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In recent years, fossil-based fuels have been used to supply the energy needs of the world. Fossil-based fuels induce
accumulation of the atmospheric CO2 which causes global warming. One of CO2 source is flue gas emission from the power
plant. The microalgae have been considered excellent biological materials for reduction CO2 with ability to photosynthesis. In
this study, air, 10% CO2, 15% CO2 and simulated flue gas (containing 15% CO2) feed were used to observe effect CO2 con-
centration and flue gas on cell growth and lipid content of Chlorella protothecoides. The highest dry cell weight (1,5 g/L) and
lipid content (45%) values were obtained with 15% CO2 feed while the highest growth rate (1,10 ), biomass productivity (0,125
g/L/day), and lipid weight (0,63 g/g) were observed in 10%  CO2 feed. Cultures fed with flue gas did not inhibited C.
protothecoides growth and showed similar results with those fed with 15% CO2 gas in terms of growth rate, dry cell weight,
biomass productivity and lipid content. These results showed that C. protothecoides has great potential for reducing CO2 emis-
sion from flue gas.
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Introduct ion
In the past decades, increasing concentrations of carbon

dioxide (CO2) and other greenhouse gases in the atmosphere
lead to global warming1. CO2 is one of the main anthropo-
genic greenhouse gasses. Accumulation of the atmospheric
CO2 result from industry-related consumption such a com-
bustion of fossil-based fuels which are comprising 87% of
the total energy consumption to provide World energy de-
mand2. One of the sources of CO2 emission is flue gas which
is released power plants. It comprises of more than 7% of
total CO2 emission. Burning of the fossil-based fuels such
as coal, oil and natural gas results in the flue gas which emits
into the atmosphere1. It usually consists of the vast percent-
age of nitrogen, CO2, water vapour and a small number of
air pollutants (in ppm level) such as carbon monoxide (CO),
nitrogen oxides (NOx) and sulphur oxides (SOx)3.

In order to diminish CO2 levels, two major ways can be

applied: the chemical reaction-based and the biological miti-
gation approaches. The first way has high costly applica-
tions, excessively amount of energy consumption, and po-
tential CO2 leakage over time3. The biological ways are ap-
plied through photosynthesis by based on usage of light, an
organic substrate such a glucose and an inorganic substrate
such a CO2 (phenomenon is called CO2 fixation). Besides,
photosynthesisis not only diminishing CO2 level in the atmo-
sphere but also promotes biomass biodiesel production3.

Microalgae are microorganisms capable of converting
sunlight into chemical energy through photosynthesis like
plant do. They grow in wide range of aquatic habitats such
as lakes, rivers, oceans, and even wastewater4. Microalgae
can easily grow and proliferate with some fundamental re-
quirements such as light, temperature, sugar, CO2, nitrogen.
Microalgae were able to grow photoautotrophically, het-
erotrophically, and mixotrophically. In many studies, photo-
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autotrophic growth is used in microalgae cultivation for CO2
reduction because of low cost and ability to commercialize.
Besides, microalgae have much higher growth rate, do not
require any fertile land, require less land area than plants.
Moreover, microalgae cells accumulate high amount of lipid
content with utilization of direct flue gases as inorganic car-
bon source in form of CO2

4,5.
Microalgae gain tremendous attention for reducing CO2

in the last years6. Especially, species from genus Chlorella
is most understood species in current research and has been
considered promising microorganisms for CO2 fixation. Nu-
merous studies represent that flue gas could be used as a
carbon source for CO2 fixation and production of microalgae
with Chlorella, without any adverse effects3,6. In the García-
Cubero et al. study, Chlorella vulgaris has been grown direct
flue gas feed. Besides, the amount of lipid and protein are
increased with direct flue gas feed3. In the study of
Borkenstein et al., it was observed that Chlorella emersonii
cultivated with flue gas feed grew without any side effects. It
even positively affected its growth rate7. Microalgae cultiva-
tion with flue gas feed is a promising strategy for both reduc-
tion of CO2 and production of the valuable biomass in eco-
nomical way. As far as we aware, effect of CO2 and flue gas
on cell growth of microalgae Chlorella protothecoides has
not been studied.

Chlorella protothecoides has a valuable lipid source that
chemical composition is quite similar to vegetable oil8. The
aim of this study was investigation of CO2 fixation by photo-
autotrophic growth of microalgae in different concentrations
of CO2 and simulated flue gas for reducing CO2 in the atmo-
sphere and produce biomass. The growth kinetics, biomass
productivity, lipid contents and lipid amount of C.
protothecoides were analysed.

Experimental
Materials:
Chlorella protothecoides culture was purchased from Ege

Biotechnology Inc. ( Izmir, Turkey). All chemicals purchased
from Sigma-Aldrich and Merck-Germany, were used without
further any purification.

Culture conditions of Chlorella protothecoides:
In the present study, medium was prepared similar to our

previous study8. Briefly, NaNO3 (0.25 g), K2HPO4 (0.075 g),
KH2PO4, (0.175 g), MgSO4.7H2O (0.075 g) CaCl2.2H2O

(0.025 g), NaCl (0.025 g), and trace metal mixture was used
as Bold Basal Medium (BBM) in order to preserve and culti-
vate C. protothecoides cells in 1 L. Trace metal mixture was
prepared by using H3BO3 (11.42 g), MnCl2.4H2O (1.44 g),
ZnSO4.7H2O (0.25 g), CuSO4.5H2O (1.57 g), Co(NO3)2.6H2O
(0.49 g), MoO3 (0.71 g), EDTA (50.00 g), KOH (31.00 g),
FeSO4.7H2O (4.98 g) and H2SO4 (1 mL). Stock solutions of
all chemical components of BBM were prepared and steril-
ized in autoclave (Systec 2540 EL,) at 121ºC for 20 min. The
initial pH values of the growth medium were adjusted to be-
tween 7.5–8. Microalgae cell cultivation was carried out at
28ºC under 1000 lux fluorescence bulb (60 W) illumination
with a 12:12 h light:dark regime. The precultures of C.
protothecoides were grown in 250 mL erlenmeyer flasks con-
taining BBM. To scale-up microalgae cells from preculture
solution, they were transferred into 2 L culture bottles with
an 20% (v/v) inoculum ratio. Cultures were continuously aer-
ated with a compressor. Microalgal cells were cultivated in
laboratory environment with air as a control medium, 10%
and 15% CO2 and simulated flue gas. Air flow rate was ad-
justed as 1 L/min with a flowmeter. And pH of the cultures
was adjustedby pH controller. To see effect of CO2, culture
medium feed with air, 10% and 15% (v/v) CO2 concentra-
tion. Cell growth was maintained for 12 days. To see effect of
flue gas, C. protothecoides was incubated with simulated
flue gas and 15% CO2. The composition of the simulated
flue gas was 75% N2, 15% CO2, 10% O2, 400 ppm SO2, and
125 ppm NO2. Flow rate of flue gas was adjusted as 600 ml/
min. Cell cultivation was maintained for 6 days.

Harvesting of C. protothecoides biomass:
Cell growth was monitored, and cultivation was main-

tained until cultures reach the stationary phase. After reach-
ing stationary phase cells were harvested by 20 min cen-
trifugation at 4800 rpm and cell pellet was washed three times
with distilled water. Biomass was freeze-dried using freeze
dryer. Dried biomass was kept at –20ºC until further analy-
sis.

Determination of growth kinetics:
Microalgal cell growth was monitored by daily changes in

optical density at wavelength of 500 nm (OD500) using UV/
Vis spectrophotometer (Scinco S-3100, Seoul, Korea) and
cell count was performed on the microalgal suspensions using
an Olympos CX40 microscope. Microalgal dry cell weight (g/
L) was measured three-day intervals. In order to calculate
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dry cell weight, 50 mL algae samples were taken and con-
centrated by filtering through Whatman GF 6 glass fiber filter
paper (pore size: 1–3 m) under vacuum. Cells were washed
with pH:4 HCl solution, subsequently dried in pre-weighed
petri plates in an oven at 105ºC for 2 h. Dry cell weight (%)
was determined gravimetrically. The following methods are
described by Xia et al.9. The specific growth rate () is cal-
culated by eq. (1) during the exponential phase.  The biom-
ass productivity (g/L/day) is determined using eq. (2).
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where X1 and X2 are the biomass at  time 1 (t1) and time 2
(t2), respectively; Wb and We are the harvested cell dry mass
at the beginning and end of cultivation, respectively; P is
productivities of microalgal biomass; V and d are culture vol-
ume (L), and time of culture (d), respectively.

Lipid analysis:
Lipid extraction was performed at the end of exponential

phase using the following procedure: 3 ml hexane as a sol-
vent was added to each 0.05 g dried algal biomass since
hexane has ability to solve lipid molecules. Then microalgae
cells were homogenized using a homogenizer and incubated
in a water bath for 24 h at 25ºC for lipid extraction. Hexane
phase including lipid molecules was separated from cell de-
bris by centrifugation for 20 min at 4000 rpm. Hexane was
evaporated at 60ºC and lipid content was determined gravi-
metrically.

Results and discussion
In this study, the effects of different CO2 concentrations

and simulated flue gas feed on the growth C. protothecoides
were investigated at the constant temperature, pH and light
intensity. Growth kinetics, biomass productivity, and lipid
content of C. protothecoides were determined.

Effect of the different concentration CO2:
C. protothecoides was cultivated with air and two differ-

ent concentration CO2 feed.  Fig. 1 shows the comparison of
C. protothecoides feed with air (control), 10% and 15% CO2
concentration during a 12-day trial period. The maximum cell
density was reached after 12 days. The results have been

quite evidence for the effect of CO2 on the growth of C.
protothecoides. The results indicate that C. protothecoides
culture feed with 15% CO2 at the end of the 12th day reached
the highest density with an OD500 of 3.42 value. 10% CO2
concentration OD500 value is also higher than air. These data
suggest that using a high level of CO2 increases obviously
C. protothecoides biomass concentration. It has been ob-
served that the highest dry cell weight reached with 10%
CO2 level (Fig. 2). The highest biomass productivity and the
specific growth rate were found 0.125 g/L/day and 1,10 , at
10% CO2concentration, respectively (Table 1). In the study
of Hanagata et al., Scenedesmus sp. and Chlorella sp., for
the two organisms, the biomass productivity was observed

Fig. 1. Optical density values of C. protothecoides with control and
different concentrations CO2 feed.

Fig. 2. Dry cell weight (g/L) of C. protothecoides with control and dif-
ferent concentrations CO2 feed.
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0.15 g/L/day and 0.18 g/L/day at 10% and 45% CO2 con-
centrations, respectively10. In our study, it was observed that
C. protothecoides had high tolerance to CO2 and positively
affected dry cell weight and biomass productivity. It can be
successful in large-scale production due to its high biomass
productivity.

Microalgae resist to adapt to stresses and altering condi-
tions in their environment. Lipids can act as signal compo-
nents, structural components of the plasma membranes of
the cell11. Vargas et al. reported that stress conditions in-
crease the amount of lipid. Increasing the concentration of
CO2 in some species may affect the accumulation of lipid as
it may cause lower pH11. Sun et al. reported that increasing
concentration of CO2 enhance lipid accumulation by using
Chlorella sorokiniana14. In our study, 15% CO2 resulted higher
lipid content than 10% CO2 (Fig. 3a). It has been seen that
increased lipid content increases with increasing CO2, which
is in parallel with the study of the Xia et al. on the C.
Sorokiniana species9. The highest level of lipid amount (0,63
g/L) was reached at 10% CO2 (Fig. 3b). Even if it seems
conflict, this result comes from high dry cell weight of 10%
CO2.

Effect of the simulated flue gas:
Flue gas injection to the culture mediums cause the rise

of temperature, and also flue gas includes of SOx and NOx
compounds which are toxic for microalgae cells13. Microalgae
culture that was feed with flue gas reached the stationary
phase after 5th day whereas, feed with 15% CO2 reached
the stationary phase after 6 days and its cell count was found
similar (Fig. 5). Flue  gas and 15% CO2 feed show very simi-
lar dry cell weight values (Table 2). These results implicate
that growth of C. protothecoides was not inhibited by flue
gas and could tolerate 125 ppm NO2 and 400 ppm SO2.

Specific growth rate and biomass productivty of culture
which is feed with 15% CO2 was slightly higher than those
observed with flue gas feed (Table 2). It can be said that flue
gas did not inhibited growth rate. That may be due to the
drop of medium pH because of NOx and SO2 content of flue
gas. When CO2 is dissolved in water aqueous CO2, carbonic
acid (H2CO3), bicarbonate (HCO3–), carbonate (CO2

3–) ions,
which affect the pH of medium, are formed. With the addition
of flue gas in the culture media, depending on the pH, tem-

Table 1. Growth kinetics and lipid amount of C. protothecoides in different feed
Sample Dry cell weight Biomass productivity Specific growth rate Lipid weight Lipid content

(g/L) (g/L/day) (µ) (g lipid/g biomass) (%)
Air (Control) 0,84 0,07 0,77 0,31 38
10% CO2 1,5 0,125 1,10 0,63 42
15% CO2 1,2 0,1 0,84 0,54 45

Fig. 3. Lipid weight (a) and content (b) of C. protothecoides at differ-
ent CO2 levels.

Fig. 4. Optical density values of C. protothecoides fed by flue gas
and 15% CO2 in 6-day interval.



Özel et al.: Utilization of the simulated flue gas on the cultivation of Chlorella protothecoides

1141

perature and pressure of solution the following reaction takes
place:

CO2(aq) + H2O H2CO3 H+ + HCO3– H
2H+ + CO2– (3)

On the other hand, during cell growth microalgae cells utilize
CO2 as carbon source. Thereby, equilibrium shifts towards
reactants and pH of the medium is increased.

In the present study, effect of flue gas on lipid weight and
lipid content of C. protothecoides were also investigated and
represented in Fig. 6. It was seen that lipid amount of
microalgae cells cultured with 15% CO2 was about two-fold
of lipid amount produced by the culture feed with flue gas.
On the other hand, lipid content (%) was almost same for
15% CO2 (45%) and simulated flue gas (44%) feed. The
results suggest that flue gas can be utilized as an alternative
carbon source for biomass and lipid production of C.
protothecoides. Thus, flue gas emission to the atmosphere
may be reduced along with microalgae biomass production
which could huge potential energy source such a biodiesel.

Conclusions
C. protothecoides was cultured in the air as a control,

10%, 15% CO2 and flue gas (15% CO2). Growth kinetics,
lipid content and weight were investigated. Increasing of CO2
level have an incontrovertible positive effect on dry cell weight
lipid content, and lipid weight of C. protothecoides. Results
supported that C. protothecoides can tolerate the flue gas as
well as a similar growth rate with CO2. This means that di-
rect flue gas can be used as a carbon source. All these re-
sults have shown that C. protothecoides can be a potential
source in reducing CO2 emissions. Lipid recovered from C.
protothecoides with flue gas feed can a promising candidate
for further biodiesel applications because of low costs and
positive environmental effect.
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Table 2. Growth kinetics and lipid amount of C. protothecoides in 15% CO2 and simulated flue gas feed
Sample Dry cell weight Biomass productivity Specific growth rate Lipid content Lipid weight

 (g/L) (g/L/day) ()  (%) (g/g )
15% CO2 0,65 0,108 0,71 45 0,54
Flue gas 0,62 0,103 0,65 44 0,27

Fig. 5. Specific growth rate of C. protothecoides fed by 15% CO2 and
flue gas. Fig. 6. Lipid weight (a) and content (b) of C. protothecoides fed by

15% CO2 and flue gas feed.
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