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Abstract: The production of microalgal biomass on a commercial scale remains a significant challenge.
Despite the positive results obtained in the laboratory, there are difficulties in obtaining similar results
in industrial photobioreactors. Changing the cultivation conditions can affect not only the growth
of microalgae but also their metabolism. This is of particular importance for the use of biomass
for bioenergy production, including biofuel production. The aim of this study was to determine
the biomass production efficiency of selected microalgal strains, depending on the capacity of the
photobioreactor. The lipid and ash content of the biomass were also taken into account. It was found
that as the scale of production increased, the amount of biomass decreased, irrespective of the type
of strain. The change in scale also affected the lipid content of the biomass. The highest values
were found in 2.5 L photobioreactors (ranging from 26.3 & 2.2% for Monoraphidium to 13.9 = 0.3%
for Chlorella vulgaris). The least favourable conditions were found with industrial photobioreactors,
where the lipid content of the microalgal biomass ranged from 7.1 & 0.6% for Oocycstis submarina to
10.2 £ 1.2% for Chlorella fusca. The increase in photobioreactor capacity had a negative effect on the
ash content.

Keywords: microalgae; biomass; photobioreactor; laboratory scale; technical scale; productivity;
bioenergy; advanced biofuel

1. Introduction

The use of microalgae for energy purposes depends on the possibility of obtaining
sufficient amounts of biomass. An appropriate scale-up strategy is therefore essential
for the gradual multiplication of microalgae from the laboratory stage to the industrial
production stage. The first step is to create a culture in small-volume shake flasks. Typically,
ten percent of the inoculate that is prepared in this way constitutes the input in the next
step. In the intermediate stages, photobioreactors with volumes of a few litres and several
litres, respectively, are used. Such prepared biological material can be used to inoculate
industrial photobioreactors.

The efficiency of biomass production under laboratory conditions is generally high,
which is related to the ease of providing suitable conditions for microalgal growth. In
large-scale photobioreactors, liquid flow processes and mass exchange may be slower,
potentially affecting biomass production efficiency. The average productivity of industrial
strains has been found to be lower compared to maximum theoretical estimates [1].

Optimising the culture medium composition prevents the reduction in microalgae
growth associated with mineral deprivation [2]. A more significant problem is the abiotic
factor. One of the most important cultivation parameters is light, which affects the rate
of photosynthesis [3] and biomass production. The optimum irradiance for different al-
gal strains is approximately 26-400 umol photons m~2 s~! [4]. To maximise production
efficiency, a single microalgae cell should be exposed to a light intensity of approximately
0.2-0.4 pmol-m 2.5~ 1. At this value, the photosynthetic rate in relation to light intensity
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starts to equalise. Due to the self-darkening of the cells, this is difficult, especially at high
culture densities [5]. The cells inside the culture receive only part of the radiation, which
reduces the light efficiency compared to cells in the outer, light-exposed zone [6]. When
cells stay in the illuminated zone for a short time, they are unable to absorb enough photons
for photosynthesis, and the rate of volumetric biomass production decreases [7]. Due to the
geometry of the different types of photobioreactors, the light pathway and, therefore, the
light intensity in the different zones of the photobioreactor will be different. At increasing
distances from the exposed side, the light intensity decreases almost exponentially. Both
an excess of light, causing photoinhibition, and a deficiency of light, i.e., photolimitation,
are disadvantageous for the culture [8]. Light should be distributed throughout the photo-
bioreactor to allow the photons to penetrate the cells [9]. Reducing the light pathway can
significantly increase the biomass yield [10]. Microalgae require light for the production
of ATP and NADPH and for the synthesis of molecules essential for their growth [11].
Industrial cultures should have a high biomass concentration and the ability to absorb
high levels of light, thus limiting losses due to photoinhibition [12]. The efficiency of
microalgal biomass production is also determined by the time of illumination. Increasing
the light/dark ratio can increase productivity [13,14].

The growth of microalgae depends on the nutrient supply. Elements such as nitrogen
and phosphorus are responsible for the metabolic regulation processes. The availability
of nutrients is determined by adjusting the pH of a culture medium [15]. The optimum
pH range for most microalgae is between six and ten. At acidic conditions, a decrease
in nutrient uptake is observed, while high values reduce the ability to assimilate carbon
dioxide [16].

It is also possible that, due to modifications in the design of photobioreactors, gas
transport may become inefficient [17], so another important parameter in culture is stirring.
This process prevents cell sedimentation [18]. Stirring is also important for carbon dioxide
transport to photosynthesis [2] and oxygen removal, limiting photorespiration [19]. Culture
stirring allows for the efficient use of available light by frequently changing the cell position
between zones with appropriate and limited lighting [12]. In photobioreactors, there is a
three-phase system: liquid (medium)-gas-solid phase, i.e., microalgae cells [20]. Changing
the rate of liquid flow inside the photobioreactor can have a negative effect on the cells
related to shear stress. Excessive shear stress can result in reduced cell growth rates and
cell viability [21]. The typical linear flow rate in tubular bioreactors is 0.3-0.5 m-s~! [22].
Increased cell density in culture can affect the culture medium’s properties, including gas
retention, but the nature of these changes is not clear [23]. In vertical tubular photobioreac-
tors, large gas bubbles rising rapidly can direct smaller bubbles towards the walls. Due
to the high shear rate, they can break up [24], which can affect the stability of the flow
throughout the volume. As a result of the stirring process in photobioreactors, microalgal
cells are also subject to rapid changes in the light-dark cycle [2].

The aim of this study was to determine the biomass yield of selected microalgal
strains in relation to the scale of production. Vertical tubular laboratory photobioreactors
and those used on an industrial scale were used in the experiments. The capacity of the
photobioreactors was selected according to the successive stages of culture on an enlarged
scale, ranging from a few to several tens of litres. This study assessed the efficiency of the
biomass production at each stage, as well as the content of lipids and ash, the amount of
which is important in the energetic use of biomass.

2. Materials and Methods
2.1. Microalgae Strains

A total of six strains of microalgae were used in the study. The genus Scenedesmus
was from the Department of Renewable Energy Engineering’s own collection; the other
five strains (Chlorella vulgaris, Chlorella fusca, Oocystis submarina, Chlorella minutissima, and
Monoraphidium) were obtained from the Culture Collection of Baltic Algae (CCBA).
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2.2. Preincubation

Microalgae cultures were stored in F/2 liquid medium at 4 °C under LED illumination
for a 12/12 h cycle (light/dark). The inoculum culture was prepared in 1000 mL culture
bottles containing 500 mL of F/2 medium, pH 7, which was inoculated with 50 mL of
individual microalgae suspension. Preculture conditions were 23 £ 1 °C, with a light
intensity of 125 pumol m~2 s~! and illumination for 12/12 h cycle (light/dark). SonT Agro
sodium lamps (High Pressure Sodium, HPS; PHILIPS, Amsterdam, The Netherlands) were
used to illuminate the culture. Carbon dioxide for photosynthesis was supplied with
atmospheric air using a 7.2 L-min~! membrane pump (HAILEA ACO-9602, Guangdong,
China). The cultures were continued for 7 consecutive days.

2.3. Experimental Setup

During the experiment, vertical tubular photobioreactors of various total volumes
were used: 2.5 L, 14 L, and 100 L with diameters of 80, 200, and 242 mm. Depending on
the total volume, the photobioreactors were filled with 2 L, 12 L, or 80 L of F/2 nutrient
solution at pH 7. Next, a 7-day inoculum was introduced in volumes of 0.2 L, 1.2 L, and
8.0 L, respectively. The changes in the culture medium pH were not analysed during the
experiment. Mixing in the photobioreactors was provided by 2 L-min~! membrane pumps
(Aqua Medic Mistral 2000, Bissendorf, Germany) for the 2.5 L photobioreactor, 14 L-min~!
(HAILEA ACO-9620, Guangdong, China) for the 14 L photobioreactor, and 240 L-min !
(HAILEA ACO-300A, Guangdong, China) for the 100 L photobioreactor. All cultures were
carried out at 23 & 1 °C. An LED light at 285 umol m 2 s~ ! was used for illumination, with
an 18/6 h light/dark cycle. The light sources were 1200 x 50 mm light bars placed above
the photobioreactors at a height that provided appropriate illumination. The experiment
was carried out as a batch culture for 15 days. The study determined biomass growth
dynamics, average biomass content, biomass productivity, and lipid and ash content.

2.4. Analytical Methods

The biomass content of the culture was assessed by the gravimetric method using a
moisture analyser (AXIS ATS60, Gdansk, Poland). The methodology was described in an
earlier paper [14]. The results were converted and reported in mg-L~!. The measurement
was carried out at the beginning of the experiment and then after 5, 10, and 15 days
of culture.

Lipid content was determined by gravimetric analysis after extraction of the biomass
with a solvent mixture (chloroform-methanol) using the method according to Bligh and
Dyer [25]. The analysis was carried out after the evaporation of the extracting solvents,
based on the equation given below:

mL
LC = (mDAB) -100

where LC = lipid content; mL = lipid mass (g); mDAB = dry biomass of microalgae (g).

The ash content of the biomass was determined gravimetrically according to PN-EN
ISO 18122:2016-01 [26]. A total of 0.2 grammes of microalgal biomass, dried at 105 °C, was
weighed into porcelain crucibles and placed at 550 °C for 6 h. The results were recalculated
and given as a percentage.

2.5. Statistical Analysis

The data were presented as mean values =+ standard deviation of the mean. The results
were evaluated using an analysis of variance (ANOVA) with Statistica ver. 13.1 by StatSoft.
A post hoc Tukey’s tests was performed at a statistical significance of p < 0.05.
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3. Results and Discussion
3.1. Algal Biomass Concentration

The growth of microalgal biomass in the 2.5 L photobioreactors is shown in Figure 1A.
At the beginning of the experiment, the biomass content in particular photobioreactors
ranged from 135 + 0.8 mg-L~! for C. minutissima to 212 + 1.0 mg-L~! for C. vulgaris and
C. fusca. On the first measurement date, after 5 days of cultivation, the highest biomass
increase was observed for Scenedesmus (770 + 20.4 mg-L.~1). A slightly lower value was
obtained for C. fusca (716 4 11.1 mg-L~!). During the following days, the biomass grad-
ually increased in all photobioreactors. After 15 days of culture, the highest values were
determined for C. fusca (1072 + 7.0 mg-L~!) and Scenedesmus (1063 + 7.0 mg-L~!). No lag
phase was observed in the 2.5 L photobioreactors, indicating favourable environmental
conditions after the inoculation of the culture medium. This could have been the result
of efficient stirring of the culture medium [27] and appropriate light transmission [28],
parameters that characterise cultures cultivated in smaller capacity photobioreactors [29].
Nguyen et al. [30] achieved a stationary growth phase for C. vulgaris as late as day 18 of
culture. In contrast, Han et al. [31], in a 3 dm? photobioreactor, observed biomass growth
for S. quadricauda up to day 13 of the experiment. In an earlier study [14] in a C. vulgaris
culture, the stationary phase was determined as early as day 10 of culture, with cultures
illuminated with a SON-T Agro sodium light.
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800 d
c

600 -

Biomass, mg-L™!

200

10 15
Time, days Microalgae strain

Figure 1. Dynamics of changes in biomass content (A) and average biomass content in the culture,
(B) fotobioreaktor 2.5 L; mean over each column not marked with the same letter is significantly
different at p < 0.05).

The mean microalgal biomass content, shown in Figure 1B, ranged from 596 + 10.6 mg-L~!
(O. submarina) to 747 + 15.4 mg-L~! (Scenedesmus).

The dynamics of microalgal biomass changes in 14 L photobioreactors are shown in
Figure 2A. Although the parameters of the culture medium pH, temperature, and light in-
tensity were the same, differences in the growth of the individual microalgal strains were ob-
served. The highest biomass was found after 10 days for O. submarina (1039 £ 12.2 mg-L’l).
In the other photobioreactors, the values were lower and ranged from 558 + 9.2 mg-L~!
for C. fusca to 749 + 9.2 mg-L~! for Scenedesmus. After 15 days, biomass growth was
observed for C. vulgaris, C. fusca, C. minutissima, and Monoraphidium. For O. submarina and
Scenedesmus strains, the amount of biomass decreased from the 10th day of incubation
onwards. These differences are a result of the nutritional requirements of the individual
algal species [32]. The main variable parameters in this stage were the volume of the
photobioreactor and the related requirements for a higher flow rate pump. The biomass
production can therefore be increased by selecting a suitable culture medium composition.
Another way to achieve high growth rates is to optimise the environmental conditions [33].
In the present study, culture-relevant parameters such as pH and temperature were in
ranges that are considered suitable for most microalgae.
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Figure 2. Dynamics of changes in biomass content (A) and average biomass content in the culture,
(B) fotobioreaktor 14 L; mean over each column not marked with the same letter is significantly
different at p < 0.05).

The average amount of microalgal biomass in the 14-litre photobioreactors is shown
in Figure 2B. It ranges from 469 + 16.3 mg-L~! for C. minutissima to 677 + 8.0 mg-L~! for
O. submarina.

In the 100 L photobioreactors, the growth rate was lower compared to the smaller
photobioreactor volumes presented in this study (Figure 3A). The highest growth was
observed for the genus Scenedesmus, from 203 + 0.8 mg-L~! (day 0) to 524 + 13.3 mg-L~!
(day 15). Significantly lower values were recorded for C. vulgaris, Monoraphidium, and
O. submarina. The biomass content on the last day of culture was 305 + 14.0, 396 £ 8.1,
and 343 + 7.0 mg-L~!, respectively. For C. fusca and C. minutissima, the stationary phase
of growth started between days 5 and 10 of cultivation. A similar relation was also pre-
sented by Kim et al. [34], who analysed the optimal conditions for Chlorella sp., Dunaliella
salina, and Dunaliella sp. and observed growth up to day 8 of culture. According to Min
et al. [35], a much larger culture volume complicates light availability, but theoretically, in
barbotage-based columns, as in the study presented here, the cross-shading of cells with
constant stirring of the photobioreactor should not affect the results so much. Gas exchange,
including carbon dioxide fixation in the culture medium, may be more important. Oxygen
accumulation in photobioreactors also has a negative impact on microalgal growth [36,37].
In industrial photobioreactors, higher efficiency pumps are used to prevent cell sedimen-
tation and ensure proper CO, and O, transfer. The hydrodynamic stresses under such
conditions may also be responsible for the reduced growth rate of microalgae. The cell
damage due to intensive stirring is confirmed by Camacho et al. [38]. In the case of animal
cells, damage occurred during the bursting of gas bubbles [39]. A similar mechanism
cannot be excluded for microalgae grown in photobioreactors.

The average biomass content in the individual photobioreactors over the entire exper-
imental period is shown in Figure 3B. Biomass amounts ranged from 189 + 5.9 mg-L~!
(C. minutissima) to 369 4 7.3 mg-L~! (Scenedesmus). There are many possibilities to increase
the production of microalgal biomass, including by increasing the amount of nutrients in
the culture medium or increasing the light intensity of the culture [32,40]. In the present
study, the composition of the culture medium and the same environmental parameters for
cultivation were maintained at each stage, but the microalgal biomass decreased.

The highest productivity of microalgal biomass (Table 1), irrespective of the scale
of culture, was observed during the first 5 days of the experiment. The values range
from 85.6 + 0.7 mg‘L_Ld_1 (Monoraphidium) to 113.5 + 4.1 mg-L_1~d_1 (Scenedesmus).
These values decreased on subsequent days, and after 15 days, a maximum value of
57.4 £ 0.5 mg-L~1-d ! was determined for Scenedesmus and C. fusca. An increase in pho-
tobioreactor volume up to 14 L generally reduced productivity. A similar situation was
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observed in 100 L photobioreactors. The results obtained were below the data available in

the literature [41].
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Figure 3. Dynamics of changes in biomass content (A) and average biomass content in the culture
(B) 100 L; mean over each column not marked with the same letter is significantly different at

p <0.05).

Microalgae strain

Table 1. Comparison of biomass productivity obtained with different microalgal strains.

Photobioreactor . Biomass Productivity (mg-L—1-d—1)
] Microalgae
Capacity, L Day 5 Day 10 Day 15
Chlorella vulgaris 86.1 £0.2¢* 60.0 + 1.9 b¢ 496 £1.0°
Chlorella fusca 100.8 +2.28 62.0£39°¢ 57.4 4+ 0.5b¢
95 Monoraphidium 85.6 + 0.7 ¢ 53.7 £2.9% 54.6 + 1.0
' Oocystis submarina 948 +1278 53.6 0.5 2P 4964212
Chlorella minutissima 89.1+ 1.6 69.8 +2.449 572 +1.0b¢
Scenedesmus 1135+ 4.1h 74.6 +3.449 57.4 4+ 0.5b¢
Chlorella vulgaris 540+ 110 46.5+ 0.9 413+ 1.6
Chlorella fusca 487 +14F 346 +09P 29.64+1.02
14 Monoraphidium 60.5+ 10! 40.7 + 0.8 44.2 +0.6 9%
Oocystis submarina 79.1+£27) 88.1+1.2) 53.4 4+ 0.4 8"
Chlorella minutissima 55.7 £1.0 0 495+18f8 37.4 +28Pb¢
Scenedesmus 60.1+0.81 54.6 £ 090 296 +1.0°
Chlorella vulgaris 14.0 4 0.8 bed 71+£067 62+092
Chlorella fusca 189 +1.6°8 119+ 08P 534092
100 Monoraphidium 200+2878 16.6 4 1.5 cdef 14.2 4 0.5 bed
Oocystis submarina 207 +3218 14.9 4 2.1 bede 123 +£0.5b¢
Chlorella minutissima ~ 16.9 & 1.4 9¢fg 6.8 +1.12 434042
Scenedesmus 259 +22h 213+05¢8 214 +0.98h

* Means marked with the same letters in each column do not differ significantly at p < 0.05, according to Tukey’s

test. Data are presented as mean + SD.

3.2. Lipid Content

The lipid content of the biomass is shown in Figure 4. The high lipid content of the
microalgal biomass determines its potential utilisation in biodiesel production [42]. The
highest values were found for cultures cultivated in photobioreactors of 2.5 L capacity.
In general, increasing the volume of the photobioreactor decreased the lipid content of
the biomass. There was one exception for the C. fusca strain, where the lipid content in
the 100 L volume photobioreactor was higher compared to the 14 L capacity, 10.2 + 1.2%
versus 6.4 = 1.1%, respectively. The decrease in lipids in the biomass of microalgae grown
in the 14 L photobioreactor ranged from 25% (Scenedesmus) to 57% (C. fusca). In 100 L
photobioreactors, lipid reduction ranged from 32% (C. fusca) to 64% (Monoraphidium). The
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lower lipid content in higher capacity photobioreactors may be related to the differential
transmission of light in the culture medium. According to Amaro et al. [43], the appropriate
kind of lighting and light intensity can potentially increase lipid content between 25 and
42%. Also, the shape of the photobioreactor and the method of culture stirring could have
a strong influence on the lipid accumulation potential [44,45] In the present study, the
highest lipid accumulation rate for the highest photobioreactor capacity was observed for
Monoraphidium (10 & 1.2%). The average amount of lipids for this strain ranged from 5 to
58% [46].

W C. vulgaris W C. fusca M Monoraphidium © O. submarina = C. minutissima M Scenedesmus

30 i

20

Lipid content, %

10

2.5 14 100
Photobioreactorcapacity, L

Figure 4. Lipid content in microalgal biomass; mean over each column not marked with the same
letter is significantly different at p < 0.05.

In different capacity photobioreactors, the optimal conditions for the growth of the
same microalgal strains may be significantly different (Table 2); thus, Rodolfi et al. [47]
indicate that a more important property than the high lipid content of the cells may be the
lipid yield per unit area.

Table 2. Comparison of microalgal biomass production and lipid yield during different
cultivation conditions.

Microalgal Strain Cultivation ?ystem Max Dry Bitl)mass, Max Lipid Content, % References
and Capacity; L mg-L
conical flask; 0.2 - 56.6 [48]
tubular; 2.0 1700 42 [49]
conical flask; 2.0 1420 17.6 [50]
C. vulgaris tubular; 2.5 656 + 8.7 13.9 + 0.3 this study
tubular; 14 551 +9.7 99+ 18 this study
flat-plate; 25 1200 - [51]
tubular; 100 271 £ 6.0 81+1.1 this study
tubular; 100 572 26 [52]
Erlenmeyer flasks; 0.25 6500 31 [53]
cylindrical reactors; 1.5 - 16.7 [54]
tubular vertical; 2.0 1940 13.2 [55]
C. fusca tubular; 2.5 708 +14.3 149 +09 this study
tubular; 14 470+ 7.8 6.4+ 1.1 this study
tubular; 100 286 £7.3 102 4+£1.2 this study

tubular; 100 292 14 [56]
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Table 2. Cont.

Microalgal Strain Cl;Ltzlvzt;;gc?t);s;tzm Max glrgy']]?itl)mass, Max Lipid Content, % References
Erlenmeyer flasks; 0.5 1518 52.8 [57]
bottles PET; 0.5 481 17.8 [58]
tubular; 2.5 629 + 11.8 263 2.2 this study
Monoraphidium vertical glass botltles; 3 - 23.4 [59]
tubular; 14 526 £5.2 136 +1.1 this study
tubular; 14 3790 18.5 [60]
tubular; 100 303 £9.3 93+0.8 this study
tubular; 100 525 14 [56]
Erlenmeyer flasks; 0.1 2.80-10° [cells mL~1] 43.47 [mg- L] [61]
tubular; 2.5 596 + 10.6 193+ 14 this study
Oocycstis submarina tubular; 14 677 £ 8.0 93+13 this study
tubular; 100 267 +11.0 71+06 this study
tubular; 100 508 12 [56]
conical flask; 0.65 1240 50.0 [62]
vertical tubular, 2.0 1550 - [63]
L tubular; 2.5 636 + 11.8 193 +14 this study
C. minutissima tubular; 14 469 + 163 125+£11 this study
ILIPBR; 20 443 214 [64]
tubular; 100 369 +£7.3 74+14 this study
bootles PET; 0.5 1264 10.3 [58]
bootles; 1 560 32 [65]
tubular; 2.5 747 + 154 16 £ 0.7 this study
Scenedesmus tubular; 14 526 +7.1 12408 this study
column air-lift; 80 900 25 [66]
tubular; 100 369 +£7.3 85+1.0 this study

3.3. Ash Content

The microalgal biomass ash content is shown in Figure 5. This parameter is important
when the biomass is intended as feedstock for biofuel production. An excessive ash content
has a negative impact on biofuel properties [67]. In the presented study, the lowest values
were recorded for strains grown in 2.5 L photobioreactors and ranged from 7.8 & 0.2% for
C. fusca to 11.3 &= 0.5% for C. vulgaris. When the culture scale was increased to 14 L, there
was an increase in ash biomass, with values ranging from 17.3 &+ 1.1% for C. minutissima to
21.6 £ 0.3% for Monoraphidium. Metsoviti et al. [68] cultivated C. vulgaris in a 25 L photo-
bioreactor and determined an ash content of approximately 12%. In this study, compared
to the 14 litre capacity, the ash content for C. vulgaris, Monoraphidium, C. minutissima, and
Scenedesmus increased by 11, 1, 45, and 33%. In the biomass of C. fusca and O. submarina,
the ash content decreased slightly to 11.1 4= 0.3 and 13.4 + 0.4%, respectively. The ash
content of the biomass varied depending on the microalgae species and the culture methods
and growing conditions [69-71]. In our previous studies, the decrease in ash content was
associated with a limited nutrient availability [56]. In the present study, the culture medium
was used in complete composition at all steps, and a reduction in ash content was noted
at the industrial stage for only two microalgae species. However, at the same time, the
increase in lipid content that is reported under stress conditions was not observed.
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Figure 5. Ash content in microalgal biomass; mean over each column not marked with the same letter
is significantly different at p < 0.05.

4. Conclusions

In this study, the relation between the photobioreactor capacity and microalgae growth
was analysed according to the amount of biomass. As the scale of cultivation increased,
there was a decrease in biomass production and cellular lipid content with an increase in
ash content. In the case of the Scenedesmus strain, the large increase in biomass did not
result in significant differences in lipid and ash content. The highest lipid content and lower
ash content of the biomass in the highest capacity 100 L photobioreactor were recorded
for C. fusca. The data presented here represent the real amounts of biomass that can be
obtained during biomass cultivation on an industrial scale compared to yields obtained
under laboratory conditions. According to the authors, they can be useful in assessing the
potential for commercial-scale biomass production.
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