were analyzed with regards to: (1) total nitrogen, (2) fiber, (3) ash, (4) lipid and (5) amino 

acid profile incl. tryptophan by the commercial laboratory Eurofins Agro Testing Denmark A/S. 

Amino acid analysis: ISO 13903:2005/IC-UV, Tryptophan: EU 152/2009/LC-FLD, Cysteine and 

methionine: ISO 13903:2005/IC-UV, Aspartic acid and threonine: ISO 13903:2005/IC-UV, Ash 

content: CE040: EF152/2099, Lipid. CE031 EF 152/2009, Kjeldahl: EF 152/2009 (titrimetry), Fiber: 

CE075 EF 152/2009. 

 

Carbohydrates 

The carbohydrate content was calculated as the remaining fraction when ash, protein, lipid and fiber 

was subtracted from 100% dry matter: (100% - (ash+protein+lipid+fiber)). 

 

Protein estimations 

Crude protein content was determined using the total nitrogen content in the algal biomass (dm) 

obtained from the Kjeldahl analysis using the traditional protein conversion factor 6.25 (Jones 1931). 

The protein content was also estimated independently by direct summation of the amino acid content 

based on Eurofins amino acids analysis, a direct measurement often applied for evaluating the 

nutritional value of microalgae (Tibbetts, Bjornsson, et al. 2015; Waghmare et al. 2016; Mæhre et al. 

2018).  

 

Calculating protein conversions factors ka, kp and k: 

To find a realistic N-to-protein conversion factor for the Scenedesmus sp. isolate, we applied a method 

accounting for the loss of water during hydrolysis of the peptide bonds and for the nitrogen content in 

each individual amino acid (Mosse 1990). These calculations allow for quick and fairly accurate 

protein estimations for the Scenedesmus strain without requiring expensive and time-consuming amino 

acid analysis (Templeton and Laurens 2015). 



 
 

The calculations were conducted using the spreadsheet developed by the National Renewable Energy 

Laboratory NREL (Hames et al. 2008): 

kA: is obtained by dividing the sum of anhydrous amino acids by the sum of nitrogen content in each 

of these residues:  kA = Σ Ei/Σ Di  

Ei = grams of the amino acid per 100 grams of sample (dm) 

Di = grams nitrogen of the amino acid per 100 grams of sample (dm) 

Thus, kA is the highest possible specific conversion factor, assuming all nitrogen is found in protein 

i.e. an NPN content of zero.  

kP: The sum of the anhydrous amino acids is divided by the total nitrogen content of the sample:

  kp = Σ Ei/N 

Ei = grams of the amino acid per 100 grams of sample (dm) 

N = grams nitrogen per 100 grams of sample (dm) 

Thus, kP represents the lowest possible limit for the specific conversion factor.  

k: the average of kA and kP. 

Non-protein nitrogen content: 

Non-protein nitrogen (NPN) is calculated as the percentage of total nitrogen, which is not attributable 

to protein: 1- (Σ Di /N) 

 

Results 

Isolation of the algal strain: 

The Scenedesmus sp. uniculture selected for cultivation in photobioreactors (Fig. 1) was isolated from 

a polyculture obtained from a freshwater pond in Lolland, Denmark. The polyculture contained 

various algae morphologically identified as species belonging to the Chlorella, Pediastrum, 

Desmodesmus and Scenedesmus genera. The Scenedesmus sp. isolate was selected since it was the 

dominating protein-rich algae when the polyculture was cultivated outdoors in tubular reactors (Olsen 

et al. unpublished data). Using a light microscope at 1000× magnification, the algae was identified by 

morphological characterization. It was characterized by having no spines and consisting of colonies 

called coenobia consisting of 2 or 4 cells or as unicells (Fig. 2A) (Van Hannen et al. 2000). Use of 

confocal microscopy in combination with the protein stain Acid-Fuchsin indicate the high protein 

content in the Scenedesmus isolate (Fig. 2B). 



 
 

A phylogenetic analysis revealed that the Danish Scenedesmus isolate clusters within the 

Scenedesmaceae family, primarily with other Scenedesmus sp., Acutodesmus sp., and Desmodesmus 

sp. species (see Figure S1 and S2). This further validates that the isolate is a Scenedesmus sp.  

 

Outdoor cultivation 

The three outdoor cultivations initially had identical set-ups in polyethylene tubes each with a total 

length of 60 m and 550 L volume (Fig.1). However, within the first week of cultivation, a leak in R1 

resulted in a spill of a total of 200 L. This was remedied by the addition of 200 L fresh medium, 

resulting in a different growth profile in R1 compared to R2 and R3. Assuming the spillage does not 

affect the composition of the produced biomass, the results obtained from reactor R1 is still included 

in the biochemical analysis in this study. 

The algae growth in the three photobioreactors during the cultivation period are indicated by an 

increase in OD 720 nm and dry matter in g L-1 (Fig. 3A and B). It can be seen that throughout the 

cultivation period of 21 days the algae maintained stable growth but declining at the end of the 

cultivation after a drop of both temperature and light irradiance 3 days prior to harvest. 

The average sum of daily photosynthetically active radiation (PAR) for the cultivation period was 

11.22 mol d-1. The maximum observed daily photosynthetic photon flux density (PPFD) ranged from 

1413 μmol m−2 s−1 observed on day 2 to 256 μmol m−2 s−1 as the lowest at day 8 (Fig. 3C).  

The loss of culture broth in R1 is reflected by a low oxygen level during the first week of cultivation 

after which the photosynthetic activity in this reactor is resumed (Fig. 3E). The leak in R1 can also be 

detected as a pH decrease (Fig. 3D). During Sep. 25th, the CO2 supply is depleted causing a pH 

increase in all three reactors until a new CO2 supply is installed.  

The temperature inside the three reactors was identical throughout the cultivation period. An exception 

is the two days where the temperature fluctuation in R1 deviates slightly due to the leak in this period. 

The average day temperature for the period was 12.0°C with the highest temperature being 16.8°C on 

day 5 and 6.8°C as the minimum temperature at day 21. (Fig. 3F). 

 

Biomass productivity 

The average volumetric and areal biomass productivity obtained for the Scenedesmus isolate during 

outdoor cultivation was 0.083 g dm L-1 day-1 and 6.40 g dm m-2 day-1, respectively. Due to the loss of 

200 liters from reactor R1 during the first week data from this reactor is left out of the productivity 

calculations. 

 



 
 

Biomass characterization 

Having established basic growth characteristics under ambient light and temperature conditions the 

biomass composition of the Scenedesmus sp. isolate was determined. The biochemical composition of 

the Scenedesmus sp. biomass cultivated in three outdoor reactors is shown in Table 2. The ash content 

lies between 6.0-6.2% of the biomass dry matter. This is low even compared to other freshwater 

microalgae (Matos et al. 2016). The crude fiber fraction (9.0-13.5%) comprise indigestible 

carbohydrates from the algal cell wall. The lipid content (10.0-11.6%) is low compared to the potential 

lipid content of microalgae (Chisti 2007). However, compared to green soybeans and other legumes 

and cereals the lipid content in the produced Scenedesmus sp. is 2-7 times higher (Redondo-Cuenca et 

al. 2007; Iqbal et al. 2006). Besides protein, carbohydrates (19.9%) are the dominating component of 

the dry biomass. This fraction includes starch and other digestible sugars. Overall, the variation 

between the chemical composition of the Scenedesmus sp. obtained from the three parallel outdoor 

cultivations is minimal and is comparable to other species of Scenedesmus and food-approved 

microalgae like Chlorella vulgaris (Tibbetts, Whitney, et al. 2015; Matos et al. 2016; Becker 2007).  

 

Protein content 

The protein content and composition were analyzed in more detail (Table 3). The crude protein 

content (dm) based on total nitrogen determinations was 59.5% (+/-0.35) for the Scenedesmus isolate 

and 35.6% for the commercial soybeans when applying the conventional protein conversion factor 

6.25. As mentioned, crude protein also includes all non-protein nitrogen when applying the N-to-P 

factor 6.25. Since one of the main topics in this study is to evaluate the Scenedesmus sp. strain as a 

future protein crop a more detailed analysis of the protein content and non-protein content is crucial. A 

more precise way to determine this is to determine the total sum of amino acids from a complete 

amino acid analysis. Based on this, the average protein content of the cultivated Scenedesmus sp. dry 

biomass was 53.2% (+/- 0.7) with an average content of essential amino acid (EAA) of 42.4% of the 

protein content.  

In the search for a specific N-to-P conversion factor for the Scenedesmus sp. isolate and soybeans 

more detailed calculations were carried out (Hames et al. 2008; Mosse 1990). Here the nitrogen 

content of each anhydrous amino acid is accounted for (Table 4). This resulted in a specific N-to-P 

calculation factor k of 5.5 for the microalgae. By applying a nitrogen content (dm) of 5.7% for 

soybeans as described by Jung et. al (2003) the specific N-to-P conversion factor k was 5.8 for 

soybeans based on 14 amino acid profiles of commercial cultivars. Furthermore, the method also 

provided a highly accurate value of the NPN content of the total nitrogen (dm) in the Scenedesmus sp. 

isolate and soybeans being 23.4 and 17.5%, respectively. 



 
 

Amino acid profiles of Scenedesmus sp. and soybean protein 

On a dry matter basis, the amino acid content of the Scenedesmus isolate is higher than in soybean for 

all amino acids except for cysteine (Fig. 4). The Scenedesmus dry matter contain 106% more 

methionine and 188% more tryptophane compared to the soybean and 21 and 83% more on a protein 

basis (Fig 5). 

Compared to the dietary amino acid requirement for adults as recommended by WHO/FAO the algae 

protein is comparable to soy without any limiting essential amino acids (Joint WHO/FAO/UNU 

Expert Consultation 2007). 

 

Discussion 

In this study, a promising biomass and protein yield was obtained for the Danish Scenedesmus isolate 

in pilot scale outdoor cultivation. The average volumetric and areal biomass productivity obtained for 

the Scenedesmus isolate during outdoor cultivation was 0.083 g dm L-1 day-1 and 6.40 g dm m-2 day-1, 

respectively. For comparison, cultivation of a native strain of Scenedesmus obliquus in outdoor 

reactors in Hamburg, Germany, resulted in an average areal biomass productivity of 9.10 g dm m-2 

day-1 using a solar tracked flat panel photobioreactor with temperature control (Hindersin et al. 2014). 

In Finland cultivation of another local Scenedesmus strain has been carried out in cold temperatures 

simulating outdoor Nordic ambient conditions (Jämsä et al. 2017). Here pilot scale cultivation using an 

illuminated cylindrical reactor placed at 7-13°C resulted in an average volumetric biomass 

productivity of 0.035 g dm L-1 day-1. Thus, productivities obtained in this study are indeed comparable 

and, considering the natural growth conditions, perhaps even better. 

Results and calculations from this study suggests that Danish protein production from outdoor 

cultivation of microalgae protein may have a land area use 8-10 times more efficient than for Brazilian 

soybean production (Board 2013). The algal biomass productivity and protein yields in this study are 

based on cultivations performed in September-October. Outdoor cultivation of microalgae is 

influenced by various abiotic factors. In Denmark, the day length during the cultivation period in this 

study (Sep. 17-Oct. 11) is reduced by 1 h and 45 min and as a result algal growth can be expected to 

decline. However, the decreasing temperatures during nighttime may, to some extent, counterbalance 

the effect of the shortened daylength by reducing the biomass loss caused by respiration during the 

night (Hindersin et al. 2014). Furthermore, a rise in the chlorophyll a content in the cells has been 

observed in Scenedesmus species when the light intensity drops below 150 μmol m−2 s−1 (Gris et al. 

2014). This may, at least partly, explain the continuous increase in the optical density measured at 

720nm during the last week of cultivation opposite a decline in the overall dry matter content of all 

three cultivations during the same period.  



 
 

It is important to be aware of the choice of methods when comparing the protein content of various 

foods, as the indirect methods are grossly overestimating by using imprecise conversion factors 

(Templeton and Laurens 2015; Mæhre et al. 2018). When assessing the protein content more 

accurately as described above and comparing it to soybean and other microalgae, the protein content 

of the Scenedesmus sp. biomass cultivated in this study is 53.2% on a dry matter basis compared to 

31.8% in commercial soybeans (Zarkadas et al. 2007; Jung et al. 2003). The results indicate that the 

best conversion factor, k for the local Scenedesmus strain cultivated under the outdoor conditions of 

this study is 5.5 (Table 2). In fact, this is similar to specific N-to-P conversion factor previously 

estimated for other strains of Scenedesmus (Tibbetts and Fredeen 2017). 

In this study, the crude protein estimate based on Kjeldahl with the conversion factor 6.25 resulted in 

18% overestimation compared to the accurate protein content based on the sum of amino acids. Thus, 

the calculation of a species-specific N-to-P conversion factor k can be applied for more accurate 

estimations of crude protein for the Scenedesmus isolate in the future reducing the need for time 

consuming and expensive amino acid analysis. Still, the NPN content of algae can vary depending on 

growth phase, nutrient supply among other factors. As a result, the specific N-to-P conversion factors 

will vary accordingly (Mišurcová et al. 2014; Lourenço et al. 2004). 

In this study the NPN content in the Scenedesmus isolate make up 23.4% of the total nitrogen as 

determined by Kjeldahl which is considerably lower than for a wide range of other microalgae 

described in the literature (Templeton and Laurens 2015). Among 21 strains from various genera 

including Scenedesmus sp., the NPN content varied between 29.2 -54.2%.  

The share of essential amino acids (EAA) is the main factor in determining the biological value of a 

protein source. The sum of EAAs of the Scenedesmus sp. strain cultivated in this study was 42% 

which is high compared to other microalgae but lower than in soybeans where 46% of the protein are 

EAA (Mišurcová et al. 2014; Tibbetts and Fredeen 2017; Zarkadas et al. 2007). However, when 

comparing the amino acid requirements for adults according to FAO/WHO with the algal protein in 

this study, there are no limiting amino acids (Fig. 5). The same applies to the mean of the amino acid 

profile for the 14 commercial soybean cultivars. The protein in the Scenedesmus isolate contain 21% 

more methionine and 83% more tryptophan than soybean protein whereas the lysine content in the soy 

protein is 10% higher than in the algae. Still, on a dry matter basis, the Scenedesmus isolate contain 

41% more lysine than soy. Protein with a high level of tryptophan and methionine has previously been 

described in other Scenedesmus species, where the contents were superior compared to other 

microalgae species (Templeton and Laurens 2015).  

It is important to stress that a considerable challenge in fully realizing the nutritional potential of 

microalgae is the complex and rigid cell wall encasing the protein rich cells (Takeda 1996). In previous 

studies of whole cell Scenedesmus biomass, the bioavailability was between 52-67% compared to 51% 



 
 

for commercial Chlorella biomasses (Canelli et al. 2020). However, processing of the algal biomass can 

improve the protein bioavailability considerably reaching 75-84% in lipid extracted Scenedesmus and 

70-74% in high impact jet sprayed Chlorella (Tibbetts and Fredeen 2017; Canelli et al. 2020).  

A recent study evaluated the metabolic consequences of adding varying amounts of Scenedesmus sp. 

biomass in mouse feed (Ma et al. 2019). This showed a threshold to the amount that can be included in 

the feed. Here a diet containing 5% Scenedesmus sp. improved growth performance while adding 20% 

resulted in growth suppression compared to the control diet. The precise reasons for this are unknown. 

There is also a need for research elucidating the composition of the microalgae cell wall on a molecular 

level, thus contributing to evolvement of enzymatic processes to efficiently break down the cell wall. 

This will increase the biological value of the microalgae and the possibility of purifying the protein and 

evaluate its techno-functional properties. 

In conclusion, the Danish microalgae isolate identified as a Scenedesmus strain show great promise as 

a future protein crop with a high protein yield when cultivated outdoors at Northern latitudes. When 

comparing the amino acid profile to human requirements, the algae can be regarded as a complete 

protein source comparable to soybean protein.  
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Figure legends 

Figure 1. (A) The three identical photobioreactors reactors with mixing tanks with sensors and CO2 

supply. (B) the three tubular polyethylene tubes each with a total length of 60 m and 550 L volume. 

 

Figure 2: (A) The Scenedesmus sp. isolate cultivated in this study with colonies consisting of four 

cells. Leica DM 650 light microscope 1000× magnification. (B) Confocal microscopy of a four-cell 

colony of the Scenedesmus isolate stained with Acid Fuchsin (protein dye) 1000 × magnification. 

 

Figure 3. Growth profiles for three replicate outdoor cultivations of the local strain of Scenedesmus 

sp. in reactor R1, R2 and R3. Algal growth was measured every 2-3 days (A) Dry matter g L-1. (B) 

Optical density (OD) at 720 nm. (C) the average sum of photosynthetically active radiation (PAR) and 

daily max registered Photosynthetic Photon Flux Density (PPFD). (D) pH-value in the three reactors 

during the cultivation. (E) Oxygen levels measured in the mixing tank inlets of the three reactors. (F) 

the temperature recorded inside the reactors.   

 

Figure 4. Mean amino acid content in Scenedesmus sp. cultivated in the three reactors (R1, R2, R3) in 

this study compared to the mean amino acid profile from 14 different soybean cultivars (Zarkadas et 

al. 2007). Error bars indicate standard deviations, (n = 3). 

 

Figure 5. Essential amino acids EAA g per 100 g protein) in Scenedesmus sp. this study and average 

of 14 commercial soybean cultivars (Zarkadas et al. 2007). * Dietary amino acid requirements for 

maintenance for adults (0.66 g protein per kg body weight per day) according to FAO/WHO (Joint 

WHO/FAO/UNU Expert Consultation 2007). 
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Tables 

Table 1. Volumetric and areal biomass productivities during linear growth of Scenedesmus sp. in 

outdoor reactors R2 and R3.  

  Volumetric productivity Areal productivity 
Reactor Dry matter (g L-1  day-1) Dry matter (g m-2  day-1) 
R2 0.089 6.953 
R3 0.077 5.981 
Average 0.083 6.467 

 

  



Table 2. Biochemical composition (% dry matter) of the Scenedesmus isolates cultivated in this study 

compared to other Scenedesmus sp. and commercial microalgae from the literature (Becker 1984)a), 

(Kent et al. 2015)b)
, (mean ± SD, n = 3). *Protein content based on the sum of amino acids, **Protein 

content based on Kjeldahl, N*conversion factor 6.25. 

 Scenedesmus 
sp. 

(this study) 

Scenedesmus 
obliquus a 

Scenedesmus 
sp. b 

Commercial 
Chlorella b 

Commercial 
Spirulina b 

ash 6.1 ± 0.10 8 15.7 ± 8.63 5.7 ± 1.71 7.0 ± 0.77 
fiber 11 ± 2.29 5.3 NA NA NA 
lipid  10.6 ± 0.87 9.1 15.1 ± 1.63 16.2 ± 2.06 11.2 ± 0.37 
carbohydrate  19.9 12.5 27.7 ± 4.5 24.9 ± 7.23 16.0 ± 1.60 
protein 53.2 ± 0.70* 52.0** 31.* 40.0* 51.6* 

 

  



Table 3. The protein content in Scenedesmus sp. cultivated in this study and the average of 14 

soybean cultivars (Zarkadas et al. 2007). The ka, kp and k factors are specific N-to-P conversion 

factors obtained from the method described by Mossé (1990). 

 

 

 

 

  

 
  

Mean Scenedesmus sp. Mean 14 soybean cultivars 

Crude protein % Kjeldahl c.v. 6,25 59.53 35.63 
Protein % (dm) sum of amino acids 53.23 31.76 
Protein % (dm) N-to-P factor Ka 59.30 35.91 
Protein % (dm) N-to-P factor Kp 45.41 29.64 
Protein % (dm) N-to-P factor K 52.36 33.06 
EAA% of total protein 42.43 46.00 



Table 4. Specific N-to-P conversion factors ka, kp and k as described by Mossé using the NREL 

calculation spreadsheet (Mosse 1990; Hames et al. 2008). Results are based on the anhydrous weight 

of amino acids in Scenedesmus sp. (this study) and the mean of 14 commercial soybean cultivars 

(Zarkadas et al. 2007). dm: Dry matter basis. 

 Scenedesmus sp. (this study) Soybean (Zakardas et al. 2007) 
Amino Acid  % Anhydrous AA (dm) % Anhydrous AA (dm) 
Alanine 3.88 1.00 
Arginine 2.88 2.09 
Aspartic acid 4.57 3.04 
Cysteine 0.42 0.57 
Glutamic acid 5.34 4.97 
Glycine 2.56 0.87 
Histidine 0.92 0.78 
Isoleucine 1.90 1.33 
Leucine 4.24 2.12 
Lysine 2.53 1.79 
Methionine 1.20 0.58 
Phenylalnine 2.67 1.51 
Proline 2.23 1.27 
Serine 2.04 1.44 
Threonine 2.43 1.36 
Tryptophan 1.08 0.37 
Tyrosine 1.89 1.11 
Valine 2.76 1.40 
sum AAA 45.54 27.58 
NPN% of total nitrogen 23.40 17.50 
N-to-P conversion factor Ka 6.23 6.30 
N-to-P conversion factor Kp 4.77 5.20 
N-to-P conversion factor K 5.50 5.80 
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