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Abstract Carbon dioxide (CO2) recovery with high alkalinity
microalgal culture is expected to be an energy-efficient and
environmentally friendly process. To increase the CO2 recov-
ery efficiency, selection of rapidly growing alkalihalophilic
microalgae is necessary. This study optimized the culture con-
ditions of three species of alkalihalophilic microalgae,
Arthrospira platensis, Dunaliella salina, and Euhalothece
sp., and compared their CO2 fixation potential. Although
D. salina tolerated relatively high dissolved inorganic carbon
(DIC; 0.50 mol L−1), its carbon fixation rate was found to be
slower than the other two species. The two cyanobacteria,
A. platensis and Euhalothece sp., favored high pH (9.8–10)
and high DIC (0.23–1.1 mol L−1). Euhalothece sp. grew in the
highest alkalinity, resulting in the strongest pH buffer against
acidification during CO2 absorption. However, the carbon fix-
ation properties of A. platensis and Euhalothece sp. under the
same light condition were found to be similar (33 and
35 mmol L−1 day−1). These results indicate that the carbon
fixation potential per medium inorganic carbon was higher
in A. platensis than in the others. Arthrospira platensis was
found to be favorable in a CO2 recovery process unless ex-
tremely high pH stability is needed.
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Introduction

The effects of global warming on earth’s ecology, weath-
er, and geology have become more apparent, and imme-
diate actions need to be taken. One of the intensively
studied countermeasures is carbon dioxide (CO2) recovery
at CO2 point sources such as thermal power plants, steel
mills, and chemical plants. Although conventional chem-
ical absorption and pressure swing absorption processes
have high CO2 recovery efficiencies, the high energy de-
mand for the regeneration of their absorption reagent is
not favorable as a sustainable process (González-López
et al. 2012). Algal CO2 recovery processes, on the other
hand, are considered as relatively less energy-intensive
processes, since they can utilize renewable solar energy.
In addition, application of algal biomass such as for feed,
raw materials, and biofuel is expected to reduce the total
CO2 emissions (Walsh et al. 2015), and algal bioproducts
could potentially support profitable operations (e.g.
Radmer and Parker 1994; Spolaore et al . 2006;
Rosenberg et al. 2008, 2011).

Despite the various advantages of algal CO2 recovery
processes, there are still some challenges to overcome.
Firstly, since common algal species prefer neutral to
slightly basic pH with relatively low alkalinity, the medi-
um possesses low CO2 absorption capacity. Secondly, ab-
sorption of CO2 into the medium reduces the medium pH,
inhibiting the growth of algae and reducing the CO2 re-
covery efficiency. In order to solve these issues, the use of
alkaline medium with high dissolved inorganic carbon
(DIC; bicarbonate and carbonate) has been proposed
(Chi et al. 2011; González-López et al. 2012). The in-
creased alkalinity under such medium condition increases
both CO2 solubility and pH stability. These studies pro-
pose a liquid circulating system between photobioreactor
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and CO2 absorption unit, since CO2-enriched absorbing
reagent is regenerated through photosynthetic utilization
of DIC, and pH of both reactors can be maintained at a
constant value by a constant circulation.

In this circulating algal CO2 recovery processes, the
amount of CO2 fixed by algae and the amount of CO2

supplied to the system should be kept in balance. In this
term, improvement of the volumetric algal carbon fixation
rate is necessary to realize an efficient algal CO2 recovery
system. Since the bicarbonate/carbonate process applies
medium with high alkalinity, fast-growing alkalihalophilic
microalgal species need to be selected. Arthrospira
(Spirulina) platensis is one of the most widely studied
alkalihalophilic microalgae (Lee 1997; Borowitzka 1999),
and it is characterized by high growth rate, easiness of
harvest, and ease of cultivation (Vonshak 1997).
Dunaliella salina is a halophilic green microalga commer-
cialized for carotenoid production and noted for its high
tolerance against heat and alkaline conditions when sodi-
um chloride (NaCl) concentration is high (Ben-Amotz
et al. 2009). Euhalothece sp. is a recently isolated
alkalihalophilic cyanobacterium with high productivity
(Mikhodiuk et al. 2008; Gerasimenko and Mikhodyuk
2009; Chi et al. 2013). To date, only few studies have
compared the productivity of alkalihalophilic microalgae
after optimization of culture conditions.

For the comparison of different algal species, the
difference between specific growth rate (day−1) and
biomass productivity (g L−1 day−1) needs to be consid-
ered. The specific growth rate is an indicator of how
often the algal cells can divide, which does not depend
on the initial cell density, but merely on the culture
conditions such as light intensity, temperature, and sa-
linity. The specific growth rate is therefore a suitable
parameter for the optimization of culture conditions.
On another hand, it is necessary to compare the bio-
mass production in the view of CO2 capture capacity
of an algal species, because it is a direct measure of
the amount of carbon the algae have assimilated. The
biomass productivity of a batch algal culture can be
evaluated during the linear growth phase, where the
growth is not limited by nutrients or inorganic carbon,
but by light (Lee et al. 2013). By comparing the bio-
mass productivities in the linear growth phase of dif-
ferent microalgal species under the same irradiance,
algal intrinsic potential of carbon fixation can be mea-
sured. The comparison during linear growth phase is
especially relevant to the practical application of algal
CO2 recovery, in which algae should be cultivated un-
der a continuous process to obtain stable carbon fixa-
tion rates. During the steady-state of a continuous pro-
cess, light availability determines the biomass produc-
tivity, as with the case in the linear growth phase of a

batch process. Thus, to evaluate the potential use of
the three species for CO2 recovery, (1) culture condi-
tion should be optimized for specific growth rate, and
(2) maximum biomass productivity should be com-
pared under the same light conditions.

Therefore, in this study, the culture conditions of three
alkalihalophilic microalgae, A. platensis, D. salina, and
Euhalothece sp., were optimized using the response surface
methodology, and their carbon fixation characteristics were
compared under the optimum conditions.

Materials and methods

Algal strains, growth media, and culture conditions

Three alkalihalophilic microalgae, Arthrospira platensis
NIES-39 (cyanobacterium), Dunaliella salina NIES-2257
(green alga), and Euhalothece sp. Z-M001 (cyanobacterium),
were used.Arthrospira platensiswas cultured in SOTmedium
(Ogawa and Terui 1970), D. salina in Ramaraj medium
(Sathasivam et al. 2013), and Euhalothece sp. in M medium
(Mikhodiuk et al. 2008). To avoid precipitation during
autoclaving, the media were separated into two batches; the
first consisting of NaHCO3, Na2CO3, and K2HPO4, and the
second of the other medium components. Both batches were
autoclaved at 121 °C for 20 min and mixed after cooling to
room temperature. The algae were pre-cultured in Erlenmeyer
flasks under cool-white fluorescent light at 160 μmol pho-
tons m−2 s−1. Arthrospira platensis and Euhalothece sp. were
cultured at 35 °C, and D. salina was cultured at 25 °C. The
media were stirred with a magnetic stirrer continuously at
350 rpm to avoid flocculation. Algal cells at a late exponential
growth phase were used as inoculum for the experiments.

Growth optimization

A batch growth optimization study was conducted based on
central composite design (CCD). It was aimed to clarify the
effect and the optimal values of temperature, pH, DIC, and
NaCl concentration. In a preliminary experiment, the range of
DIC and NaCl concentrations for the growth of each
microalga were determined. The results suggested that rela-
tively low DIC concentration was suitable for the growth of
A. platensis and D. salina. Therefore, face-centered design
(α = 1) was adopted for the two species, because it allows
optimization within the entire tested range, unlike rotatable
design (α ≥ 1.414) which requires reference points outside
the test range (NIST/SEMATECH 2015). In face-centered de-
sign, each factor has three levels, while rotational design has
five levels (Table 1), and the range of optimization was set
based on previous studies (Vonshak 1997; Rodrigues et al.
2010) and the above-mentioned preliminary experiments.
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For each strain, a total of 30 runs were carried with six repli-
cates for the center point.

Experimental procedure

Media with respective pH, DIC, and NaCl concentrations
were inoculated, and 8 mL was dispensed into 16-mL
glass test tubes and incubated at various temperatures
(Table 1) for 7 days. In order to exclude the effect of
pH change with algal growth, pH was adjusted once a
day with 1 or 10 N HCl and NaOH. The optical density
at 750 nm (OD750) was measured immediately before the
pH adjustments as a proxy of algal cell density. Specific
growth rates (day−1) at log-growth phase were used for
the response surface analysis.

For the fitting of the result, the following quadratic model
was selected:

Y ¼ β0 þ ∑βixi þ ∑βix
2
i þ ∑βijxix j ð1Þ

where Y is the predicted response, βi are the coefficients, and xi
is the coded levels of variable i. The software Design-Expert 9
(Stat-Ease Inc., USA) was used for construction and analysis
of the model.

Growth evaluation in batch cultures

The three microalgae were cultured in 500-mL Erlenmeyer
flasks under the optimized conditions to evaluate the carbon
fixation properties. The initial pH was set to the optimized
values with 1 NNaOH. The DIC concentrations were adjusted
with NaHCO3. The same light condition, 160 μmol pho-
tons m−2 s−1 with 24 h light, was adopted for all the cultures.
The average growth rates at linear growth phase were evalu-
ated. Each microalga was cultured in triplicate. Since the pH
of A. platensis was raised to an inhibitive level (>11) during

preliminary culture, it was controlled by automatic pH control
with CO2 addition.

Analytical procedures

Optical density (OD) was measured with a portable spectro-
photometer (Model DR2800 Spectrophotometer, Hach, USA)
in the culture optimization study. For algal cell dry weight
(DW) measurement, algal suspensions were filtered through
pre-weighed glass fiber filters with pore size of 0.7 μm (GF/F,
Whatman, USA) and washed with distilled water three times.
Filters were dried in an oven at 60 °C for over 24 h and then
cooled to room temperature in a desiccator before weighing.
The relations between OD750 and DWwere evaluated for each
species, and OD values were converted into DW using (c.f.,
Online Resource Fig. S1). Specific growth rate (μ; day−1)
during log-growth phase was calculated using the following
equation:

μ ¼
ln x2

.
x1

� �

t2−t1
ð2Þ

where xi is the biomass concentration (gDW L−1) at time ti.
Algal biomass productivity (Px; gDW L−1 day−1) was calcu-
lated with the following equation:

Px ¼ x2−x1
t2−t1

ð3Þ

Statistical analysis

Results are expressed as means ± standard deviations of the
mean, where available. The correlation coefficients were ob-
tained using simple regression analysis (Excel software).
Multiple comparison between average biomass productivity
was made by Tukey-Kramer test. Differences with P < 0.05
were considered significant.

Table 1 Coded levels and actual
values of culture conditions of
face-centered central composite
design of Arthrospira platensis
and Dunaliella salina, and rota-
tional central composite design of
Euhalothece sp.

Algal strain Code levels Temperature (°C) pH DIC (mol L−1) NaCl (mol L−1)

A. platensis −1 30 9.0 0.02 0

0 35 10.0 0.16 0.085

1 40 11.0 0.3 0.17

D. salina −1 20 7.0 0.025 0.5

0 25 8.0 0.26 1.75

1 30 9.0 0.5 3.0

Euhalothece sp. −2 20 8.5 0.5 0

−1 25 9.0 0.75 0.2

0 30 9.5 1.0 0.4

1 35 10.0 1.25 0.6

2 40 10.5 1.5 0.8

a Dissolved inorganic carbon (DIC)
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Results and discussion

Growth optimization

Culture optimization with central composite design (CCD) was
successful in creating significant models (P < 0.001 for all
strains) that effectively predicted specific growth rate using A-
temperature, B-pH, C-DIC, and D-NaCl concentration (Table 2).

Arthrospira platensis NIES-39

The multiple regression analysis revealed that temperature,
pH, and DIC had significant effects on the specific growth
rate of A. platensis (P < 0.05; Table 2). Temperature and pH
also showed significant negative quadratic relations (A2 and
B2), which imply that there are optimum values within the
tested range. Since the size of coefficients in the coded model
indicates the relative importance of the parameters, it can be
said that temperature and pH had the most important role in
determining the growth, having −0.062 and −0.092 for A and
A2, and −0.043 and −0.170 for B and B2, respectively
(Table 2). On the other hand, NaCl had little effect on growth
within the tested range, as relatively small coefficients were
found for any variables related to NaCl.

Response surfaces were graphed using the prediction model
(Fig. 1). The growth rate was predicted to be high at culture
temperatures of around 32 to 36 °C (Fig. 1a), having the max-
imum point at 34 °C. Optimum range of pH was 9.5–10.0, and

the maximum point was 9.8. Arthrospira platensis grew well in
the DIC range of 0.16–0.3 mol L−1, having maximum at
0.23 mol L−1. NaCl had little effects on the growth rate within
the tested range (0.017–0.17mol L−1), and the contour showed a
saddleback shape, in which no optimum value is determined
within the factorial design. Within the design space, the highest
growth rate was observed with a NaCl concentration of
0.17 mol L−1.

Dunaliella salina NIES-2257

Dunaliella salina grew relatively more slowly than other two
species (max. 0.17 day−1). In the ANOVA analysis of the
multiple regression parameters, it was found that NaCl con-
centration had the strongest effects on the growth (Table 2).
The coefficient for NaCl (D) was positive (0.056), indicating
that higher concentration of NaCl was more favorable to the
growth of this alga. Furthermore, there was a significant inter-
relationship between DIC and NaCl, indicating that sodium
concentration was key to the growth of D. salina. The lowest
sodium concentration (low DIC and low NaCl) was predicted
to output the lowest growth rate within the tested region. The
pH also had a significant effect on the growth, with higher pH
improving the growth rate.

Dunaliella salina exhibited its fastest growth at a lower
temperature (20 °C), especially when pH was high (pH 8–9;
Fig. 1). The highest growth was observed with NaCl concen-
tration of 2 mol L−1 and pH of 9.0. Although the effect of DIC

Table 2 Variables, coefficients,
and statistic parameters of central
composite design model

A. platensis D. salina Euhalothece sp.

Variable Coefficient P Coefficient P Coefficient P

Intercept 0.43 0.134 0.312

A-Temperature −0.062 0.002 0.002 0.538 0.076 <0.001

B-pH −0.043 0.018 0.014 0.002 0.049 <0.001

C-DIC 0.045 0.014 0.004 0.227 0.03 0.016

D-NaCl 0.007 0.668 0.056 <0.001 0.01 0.396

AB −0.009 0.603 −0.01 0.023 0.021 0.155

AC 0.012 0.484 −0.004 0.336 0 0.993

AD 0.007 0.679 −0.004 0.286 0.011 0.422

BC −0.041 0.032 0.003 0.452 −0.008 0.556

BD −0.002 0.92 −0.005 0.183 −0.006 0.681

CD −0.005 0.764 −0.018 <0.001 −0.021 0.145

A2 −0.092 0.047 0.002 0.743 −0.003 0.799

B2 −0.17 0.001 0.001 0.885 −0.036 0.004

C2 −0.043 0.329 0.003 0.658 −0.02 0.082

D2 0.016 0.716 −0.088 <0.001 −0.011 0.297

Model <0.001 <0.001 <0.001

Coefficients are for coded values. Bold indicates significant parameters (P < 0.05). The coefficients of determi-
nation of the three models were R2 = 0.906, 0.969, and 0.860 for A. platensis, D. salina, and Euhalothece sp.,
respectively
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was not significant, the best growth was observed at high DIC
concentration, which could be suitable for CO2 absorption.
However, the highest growth rate only went up to
0.17 day−1, which was less than half of that of A. platensis.

Euhalothece sp. Z-M001

The model parameter analysis revealed that temperature and pH
were themost influential factors forEuhalothece sp. The growth
was high at high temperatures. The previous study reported that
Euhalothece sp. Z-M001 grows faster at 40 °C than at 35 °C, but

the growth at 40 °C was susceptible to change in conditions and
instability of culture (Chi et al. 2014). Since all the quadratic
coefficients of ANOVA analysis revealed negative values, it is
suggested that there are optimized points within tested space.
Euhalothece sp. was able to grow well at the highest pH (10)
and DIC concentration (1.1 mol L−1) among others.

Comparison of the optimum conditions

This study revealed the optimum temperature, pH, DIC, and
NaCl concentration of three alkalihalophilic microalgae
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(Table 3). The two cyanobacteria, A. platensis and
Euhalothece sp., exhibited high specific growth rates and pre-
sented a similar optimum temperature and pH. However,
Euhalothece sp. was more resistant to high DIC and NaCl
concentration. The total ion concentration of optimized M
medium (Euhalothece sp.) was approximately 1.7 mol L−1,
while that of SOT medium (A. platensis) was 0.28 mol L−1.
Since some soda lakes have highly concentrated salts during
dry season evaporation (Mikhodiuk et al. 2008), Euhalothece
sp. could have been adapted to such concentrated
environment.

Growth characteristics of D. salina differed from the other
two species. The maximum specific growth rate of D. salina
was less than half of the other two species. The optimum ion
concentration ofD. salina in this study was as high as approx-
imately 2.5 mol L−1. The DIC to NaCl ratio of the optimum
medium was 0.25, while those of A. platensis and
Euhalothece sp. were 1.35 and 2.34. This lower ratio of opti-
mum DIC was probably because this strain was originally
collected from a saline lake with a high concentration of salt,
while the other two were collected from soda lakes with high
alkalinity.

Compared with other commonly cultivated algal strains,
the optimized growth conditions of the tested strains were

higher in DIC and pH (Fig. 2). For example, the growth con-
dition of Chlorella vulgaris ESP-31 was reported to be about
DIC 0.014 mol L−1 and pH 6.2 (Yeh et al. 2010). On the other
hand, the optimum DIC concentration was 0.23, 0.5, and
1.1 mol L−1, and the optimum pH was 9.8, 9, and 10 for
A. platensis, D. salina, and Euhalothece sp., respectively.
The high DIC concentration is beneficial to CO2 absorption
process, since it prevents pH reduction during CO2 absorp-
tion, ending up increasing the total amount of CO2 a liter of
the medium can absorb.

To evaluate the pH buffer function during CO2 absorption,
the change in pH with CO2 absorption/desorption was
modeled using the equation below (Fig. 3):

Hþ½ �4 þ K1 þ c0 þ cbð Þ Hþ½ �3 þ K1K2 þ K1cb−Kw−K1ΔDICð Þ Hþ½ �2

þK1 K2cb−Kw−K2c0−2K2ΔDICð Þ Hþ½ �−K1K2Kw ¼ 0:

ð4Þ

where K1 and K2 are the dissociation constants of bicarbonate
and carbonate ion, Kw is the water dissociation constant, c0 is
the NaHCO3 concentration, cb is the NaOH concentration for
the adjustment of pH, and ΔDIC is the change in DIC from
the initial value due to absorption/desorption of CO2.
Although A. platensis (SOT medium) had pH buffer much
stronger than non-buffered medium, much higher pH stability
was observed in Euhalothece sp. (M medium) owing to its
extremely high alkalinity (Fig. 3). While the pH of optimized
A. platensis medium (SOT medium) reduces to less than 9

Table 3 Optimized conditions
and predicted growth rate of the
three alkalihalophilic algal
species

Strain Temperature
(°C)

pH DIC
(mol L−1)

NaCl
(mol L−1)

Predicted μmax

(day−1)

Arthrospira platensis
NIES-39

34 9.8 0.23 0.17 0.48

Dunaliella salina
NIES-2257

20 9.0 0.50 2.0 0.17

Euhalothece sp. ZM-001 35 10 1.1 0.47 0.43

DIC dissolved inorganic carbon, μmax maximum specific growth rate
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with 0.08 mol L−1 of CO2, that of Euhalothece sp. (M medi-
um) remains above 9 until 0.4 mol L−1 of CO2 is absorbed
(Fig. 3). The high pH buffer capacity enables culture stability
during CO2 absorption process.

Based on the response surface analysis, the maximum spe-
cific growth rates were predicted to be 0.48, 0.17, and
0.43 day−1 for A. platensis, D. salina, and Euhalothece sp.,
respectively. The growth of A. platensis was among the

highest, but the highest optimum DIC concentration was
found with Euhalothece sp., which may be beneficial for
CO2 absorption process. In order to compare the CO2 fixation
properties, biomass productivity (g L−1 day−1) under optimum
conditions was evaluated.

Carbon fixation properties of three microalgae
under optimized conditions

Batch cultures of the three microalgal species were conducted
to test their carbon fixation properties at the light-limiting
condition. All cultures clearly exhibited log-growth phase,
linear growth phase, and stationary phase (Fig. 4a). During
the exponential growth phase, the maximum specific growth
rates ofA. platensis,D. salina, and Euhalothece sp. were 1.12,
0.63, and 1.67 day−1, respectively (Fig. 4b). All the specific
growth rates were faster than the respective values during the
optimization experiment, probably owing to the improved ag-
itation in the current experiment, since other conditions such
as light and aeration remained the same.

During the stationary phase, the average biomass produc-
tivity of D. salina was significantly lower than those of
A. platensis and Euhalothece sp. (P < 0.001); the difference
was approximately three times (Table 4). There was no signif-
icant difference between the average biomass productivities of
A. platensis and Euhalothece sp. (P > 0.05). According to the
calculation, A. platensis and Euhalothece sp. were able to
assimilate 0.391 and 0.422 gC L−1 day−1 of inorganic carbon,
which is equal to fixation of 0.73 and 0.79 NL-CO2 L

−1 day−1,
respectively. The biomass productivity (g L−1 day−1) becomes
higher when maintenance energy (i.e. respiration) is low and
light utilization efficiency is high (Lee et al. 2013). The effi-
ciency can be modeled with the equation:

μ ¼ μmax �
I

I þ KI
ð8Þ

where μmax is the maximum specific growth rate, I is the
photon flux density, and KI is the light saturation constant,
that is the photon flux density required to achieve half of the
maximum specific growth rate (Lee et al. 2013). It is reported
that KI of green algae is high compared to cyanobacteria,
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Table 4 Carbon fixation properties of three algal species under optimized condition

Strain Linear growth
phase (day)

Biomass production
ratea (g L−1 day−1)

Carbon fixation
rate (gC L−1 day−1)

CO2/DIC ratio b

A. platensis NIES-39 5–7 0.782 ± 0.042 0.391 ± 0.019 0.142

D. salina NIES-2257 6–9 0.227 ± 0.037 0.113 ± 0.021 0.019

Euhalothece sp. ZM-001 3–5 0.845 ± 0.113 0.422 ± 0.057 0.032

Values are expressed as means ± standard deviations (N = 3 for A. platensis and Euhalothece sp. and N = 4 for D. salina)
a Average values during each linear growth phase
b Ratio between fixed carbon dioxide and medium dissolved inorganic carbon
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diatoms, and dinoflagellates, and green algae have higher res-
piration rate than others (Richardson et al. 1983).With highKI

value, stronger incident light is necessary to achieve the same
growth rate. It is inferred that light utilization efficiencies of
Euhalothece sp. and A. platensis were higher than that of
D. salina under the tested light condition. The low CO2 fixa-
tion rate of D. salina NIES-2257 suggests that this strain may
not be a suitable strain for a CO2 recovery process.

As mentioned above, Euhalothece sp. exhibited a strong
buffer function (Fig. 3). However, the requirement of high
bicarbonate/carbonate in the medium may result in a great
quantity of chemical additives to raise medium alkalinity.
The CO2 absorption capacity per medium DIC was more than
four times higher in A. platensis than in Euhalothece sp.
(Table 4). While the source of inorganic carbon can be sup-
plied from waste gases (e.g. flue gases), alkaline chemicals
such as sodium hydroxide (NaOH) are necessary to raise the
pH and alkalinity to the optimum values. For example, theo-
retically, 1.8 mol L−1 of NaOH is required to prepare opti-
mized M medium, while less, 0.34 mol L−1, is needed for
the SOT medium. In addition, unnecessary DIC in the medi-
um may increase the amount of untreated DIC into the waste-
water stream, which may eventually enter the natural environ-
ment. If a larger amount of DIC than the amount recovered
from the CO2 recovery process is discharged, the net CO2

balance can be negative.
Circulation of cultured medium back to the CO2 absorption

column would alleviate the chemical cost and CO2 balance, as

suggested previously (Chi et al. 2011). The suggested circu-
lating CO2 recovery process is shown in Fig. 5. The medium
in a CO2 absorption column semi-continuously flows into an
algal photobioreactor, at which DIC is photosynthetically
fixed into algal biomass. Harvested biomass is the fixed car-
bon output from the system. The medium is circulated back to
the absorption column (Fig. 5). For the nutrient supply and the
medium sterilization, a certain amount of medium needs to be
replaced periodically, at a dilution rateD (day−1). The addition
of DIC into the system (DICin; mmol-C L−1 day−1) is

DICin ¼ DICm � D ð5Þ

where DICm is the optimized DIC concentration of SOT me-
dium (230 mmol-C L−1) and M medium (1100 mmol-C L−1).
In order to at least balance the medium DIC input and CO2

recovery, DICin needs to be lower than the daily volumetric
carbon fixation rate, which was found to be 33 and 35 mmol-
C L−1 day−1 for A. platensis and Euhalothece sp., respectively,
in this study. According to the above calculation, the dilution
rate (D) of A. platensis and Euhalothece sp. needs to be lower
than 0.14 and 0.03 day−1, respectively. These dilution rates
correspond to HRT of 7 and 33 days. From a carbon footprint
viewpoint, A. platensis is nearly five times more efficient in
CO2 fixation than Euhalothece sp. based on the DIC require-
ment in the medium.

In this study, the two cyanobacteria, A. platensis and
Euhalothece sp., were found to efficiently fix CO2 in

(a)Arthrospira platensis

(b)Euhalothece sp.
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Fig. 5 Schematic diagram of
proposed semi-continuous circu-
lation process of alkaline-
carbonate CO2 recovery for
Arthrospira platensis (a) and
Euhalothece sp. (b). While car-
bon fixation rates are similar, the
discharged DIC in A. platensis is
smaller
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different levels of alkaline-carbonate conditions, com-
pared to a lower fixation rate of D. salina. Euhalothece
sp. was found to tolerate extremely high alkalinity, which
enables pH stability of the system and a much greater
CO2 absorption capacity. This high alkalinity system
may be beneficial for a process that requires large CO2

holding capacities, such as those which require transpor-
tation of absorbent between a CO2 source (e.g. a power
plant) and algal bioreactors, since it reduces the required
liquid volume of transportation. On the other hand,
A. platensis was found to fix CO2 efficiently with less
requirement of medium DIC. The comparably lower pH
buffer capacity than that of Euhalothece sp. requires fre-
quent circulation between an absorption column and the
algal bioreactor for pH stabilization (Meier et al. 2015;
Toledo-Cervantes et al. 2016). The high CO2 fixation ef-
ficiency per added DIC of A. platensis enables relatively
rapid replacement of culture medium. Therefore,
A. platensis may be suitable for a relatively small facility
that produces high-value products that require greater
sterility.

Conclusions

This study compared the carbon fixation characteristics of
three alkalihalophilic algae, A. platensis, D. salina, and
Euhalothece sp., under optimized culture conditions.
Euhalothece sp. was tolerant to the highest alkalinity, enabling
a stable medium pH during CO2 absorption. On the other
hand, the CO2 recovery efficiency per medium DIC was su-
perior in A. platensis. The findings suggest that, if little vari-
ation in CO2 supply rate or algal growth rate is expected, too
high alkalinity may not be always desirable.
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