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The aim of the research was the development and testing of bioreactor for intensive cultivation of
algae Chlorella vulgaris Beij. with fully controlled conditions within the operating parameters
according to the selected evaluation criteria of the cultivation process. To check the functional
efficiency of the designed photobioreactor the growth of Chlorella vulgaris Beij. (Chlorophyta) in
Fitzgerald’s medium modified by Zender and Gorham Ne 11 under the artificial illumination with
daylight electric lamps (intensity of 2 500 Lx) for 16 hours a day at 22—25 °C was studed. It was found
that at stabilization of culture conditions the maximum value of culture density was observed at the
18t day of cultivation. At this moment, the amount of cells reached 269.2 =+ 3.0-10° cells/l, while
cells amount in stationary phase was within 110.1 = 4.9-10° cells/1. This made possible the continuous
chlorella cultivation with an average productivity in stationary mode of about 110 = 4 mg/1 of dry
mass with protein content about 60 mg, carbohydrates about 35 mg and lipids about 12 mg of dry
mass /1. Sunlight and activators of biosynthesis of organic substances of individual classes allow to
change the ratio of proteins, carbohydrates and lipids that is prospective for further research.
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In today’s market of raw biomaterials,
there is the need to obtain relatively
inexpensive and high quality biomass of
photosynthetic microalgae, including
chlorella, spirulina and dunaliella containing
a number of organic compounds used in
food, pharmaceutical, cosmetic industry
as substitutes for synthetic preservatives,
and for biofuel production that is on the
front burner [1, 2]. Recently, microalgae
are widely used as new sources of bioactive
compounds in the prevention and treatment
of disease through antioxidant, antimicrobial,
antiviral, anticancer, anti-inflammatory
and anti-allergic activity [3]. In this sense,
Chlorella vulgaris is traditionally valuable,
which includes components necessary for
normal metabolism of an animal body, which
allows the use of algae as a highly effective
complex bioadditive [4]. Chlorella metabolites
exhibit antitoxic [5] and anti-sclerotic effects
[6]. We have shown that by including in its
composition of exogenous trace elements, this
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algae can form biologically active complexes
with potentially pharmacological action [7, 8].

Methods of microalgae cultivation include
their adequate illumination, providing carbon
dioxide and other nutrients [9, 10]. Since
carbon dioxide is the main and sometimes
the only source of carbon, chlorella can
intensely develop only at its sufficient
quantity. Small industrial machinery and
laboratory cultivators usually use bottled
carbon dioxide, which is in a mixture with air
at 2-5% of carbonic acid content or in pure
form. Necessary condition of cultivation is
also maintaining the temperature and pH
value of the culture medium. Depending on
the temperature optimum, chlorella strains are
divided into thermophilic (3537 °C), mesophilic
(25—-27 °C) and cryophilic (10-15 °C). The pH
value during cultivation should be maintained
in the range of 5.5-6.5.

Currently, the number of cultivators
is designed for intensive cultivation of
microalgae considering biological features
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of cultures [11-14]. The most perfect of
these cultivation methods is flow-through
cultivation of algae at which cells yield taking
away, adding of fresh culture medium and
stabilization of culture optical density are
performed automatically. The main advantage
of this method is the possibility to perform
long-term continuous cultivation of algae
maintaining constant suspension density
at optimum value when there is maximum
productivity of culture. The disadvantages
of standard technology are red-ox potential
increasing during cell division of chlorella
to positive values, leading to slower growth
processes of chlorella and its maximum density
of 3.5 g/1, and the need in expensive foreign
equipment.

The aim of work was the development
and testing of bioreactor for algae intensive
cultivation with fully controlled conditions
within the operating parameters according to
the selected evaluation criteria of chlorella
cultivation.

Materials and Methods

The object of the study was algologically
pure culture of green algae Chlorella vulgaris
Beij. from the collections of the Institute of
Hydrobiology of the NAS of Ukraine. It was
cultured in Fitzgerald medium in Zehnder
and Gorham Noll modification which,
according to the protocol, contained among
other cations 0.058 mg/dm?® of Mn?' and
0.023 mg/dm? of Zn?', which are chlorella
growth activators without ions of copper,
lead and other non-essential metals, at
22-25 °C and illumination with daylight
electric lamps (intensity of 2 500 Lx) for 16
hours a day [15]. Carbon dioxide supply was
ensured automatically with bottled CO, of a
purity of 99.5% (Ukrainian State Standard
4817: 2007, Sort 1). Indicators of ambient
temperature, pH, content of O, and CO, were
controlled automatically with the electrodes
embedded in cultivator corpus (Fig. 1). CO,
consumption by algae cells was calculated
by the difference between its income and
content in the culture medium. Algae biomass
sampling was performed weekly in the course
of experimental cultivation. The number of
cells was estimated with Goryaev chamber
and biomass was determined by stereometric
method [16]. Chlorella cell homogenates
were obtained by rubbing with pieces of
quartz glass. Proteins were precipitated
with 10% trichloroacetic acid solution and
centrifuged at 2 500 rev/min for 20 min.

Protein content was determined according to
[17]. Carbohydrates were separated with 75%
ethanol solution, and then centrifuged, washed
twice, again precipitated by centrifugation
[18] and dried. Lipids were extracted with
chloroform-methanol mixture at a ratio of
2:1 by the Folch method [19], adding to one
mass fraction of 20 parts of extraction mixture
for 12 hours, and determined by weighing
method after extraction mixture stripping.
Statistical processing of data was performed by
Student t-test using the program Statistica 5.0.

In experimental studies the reagents of
Sigma, Reanal and Chimreactive companies
(qualification “pure for analysis p.f.a.”),
carbon dioxide of Ukrainian State Standard
4817: 2007, Sort 1 (JSC “Lviv Chemical
Plant”) were used.

Results and Discussion

For chlorella continuous cultivation,
the photobioreactor of flow-through type is
developed (Fig. 1).

Technical characteristics of the reactor:
the total volume is 75 liters (height 1 000 mm,
width 500 mm and depth 150 mm); working
volume — 65 liters; the possibility of artificial
up-lighting by four channels: white 1, red,
blue, white 2; maximal source power on one
channel — 10 A at 250 V; it is established
the up-lighting power as 0.8 A at 12 V on
one channel. It is possible to mix culture
automatically depending on algorithm
prescribed conditions using electric engine
of 10 W power; to measure the pH within
0—14 with accuracy of = 0.1 pH (at 25 °C) in
temperature range of 0—60 °C, measurement
speed is up to 30 seconds; to maintain
automatically the pH using electromagnetic
valve within the prescribed limits of pH
(6.0—-6.5) with inertia of = 0.1 pH, minimal
operation time of valve is 0.5 seconds; to
measure automatically the temperature in the
range of —10 °C to +85 °C with an accuracy
of = 0.1 °C; to maintain automatically the
temperature at ambient temperature of 5—40 °C
by preset algorithm within 22-25 °C with
inertia of = 0.2 °C; to measure automatically
the intensity of light; to connect cylinders
with carbon dioxide with pressure of up to
150 atm; to pump the exhaust gases with
pressure of 200 mbar in a range of speeds of
200-400 1/min. Real-time clock is embedded;
PC connection is via the USB interface to 3 m
and 10/100 Base-t interface to 100 m; there is
possibility to store measurement data and logs
of reactor operation every second in magazines
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Fig. 1. General view of a flat vertical photobioreactor (a):
1 — laptop; 2 — gage module (GM); 3 — glass cover; 4 — nutrient medium delivery cock; 5§ — mixing system;
6 — light sensor; 7 — gases rejection cock; & — electromagnetic valve 220 V; 9 — carbon dioxide cylinder;
10 — additional lighting system with LED strips; 11 — power systems (electricity); 12 — pH sensor ; 13 —
electric heater; 14 — photobioreactor (PhBR) moving metal corpus; 15 — temperature sensor; 16 — microalgae
concentration sensor; 17 — aerating tube; 18 — COg, delivery in PhBR cock; 19 — substrate drain cock; 20 —

PhBR corpus made of glass;

Scheme of photobioreactor vertical plane (b):
W, R, B — white, red and blue LED strip; st® — cultivation medium temperature sensor;
s A — photobioreactor light level sensor; s m — microalgae concentration sensor; s pH — pH sensor

throughout the year; to regulate the up-
lighting and mixing with the remote control;
there is disinfector filter for incoming gases.

The structure of the cultivator has a
number of advantages over other closed
systems: simple design; large light receiving
part for natural lighting with the possibility
of artificial up-lighting; possibility of
thermoregulation and regulation of gas
supply; feature of the base, which is made
in an inclined form that facilitates simple
culture collection for further research and the
relatively large volumes of culture medium in
relation to the net cost of work area production
(Table).

For this reactor the certain actuation
method is used. Sterilization of working
volume is carried out with 96% ethanol
solution, it is sprayed in the working area,
and then working area is washed with distilled
water (three times), followed by work area
and corresponding sensors sterilization with
bactericidal lamps BUV-40 (micribicide lamp
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with ultraviolet glass) for 2 hours and one
more washing with distilled water. The reactor
pour with pre-prepared and sterilized nutrient
medium, tightly cover the outer cap. Plug the
automatic control system that tests the level of
ambient temperature, acid status, according
to the time of day control the system of
mixing and lighting level. This system forms
medium indicators to defined parameters of
temperature, pH and light. At a time when
the working area temperature reaches the
required level, in reactor introduce the culture
suspension through a hole of nutrient medium
delivery (Fig. 1, a).

During the introduction of algae growing
technology in large-scale production the basic
control function belongs to gage module (GM),
which according to information from the
sensors provides the necessary photobioreactor
action mode (Fig. 1, b). Before actuation in
prepared by the method mentioned above
photobioreactor, put cock (18) in the closed
position for the culture medium will not
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The equivalent ratio of materials and prices per unit of photobioreactor volume

Name Li%g;:;?iu%tor Diameter, mm Length, mm Volume, 1 I;Jrzi;cl?l’ UAH /1
Glass tube 85 92 3000 80 540 6.75
Acrylic tube 90-92 200 4000 125 4500 36.0
Glass aquarium 90 - - 75 375 5.0

get in pipe sockets with the gas mixture.
Fill previously prepared medium in a glass
aquarium (20); hermetically close glass cover
(3) that serves as a support for the pH-meter
(12), temperature sensor (15), and electric
heater (13). In addition, openings are provided
with cocks for entering additional culture
medium (4) and gases rejection (7) and for
stirring construction (5).

The carbon dioxide flow from cylinder
adjusted by reducer (9) is injected through the
pipe socket to the electromagnetic valve (8)
which opens at pH 6.0 (+ 0.1) and does not stop
up to 6.5 (+ 0.1). After system calibration,
turn the cock (18) and introduce gases mixture
into the culture medium through aeration
tube fixed on the bottom (17) that grinds gas
bubbles and improves gas-mass-exchange and
does not damage the culture. Fastening and
corpus (I4) are made with anticipation of
possibility for changing of slope angle of light
receiving part to the light source, which will
allow to capture more light and heat energy.
GM (2) monitors light level using sensor (6)
and, if necessary, switches up-lighting system
constructed of LED strips (10) located on
the sidewalls of the cultivator. LED strips of
required spectrum are located along the system
in order of “white — red — blue — white”
on both sides with total power of 80 W. The
mixing of culture occurs every 4 hours for 240
s by an electric motor (5) with power of 10 W.
Temperature control is carried out by sensor
(15) in the desired temperature range (in our
experiment 22—-25 °C (% 0.2 °Q)), if necessary,
the system switches electric heater (13) with
power of 50 W. Sensor (I6) controls the
number of cells (biomass) with respect to the
volume. The drain cock (19) allows taking out
and rejecting the necessary part of the culture
in the continuous mode. After the system
of cultivation reaches the stationary mode,
elimination the suspensions is carried through
the cock (19). The system data (time, light
level, pH, temperature, duration of electric
heater work, up-lighting and the valve of CO,
supply open mode) measured every second

are recorded in external memory and visually
displayed on the computer (1).

To implement +these functions,
appropriate gage module was created based on
microcontroller ATmega328 and its control
algorithm was developed through which
corresponding software was created. Stability
of the cultivator functioning is confirmed by
the dynamics of the main indicators of algae
cultivation (Fig. 2).

Throughout the entire period of
cultivation, the temperature regime was
maintained within 22-25 °C (= 0.2 °C), pH
6.6—7.4. The oxygen content is also changing
within 23—-25 mg/1. By the system of automatic
switching of CO, supply, CO, content was
maintained at the level of 9-12 mg/1 with
peaks of delivery that relate to the algae
multiplication intensity and biosynthetic
processes activity (Fig. 3), consistent with
the increasing the intensity of carbon dioxide
consumption with a maximum on the 15 the
20" day — 12 =1 g/1-day (Fig. 2, curve 5).

The proposed system has allowed carrying
out the long-term cultivation of chlorella in a
stationary mode, as evidenced by the dynamics
of cells content in the culture medium (Fig. 3).

During the first 18 days of cultivation the
exponential growth of cells number (5.3 times,
up to 269.2 = 3.0-10° cells/1) compared to their
number in the initial culture — 51.2 = 1.6-10°
cells/1 (P < 0.05) was observed, and then for
the duration of entire cultivation the number
of cells was constant within 110.1 = 5.2-10°
cells/l1 (2.1 times more compared to their
number in the initial culture, P < 0.05).

It was shown that for Chlorella sp. from
different natural habitats, Fitzgerald medium
is the best for cultivation when compared with
Tamiya, Chu-10 or Yelenkina media with or
without barbotage for 30 days in lyuminostat
(23-25 °C, lighting of 2 000 lux) [20]. On
the 15" day of cultivation it was obtained
5.9:10° cells/l. At further increase in
cultivation terms up to 25 days the cell
concentration increased 2.5 times, reaching a
value of 14.7-10° cells/1. Note that the number
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Fig. 2. Dynamics of culture medium temperature and acidity, and dissolved O, and CO, content,
and its consumption

Fig. 3. Dynamics of Chlorella cells number during incubation in the reactor

of cells in comparison with the experiment
beginning under these conditions has
increased more than 5 times (P < 0.05). These
data almost correlate with our data when on
the 25 day of cultivation the cell number
compared with the initial has increased
4.6 times.

In our experiment, the effectiveness of
Fitzgerald medium for chlorella cultivation
in continuous mode is confirmed. However,
the number of cells compared with the results
of mentioned work [20] is order of magnitude
more.
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Cells number dynamic, their total biomass
and the main organic components mass were
analogous (Fig. 4).

The curve of biomass increase is also
characterized by exponential growth during the
first two weeks of cultivation — 3.4 times since
the beginning of cultivation (P < 0.05), which
correlates with the usual terms of organisms
adaptation to existence conditions forming [21].
The second peak is detected on the 45""~47"" day
of cultivation (2.2 times since the beginning of
cultivation — P <0.05), but by 34% less than in
the first maximum index (P < 0.05).
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Fig. 4. Dynamics of the main components of cell mass

As for the content of basic organic
components of cells, it has been found the most
amounts of proteins — 54%, carbohydrates —
32%, lipids — 14% of the total biomass.
During the exponential phase the proteins
content increased 3.8 times, carbohydrates —
6.3 times, lipids — 3.0 times (P < 0.05).
Further up to the 21'""-25" day of cultivation
the proteins content was about of 60 mg of
dry weight/1, carbohydrates — 35 mg of dry
weight/l and lipids — 12 mg of dry weight/1.
The ratio carbohydrates-proteins-lipids was: at
the start of cultivation — 5.4: 3.2: 1.4; at the
final stage of exponential growth — 4.7: 4.5:
0.8; at the stage of stationary growth — 5.6:
3.3:1.1.

Thus, the proposed system of chlorella
cultivation contributes to the accumulation
of proteins and carbohydrates, less of lipids.
However, in case of possible use of chlorella for
biofuels, heat capacity of solids is high due to
protein and carbohydrates, and lipids content
increase can be achieved by their biosynthesis
activation by stimulating factors [22, 23]. At
the same time, it is possible to change the ratio

of proteins, carbohydrates and lipids by the
usage of stimulant substances for biosynthesis
of individual classes of organic compounds
that is the prospect for further research. In
addition, sunlight usage for photobioreactor
lighting and cultivation under natural weather
conditions are interesting.

Analysis of the results of the study has
shown that in designed reactor at stabilization
and automatic control of culture conditions, the
algae cultures reached the maximum density in
Fitzgerald medium on the 18" day of cultivation.
Cells content was 269.2 = 3.0-10° cells/] with
the stabilization in stationary phase within
110.1 = 4.9-10° cells/1, which enables chlorella
growing in continuous mode with an average
productivity of about 110 = 4 mg of dry
weight/1, with protein content of about 60 mg,
carbohydrates — 35 mg, lipids — 12 mg/1. These
amounts of received quantities of biomass in
general and organic substances in particular
give grounds for further optimization the
process with practical perspective of chlorella
usage.
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OIITUMI3ANIA KYJbTHBYBAHHS
Chlorella vulgaris Beij. Y BIOPEAKTOPI
HEIIEPEPBHOI O11

O. 1. Boounap
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TepHOIiNbChKUII HAIIIOHAJIBHUHN ITeJarOTiUHN I
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Metor0 poboTu 6yI0 POo3pOOIeHHS Ta anpoda-
1isa 6iopeaxTopa iHTEHCUBHOTO KYJbTUBYBaHHSA
BogmopocTi Chlorella vulgaris Beij. 3 moBHicTIO
KOHTPOJBOBAHUMHU YMOBAMHU y MeKaX PEIKUMHUX
mapaMeTpiB 3a oOpaHUMU KPUTEPIAMU OITiHIO-
BaHHA IPOIleCY KyJIbTUBYBaHHA. [Jia mepeBipKu
e(eKTUBHOCTI (PYHKI[IOHYBAHHSA OPUTiHAJIBLHOTO
(dorobiopeakTopa AOCHIAKYyBaJU PicT ¥ HHOMY
Chlorella vulgaris Beij. (Chlorophyta) y cepeno-
Buini Pitmmxepanbna B mogudikamii Iengepa
i T'opxema Nell 3a 22—-25 °C Ta IITYYHOrO OCBiT-
JeHHA JaMOaMu AeHHOTro cBitTyia (iHTeHCUBHICTH
2 500 nk) yanpomos:k 16 rox Ha moby. Meromamu
MigpaxXyHKy KJITUH Ta BU3HAUEHHS KiJbKOCTi
OpoTeiHiB, BYTJIEBO/IB 1 JIiIIiIiB BCTaHOBJIEHO, IO
3a crabisizarii Ta aBTOMaTUYHOTO KOHTPOJIIO YMOB
KYJAbTUBYBAHHA MaKCUMAaJbHY MIiJIbHICTD KYJIb-
TYypU Y POo3po0JIeHOMY PeaKTopi clocTepiraam Ha
18-1y 100y KyJAbTUBYBAHHSA i3 BMicTOM KJiTHH
269,2 = 3,0-109 /7 3 KigbKicTIO y cramionapHii
dasi B mexax 110,1 + 4,9-10° /x. Ile gae amory
BUPOIIYBATH XJIOPEJY B 0e3IePEePBHOMY PEKUMi
i3 cepegHBOIO NPOAYKTUBHICTIO ¥ CTAIliOHAPHO-
My pexkumi 6smu3bKo 110 = 4 Mr cyxoi macu /i is
BMicTOM mpoTeiniB 61m3bK0 60 MT, ByIrIeBoaiB —
35 wmr, gimigie — 12 mr cyxoi macu/a. CuiBBifg-
HOIIIEHHA BMIiCTy IPOTeIHiB, ByIJIeBOAIB i Jimifis
MOJKHa 3MiHIOBAaTH, BUKOPUCTOBYIOUN COHAYHE
CBITJIO TA PEUOBUHU-CTUMYJIATOPU OiOCHHTE3Y
OKpeMuX KJIACiB OpraHiuHMX PeUOBUH, IO CTAHO-
BUTD IIEPCIIEKTUBY MOAAJBIINX TOCTiIKEHD.

Knwuosi crosa: xnopena, porodbiopeakTop, 6e3-
mepepBHE KYJIbTUBYBaHHSI.

OIITUMHU3ANIUSA KYJbTUBUPOBAHHUA
Chlorella vulgaris Beij. B BHOPEAKTOPE
HEIIPEPBIBHOI'O JEMCTBHSA

O. U. Boornap
H. B. Bypeza
A.A. ITanvuuk
I'. B. Bunapckas
B. B. I'pybunko

TepHOIOABCKUN HAIIMOHAJIbHBIN
nejaroruueckuii yausepcuretr uM. B. 'HaTioka,
Ykpanua

E-mail: bodnar_oi@yahoo.com

ITennio paboThl ObLIa paszpaboTKa u ampoba-
s 6nopeakTopa MHTEHCUBHOI'O KYJIbTHUBUPOBA-
Hus Bopopocau Chlorella vulgaris Beij. ¢ moaHo-
CThIO KOHTPOJUPYEMBIMU YCJIOBUAMHU B IIpeaeiax
PEKUMHBIX ITapaMeTPOB II0 BLIOPAHHBIM KPUTE-
pUAM OIEHKU IIpollecca KyJIbTUBUPOBaHUSA. s
npoBepKU 3P(PeKTUBHOCTU (PYHKIIMOHUPOBAHUA
OPUTHHAJBHOTO (POTOOHOpPEaKTOpa MCCIeI0BaATN
poct B HeM Chlorella vulgaris Beij. (Chlorophyta)
B cpene Purikepanbaa B Mmoguduranum Ilenme-
pa u 'opxema Nell npu remmeparype 22—25 °C u
MCKYCCTBEHHOM OCBEII[eHUU JIAMIAMHU JHEBHOTO
ceera (mHETeHCUBHOCTD 2 500 1K) B TeueHne 16 uac
B cyTKU. MeTomaMu ImojcueTa KJIETOK U Ompeje-
JIeHUsA TMPOTEUHOB, YIJIEeBOJAOB U JUIUIOB IMOKAa-
3aHO, UTO IIPU CTAOUIU3AIUYU ¥ aBTOMATUYIECKOM
KOHTPOJIE YCJIOBUMN KYJbTHUBUPOBAHUSA MaKCHU-
MaJIbHAasl HHTEHCUBHOCTD POCTA B pa3paboTaHHOM
peaxTope HabJomangack Ha 18-e cyT KyJILTUBUPO-
BaHUS C COLepKaHNeM KiaeTok 269,2 = 3,0-10° /x
1 UX KOJIMYECTBOM B CTAI[MOHAPHOM (pase OKOJIO
110,1 = 4,9-10° /. TO maeT BOBMOYKHOCTD BBI-
pamumBaTh XJOPEJIIY B HEIIPEPBIBHOM PeKUMeE CO
cpenHell IPOU3BOAUTEILHOCTHIO B CTAIIMOHAPHOM
pesxkume okoJio 110 = 4 Mr cyxoil Macchl/J ¢ co-
Ieps;KaHueM TPOTEMHOB OKoJo 60 mr, yrieso-
I0B — 35 Mr, munumoB — 12 MT cyXoii Macchl/J.
Bo3Mo:KHO n3MeHeHTe COOTHOIIIEHUA COMePKAHNA
ITPOTENHOB, YIJIEBOJOB U JINTIUAOB 34 CUET UCIIOIb-
30BAHUS COJTHEUHOTO CBETA U BEIleCTB-CTUMYJIs-
TOPOB OMOCUHTE3a OTAeJbHBIX KJACCOB OPraHU’-
YEeCKUX BEIeCTB, UTO SIBJAETCA IIEePCHeKTUBOMR
ITaJbHEUIUX UCCIeTOBAHUMA.

Knarmoueswvie cnosa: xjopeinaa, (poTodropeakTop,
HeIIPePhIBHOE KYJIbTUBUPOBAHUE.
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