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1. Περίληψη 
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2. Εισαγωγή 

Παρακάτω παρουσιάζονται αναλυτικά οι δημοσιεύσεις σε διεθνή συνέδρια και 

επιστημονικά περιοδικά που αφορούν στο παρόν παραδοτέο του έργου. 

2.1 Δημοσιεύσεις σε  Διεθνή Συνέδρια: 

2.1.1 G. Papapolymerou, N. Gougoulias, A. Mpesios, A. Kokkalis, X. Spiliotis, A. 

Papadopoulou, D. Kasiteropoulou and M. N. Metsoviti (2021). Effect of semi-batch 

mode operation during the heterotrophic cultivation of Chlorella sorokiniana & 

Chlorella kessleri on the fatty acid distribution and on FAME properties, 

Proceedings, 8th International Conference on Environmental Management, 

Engineering, Planning and Economics (CEMEPE), July 20-24, 2021, pages 441-450, 

Thessaloniki, Greece, ISBN: 978-618-5494-53-7. 
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A. Papadopoulou1 
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* Corresponding author: papapoly@uth.gr 

 

Keywords: Chlorella sorokiniana, heterotrophic, glycerol, anaerobic digestate, FAME properties  
 

 
ABSTRACT 
The heterotrophic cultivation of the microalgal species Chlorella sorokiniana using glycerol as 
the main organic carbon source and anaerobic digestate (AD) as the source of macro and 
micronutrients was studied. Five experiments were carried out simultaneously in five aerated 
42L orthogonal glass bioreactors in which the nitrogen initial concentration (No) was fixed at 
110 mg/l while the initial carbon concentration (Co) was varied from 1.98 gr/l to 17.50 gr/l.  11% 
AD was added to four of the five bioreactors while, in one bioreactor (blank cultivation) no AD 
was added. The biomass yield as well as the lipid content and lipid productivity increased with 
Co while, the opposite was found for the protein content and protein productivity.  Co also 
affects the distribution of fatty acids (FA) in the bio-oil extracted from the biomass both with 
respect to the chain length and the degree of saturation.  Medium chain FA and monosatured 
FA (MUFA) predominate in all treatments.  As a result, the FAME properties, saponification 
number (SN), iodine value (IV), cetane number (CN) and higher heating value (HHV) are affected 
by the Co.  However, for all five treatments, all four values are within the acceptable ranges.         

 
1. INTRODUCTION 

Microalgae are unicellular photosynthetic organisms that use light and carbon dioxide, 
with higher photosynthetic efficiency than plants, for the production of biomass. Some 
microalgae species can also grow and multiply heterotrophically in the absence of light if an 
organic carbon source becomes available (Mata et al., 2010). Τhe main advantage of 
heterotrophic growth is higher biomass growth rates and biomass production because, unlike 
autotrophic growth, heterotrophic growth is not limited by light transmission through the 
growth medium. Another advantage of heterotrophic growth is the potential of achieving higher 
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lipid content and, as a result, higher lipid productivities can be obtained. A number of review 
papers focus on the heterotrophic growth of several microalgal species and the trend is that 
heterotrophic growth enhances both the biomass and lipid productivity (Bumbak et al., 2011; 
Perez-Garcia & Bashan, 2015). In the heterotrophic growth, industrial by-products or waste 
streams containing dissolved organic carbon, macronutrients and micronutrients can be used in 
terms of nutrient recovery, waste minimization and cyclic economy. Anaerobic digestate (AD) is 
a rich source of macro and micronutrients while, crude glycerol has a very high content in 
organic carbon.  

Anaerobic digestate (AD) produced by biogas plants is mainly used for field fertilization 
in various crops such as corn. When there are no adequate fields available or the land is not 
sufficiently flat, nitrification of underground and surface water and high soil salinity may result 
because excess anaerobic digestate is applied. Therefore, developing new applications for the 
efficient use of anaerobic digestate is needed in order to utilize the macro and micro nutrient 
content of the AD in the framework of circular economy. A good solution is the use of anaerobic 
digestate for microalgae cultivation since it is a good source of nitrogen, phosphorus and 
potassium, as well as a source of over 30 different micronutrients. Potassium and phosphorus 
availability is projected to decrease in the future.  

A wide variety of organic carbon have been used for the heterotrophic growth of various 
microalgal species such as glucose, sucrose, fructose, mannose, glycerol, lactose or galactose 
(Perez-Garcia et al., 2011). Additionally, various industrial effluents and by-products, such as 
anaerobic digestate can be used as a carbon and nitrogen source. Studies on the heterotrophic 
cultivation of different microalgal species using glucose as carbon source have been published 
(Li et al., 2007; Xiong et al., 2008), while work on the cultivation of microalgae using glycerol is 
limited. It should be mentioned that studies on cultivation using industrial effluents and by-
products, such as anaerobic digestate are lacking. The aim of this work is to examine the effect 
of the initial concentration of organic carbon from glycerol on the carbon uptake rate, the lipid 
and protein content, the fatty acid distribution and basic FAME (Fatty Acid Methyl Ester) 
properties of the bio-oil of Chlorella sorokiniana. Glycerol is used as the main source of organic 
carbon and AD is used to provide some undigested organic carbon, macro and micronutrients. 
 

2. MATERIALS AND METHODS 
The cultivation of C. sorokiniana carried out in 42L cylindrical glass bioreactors of 42L 

filled to 75% of their volume. Air was continuously provided to each bioreactor through 
perforated steel tubing placed at the bottom of the bioreactors at a rate of about 40 L/(L-h). The 
bioreactors, the glass tubing and the culture medium were sterilized before use.   

At the end of each experiment, and specifically at the stationary growth phase, the 

biomass was collected by centrifugation, it was rinsed with distilled water and was re-

centrifuged. Finally, it was dried in an air circulation oven at 45 oC until constant weight. Prior to 

biochemical analysis and lipid extraction, the biomass was pulverized using a planetary ball mill 

at 180 rpm for 10 minutes (FRITSCH, Idar-Oberstein, Germany). The nutrient composition of the 

samples was determined according to AOAC methods (AOAC, 1995). Total nitrogen content in 

samples was measured with digestion using the Kjeldhal method (Rhee K.C., 20021). The total 

lipid content was determined with extraction using co-solvents of n-hexane/isopropanol in the 

microalgal biomass according to the Bian method (Bian et. al., 2018).  
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Extraction of the bio-oil was carried out in a horizontal extraction apparatus (tehtnica 

ZELEZNIKI EV-402) at 300 rpm for 48 hours. A solvent mixture of n-hexane and isopropanol in a 

3:2 ratio was used. The ratio of solvent to biomass was 10:1 (v/w). Following extraction, the 

biomass was filtered out and the solvent was evaporated.  The bio-oil was subjected to 

transesterification and the fatty acid distribution was determined by gas chromatography.  For 

this, 1 μl of the FAME (Fatty Acid Methyl Ester) phase was injected into an Agilent Gas 

Chromatographer Model 6890 N. Analysis of the FAME distribution was performed according to 

the EN 14103 method.  

The saponification number (SN), the iodine value (IV) were calculated theoretically from 

the FA distribution using the equations suggested by Kalayasiri et al. (1996), validated by Azam 

et al. (2009). Similarly, the cetane number (CN) was evaluated from the theoretical equation 

suggested by Krisnangkura (1986) and the higher heating value (HHV) from the equation 

suggested by Demirbas (1998). 

𝑆𝑁 = 560∑
%𝑊𝑖

𝑀𝑊𝑖
𝑖=𝑛
𝑖=1               

 (1) 

𝐼𝑉 = 254∑
𝑁(%𝑊𝑖)

𝑀𝑊𝑖
𝑖=𝑛
𝑖=1           

 (2) 

𝐶𝑁 = 46.3 + (
5458

𝑆𝑁
) − (0.225𝐼𝑉)       

 (3) 

𝐻𝐻𝑉 = 49.43 − (0.041𝑆𝑁) − (0.015𝐼𝑉)      

 (4) 

Where, %Wi is the % weight of each FA, N is the number of double bonds and MWi is the 

molecular weight of the respective FAME. 

Table 1 shows the parameters of the five experiments that took place simultaneously in 
the 42 liter bioreactors. 
Table 1. Variables of the experiments in the five bioreactors where the influence of the initial 

concentration of organic carbon was studied 

 
 
 

  

Bioreactor % AD No (mg/l) Co (gr/l) Cο/Nο Τ (±1oC) pH (±0,3) 

1 0 110 7.24 65.8 28 7 

2 11 110 1.98 18.0 28 7 

3 11 110 3.79 34.5 28 7 

4 11 110 7.29 66.3 28 7 

5 11 110 17.50 159.1 28 7 
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The microalgal species Chlorella sorokininana (SAG strain 211-31) was obtained from Culture 
Collection of Algae from the University of Göttingen in Germany (EPSAG). Glycerol and AD were 
obtained from local biodiesel and biogas plants.  AD was filtered, centrifuged and sterilized 
before use.  The concentration of initial nitrogen was 110 mg/l in all five cultivations. The initial 
concentration of nitrogen was held constant in all bioreactors and the initial carbon 
concentration was varied from 1.98 g/l to 17.50 g/l.  A cultivation without anaerobic digestate 
was carried out as a blank. The composition of the samples was determined according to AOAC 
methods. For the determination of organic carbon, the method of Walkley–Black was used. In 

this method, the sample is first centrifuged and then filtered. Organic carbon is then oxidized 
by a mixture of K2Cr2O7 and H2SO4 in a ratio of 1:2. The remaining K2Cr2O7 was titrated with 0.5 
N FeSO4 7H2O. 
 
3. RESULTS AND DISCUSSION 
3.1 Rate of Carbon uptake 

Figures 1 and 2 show the rate of carbon reduction as a function of cultivation time and the rate 
of carbon uptake rate for the different initial carbon concentrations shown in table 1. The Co/No 
ratio varies from 18.0 to 159.1. The initial concentration of ammonium and the percentage of 
anaerobic digestate (except for the blank) were the same in all cultivations and equal to 110 
mg/l and 11% respectively. It is can be seen from figure 1a that cultivation time varies from 
about 5 days to more than 20 days.  As the concentration of carbon increases so does the 
cultivation time.  This affects the biomass productivity discussed in paragraph 3.2.  However, 
unlike the cultivation time, the carbon uptake rate increases as the initial carbon concentration 
or the Co/No ratio increase. From a low 0.37 gr/(l-d) at Co/No=18.0 it increases to 0.73 gr/(l-d) 
at Co/No=159.1.  For comparison, the rate of carbon uptake rate for the blank (without AD) 
cultivation for Co/No=65.8 (not shown in figure 2) is 0.47 gr/(l-d) lower by about 15% than the 
carbon uptake rate of similar Co/No=66.3 for the cultivation with 11% AD, which is 0.54 gr/(l-d). 
The anaerobic digestate (AD) is a very complex medium.  It contains a great number of elements, 
basically all elements, as well as various organic compounds. Micronutrients present in the AD, 
such as cobalt, molybdenum and iron, may be affecting carbon uptake kinetics. Cobalt and 
molybdenum may also be affecting nitrogen uptake by the microalgal cells which the cells utilize 
for protein synthesis and cell growth and therefore indirectly may be involved in the carbon 
utilization process. 
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Figures 1 (left) and 2. The rate of carbon reduction as a function of cultivation time and the 

rate of carbon uptake rate versus the Co/No ratio.  Curves were drawn between data points 

for clarity. 

 

3.2 Biomass, Lipid and Protein productivities 

Table 2 gives the Chlorella sorokinana biomass yield in proteins and lipids and the productivity 

of biomass, proteins and lipids for the five treatments shown in table 1. As it is seen in table 2, 

the lipid percentage increases as the Co/No ratio increases. The reverse is true for the protein 

content.  The biomass yield increases as No is increased however, the productivity initially 

increases for Co up to 3.79 gr/l but it levels off because of the increased time needed for the 

cultivation.  Maximum lipid productivity is noted for an initial carbon concentration of 17.5 g/l. 

Table 2 The content of the biomass in proteins and lipids and the biomass yield of Chlorella 
sorokiniana.  The productivities in biomass (Pb), lipids (Pl) and proteins (Pp) are also shown. 

Quantity Initial Carbon Concentration (gr/l) 

7,24* 1,98 3,79 7,29 17,50 

Proteins % 28.5 36.6 32.9 26.1 19.1 

Lipids % 33.9 20.8 25.8 33.2 39.7 

Biomass yield 

(gr/l) 
2.2 0.95 1.7 2.4 3.5 

Pb (gr/(l-d) 0.15 0.16 0.21 0.22 0.22 

Pl (mg/(l-d)) 50.9 32.9 54.8 71.9 86.8 

Pp (mg/(l-d)) 42.8 58.6 69.1 57.4 42.0 

* Blank, no anaerobic digestate added. 
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3.3 Fatty Acid distribution 

Table 3 shows the distribution of methyl esters of the corresponding FAs of the biomass of C. 

sorokiniana cultivated with glycerol and biofertilizer for the four different initial carbon 

concentrations as well as the case where no biofertilizer was used (Table 1). 

Table 3. The distribution of fatty acids for the five treatments of Table 1. In all five treatments 

the concentration of nitrogen (ammonia nitrogen) is equal to 110 g / L.  

Α/Α FATTY ACID Co=7,24 g/L 
(No AD) 

Co=1,98 g/L 
 

Co=3,79 g/L 
 

Co=7,29 g/L 
 

Co=17,5 g/L 
 

% % % % % 

1 C10:0 1,31 0,12 0,71 7,86 0,20 

2 C10:1 2,34 0,93 1,05 0,71 0,84 

3 C12:0 2,89 1,15 2,17 1,71 1,16 

4 C12:1 1,28 1,07 1,08 0,12 0,14 

5 C14:0 3,70 2,76 2,11 3,52 1,29 

6 C14:1 4,65 2,33 0,92 5,01 1,18 

7 C14:2 ----- ------ ----- ----- 0,55 

8 C16:0 15,32 17,41 16,78 16,37 15,46 

9 C16:1 12,37 9,68 4,81 8,57 7,44 

10 C16:2 0,34 ----- 0,63 0,61 0,41 

11 C18:0 6,11 4,77 16,07 5,48 9,61 

12 C18:1 29,94 37,93 39,73 30,43 41,60 

13 C18:2 10,57 11,15 5,11 9,45 16,55 

14 C18:3 4,06 2,87 1,19 1,98 1,04 

15 C20:0 3,69 2,34 2,21 1,53 0,35 

16 C20:1 1,43 1,86 0,72 3,32 1,03 

17 C22:0 ----- 0,31 ----- 0,38 0,15 

18 C22:1 ----- 0,78 ----- ----- 0,19 

19 C24:0 ----- 0,93 3,38 2,95 0,81 

20 C24:1 ----- 1,61 1,33 ----- ----- 

From table 3 we observe that the chain length ranges from C10: 0 to C24: 1. However, the fatty 

acids that are found in the highest percentage are C16: 0, C16: 1, C18: 0, C18: 1 and C18: 2. The 

ratio C18: 1 / C18: 2 ranges from about 2.5: 1 to 7.8: 1. In most vegetable oils and seed oils C18: 

2 is higher than C18: 1 while in the microalgae Chlorella sorokiniana the opposite is observed.  

Figures 3 and 4 show the distribution of fatty acids in terms of chain length (short, medium and 

long chain fatty acids) and their degree of saturation (saturated, monounsaturated and 

polyunsaturated fatty acids) respectively. 
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Figures 3 (left) and 4.  The distribution of fatty acids in terms of chain length C10-C14, C16-C18 

& >C18) and their degree of saturation (SFA, MUFA & PUFA). The numbers 1 through 5 indicate 

the Co/No ratio = 65.8 (blank- no AD added), 18.0, 34.5, 66.3 and 159.1 respectively. 

From Figure 3 it can be concluded that medium chain FAs are predominant and constitute from 

a minimum of 72.9% to a maximum of 92.1% of FA.  Also, from Figure 4, the monounsaturated 

FAs predominate in all treatments and accounts for about 48% to 56% of total FA, while 

significant percentages of saturated FAs from about 29% to about 43%. % are produced. 

3.4 Estimated FAME properties 

Table 4 shows the SN (saponification number), IV (iodine value), CN (cetane number) and HHV 
(higher heating value) values of FAME, calculated from the data of Table 3 and equations 1-4. 
The values of the FAME properties in Table 4 can be explained based on the distribution of FA 
in relation to the chain length (figure 3) and the degree of saturation (figure 4). Increasing the 
degree of saturation leads to a decrease in the iodine value (IV). Also, increasing the average 
chain length, both the iodine value and the saponification number (SN) decrease and the cetane 
number (CN) increases. However, according to Equation 3, a decrease in SN has a more 
pronounced effect on CN than a decrease in IV. 

Table 4.  The FAME properties of the bio-oil obtained from the cultivation of Chlorella 
sorokiniana in relation to the Co/No ratio, for a constant initial nitrogen concentration of 110 

mg/l (Table 1). 

Property* 
Co=7,24 g/L 

(NO AD) 

Co=1,98 g/L 
 

Co=3,79 g/L 
 

Co=7,29 g/L 
 

Co=17,5 g/L 
 

Saponification 
number (SN) 

204.3 197.0 196.1 206.2 196.1 

Iodine Value 
(IV) 

77.6 76.5 56.9 65.8 79.4 

Cetane Number 
(CN) 

55.6 56.8 61.4 58.0 56.3 
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Upper Heating 
Value (HHV) 

39.9 40.2 41.0 40.0 40.2 

* Units: Iodine Value: g I/100 g FAME and HHV: MJ/kg. 

The FAME values for all treatments are within acceptable limits. It is noted that low iodine values 
lead to higher cetane numbers due to the reduced ignition time, but very low IV, below 50-60 g 
I/100g FAME, cause poor flowing properties at low temperatures and this can lead to clogging 
of the fuel filters. 

4. CONCLUSIONS 
Glycerol is easily absorbed and utilized by Chlorella sorokiniana.  The biomass yields as well as 

the lipid content increased with increasing Co.  However, the biomass productivities increased 

only from 0.15 gr/(l-d) to 0.22 gr/(l-d) because longer cultivation times were needed as the Co 

increased. Lipid productivities increased from 32.9 mg/(l-d) to 86.8 mg/(l-d). The distribution of 

FA was predominant in monounsaturated and medium chain FA.  The basic FAME properties 

were within acceptable limits.  Cetane numbers were equal to 56.8, 61.4, 58.0 and 56.3 for Co 

values equal to 1.98, 3.79, 7,29 and 17.50 gr/l respectively while, for the cultivation where no 

anaerobic digestate was used with an initial carbon concentration equal to 7.24 gr/l the cetane 

number is equal to 55.6.  The anaerobic digestate is a good source for the formulation of growth 

media for cultivating microalgae heterotrophically and possibly autotrophically.  It provides 

macro and micronutrients and some carbon from undigested organic material thus, reducing 

the cost of the growth media for microalgal cultivation and also contributes to the recycling of 

important nutrients such as phosphorus and potassium.  The bio-oil of Chlorella sorokiniana is 

thus appropriate for use in biodiesel production. However, lipid productivities need to be 

improved for a commercial application for biodiesel production.  The remaining biomass can be 

utilized, for example, as a supplement to animal feed. 
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A B S T R A C T

The fatty acid (FA) distribution of bi-oil derived from Chlorella sorokiniana and FAME basic prop-
erties were examined. C. sorokiniana was cultivated heterotrophically in two very different
growth media: a) glycerol and inorganic salts (GLIN) and b) glycerol and anaerobic digestate
(GLAD), as well as in two different modes: a) semi-batch (GLIN) and b) batch (GLAD). The culti-
vation took place in 42 L bioreactors and from the biomass collected the bio-oil was extracted,
converted to the corresponding fatty acid methyl esters (FAME) and subsequently their distribu-
tion was determined in a gas chromatograph. The protein and lipid content were also determined
and were used for the estimation of the carbon yield coefficients, which are equal to 0.13 and
0.25 for the GLIN and GLAD treatments respectively. The fatty acid distribution covered chain
lengths from C10 to C26. The great proportion of the FA were of medium chain FA C16–C18 con-
stituting about 85% and 53% of the total fatty acids of the GLIN and GLAD treatments respec-
tively. Also, the distribution of saturated, monounsaturated and polyunsaturated FA differed. The
basic properties of the biodiesel such as the density, the kinematic viscosity, the acid value, the
cetane number, the iodine value and the heating value are within acceptable ranges and differ-
ences in the properties of the two treatments are due to differences in FA distribution.

1. Introduction
Microalgae are unicellular photosynthetic organisms that use light and carbon dioxide, with higher photosynthetic efficiency than

plants, for the production of biomass. Some microalgae species can also grow and multiply heterotrophically in the absence of light if
an organic carbon source becomes available (Mata et al., 2010). Microalgae are rich in proteins and lipids. The microalgae growth
rate as well as the protein and lipid content are influenced by many parameters, such as the cultivated species, the temperature, the
concentration and type of carbon source used, the ratio of carbon to nitrogen, the medium pH, the concentration of potassium, phos-
phorus and micronutrients, dissolved oxygen availability and the mixing rate (Gouveia and Oliveira, 2009).

In addition to the production of bio-oil for biodiesel production, the biomass can be used in a variety of applications. The biomass
of microalgae is rich in antioxidants and some organic substances of pharmaceutical value, so some applications are in the cosmetic

Abbreviations: FAME, fatty acid methyl esters; FA, fatty acid; GLIN, glycerol and inorganic salts; GLAD, glycerol and anaerobic digestate.
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and pharmaceutical industry (Spolaore et al., 2006). The high protein and lipid content can be of value in aquaculture for the replace-
ment of fishmeal in fish feeds and in the poultry industry (Patil et al., 2005). Therefore, depending on the cultivated species, the culti-
vation mode and the cultivation parameters, the microalgal biomass can be directed towards specific uses such as for bio-oil, biomass
and various secondary metabolites production for use in the biodiesel, animal feed and the food, cosmetic and pharmaceutical indus-
tries. (Spolaore et al., 2006). Furthermore, microalgal cultivation can be carried out on an industrial scale using basic biochemical en-
gineering principles. Therefore, the productivity of specific components must be maximized but, it is important to realize that all of
the biomass must be exploited. For example, if bio-oil is the target product, the rest of the biomass can be used as a supplement in ani-
mal feed.

In the heterotrophic cultivation mode, microalgae use organic carbon and oxygen under dark conditions for growth and biomass
production (Chojnacka et al., 2004). A number of review papers focus on the heterotrophic growth of several microalgal species, and
the trend is that heterotrophic growth enhances both the biomass and lipid productivity (Bumbak et al., 2011, Perez-Garcia and
Bashan, 2015). Different sources of carbon can be used for microalgae growth, such as glucose, sucrose, fructose, mannose, glycerol,
lactose, or galactose (Perez-Garcia et al., 2011). Additionally, various industrial effluents and by-products can be used as a carbon and
nitrogen source. Studies on the heterotrophic cultivation of different microalgal species using glucose as carbon source have been
published (Li et al., 2007 and Xiong et al., 2008), while work on the cultivation of microalgae using glycerol is limited. It should be
mentioned that studies on cultivation using industrial effluents and by-products, such as anaerobic digestate are lacking.

In studies of the heterotrophic cultivation of Chlorella sorokiniana, the growth rate was higher using glucose and sodium acetate as
the carbon source compared to fructose (Qiao and Wang, 2009). In other Chlorella species, namely, in Chlorella vulgaris, optimal cell
growth and lipid productivity were attained using glucose at 1% (w/v). Growth of C. vulgaris on glycerol had similar dose effects as
those from glucose (Liang et al., 2009). In Chlorella protothecoides, corn powder hydrolysate was used instead of glucose as an organic
carbon source in heterotrophic culture medium in fermenters, in order to increase the biomass and reduce the cost of cultivation (Xu
et al., 2006). O'Grady and Morgan (2011) studied the heterotrophic growth of Chlorella protothecoides with different carbon sources,
specifically glycerol, glucose, and a glucose/glycerol mixture. They found that the specific growth rate and lipid yields when using
glycerol and a glucose/glycerol mixture were higher in comparison when using only glucose. Similarly, Kong et al. (2013) found that
the growth rate of C. vulgaris, as well as the biomass production of the species, was enhanced when cultivated with a mixture of glyc-
erol and glucose.

Anaerobic digestate (AD) produced by biogas plants is mainly used for field fertilization in various crops such as corn. When there
are no adequate fields available, or the land is not sufficiently flat, nitrification of underground and surface water and high soil salin-
ity may result as excess anaerobic digestate is applied. Therefore, developing new applications for the efficient use of anaerobic diges-
tate is needed in order to utilize the macro- and micronutrient content of the AD in the framework of circular economy. A good solu-
tion is the use of anaerobic digestate for microalgae cultivation, as it is a good source of nitrogen, phosphorus, and potassium, as well
as a source of over 30 different micronutrients. Potassium and phosphorus availability is projected to decrease in the future.

For biodiesel production, except for a high lipid productivity a favorable fatty acid profile of the lipids is needed as well. Currently,
biodiesel is mainly produced from used oils and various seed oils such as sunflower and cotton seed oils. Vegetable and seed oils con-
tain fatty acid mostly from about C12:0 to about C24:0. Used oils contain a small amount of animal fats which have a lower fatty acid
chain length. The fatty acid (FA) distribution such as chain length and the degree of saturation influence the properties of the
biodiesel obtained through the transesterification process. The aim of this study is to cultivate C. sorokiniana heterotrophically under
two very different treatments-growth media formulations and to examine and compare the lipid and protein productivities as well as
the fatty acid methyl esters (FAME) profiles and basic FAME and bio-oil properties. The two treatments carried out are: a) growth in a
medium containing glycerol as the source of carbon and inorganic nutrients as the source of macro and micro nutrients (GLIN treat-
ment) and b) growth in a medium containing glycerol as the main source of carbon and 40% anaerobic digestate (AD) as the source of
small quantity of undigested organic carbon and all the macro and micronutrients (GLAD treatment). Also, the mode of cultivation is
different: in the GLIN treatment the cultivation was semi-batch, while in the GLAD treatment it was batch. Four bio-oil and FAME
properties namely, density, acid value, viscosity and the flash point were measured and four basic FAME properties were calculated
from empirical equations from the FA profile. These are the saponification number (SN), the iodine value (IV), the cetane number
(CN) and the higher heating value (HHV). Properties are compared with the values required for the commercial biodiesel and thus the
aim is to determine the suitability of C. sorokiniana bio-oil in a potential future application. Also, the carbon yield coefficients were
calculated in order to examine the percentage of organic carbon incorporated in the biomass of C. sorokiniana.

2. Materials and methods
2.1. Bioreactors

The cultivation of C. sorokiniana was carried out in glass cylindrical bioreactors of 42L capacity each that were filled to 80% of
their volume. Air was continuously provided to each bioreactor though a perforated network of piping placed at the bottom of the
bioreactor tank. The temperature of the cultures was kept at 28 ± 0.5 °C with the use of temperature thermostats (Aquael
250Wheaters, Suwalki, Poland) and the pH was held constant at 7 ± 0.3. The pH was adjusted manually as needed with the use of
HCl or NaOH solutions. The bioreactors, the glass tubing and the culture medium were sterilized before use.

2.2. Inoculum preparation
The microalgae species C. sorokininana (SAG strain 211-31) was obtained from Culture Collection of Algae from the University of

Göttingen in Germany (EPSAG). The cultivation medium used for the preparation of the inoculum, which was grown autotrophically,
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was the Basal Medium (= ES “Erddekokt + Salze”). Each bioreactor was inoculated with a standard quantity 250 mL of C. sorokini-
ana inoculum of 0.5 optical density.

2.3. Materials
Crude glycerin was used as the carbon source. It was obtained from a local biodiesel manufacturing plant. Its methanol was re-

moved and its composition was 86% glycerol, 0.5% methanol, 7.5% water, 3.5% MONG (Non-Glycerol Organic Matter) and 2.5%
ash. Anaerobic digestate was provided by a local biogas producing plant. It was first filtered through three successive sieves and then
centrifuged at 4000 rpm for 10 min. It was then sterilized by boiling for about 10 min. Following its cooling the macronutrient con-
tent of the AD was determined. Nitrogen in AD is present only in the form of ammonium ions while carbon comes from the partly di-
gested organic material. The carbon content was calculated according to the Walkley-Black method so that the Co/No ratios could be
preestimated. The carbon content of the anaerobic digestate is 1.95 g/l.

2.4. Methods of analyses
The composition of the samples was determined according to AOAC methods (AOAC 1995). Total nitrogen content in samples was

measured with liquid digestion. Digestion is accomplished by boiling of the samples in concentrated H2SO4 with catalyst potassium
sulphate, copper sulphate, and selenium. After cooling, the digestion product was distilled with NaOH in a solution 2% H3BO3 in pres-
ence of indicator methyl red and was titrated with 0.1 N HCl. Total protein content of plant tissues was calculated from the total nitro-
gen using a conversion factor of 6.25. For the determination of organic carbon, the method of Walkley–Black was used. The samples
were first centrifuged and then filtered. According to this method, organic carbon was oxidized by a mixture of K2Cr2O7 and H2SO4 in
a ratio of 1:2. The remaining K2Cr2O7 was titrated with 0.5 N FeSO4.7H2O.

2.5. Method of lipid extraction and fatty acid analysis
The C. sorokiniana biomass was collected partly by sedimentation and partly by centrifugation at 4000 rpm. It was dried at 45 °C

in an air-circulating oven until it attained a constant weight. Subsequently it was pre-treated in a planetary mill at 200 rpm for
10 min. After this pre-treatment extraction of the bio-oil followed. This was carried out in a horizontal extraction apparatus (tehtnica
Zelezniki EV-402) at 300 rpm for 48 h. A solvent mixture of n-hexane and isopropanol in a 3:2 ratio was used. The ratio of solvent to
biomass was 10:1 (v/w). Following extraction, the biomass was filtered out and the solvent was evaporated.

The bio-oil was subjected to transesterification and the fatty acid distribution was determined by gas chromatography. Specifi-
cally, the bio-oil was first filtered and 100 mg of the bio-oil was reacted with a mixture of heptane and KOH/MeOH (2 N). The anhy-
drous MeOH was first filtered. Following the separation of the two phases, 1 μl of the FAME (Fatty Acid Methyl Ester) phase was in-
jected into an Agilent Gas Chromatographer Model 6890 N. Analysis of the FAME distribution was performed according to the EN
14103 method. The density and the viscosity of the FAME were determined using the EN ISO 3675 and the EN ISO 3679 methods re-
spectively while, the flash point and the acid value were determined using the EN ISO 3104 and the EN 14104 methods respectively.

The saponification number (SN), the iodine value (IV) were calculated theoretically from the FA distribution using the equations
suggested by Kalayasiri et al. (1996) and validated by Azam et al. (2005). Similarly, the cetane number (CN) was evaluated from the
theoretical equation suggested by Kanit (1986) and the higher heating value (HHV) from the equation suggested by Demirbaş (1998).

SN = 560

i=n∑

i=1

%Wi

MWi
(1)

IV = 254

i=n∑

i=1

N (%Wi)

MWi
(2)

CN = 46.3 +
(
5458

SN

)
− (0.225IV) (3)

HHV = 49.43 − (0.041SN) − (0.015IV) (4)

Where, %Wi is the % weight of each FA, N is the number of double bonds and MWi is the molecular weight of the respective FAME.

2.6. Treatments
Two treatments in the cultivation of C. sorokiniana were used. In the 1st treatment (GLIN) C. sorokiniana was cultivated in a semi-

batch mode with the carbon (glycerol) added in ten equal intervals and an additional amount of nitrogen in the form of nitrate equal
to 27.7 mg/l was added in the middle of the cultivation. Total nitrogen was 108.2 mg/l of which 52.8 mg/l was in the form of ammo-
nium and 55.4 mg/l in the form of nitrate. Except carbon, all other macro and micro nutrients were from inorganic salts as well. In the
second treatment (GLAD), C. sorokiniana was cultivated in a batch mode with glycerol and 40% anaerobic digestate (AD) as a source
of additional carbon and all of the N, P and micronutrients. Co was equal to 7.4 g/l and No, all in the form of ammonium, was equal to
351 mg/l. Table 1 summarizes the formulation of the two growth media and the mode of cultivations.

2.7. Evaluation of the carbon yield coefficients
The biomass carbon yield coefficient is defined as the ratio of the amount of organic carbon contained in the biomass of the algae

in gr to the amount of organic carbon in gr consumed by the algae during the cultivation. Therefore, the carbon yield coefficient is a
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Table 1
Initial conditions of the two cultivations of C. sorokiniana.

Formulation → No No (NH4+) Total No (mg/l) Co (gr/l) Co/No AD (%) K (mg/l) P (mg/l) T (±1 °C) pH (±0.3)

Treatments ↓ (NO3−)

GLIN (semi-batch) 55.8 52.8 108.2 13.2 122.0 0 154.7 3.56 30
7.0

GLAD (batch) 0 351 351 7.4 21.1 40 210 75 30
7.0

measure of efficiency, i.e. of the fraction of the carbon (primary nutrient in a heterotrophic growth) which ends up in the end product.
It is defined by the following equation:

YCb/ΔC = Cb/ΔC (5)

Where, YCb/ΔC is the biomass carbon yield coefficient, Cb is the amount in gr of elemental organic carbon contained in the biomass in
gr/l and ΔC is the total amount in g of organic carbon consumed in the cultivation in gr/l. Therefore, Cb is given by:

Cb = MbfC (6)

Where in equation (2), Mb is the biomass yield produced during the cultivation in gr/l and fC is the elemental carbon fraction of the
biomass.

In order to calculate the fraction of the carbon of the biomass the ash content of the biomass was first determined. The biomass
was collected by centrifugation and dried in an air circulation oven at 45 °C. A sample was weighed and then heated to 550 °C until
constant weight. The carbohydrate content was determined by difference

% carbohydrates = 100 - %protein - % lipids - % ash - % moisture (7)

The elemental carbon fraction fC was estimated from the composition of the biomass in macronutrients, using an average carbon con-
tent of 0.53, 0.75 and 0.44 for proteins, lipids and carbohydrates respectively (Rouwenhorst et al., 1991). The following equation was
used for estimating fC:

fC = (0.53x%proteins + 0.75x%lipids + 0.44x%carbohydrates)/100 (8)

2.8. Statistical analysis
Data were analyzed using the IBM SPSS Statistics 24 statistical package (Stehlik-Barry and Babinec, 2017). The experiment had

four replications. Analysis of variance was used to assess treatment effects. Mean separation was made using Tukey's test when signifi-
cant differences (p = 0.05) between treatments were found. All presented numeric values are means of four measurements ± stan-
dard deviation (SD).

3. Results and discussion
3.1. Biomass, lipid and protein productivities

Table 2 shows the protein, the lipid and carbohydrate (CH) content as well as the biomass yield and the biomass (Pb), lipid (PL)
and protein (PP) productivities of the two treatments GLIN and GLAD.

It can be noted that the GLIN treatment produces biomass with a higher content in lipids but a lower content in protein compared
to the GLAD treatment. This is apparently due to the fact that a higher No was used in the GLAD treatment. The ratio of initial carbon
to nitrogen concentration, Co/No (Table 1) was only 21.1 in the GLAD treatment compared to a Co/No = 122. Excess nitrogen favors
the production of proteins since nitrogen is basically entirely used for protein synthesis. Carbon is used for the synthesis of all
macronutrients, proteins, lipids and carbohydrates. However, excess carbon with respect to nitrogen and as nitrogen becomes de-

Table 2
The protein, the lipid and carbohydrate content, the biomass yield (Mb) and the biomass (Pb), lipid (PL) and protein (PP) productivities of C. sorokiniana cultivated
heterotrophically with the treatments GLAIN and GLAD.

Treatment Protein Lipids CH Mb Pb PL PP

(%) (%) (%) g/L g/(L-d) mg/(L-d) mg/(L-d)

GLIN 24.5 ± 1.52b 32.2 ± 1.91a 34.2 ± 1.93a 2.8 ± 0.21b 0.14 ± 0.01b 45.1 ± 2.71a 34.3 ± 2.10b

GLAD 37.9 ± 2.34a 20.4 ± 1.33b 30.6 ± 1.64b 3.6 ± 0.23a 0.21 ± 0.01a 42.8 ± 2.33a 79.6 ± 4.12a

Data represent average means and SE deviation, (n) = 4; in each chemical property of the table, different letters indicate significant differences according to the Tukey's
test (p = 0.05).
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pleted and biomass production slows down, favors the production of lipids. So high ratios of Co/No are expected to increase the lipid
content.

3.2. Fatty acid distribution
Table 3 shows the FA distribution of C. sorokiniana cultivated with glycerol and inorganic macro and micro nutrients (GLIN).

Table 4 shows the FA distribution of C. sorokiniana cultivated with glycerol and 40% anaerobic digestate (GLAD). In the GLAD treat-
ment all the macro and micronutrients were supplied from the AD.

It is noted from Tables 3 and 4 that FA with chain lengths C10 to C26 are produced. With respect to the chain length, it is observed
that the predominant FA in the GLIN treatment are C16:0, C16:1, C18:1, while in the GLAD treatment C14:0, C14:1, C16:0, C16:1,
C18:1 are predominant but, also a substantial percentage of C26:0 is produced. C18:2 is low in both treatments. Of these FA, C18:1,
i.e., oleic acid, is predominant. In most vegetable and seed oils C18:2 is higher than C18:1, while in C. sorokiniana in the treatments
GLIN and GLAD the ratio of C18:1/C18:2 is 17.6 and 3.7 respectively. Additionally, palmitic acid, C16:0 and palmitoleic acid, C16:1,
are present in significant amounts in both treatments.

It is evident that the two treatments produce different FA distributions. So, it is interesting to construct histograms comparing the
FA distributions of the two treatments according to the degree of saturation and to the chain length since these two, according to
equation 1 through 4 affect basic properties such as the saponification number (SN), the iodine value (IV), the cetane number (CN)
and the higher heating value (HHV). So, FA are separated in three categories as: short chain FA from C10 to C14, medium chain FA
from C16 to C18, and long chain FA higher than C18, while all saturated, monounsaturated and polyunsaturated FA are denoted as
SFA, MUFA and PUFA respectively. From Tables 3 and 4 the histograms in Fig. 3 and 4 are constructed.

Figs. 1 and 2 show a comparison of the distribution of FA of the two treatments GLIN and GLAD according to the degree of satura-
tion and the chain length respectively.

The distribution of SFA, MUFA and PUFA of the biooil of C. sorokiniana cultivated with glycerol and inorganic nutrients (GLIN)
and Glycerol + AD (GLAD); The values in the bars of the graph labeled with the same letter on the top do not differ significantly ac-
cording to the Tukey's test (P > 0.05); Data represent average, (n) = 4.

The distribution of short chain (C10–C14), medium chain (C16–C18) and long chain (>C18) FA of the bio-oil of C. sorokiniana
cultivated with glycerol and inorganic nutrients (GLIN) and Glycerol + AD (GLAD); The values in the bars of the graph labeled with
the same letter on the top do not differ significantly according to the Tukey's test (P > 0.05); Data represent the average
means ± standard deviation, n = (4).

It can be seen from Fig. 1 that the predominant FA for both treatments are monosaturated (MUFA), while, a substantial percent-
age, up to 36.7% of saturated FA (SFA) are produced. The percentage of polyunsaturated FA (PUFA) is small, below 10%. From Fig. 2
it is noted that the medium chain FA are predominant. The GLIN treatment produces a lower percentage of medium chain FA com-

Table 3
Fatty acid distribution in the GLIN treatment (Glycerol + Inorganic salts).

FA % FA %

C10:0 0.4 ± 0.02 C18:0 1.7 ± 0.11
C10:1 0.9 ± 0.05 C18:1 43.9 ± 2.65
C12:0 0.7 ± 0.04 C18:2 2.5 ± 0.15
C12:1 2.4 ± 0.14 C18:3 2.7 ± 0.16
C14:0 5.6 ± 0.31 C20:0 0.3 ± 0.02
C14:1 2.6 ± 0.15 C20:1 0.2 ± 0.01
C16:0 20.1 ± 1.14 C22:0 0.5 ± 0.03
C16:1 12.1 ± 0.66 C22:1 0.3 ± 0.02
C16:2 1.9 ± 0.11 C24:0 1.2 ± 0.07

Data represent average means and SE deviation, (n) = 4.

Table 4
Fatty acid distribution in GLAD treatment (Glycerol + AD).

FA % FA %

C10:0 3.1 ± 0.18 C18:1 17.9 ± 1.04
C10:1 3.6 ± 0.21 C18:2 4.9 ± 0.30
C12:0 2.9 ± 0.17 C18:3 3.8 ± 0.21
C12:1 4.2 ± 0.25 C20:0 4.6 ± 0.28
C14:0 7.1 ± 0.41 C20:1 1.9 ± 0.11
C14:1 6.9 ± 0.39 C22:0 1.8 ± 0.11
C16:0 7.4 ± 0.46 C22:1 2.5 ± 0.16
C16:1 15.5 ± 0.92 C24:0 1.4 ± 0.08
C16:2 2.1 ± 0.13 C26:0 6.6 ± 0.41
C18:0 1.8 ± 0.09

Data represent average means and SE deviation, (n) = 4.
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Fig. 1. Histogram of the distribution according to saturation-unsaturation of the FA.

Fig. 2. Histogram of the distribution according to the chain length of the FA.

pared to the GLAD treatment. The FA distributions in Figs. 2 and 3 are expected to affect the basic FAME properties discussed in the
next paragraph.

3.3. FAME properties
The properties SN, IV, CN and HHV calculated from equation 1 through 4 and Tables 3 and 4 and the density, viscosity, flash point

of the FAME and the acid value of the bio-oil are shown on Table 5.
With respect to the % SFA, %MUFA and the % PUFA it can be seen from Figs. 1 and 2 that the % SFA appears to affect FAME prop-

erties. Increasing the degree of saturation leads to a decrease in ignition delay (Schönborn et al., 2009). The ignition delay is related
to the cetane number (CN). As the ignition delay increases the CN number decreases and the CN number is an indication of the quality
of the biodiesel produced (Azam et al., 2005). Therefore, increasing the degree of saturation should increase the CN number of the
fuel. Also, increasing the chain length of FA decreases the saponification number (Folayan et al., 2019) and therefore increases the
cetane number. Furthermore, the degree of saturation affects the iodine value. As the degree of saturation decreases so does the io-
dine value. Low iodine values lead to biodiesel which is more combustible but it is not suitable for colder climates as it has rather poor
flow properties at low temperatures (Schönborn et al., 2009). It can be seen by examining Table 3 and Figs. 1 and 2 that although the
GLAD treatment produces 6.2% more SFA than the GLIN treatment its CN and HHV are lower than the corresponding ones of the
GLIN treatment because it produces 15.2% more short chain FA (C10–C14) than the GLIN treatment and the net effect is an increase,
as can be seen from Table 5, of both the SN and IV values in the GLAD treatment. All properties, as it is noted in Table 5 for both treat-
ments, are within the acceptable range of properties. Therefore, although the microalgal species C. sorokiniana was cultivated in two
entirely different growth media and in two different modes, it produced bio-oil having somewhat different FA distribution both with
respect to the degree of saturation and to the chain length but, overall, the properties are within the respective acceptable ranges.
Therefore, the bio-oil of C. sorokiniana, from a quality point of view, is suitable for biodiesel production. Furthermore, by formulating
specific growth media and using specific cultivation modes, FAME properties can be altered in order to suit specific needs.
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Table 5
Properties of the obtained FAME and the bio-oil.

Property∗ Limits GLIN GLAD

Density 860–900 878 ± 11.2a 881 ± 11.4a

Viscosity 3.5–5.0 3.77 ± 0.20a 3.86 ± 0.22a

Flash point >101 147 ± 8.86a 141 ± 8.19a

Acid value <0.5 0.25 ± 0.02a 0.29 ± 0.02a

Saponification Number (SN) 201.8 ± 11.02a 206.3 ± 11.99a

Iodine Value (IV) <120 71.3 ± 3.98a 72.9 ± 3.86a

Cetane number (CN) >51 57.3 ± 3.03a 56.4 ± 2.98a

Higher Heating value (HHV) >35 40.1 ± 2.09a 39.9 ± 2.14a

oC) kg/m3.
Viscosity: (40.
oC) mm2/s, Flash Point.
oC, Acid Value: mg KOH/g Iodine Value: g I/100 g FAME and Higher Heating Value: MJ/kg. Data represent average means and SE deviation, (n) = 4; in each property
of the table different letters indicate significant differences according to the Tukey's test (p = 0.05).

∗ Units: Density: (15.

3.4. Carbon yield coefficients
Table 6 gives the carbon yield coefficients YCb/ΔC, which were calculated from equations 5-8 and the data of Table 2.

ΔC + MN + TE --------------→ Mb + CO2 + ECC (9)

Where, ΔC is the carbon consumed, MN and TE are the macronutrients and trace elements (micronutrients), Mb is the biomass yield
and ECC are any extracellular organic compounds and inorganic compounds, which contain carbon. Therefore, as we note from Table
6, only 13% and 25% of the organic carbon consumed ends up in the biomass of the microalgae for the GLIN and GLAD treatments re-
spectively. Any organic extracellular compound produced, unless it is volatile, it would be measured in the measurements of total dis-
solved organic carbon and therefore be accounted for. It is therefore interesting to note that most of the organic carbon utilized by the
algae is metabolized to carbon dioxide and probably to volatile organic compounds. It is also evident that excess organic carbon from
one hand produces biomass higher in lipids but, on the other hand decreases substantially the biomass carbon yield coefficient.

In the GLIN treatment a low carbon yield coefficient of 0.13 was obtained because of the low initial nitrogen concentration used
(No = 108.2 mg/l). A high carbon concentration led to a relatively high lipid content but, the low No led to a lower (compared to the
GLAD treatment) biomass yield. Nitrogen is needed for protein synthesis which, in turn is necessary for biomass production. In the
GLAD treatment although, relative to the GLIN treatment, a lower Co was used, a higher carbon yield coefficient of 0.25 was obtained
because of a much higher initial nitrogen concentration used (No = 351 mg/l). This led to increased biomass yield, which in turn led
to a higher carbon yield coefficient since carbon is found in all three macronutrients of the biomass.

4. Conclusions
The FA distribution during the cultivation of C. sorokiniana depends on the treatment. The two cultivation treatments of this study

are just an example of the many treatments possible. The treatment does affect the FAME and bio-oil properties but for both treat-
ments they are within the ranges of accepted values. Lipid content is much higher in the GLIN treatment because a much higher Co/
No ratio was used. The carbon yield coefficient is almost double in the GLAD treatment because a higher nitrogen concentration leads
to a higher biomass production therefore, utilizing more efficiently the organic carbon. Therefore, cultivation of microalgae should
focus on enhancing lipid productivities, which is defined as the product of biomass yield and the lipid content of the biomass. Lipid
extraction technologies must be developed in order to minimize the cost of lipid extraction and make competitive a future application
for biodiesel production. Glycerol prices fluctuate a great deal in the market so other cheap carbon sources can be investigated.
Anaerobic digestate provides macro and all micronutrients as well as some organic carbon and can potentially be used in the formula-
tion of growth media, which at the moment has zero market value. Other cultivation techniques such as mixotrophic cultivation and
semi-batch mixotrophic cultivations and the use of genetically modified microalgae strains may lead to increased biomass yields.

Table 6
The calculated carbon fraction in the biomass of I. sorokiniana (fC), the carbon consumed (ΔC), the amount in gr of elemental organic carbon contained in the bio-
mass Cb and the carbon yield coefficient of the two treatments.

Treatment fC ΔC Cb YCb/ΔC

GLIN 0.52 11.4 1.46 0.13
GLAD 0.49 7.1 1.76 0.25

The total biochemical reaction occurring during the cultivation of C. sorokoniana may be viewed as follows.
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