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The cultivation of microalgae is now an intensively developed research area. Some species of microalgae under appropriate conditions
accumulate large amounts of lipids in the cells, which may be a suitable feedstock for biodiesel production. The cultures of microalgae
for lipids production should be cultivated in specific physicochemical conditions. The most important environmental parameters
affecting the algae growth are: nutrients, lighting, reaction, turbulence, salinity and temperature. Periodic changes in lighting is a key
parameter that have a significant effect on cells density and lipid accumulation. The mechanism of this action depends on intensity of
light and its spectral composition. To produce 3™ and 4" generation biofuels, a better understanding of the relationship between light
conditions and yield of lipids accumulation is necessary. The aim of the study was to determine the effects of variable lighting
conditions for lipids accumulation of microalgae Chlorella vulgaris and to determine the most effective lighting parameters. The study
confirmed the possibility of using the lighting shock conditions to maximize lipids accumulation in algae Chlorella vulgaris cells. In
the study, 33.18% of lipids were obtained from biomass culturing with red light-emitting diodes (LEDs), which was 22% more than
obtained with white continuous lighting.
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INTRODUCTION

Combination of technological parameters during microalgae cultivation provides the possibility to stimulate them
to produce valuable intracellular metabolites (Freitas, 2017) To maximize the yield of lipids obtained from microalgae
biomass for biodiesel production, the biomass should be exposed to unfavorable growth conditions (so-called stress
factors). Photosynthesis can be driven by sunlight or artificial light (Wahidin, 2013). Although sunlight is the most cost-
effective energy source for microalgae production, artificial light has many advantages because of providing better
photosynthetic photon flux density, photoperiod and light spectra conditions. These are the most important factors to
increase microalgae biomass productivity and quality (Ramanna, 2017). Light requirement is one of the most important
parameters and the most expensive factor in mass cultivation of microalgae in photobioreactors (Severes, 2017). Thus, it
is substantial to cultivate microalgae with a proper light spectrum and a wavelength range, because they are capable of
growing in a narrow bands from the natural light spectrum. The light spectrum for microalgae cultivation is defined as
Photosynthetically Active Radiation (PAR), where photosynthesis occurs. PAR region is a radiation between 400-500 nm
and 600-700 nm, which corresponds to the visible spectrum and contains 43% of the solar energy (Ramanna, 2017). The
wavelength of solar radiation is very broad and the large amount of light energy is outside the PAR region, remaining
unusable. The theoretical maximum value of solar energy conversion into microalgae biomass is estimated to be 13%.
However, only less than half of the theoretical value is obtained by using conventional microalgal culture conditions
(Ramanna, 2017). Photosynthetic organisms have different intracellular light-harvesting mechanisms that allow them to
use only certain wavelengths or a close range of wavelengths even within the PAR region. For this reason, the adaptation
or manipulation of light conditions are essential for the effective microalgae cultivation (Seo, 2014).

The intensity of light plays an important role in algal growth, but the light requirements strictly depend on the
depth and the density of algae culture. With greater depths and greater biomass concentration, the light intensity should
be higher to penetrate the whole culture (Simionato, 2013). The photon flux density and fluctuations in irradiance
significantly affected the microalgae biomass density and lipids accumulation in cells. However, that mechanism may
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vary considerably and depends on light intensity and its spectral composition. The exposure time, the radiation range and
the light intensity determine the productivity of photosynthetic microalga (Zeng,2011).

Excessive intensity of light may lead to photoinhibition, whereas low light levels limits the growth. According to
Parmar et al. (2011), changes in light intensity (light and dark photoperiods) determined the microalgae growth rate.
Wahidin et al. (2013) found that light, including fluctuations in irradiance, influenced the growth and biochemical
composition of microalgae biomass. Metabolism and microalgal growth can be controlled by light intensity or light
spectrum (Sodybio, 2017). Depending on the pigment absorption level, microalgal growth is greatly improved by using
blue and red light, compared to green (Sudybio, 2017). The duration of an artificial lighting cycle should be at least 18h
per day, although the microalgae biomass may also develop under a continuous lighting (Levens, 1996). Adjusting the
light intensity to the growth phases of algae cultures provided almost 75% higher biomass productivity (Chen, 2011,
Chen,2012). It can also be an effective way to create stress conditions that will promote microalgae to accumulate
intracellular metabolites, i.e. lipids. Besides the lipid content in microalgae cells, the fatty acids composition significantly
affects the quality of biodiesel production from microalgae biomass. In this way, the quality of biodiesel and its fuel
properties depend on the fatty acid methyl ester (FAME) composition, i.e. saturated fatty acids (SFA), monounsaturated
fatty acids (MUFAS) and polyunsaturated fatty acids content (PUFAS) (Rai, 2017).

The aim of the study was to determine the potential of Chlorella vulgaris microalgae to lipids accumulation using
variable light sources and conditions as the stress factors. The amount of lipids and fatty acids composition were
determined depending on the source of light and light exposure times in white, red and blue spectrum. This allowed to
identify the most effective cultivation method controlled by shock-induced lighting.

METHODOLOGY

The taxonomic composition of the inoculum was based on Chlorella vulgaris monoculture. Microalgae cultivation
was carried out on a laboratory scale with the use of three vertical, semi-open photobioreactors with an active volume of
2 L. The photobioreactors were placed in a climate cabinet at 20°C. A supply of CO; to the bottom of the photobioreactors
was ensured by a continuous inflow of air (at 2 L/min), providing appropriate mixing of the cultivation medium and
homogeneity of conditions within the entire photobioreactors volume. Microalgae biomass was cultured in a synthetic
medium, prepared according to the SAG regulation for Chlorella vulgaris monoculture.

During the study, an initial algae biomass concentration in photobioreactors reached 200+10 mg DW/L. Hach
Lange sensors (Zoitax, Hach Lange) placed in photobioreactors were used for on-line measurements of microalgae
biomass concentration. In this study, the microalgae growth rate of the culture for the exponential phase was calculated
using the following equation (Koziet, 2011):

_ In(Np—Ny)
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where: p - the specific growth rate, N; and N - the cell densities (g/L) on days t1 and t,, respectively.

The research organization and construction of research station is shown in Fig. 1.
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Figure 1. Scheme of the research organization and construction: 1 — vertical photobioreactor, 2 — light source (stage 1 — white light,
stage 2 — LEDs), 3 — peristaltic pump, 4 — biomass concentration sensor.

At the first stage, the cultivation of microalgae was conducted without any limitations in technological parameters
under continuous white lighting (1 Klux, 5600K) and it lasted for 7 days until the biomass concentration achieved 1200
mg DM/L. Microalgae biomass produced at the first stage of experiment was used to inoculate 8 photobioreactors applied
in the second stage.

In the second stage, the experiment was performed in 8 variants differed in the source of light used (red LEDs and
blue LEDs) and photoperiod cycles (light/dark), (Fig.1). Microalgae biomass was exposed to the variable lighting cycles
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as follow: 6h (60 min light/ 180 min dark), 8h (60 min light/ 120 min dark), 12h (60 min light/60 min dark) and continuous
illumination for 24 h. LEDs used in the experiments were equipped with Helixeon Helio BIO Hyper RED diodes
wavelength 660nm and Royal BLUE diodes wavelength 440nm. After 7 days of cultivation, microalgae biomass was
harvested and concentrated by sedimentation to a volume of 200 mL. The lipids from microalgae cells were extracted
using the chloroform/methanol mixture at a ratio of 2:1 (v/v), according to the modified Bligh and Dyer method. After
48 h of extraction, biomass was centrifuged to remove cell debris and the extract was evaporated on a water bath. The
determination of fatty acid methyl esters (FAME) was performed by a gas chromatograph (Bruker 450-GC) equipped
with FID detector.

Statistical analysis of results was carried out using the STATISTICA 10.0 PL software package. The hypothesis
on the distribution of each analysed variable was verified using the W Shapiro—Wilk test. One-way analysis of variance
(ANOVA) was used to determine the significance of differences between variables. The RIR Tukey test was used to
determine the significance of differences between the analysed variables. The statistical significance was adopted at
p = 0.05.

RESULTS AND DISCUSSION

Light provides energy to support algae growth. However, available radiation must be used
with the highest possible efficiency to optimize productivity and make microalgae large scale cultivation energetically
and economically sustainable. According to Krzeminska et al. (2015), light intensity is a major environmental factor
which influenced the intracellular lipids accumulation and growth rate of C. protothecoides. Statistical analysis showed
that the light intensity had a significant effect on lipid accumulation in microalgae cells. The total lipids amount on a dry
weight basis after extraction was ranged from 24.83% to 37.53% under illumination intensities from 35 to 420 umol
photons/m?-s (Krzeminska, 2015). Thus, the study showed that higher light intensity promoted lipid accumulation in C.
protothecoides.

In our study, the main objective was to evaluate the effects of lighting exposure time (photoperiod) and wavelength
of light emitted by LED light sources on microalgae biomass production and intracellular lipid accumulation in cells. The
biomass concentrations in the culture media were shown in Fig. 2. A significant increase in algal biomass concentration
in the first stage of the experiment with white continuous lighting was observed. The specific growth rate was 1.11 and
the final biomass concentration achieved 1240 mg DM/L.
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Figure 2. The effect of soure of light and photoperiod lenght on microalgae biomass concentration.

With LED diodes, the concentration of algae biomass successively increased in all tested variants of lighting
exposure time. Maximum biomass concentration of 2040 mg DW/L was reached when photobioreactor was illuminated
continuously for 24h with blue diodes, while the lowest biomass producvtivity below 1700 mg DW/L was noted with
blue diodes and 6h of lighting. Red LEDs lighting provided maximum final concentration of biomass on similar level of
1980 mg DWI/L, but at lower lighting exposure time of 8h. An increase in photoperiod lenght to 12 h was not associated
with a higher biomass productivity reached 1750 mg DW/L, which was the lowest in red LEDs lighting variants. The
specific growth rate with blue LEDs ranged from 1.01 to 1.11, which was similar to the level of achieved in Red LED
lighting variants (1.03 to 1.10). The differences were not stacistically significant (p>0.05). Severes et al. (2017) stated,
that the use of blue-red LEDs combinations increased only the cell size, but not the culture density. Similar conclusion
were drawn by Caner et al. [Levens,1996], who tested the impact of monochromatic blue light on microalgae biomass
productivity.
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Table 1 showed the total lipids yields from microalgae cultivated at different photoperiod cycles and light sources.
When applying a continous white lighting, the obtained total lipids amount was 2.79 mg lipids/L of photobioreactor
volume, which represented 15+1.4% of the volume. The highest total lipids content of 5.76 mg lipids/L (33%) was
obtained when the microalgae cultures were exposed to 12 h of light with red LEDs. Similar effects (5.10 mg lipids/L,
28%) were obtianed with blue LEDs and the same photoperiod. In all other variants, the amounts of accumulated lipids
were on the similar level, thus the differences were not statistically significant (p>0.05).

These results are comparable to those obtained by Krzeminska et al. (2015), who received the lipid content in C.
protothecoides ranged from 24.8 to 37.5%. They also stated, that high light intensity significantly promote lipids
accumulation in cells. Severes et al. (2017) proposed a two-stage light regime to increase biofuel oil production and
improve net lipids yield. First stage of microalgae biomass cultivation was performed at light illuminace of 500 Ix with
combination of red and blue LEDs. Second phase was the exposition of algae biomass to LEDs of red wavelength (220 Ix).
This process doubled the lipids yield in comparison to those obtained with white light. In our studies, the two-stage

microalgae cultivation allowed 100% increase of lipids yield (Table 1).

Table 1. Lipids content and composition at different light sources and photoperiod lengths.

Light source White 24 H | Red 6h | Blue 6h | Red 8h | Blue 8h | Red 12h | Blue 12h | Red 24h | Blue 24h
Lipid content [% mass] 15+1.4 19+0.4 | 22+0.75 | 24+0.2 | 224+0.4 33+1.0 28+1.8 22+0.5 19+0.9
Lipids yield [mg/L of 2.79 368 | 364 | 479 | 4.23 5.76 5.10 4.19 4.06
photobioreactor volume]

. 0,
C._16 [% of total fatty 3051 3187 3021
acids]

. 0,
C._18 [% of total fatty 10.72 3733 3054
acids]

Intracellular triacylglycerols (TAGS) storage in microalgae cells is induced under environmental stress conditions
(Hu, 2008, Merchant, 2012). Hayashia et al. (2017) reported that light stress conditions played an important role in
increasing TAGs accumulation in Chlorella kessleri cultivated in salty water. They achieved TAGs content increasing
from 24.7% to 48.7%. TAGs are mainly composed of fatty acids with chain lenghts from C16 to C18 (Chen et al., 2012;
Freitas et al., 2017).

In our study, variable lighting conditions in the two stages of experiment positively affected TAGs accumulation
in microalge cells (Table 1). The fatty acids composition in Chlorella vulgaris was as follow: tridecanoic acid (C13: 0),
palmitic acid (C16: 0), stearic acid (C18: 0), elaidic acid (C18: 1 TRANS9), gamma-linolenic acid (C18: 3 CIS 6),
eicosatrienoic acid (C20: 3 CIS11). The content of C18: 0 acid significantly increased from 10.72% under white
continouos lighting (stage 1) to 34.93% in varints with red and blue LEDs and the lighting exposure time of 12 h.

Krzeminska et al. (2015) also confirmed that the composition of fatty acids of Chlorella protothecoides is strongly
influenced by light intensity. The amount of the C16 -18 fatty acids increased from 76.97% to 90.24% of total fatty acids
when irradiance was changed from 35 pmol photons/m?:s to 420 pmol photons/m?-s. In the study of Rai and Gupta (2017),
the lipids content of Scenedesmus abundans increased up to about 48% when biomass grown in modified Fogg’s medium
at pH 8 with light intensity of 40.5 pmol photons/m?s and photoperiod of 16 h light:8 h dark. C16 -18 amounted more
than 80% of the total fatty acids which are considered as the major precursors for biodiesel production.

In biodiesel oil production it is required to use the appropriate microalgae species able to accumulate more lipids
with beneficial FAME compositon. There are several microalgae species such as Chlorella, Dunalliella, Nannochlorosis,
Nannochloropsis, Neochlorosis, Porphyridium and Scenedesmus, which are promising to be a feedstock for large-scale
biodiesel production. However, many further studies should be carried out to make the intracellular lipids accumulation
process more technologically and economically effective (Rai, 2017; Kiran, 2014; Mata, 2010).

CONCLUSIONS

The current commercial production of biodiesel from microalgae still remains economically unprofitable mainly
due to the high cost of algae biomass production. To improve the economics of microalgae oil production, the advanced
cultivation systems should be developed. Oil production from algal cells of Chlorella vulgaris in respect to the different
light sources and photoperiod lengths was evaluated in this work. The study confirmed the possibility of using lighting
shock conditions to maximize lipids accumulation by microalgae cells. Maximum total lipids yield of 5.76 mg lipids/L
of photobioreactor volume (33.18% of the volume) was obtained with red LEDs and photoperiod of 12 h light/12 h dark,
which was 22% higher than the amount of lipids obtained from biomass cultivated with continuous white illumination.
The study indicated that microalgae Chlorella vulgaris cultivated under lighting stress conditions accumulated fatty acids
with a suitable composition for biodiesel production. A proper management of light in photobioreactors can improve the
efficiency of algae biomass production. However, exploration of the molecular basis of light energy use by microalgae
cells will impact implementation of this technology in industrial applications.
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