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Abstract 
Carbon dioxide emission, which acts as one of the major agents of greenhouse gases (GHG), has significant effects on 
global warming. Nowadays, there is a considerable global tendency toward decreasing the amount of GHG emissions to the 
atmosphere. In the present study, a simulated power plant flue gas (Be’sat, Power Plant, Tehran) with a constant injection 
rate of 21.41 cm3 s−1, including 10% CO2, 7% O2 and 83% N2 , was injected to the Synechococcus elongatus culture under 
two different light–dark (L/D) cycles: 24-0 and 16-8. Additionally, the biomass productivity and the CO2 biofixation rate by 
microorganisms were investigated. The highest biomass productivities were recorded as 0.68 and 0.52 g L−1 d−1 for 24-0 
and 16-8 L/D cycles, respectively. Furthermore, the maximum rate of the CO2 biofixation was 1.26 g L−1 d−1 for the 24-0 
L/D cycle and 0.98 g L−1 d−1 for the 16-8 L/D cycle during the cultivation.
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Introduction

Microalgae are prokaryote (cyanobacteria) and eukaryote 
(common microalgae) photosynthetic microorganisms which 
can grow in harsh environmental conditions owing to their 
simple structures (Mata et al. 2010). The biomass produced 
from microalgae and cyanobacteria can be utilized as the 
feedstock for biofuels (de Morais and Costa 2007; Ho et al. 
2011). Microalgae can grow up to 100 times faster than 
terrestrial plants. Their biomass can be duplicated in less 
than one day. Almost more than 50,000 microalgae species 
exist in aquatic and non-aquatic ecosystems, but approxi-
mately 30,000 species have been investigated (Mata et al. 
2010; Tredici 2010). Phototrophic microalgae exploit CO2 
as the inorganic carbon source and convert it to carbohy-
drate, which is used to build proteins, lipids, and nucleic 
acids. These high-value molecules can be converted to other 
valuable products such as biopolymer-based substances and 
biofuel. In addition, they can efficiently capture atmospheric 
CO2 and transform the solar energy into chemical energy up 
to 10–50 times more than other terrestrial plants do (Beer 
et al. 2009; Kassim et al. 2014; Khan et al. 2009; Li et al. 
2008; Rosenberg et al. 2011).

Cyanobacteria are located in the bacterial domain in 
some classifications. They have a wide distribution around 
the world and have the photosynthetic ability and can fix a 
large amount of carbon dioxide in marine and freshwater 
environments (Steffen et al. 2012). Synechococcus elonga-
tus is the rod shape freshwater oligotrophic photoautotroph 
unicellular cyanobacteria microorganism that can survive in 
low nutrients freshwater habitat. They can also live in fresh-
water hot springs with the medium temperature. Further-
more, cyanobacteria sometimes categorized as blue-green 
algae are the prokaryote cells with the photosynthetic ability 
to provide their required energy (Waterbury 1986). For bio-
synthesis and other energetic requirements, Synechococcus 
elongatus absorbs carbon dioxide and then transforms it into 
glucose through the Calvin cycle (Yang et al. 2003). Like 
most plants, chlorophyll a is a primary pigment in the Syn-
echococcus elongatus photosynthesis process. Blue-green 
pigmentation in this species is related to phycobiliproteins 
as other cyanobacteria (Olson et al. 1990).

Microalgae need some nutrients for their growth, such 
as nitrogen and phosphorus, which also exist in common 
wastewater. Thus, microalgae can remove these nutrients 
from various effluents (Parmar et al. 2011). Some kinds of 
microalgae can accumulate considerable lipid globes within 
their cells that can be used for biofuel production (Milano 
et al. 2016). Additionally, microalgal biomass can be used 
to produce bio-fertilizers and biomethane (biogas) (Parmar 

et al. 2011; Saratale et al. 2018). Nowadays, accumulation 
and increase in the level of CO2 in the atmosphere causing 
global warming are one of the most significant challenges 
facing human beings. Some of the destructive impacts of 
global warming are: reducing and melting the Arctic ice, 
rising the water’s level of seas and oceans, huge perishing 
of sea coral, obstructing agricultural plans, and expanding 
the occurrence scale of desertification and droughts all over 
the world (Yang et al. 2012).

Hence, microalgae and photosynthetic cyanobacteria 
can be the promising choices to reduce the CO2 level in the 
atmosphere by the capturing process and even convert them 
to valuable compounds. Basically, microalgae can be clas-
sified as CO2-sensitive (2–5%) and CO2 tolerant (5–20%) 
regarding the tolerance of the CO2 concentration; therefore, 
selection of the proper microalgae strain for the CO2 bio-
fixation process is an important issue that should be consid-
ered (Miyachi et al. 2003). Some evidence proves that some 
species of cyanobacteria and microalgae, compared to CO2 
streams, may have better performance with flue gas (Dousk-
ova et al. 2009). Moreover, toleration of rational high tem-
peratures (compared to typical photosynthetic organisms) 
is another fundamental characteristic that some species of 
cyanobacteria and microalgae have. The former specification 
to some extent can decrease the crucial need for declining 
the flue gas temperature before contact (Umar et al. 2019).

Two conventional methods exist for the massive cultiva-
tion of microalgae, namely open systems and closed culti-
vation systems. These systems have their advantages and 
disadvantages. Open systems are relatively cheaper, but 
they are highly susceptible to environmental contaminations 
and can deeply be affected by climate changes and weather 
conditions. Although closed systems can overcome these 
drawbacks, they are expensive concerning their construction, 
maintenance, and operation (Cheah et al. 2015; Hashemi 
et al. 2020). Generally, approximately 70% of CO2 biofixa-
tion projects employing microalgae and cyanobacteria as 
photosynthetic microorganisms utilize open pond systems 
for their objectives (Umar et al. 2019). These systems that 
utilize natural sunlight can be more efficient in term of elec-
tricity consumption and lower CO2 emission, but it should 
be considered that the total productivity of these systems is 
not as high as that of closed systems. Moreover, closed sys-
tems require more energy to provide desirable mixing, illu-
mination, and CO2 mass transfer through cultivation (Slade 
and Bauen. 2013).

A number of researches use cyanobacteria and microalgae 
in the biological CO2 removal process. Sadeghizadeh et al. 
(2017) investigated the effect of superficial gas velocity on 
the growth pattern and CO2 removal of Chlorella vulgaris 
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species in an airlift photobioreactor. The results revealed 
80% CO2 biofixation achieved in the superficial gas velocity 
of 7.458 × 10−3 ms−1. Arroyo et al. (2019) employed three 
airlift bioreactors (in series) to cultivate Scenedesmus dimor-
phus under 24-0, 16-8, and 14-10 L/D cycles. They obtained 
the highest CO2 removal of 64.3% under 60.75 µmol photons 
m−2 s−1 and 16-8 L/D cycles. Mortezaeikia et al. (2016) 
investigated the effects of membrane contactor, and mem-
brane-sparger photobioreactors on the CO2 biofixation with 
the Synechococcus elongatus species in various carbon diox-
ide concentrations (0.04%, 5%, and 10%). The results dem-
onstrated that the highest carbon dioxide removal of 2.43 
and 2.08 g L−1 d−1 was recorded within membrane-sparger 
and membrane contactor in the carbon dioxide concentra-
tions of 5% and 10%, respectively. Barahoei et al. (2020) 
cultured the Chlorella vulgaris species within a bubble col-
umn photobioreactor and assessed the effect of air bubbles 
on the CO2 biofixation rate. The maximum carbon dioxide 
biofixation rate and biomass productivity were obtained for 
smaller gas feeding bubble diameters enriched by 7% CO2 
concentration as approximately 633.73 mg L−1 d−1, 337 mg 
L−1 d−1, respectively.

In the present paper, a simulated power plant (Be’sat, 
Tehran) flue gas, including 10% CO2, was performed. The 
impact of this simulated flue gas on Synechococcus elon-
gatus species cultivation under 24-0 and 16-8 L/D cycles 
and the required time for the total CO2 removal were inves-
tigated, and some key parameters in CO2 biofixation and 
microorganisms growth were calculated and discussed.

Materials and methods

Organisms and medium

Synechococcus elongatus species that was purified from the 
hot spring of Ramsar (a northern city of Iran) was used in 
this study. The BG-11 standard culture medium was pre-
pared for the proper growth of this species (Chinnasamy 
et al. 2010).

Culture conditions

Synechococcus elongatus samples in an appropriate culture 
medium at an average temperature of 25 ± 2 °C and 54 µmol 
photons m−2 s−1 white light intensity of LEDs were culti-
vated. A gas stream with a constant injection rate (21.41 cm3 
s−1) simulated to the flue gas of power plant of Be’sat (in 
Tehran), containing 10% CO2, 7% O2, and 83% N2 was con-
tinuously injected into each sample during the cultivation 
period. Continuous aeration with the rate of 73.08 cm3 s−1 
was performed for each sample. Two L/D cycles, including 
24-0 (24 h of white light radiation without any darkness 

period) and 16-8 (16 h white light radiation versus 8 h dark-
ness), were presented, and their effects on different con-
cerned parameters evaluated in this study were investigated. 
The aeration was stopped precisely 2 h after the beginning 
of the light radiation period, and one hour later, the trapped 
air was gathered by the gas basket for each sample. The 
effect of these L/D cycles on CO2 removal from the simu-
lated power plant flue gas by the photosynthetic activity of 
this species and various parameters such as growth pattern, 
pH fluctuations (were recorded with 827 pH Lab, Switzer-
land) chlorophyll a and b production, biomass productivity, 
and CO2 fixation rate were investigated. All the experiments 
were conducted in duplicate. Figure 1 presents the schematic 
of the system.

Analytical methods

To measure chlorophyll a and b, the extraction by the solvent 
(methanol) method was used (Delavari Amrei et al. 2014):

All absorbance values (Optical density) were detected at 
the 645 nm and 662 nm wavelength via a spectrophotometer 
device (T80 + UV–Vis, United Kingdom). The percentage 
of the CO2 content within the gas was determined by the 
GC–MS (Agilent 6890 N, USA) method. The dry weight 
values were obtained with the method employed by Delavari 
Amrei et al. (2014).

Growth kinetics and CO2 biofixation

Biomass productivity was calculated by the following 
equation:

P (g L−1 d−1) is the biomass productivity, X0 (g L−1) is 
the initial cell concentration, and Xf (g L−1) is the final cell 
concentration at the time of tf,

The CO2 consumption (biofixation) rate PCO2 (g L−1 
d−1) was calculated with the following equation (Kassim 
and Meng 2017):

MCO2 and MC are the molecular weight of carbon diox-
ide and carbon, respectively. Cc is the average carbon content 
in dry biomass. The typical molecular chemical formula of 

(1)Chlorophyll a
(

Ca

)

= 11.75 × OD662−2.350 × OD645

(2)
Chlorophyll b

(

Cb

)

= 18.61 × OD645−3.960 × OD662

(3)P =

Xf − X
o

tf − t0

(4)PCO2 = C
c
P ×

(

MCO2

MC

)
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microalgae biomass is CO0.48H1.83N0.11P0.01. Based on this 
formula, the carbon content (Cc) is approximately 50%, and 
the CO2 fixation rate correlation is summarized as follows 
(Chisti 2007):

According to Eq. 5 with 1 kg of biomass production dur-
ing the carbon biofixation process, approximately 1.8 kg 
CO2 can be captured.

Energy balance

In this survey, the equivalent acceptable energy consump-
tion (kWh) for one liter of Synechococcus elongatus cul-
ture during one day is calculated. The preset setup or every 
other system with this carbon biofixation rate has to work 
below this range to be acceptable in positive energy balance. 
These statistics were obtained from the United States Envi-
ronmental Protection Agency website. Furthermore, some 
other factors (biofuel production, potential of wastewater 
treatment, and produced biomass) that can affect the energy 
balance of the process are discussed. These factors can play 
a compensative role in the energy consumption issue related 
to the CO2 removal process.

Results and discussion

Photosynthetic microorganisms such as microalgae and 
cyanobacteria have the considerable ability to capture 
CO2 molecules and convert it to the high-value organic 

(5)
CO2fixation rate

(

Pco2
)

= 1.88 × biomass productivity
(

g L−1d−1
)

substances with the help of light energy radiation and pro-
duction of molecular oxygen as a by-product using the fol-
lowing reaction (Zhang 2015):

Microorganisms can capture CO2 from various sources, 
including CO2 biofixation from the atmosphere, industrial 
discharge flue gas, and dissolved carbonates within the cul-
ture (Lam et al. 2012). Typically, carbon dioxide concen-
tration within industrial flue gases is between 10 and 20% 
(Ho et al. 2011). According to the literature, an excessive 
amount of CO2 in the culture aeration flow can actuate the 
microalgae cells to grow faster (Chiu et al. 2008; Jiang et al. 
2011; Tang et al. 2011). As Fig. 2 shows, the 24-0 L/D cycle 
had better growth performance than that of the 16-8 L/D 

6CO2 + 6H2O
light energy
��������������������������������������→ C6H12O6 + 6O2

Fig. 1   The schematic of the CO2 biofixation system
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cycle. Desired cell growth in the 24-0 cycle could be due to a 
longer light period. Originally, photosynthesis is categorized 
as a physicochemical process and comprises light-dependent 
and light-independent reactions. Light-dependent reactions 
occur only in the presence of light, and light-independent 
reactions are accomplished in light or darkness (Zhang 
2015). The light-dependent reactions occur within the chlo-
roplast of cells (thylakoid membranes), and NADPH2 (nico-
tinamide adenine dinucleotide hydrogen phosphate: acts as 
an electron carrier), ATP (Adenosine Triphosphate: the pri-
mary energy carrier in all living organisms on the earth), and 
O2 are produced in this stage. In addition, light-independent 
interactions occur within the stroma of the chloroplast. The 
decrease in the CO2 concentration due to biofixation is the 
result of these interactions in this step (Martín-Girela et al. 
2017). The dissolved NO of the flue gas can be consumed by 
microalgae as an alternative nitrogen source, which can be 
oxidized to nitrate or nitric within the culture (Nagase et al. 
2001). Three kinds of inorganic carbon can be formed when 
CO2 molecules enter into and dissolve in water, depending 
on the pH of the solution: free CO2 molecules and H2CO3 
are the dominant in the pH less than 4.5, HCO3− is dominant 
species in the pH range of 4.5 to 8.5, and in the pH range of 
more than 8.5, and the CO3 2− is the dominant species in the 
solution (Devgoswami et al. 2011).

According to Fig. 3, the highest pH value for 16-8 and 
24-0 L/D cycles was on the 5th and 4th day of cultiva-
tion, respectively. Basically, the pH descending procedure 
between the initial time (time: 0) and the first days of cultiva-
tion could be attributed to the CO2 accumulation within the 
culture due to low cell density and low cell photosynthesis 
and subsequently low CO2 consumption. Microalgal species 
have their own pH range for optimum growth conditions. 
An ascending procedure in pH values during the cultiva-
tion period (alkalinization of the medium) is related to the 
photosynthetic activities of cells. This common phenomenon 
occurs due to CO2 consumption by cells, leading to decrease 

in CO2 concentrations and accumulation of hydroxide ions 
(Shiraiwa et al. 1993). Furthermore, the decrease in the pH 
value is contributed to the formation of dissolved inorganic 
carbon, presence of hydrogen cations within the culture, and 
constitution of H2CO3, HCO3

−, and CO3
2− ions (as a result 

of interaction between CO2 and H2O molecules) (de Morais 
and Costa 2007). A reduction in photosynthetic enzyme 
(such as carbonic extracellular anhydrase) activities occurs 
as a result of the decrease in the pH value of the culture, 
and this can cause the inhabitation in the microalgal growth 
(Tang et al. 2011).

As Fig. 4 illustrates the minimum required time for the 
CO2 removal (100%) from the simulated power plant flue 
gas (10% CO2 content) was recorded for the culture with 
the 24-0 L/D cycle 7 days after cultivation, and this value 
was 8 days for the 16-8 L/D cycle. This could be related to 
longer light exposure for the 24-0 L/D cycle, which could 
cause more photosynthetic activity by the cyanobacteria 
species. Obviously, the more photosynthetic activity is, the 
more CO2 consumption for the production of organic com-
pounds within microorganism cells is. From another point 
of view, the rate of the CO2 consumption in the 24-0 L/D 
cycle was more than that in the 16-8 L/D cycle. This could 
be the other corroborative deduction for the higher photo-
synthetic rate in the longer irradiation cycle. The CO2 fixa-
tion rate and light irradiation intensity are the main factors 
for the growth of photosynthetic microorganisms (Stewart 
and Hessami 2005). Yun et al. (1997) studied the impact 
of different CO2 concentrations on Chlorella vulgaris and 
reported that a 15% CO2 enriched aeration had an inhibi-
tive effect on the growth of this microalgae species, while 
the best growth pattern was in 5% CO2. Adamczyk et al. 
(2016) investigated the kinetic growth of Chlorella sp. under 
4 and 8% CO2 enriched aeration and found that the 8% CO2 
had a better impact on the growth pattern of Chlorella sp. 
Yoo et al. (2010) tested different species under direct flue 
gas. According to their results, Botryococcus braunii and 
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Scenedesmus sp. demonstrated the highest growth rate in 
flue gas, including 5.5% CO2. Li et al. (2011) stated that 
Scenedesmus obliquus could tolerate up to 12% CO2 con-
centration in industrial flue gas by the 67% CO2 removal 
during the process. Maeda et al. (1995) conducted some 
experiments on CO2 removal from the coal-fired power plant 
with the Chlorella sp. Their results revealed that the highest 
growth rate was achieved by 10% CO2.

As the previous section showed, the biomass productiv-
ity was calculated by Eq. 1. Based on Fig. 5, the highest 
biomass productivity was recorded as 0.68 (g L−1 d−1) on 
the 6th day of cultivation for 24-0 and 0.52 (g L−1 d−1) on 
the 5th for the 16-8 L/D cycle. The CO2 fixation rate was 
estimated by Eqs. 2 and 3. As Fig. 6 illustrates the highest 
CO2 consumption rate was 1.26 g L−1 d−1 on the 6th day of 
the cultivation process for the 24-0 L/D cycle and 0.98 g L−1 
d−1 for the 16-8 L/D cycle on day 5. Based on the results, 
the day with the highest biomass productivity and the high-
est CO2 biofixation were exactly the same for each related 
L/D cycle. These results obviously revealed that the more 
photosynthetic activity was, the more biomass productivity, 
and the more CO2 fixation rate were. De Morais and Costa 
(2007) examined the growth characteristics of Scenedesmus 
obliquus and Chlorella kessleri with the exposure of 6% 
and 12% CO2. The maximum biomass productivities were 
0.087 g L−1 d−1 for 6% CO2 concentration and 1.14 g L−1 
d−1 for Scenedesmus obliquus in 12% CO2 concentration. 
Some Chlorella and cyanobacteria can depict a favorable 
growth pattern under high CO2 concentration with high CO2 
biofixation capability (500-1800 mg L−1 d−1) (Maeda et al. 
1995; Ono and Cuello 2007; Yue and Chen 2005). Zhao and 
Su (2014) conducted one study on Chlorella sp., which had 
promising performance in CO2 fixation by 1.060 g L−1 d−1 
biomass productivity and 1.992 g L−1 d−1 carbon fixation 
rate. Among the microalgae species, Chlorella sp., Scened-
esmus sp., and Botryococcus braunii have exhibited high 

performance in CO2 mitigation with the CO2 fixation rate 
of 0.2–1.3 g L−1 d−1 (Lam and Lee 2012). 

Based on Fig. 7, the highest chlorophyll a to cell dry 
weight ratio (Chl a/DW) for 24-0 and 16-8 L/D cycles was 
reported on the fifth day of cultivation as 1.42 and 1.34 mg 
chlorophyll per gram of cell dry weight, respectively. Fur-
thermore, their basic fluctuations were in accordance with 
each other. On day five (the maximum value of Chl a/DW), 
the cells at 24-0 and 16-8 L/D cycles were in the middle of 
the logarithmic phase of growth. Additionally, Fig. 8 illus-
trates the highest ratios of chlorophyll b to cell dry weight 
(Chl b/DW) were 2.37 and 3.34 (mg g−1) on the third day of 
cultivation for 24-0 and 16-8 L/D cycle, respectively. These 
fluctuations began descending mode after the third day of 
cultivation, and declined to their minimum level on day 8.

Carbonic anhydrase enzyme has the essential function 
on the surface of the cell by converting HCO3− to CO2 and 
simplifying the transportation of CO2 into the cell. Gen-
erally, passing HCO3− through the chloroplast membrane 
is impossible (Tsuzuki and Miyachi 1989). When the CO2 
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supply of the cultivation system has the limitation of provid-
ing required CO2 for the photosynthesis of microorganisms, 
the role of carbonic anhydrase, which can aid the cells to 
synergize the carbon concentrating mechanism, becomes 
more crucial (Cannon et al. 2010). From another point of 
view, microalgal growth and their CO2 biofixation capabil-
ity are closely associated with the amount of CO2 within the 
culture medium. An inhibitory state occurs in carbonic anhy-
drase activities in high CO2 concentration, and a significant 
increase in HCO3− and H+ concentrations and a decrease in 
the pH value of the medium occur. These interactions can 
weaken the carbon biofixation capability of microalgae cells. 
In this chronic situation, some microalgae species can adapt 
to these environmental changes by regulating genes, increas-
ing adenosine triphosphate (ATP) production, and decreas-
ing the synthesis of organic carbon to preserve the cells’ 
internal condition against pH reduction (Zhao and Su 2014).

Energy balance in CO2 emission and CO2 biofixation

According to the previous parts, the highest CO2 biofixation 
rate was 1.26 g L−1 d−1 for the 24-0 L/D cycle. Based on the 
United States Environmental Protection Agency, for 1 kWh 
electricity production, almost 1.559 lbs (707.149 g) CO2 was 
emitted to the atmosphere (https​://www.epa.gov/, accessed 
on 20 January 2019). Therefore, simple calculations indicate 
that the present was simulated for Be’sat Power Plant flue 
gas or any other systems with this biofixation rate should 
consume less than 0.001788 kWh (1.788 Wh) per one liter of 
Synechococcus elongatus culture during one day to maintain 
its positive efficiency through the CO2 biofixation process.

As mentioned above, cyanobacteria and microalgae 
need light irradiation for their growth in both closed and 
open pond cultivation systems (Chisti 2007). Generally 
speaking, if every cultivation system can replace the arti-
ficial light with the outdoor natural light, or can reduce 
the energy demands for the mixing or aeration process, 

the total electricity consumption and the corresponding 
CO2 emission can be decreased significantly (Singh and 
Dhar. 2019; Slade and Bauen. 2013; Umar et al. 2019). 
Additionally, there are several species of microalgae that 
can accumulate a large amount of lipid in their cells under 
specific culture conditions. This produced biomass can be 
used for biofuel production that can be an effective factor 
in the regular energy balance in the biological CO2 capture 
process. Meanwhile, these microorganisms can assimilate 
nutrients such as nitrogen and phosphorus from different 
wastewater resources (secondary treatment). These nutri-
ents uptake is the initial requirement for the growth of 
microalgae and cyanobacteria. If the procedures of CO2 
biofixation and biological wastewater treatment can be 
accomplished simultaneously, it can lead to a decline in 
energy consumption. These factors should also be consid-
ered for every precise energy balance calculation. How-
ever, in this paper, the only concentration was on the net 
carbon dioxide that can be emitted in electricity produc-
tion (for the energy demand of the present system), and 
the amount that can be directly captured by Synechococcus 
elongatus to form an initial balance in the calculations.

Conclusion

Cyanobacteria and microalgae have considerable potential 
for CO2 mitigation from atmospheric air and flue gas to 
reduce the impact of the CO2 (an important greenhouse 
gas) emission through the environment. A simulated 
flue gas of the power plant with 10% CO2 content was 
injected into the culture of Synechococcus elongatus. The 
best growth performance was for the 24-0 L/D cycle, and 
the microalgae could completely remove the CO2 content 
(100%) during seven days of cultivation at this L/D cycle, 
and the total CO2 removal lasted eight days at 16-8 L/D 
cycle. The ability of faster CO2 removal of the 24-0 cycle 
could be due to the longer duration of light irradiation 
resulting in more photosynthetic activity compared to the 
16-8 cycle. The maximum Chl a/DW ratio for both 24-0 
and 16-8 L/D cycles occurred on the 5th day of cultiva-
tion; however, the ratio of the 24-0 cycle was higher than 
that of the other cycle. Additionally, the maximum val-
ues of Chl b/DW obtained on the 3rd day of cultivation. 
However, this ratio in the 16-8 cycle was higher than the 
24-0 cycle. The maximum CO2 consumption rate was for 
the 24-0 L/D cycle, indicating a better growth pattern and 
higher photosynthetic efficiency in the 24-0 L/D cycle. 
During this study, it was evidently demonstrated that the 
more photosynthetic activity was raised, the biomass pro-
ductivity and the CO2 mitigation rate were increased.
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during the cultivation time
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