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Abstract Characteristics of biological CO, fixation by
Chiorella sp. HA-1 were investigated in a semi-continuous
and series reactor system using an internally illuminated
photobioreactor to overcome shortcomings of physicochemical
technologies such as adsorption and membrane separation.
High CO, fixation rate was achieved in the semi-continuous
reactor system, in which the dilution ratios of the culture
medium were controlled. The average CO, fixation rate was
maintained almost constantly when the dilution ratio increased
by 0.1 increment from the initial value of 0.5. The total removal
efficiency of CO, was enhanced by employing a series reactor
system. The average CO, fixation rate increased until 4.013 g
CO, day™' in a series operation of four reactors, compared to
0.986 g CO, day™' in a batch operation mode. The total CO,
fixation rate was proportional to the number of reactors used
in the series reactor system. In the series reactor system of
semi-continuous operation, a large amount of CO, was removed
continuously for 30 days. These results showed that the present
reactor systems are efficient and economically feasible for a
biological CO, fixation.
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Biological CO, fixation is an efficient approach to reduce CO,
concentration in the atmosphere, because of useful merits such
as low investment cost, no need of a pre-treatment process for
a flue gas, and reuse of biomass produced by CO, conversion
[1-4]. Until now, most efforts have been focused on the
development of a new photobioreactor [5-9]. In practice,
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various photobioreactors have been designed to offer economics
of scale by enhancing the CO, fixation rate [9]. However, the
amount of fixed CO, by conventional operation methods is
relatively low, compared to the large amount of CO, released
continuously in the flue gas. For example, the total volume
of reactor needed to fix the total amount of CO, (135.6 ton/h)
released from a 150 MW power station is about 150,000 m’
in the microalgal density of 5 g 1" after 10 h [1].

Therefore, the development of new operation systems
as well as the design of efficient photobioreactors is needed
to improve economics of scale. Many researchers have
used a traditional batch or a simple continuous reactor for
the biological fixation of CO, [10~13]. These reactor
systems have certain drawbacks to maximize the amount
of fixed CO, and to maintain a constant CO, fixation rate
for a long time. In a batch reactor system, the CO, fixation
rate decreased rapidly when the cell growth phase reached
a stationary phase followed by a death phase. As the cell
concentration increased in a batch reactor system, the cell
growth rate decreased, because of the inhibition of
illumination by shading effect [10—12]. Therefore, a batch
reactor system must be improved to continuously remove a
large amount of CO, for a long period. In a continuous
reactor system, a high cell density was maintained, but the
CO, fixation rate was not relatively high, compared to a
batch reactor system [12, 13].

Consequently, it is necessary to develop new operation
systems that simultaneously give a high CO, conversion
and a constant CO, fixation rate during the CO, fixation
process. In this study, an efficient biological CO, fixation
system was developed by combining a semi-continuous
and a series reactor system. The characteristics of CO,
fixation and feasibility of each operation system were
compared for field application.
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MATERIALS AND METHODS

Algal Strain and Medium

Chlorella sp. HA-1 was obtained from NIES (National
Institute of Environmental Studies, Japan). Chlorella sp.
HA-1 has resistance against a high CO, concentration
and can be cultivated without a serious growth inhibition
due to contamination by other microorganisms [10]. The
medium used in this study was M4N medium, which was
composed of KNO, 5.0 g, KH,PO, 1.25 g, MgSO,"7H,O
2.5g, FeSO,7H,0 0.003 g, and trace metals (H,BO,
2.86 mg, MnSO,"7H,0 2.5 mg, ZnSO, 7H,0 0.22 mg, CuSO,:
5H,0 0.08 mg, Na,MoO, 0.021 mg) solution 1.0 ml in 11
of distilled water [13]. For a seed culture broth, the
microalgae were activated by pre-cultivation in a 10-1
cowboy reactor under continuous illumination at 10% (v/
v) CO, concentration.

Semi-Continuous and Series Reactor System

Figure 1A shows an overall semi-continuous reactor system.
An internally illuminated photobioreactor (55 cm in length,
9cm in diameter, and 31 in volume) was designed
to enhance an illuminating surface-to-volume ratio [16].
Fluorescent lamps (FL20SD/18, Kumho, Korea) were
used for a continuous illumination, and CO, concentration
was 10% (v/v). The gas flow rate was 1 VVM (volume to
volume per minute), and the gas was supplied from the
bottom of the reactor. The cultivation temperature was
controlled at 30°C using water jacket, and the pH of the
medium was not adjusted. In a semi-continuous reactor
system, an appropriate volume of cell suspension was
replaced with fresh medium (called dilution), when the cell
concentration was saturated [17]. Dilution ratio is defined
as:

Fig. 1. Schematic diagram of a semi-continuous (A) and series
operation (B) mode using an internally illuminated photobioreactor.
1, CO, bomb; 2, air bomb; 3, gas mixer; 4, flow meter; 5, humidifier; 6,
fluorescent lamp; 7, photobioreactor; 8, silica gel; and 9, air pump.

where D is the dilution ratio, V, is the working volume of
the reactor, and V, is the volume of newly added medium.

The schematic diagram of a series reactor system is
shown in Fig. 1B. CO, with 10% concentration was
supplied as an input gas from the bottom of the first
reactor, and then output gas from the first reactor was
introduced into the bottom of the second reactor by air
pump. Four reactors were connected in series in the same
manner as described above. The gas flow rates of all
reactors were 1 VVM, and the temperature was maintained
at 30°C.

Analysis

Cell growth was monitored by measuring the optical
density (OD) at 660 m using a UV spectrophotometer (HP
8452A, Hewlett Packard, U.S.A.), which was converted
into dry cell weight (DCW). DCW was obtained by drying
50 ml of the cell suspension at 105°C for 1 day after
filtering through the pre-dried and pre-weighted 0.45 pm
filter paper. The amount of fixed CO, was indirectly
calculated by element analysis (CE EA-11 10, U.S.A.) of
Chlorella sp. HA-1, because CO, was used as a sole
carbon source during the algal photosynthesis.

RESULTS AND DISCUSSION

Semi-Continuous Reactor System
Cell growth rate in the semi-continuous reactor system was
strongly influenced by the dilution ratio. In this study,
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Fig. 2. Cell growth curves with dilution ratios in a semi-

continuous reactor system.
® 0.3-0.3-0.3, O 0.5-0.5-0.5, ¥ 0.5-0.6-0.7, ¥ 0.5-0.7-0.9.
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Fig. 3. Comparison of average cell growth rates with dilution
ratios in a semi-continuous reactor system.
® 0.3-0.3-0.3, O 0.5-0.5-0.5, ¥ 0.5-0.6-0.7, v 0.5-0.7-0.9.

effects of the dilution ratio were investigated in separate
reactors by periodically changing the dilution ratios. As
shown in Figs. 2 and 3, the average cell growth rate
reduced gradually, when the dilution ratio was constantly
maintained at 0.3 during four weeks. The decrease in the
average cell growth rate was caused mainly by the shading
effect, which is the shrinkage of light intensity to penetrate
into the reactor due to high concentration of microalgae
[1-16]. In a semi-continuous reactor system, the shading
effect was diminished as cell concentration decreased after
each dilution. However, the dilution ratio of 0.3 was not
sufficient to reduce the shading effect.

At the constant dilution ratio of 0.5, the average
cell growth rates during four weeks were 0.367, 0.341,
0.381, and 0.224 g 1" day™ in increasing order for each
week: The average cell growth rate was sustained at a
constant level during the first three weeks, but decreased
rapidly at the beginning of the fourth week, because
the cell concentration after the third dilution was still
too high. Therefore, it is necessary to change the dilution
ratio, considering the final cell concentration at each
period.

When the dilution ratios increased during four weeks
by the increment of 0.1 and 0.2 from the initial value of
0.5, the average cell growth rates were 0.360, 0.321, 0.277,
0.340 g I"' day™ and 0.388, 0.343, 0.480, 0.588 g "' day™'
for each week, respectively. The average cell growth rates
did not significantly change with the dilution ratio increment
of 0.1, but gradually increased with the increment of 0.2.
From the practical point of view, however, the dilution
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Fig. 4. Cell growth curves of four reactors in a series reactor
systemt.
® 1* Reactor, O 2™ Reactor, ¥ 3 Reactor, v 4" Reactor.

ratio increment of 0.1 seemed to be an adequate value at
the initial dilution ratio of 0.5 to maintain the CO, fixation
rate at a certain level. To apply a semi-continuous reactor
system in a field-scale operation, the optimum dilution
ratio should be carefully decided, because the loss of
substrate can be considered to be due to a large reactor
volume.
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Fig. 5. Correlation of total CO, fixation rate and the number of
connected reactors.
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Fig. 6. Cell growth curves of two reactors in a series reactor
system of semi-continuous operation.
@ 1" Reactor, O 2™ Reactor.

Series Reactor System

Figure 4 shows the cell growth curves of four reactors in a
series reactor system. The average cell growth rates of
each reactor were 0.308, 0.331, 0.250, and 0.365 g I'' day™,
respectively. The total CO, fixation rate was significantly
enhanced up to 4.013 g CO, day™', which is much higher
than the 1.320 g CO, day™ in a batch reactor system. The
relationship between the total CO, fixation rate and the
number of reactors connected in a series reactor system is
described in Fig. 5. As expected, the total CO, fixation rate
was proportional to the number of reactors connected in
the series reactor system. Therefore, the series reactor
system could be used to improve the total CO, fixation rate
without enlarging the photobioreactor and to overcome
difficulties that arise in the maintenance and operation of a
large-scale photobioreactor.

Series Reactor System of Semi-Continuous Operation

In order to exploit the advantages of a semi-continuous and
a series reactor system simultaneously, two reactor systems
were combined. Figure 6 shows the cell growth curves
of two reactors in the series reactor system of semi-

continuous operation. As shown in the figure, the average
cell growth rates were constantly maintained during the
cultivation period, because of the semi-continuous reactor
system. The total amount of fixed CO, increased as the
number of reactors increased, due to the series reactor
system. As a result, the combination of a semi-continuous
and a series reactor system could continuously improve the
efficiency of total CO, removal for a long time.

In order to overcome limitations of conventional operation
systems of biological CO, fixation, a semi-continuous and
a series reactor system were combined, which could
continuously remove a large amount of CO, for a long
period (Table 1). The problem of decrease of CO, fixation
rate due to the shading effect could be eliminated by
dilution in a semi-continuous reactor system, and a high
removal rate of CO, was achieved by employing a sertes
reactor system. Consequently, the series reactor system of
semi-continuous operation could be used as an efficient
operation method to remedy drawbacks of a conventional
operation in a large-scale photobioreactor.
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