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Introduction

Light energy is an important factor for microalgal cell growth. However, the excess exposure of the cells to strong light might lead to a decline in the growth rate of the cells. This phenomenon of photoinhibition was reported while culturing various photoautotrophic microalgae[1]. Thus, this research explores the strategy of lumostatic operation in order to maintain the light condition at an appropriate level during cell cultivation. Similar lumostatic approaches have been attempted in an externally radiating photobioreactor[2,3], but the model-based approach still has not been investigated. In the past works, the light conditions could not be determined analytically inside the externally radiating photobioreactor. The previous model simulation resulted in divergent light intensity, physically unrealizable, in the cylindrical reactor center[3,4]. Hence, the quantitative expression of light conditions has become problematic, and it is extremely difficult to discriminate the light conditions at either photoinhibition or light limitation. Recently, we proposed the light distribution model[5] which made it possible to characterize the light condition by calculating the irradiance profile and the average light intensity inside the internally radiating photobioreactors. Thus, the model-based lumostatic operation is now possible during batch cultivation, considering the variable light condition from the increasing cell concentration. In this study, the required light energy for the lumostat was determined using the light distribution model, and the amount of supplied light energy was regulated by increasing the number of internal radiators.

Materials and Methods


As a model photosynthetic microorganism, Synechococcus sp. PCC 6301 (ATCC 27144, Anacystis nidulans) was cultivated in an air-lift photobioreactor, which combines the advantages of an air-lift bioreactor and an internally radiating system. For internal radiation, a conventional draft tube is used as a supporting structure to fix light radiators. The photobioreactor was operated at a culture volume of 7 L after an inoculation of 700 mL precultured cell suspensions. Air was introduced through a sparger from the base of the draft tube. The air flow rate was maintained at 7 L min-1(1 vvm), and the broth temperature was kept at 30oC. During cell cultivation, the cell concentration of the culture broth was measured every 12 hours. Then, the light condition characterized as average light intensity was calculated using Eq. (2) in Table 1. In the model-based control of irradiance level, the number of light radiators was increased as the average light intensity decreased below a desired value. All the light radiators were connected to the control box with ballasts and on/off switches. The cell concentration was determined by measuring the optical density at 600 nm using a spectrophotometer (SPECTRONIC 21, Milton Roy Inc.). The photon flux density was measured by using a DataLogger (LI-1000, LI-COR) equipped with a quantum sensor (LI-190SA, LI-COR).
Table 1. Equations for local light intensity and average light intensity in a cylindrical photobioreactor with n-symmetrically located internal radiators[5]
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Results and Discussion

Characterization of light conditions inside a photobioreactor


The light condition inside an internally radiating photobioreactor can be characterized by using the previous light distribution model[5]. The light distribution model can predict the light distribution profile and the average light intensity on the following assumptions: (1) Vertical light distribution does not occur along the reactor (z-direction), if the top and bottom effects are neglected. (2) Light radiator is a perfect cylinder with a radius of r0, and emits rays radially over the entire irradiating surface. (3) Cells are homogeneously suspended in the medium, and hence all the properties that depend upon cell concentration are assumed to be constant throughout the reactor. (4) Light attenuation effects can be considered separately by cell concentration (KX) and light path-length (Kr).


In this experiment, we used the light distribution profile in order to explain the localized light conditions. An average light intensity is defined as the average of the local light intensities inside the culture, which means the irradiance level experienced by a single cell moving randomly inside the culture. Rabe and Benoit[6] demonstrate that the concept of average light intensity presents a valid means for correlating the algal cell growth rate. The mathematical expressions for the local light intensity and the average light intensity are summarized by Eqs. (1) and (2), respectively, in Table 1.

Supply of constant light energy


The photoautotrophic batch cultivation of Synechococcus sp. PCC 6301 was conducted using the internally radiating air-lift photobioreactor. Fig. 1-(a) represents the power consumption for irradiation, when the light energy was supplied at a constant level using 1, 2, 3, 4, 6, or 8 internal radiator(s). The time profiles of cell concentration are shown in Fig. 1-(b), indicating that cell growth patterns are markedly influenced by the amount of supplied light energy. The higher light energy induced higher linear growth rate and final cell concentration. Efficient cell growth up to four radiators can be explained by the elevated light energy (Figure 1-(c)). Profiles of average light intensity (Figure 1((c)) reveal that the light energy from six or eight radiators is not sufficiently utilized by the cells. Irradiated from eight radiators, for example, no cell growth was observed under the condition of 53 mol m(2 s(1 average light intensity, while the cell irradiated from two radiators grew up to 25 mol m(2 s(1 average light intensity. Moreover, our experiments ascertain that high light energy (> 200 mol m(2 s(1) at the early growth phase for six and eight radiators caused reduced specific growth rates, longer lag periods, and lower final cell densities.

Model-based control of irradiance level


In order to overcome the photoinhibition at the early growth phase, the cells were cultured according to the model-based lumostatic operation of the light sources. The light condition was maintained at 30, 60, or 90 mol m-2 s-1 of average light intensity inside the photobioreactor. The average light intensity was calculated using Eq. (2) and the parameters listed in Table 1. Fig. 2-(a), -(b), and -(c) show the time profiles of irradiating power consumption, cell concentration, and average light intensity, respectively. Since the irradiance level decreased sharply below a desired value as the cells started growing, the number of radiators was increased successively in order to supplement the light energy. The arrows in Fig. 2-(b) indicate the points when the number of radiators is changed. The cultivation results demonstrate that the model-based lumostatic operation could eliminate the region of excessive light energy (> 200 mol m-2 s-1), and thus the photoinhibited growth was not observed. An ideal lumostatic operation should follow the dotted line in Fig. 2-(c), but the actual profiles of average light intensity were changed in stepwise pattern. It was difficult to maintain 60 and 90 mol m-2 s-1 of average light intensity at high cell concentrations, because only eight radiators can be combined at most with the draft tube. Nevertheless, the aim of overcoming the photoinhibition at the early growth stage was successfully accomplished by increasing the number of internal radiators.
Table 2 summarizes the cultivation results from two types of irradiating methods. When biomass is harvested at the stationary phase, the final cell density from light regulation at 60 mol m-2 s-1 can be raised to 2.92 g L-1, which is 15 % higher than the maximal value from the supply of constant light. For light regulation at 90 mol m-2 s-1, a similar amount of biomass can be harvested one day before, which corresponds to the period of photoinhibition. When light condition is regulated at the minimal level (30 mol m-2 s-1), a longer cultivation time and lower power are consumed, and a higher density of biomass can be obtained. In order to harvest 2.50 g L-1 biomass, at least 8 radiators should be used all through the batch cultivation. Model-based regulation of light energy (60 mol m-2 s-1), however, makes it possible to obtain the same amount of biomass by using a reduced cultivation time (17 %) and a lower irradiating power consumption (24 %). From the comparison results, it can be concluded that the model-based control of irradiance level improve the performance of the photobioreactor, such as the harvesting larger amount of the cells, the reduction of cultivation time, and the reduced power consumption for irradiation. This work will help bioengineers to analyze and regulate the light conditions inside the photobioreactors. Under defined light conditions, other environmental factors can also be investigated, including the mixing method, shear environment, gas transfer, and temperature control.
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Fig. 1. Time profiles of (a) power consumption, (b) 
Fig.2. Time profiles of (a) power consumption, (b)

cell growth, and (c) average light intensity inside 
cell growth, and (c) average light intensity. Minimal

the photobioreactor equipped with one ((), two ((), 
irradiance level was regulated at 30 ((), 60 ((), or 
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Table 2. Comparison of the cultivation results by using different irradiating methods
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Harvesting at maximal cell density
Harvesting at 2.50 g L-1
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Model-based control of irradiance level


30 mol m-2 s-1**
2.78
21.4
65
18.9
59.3


60 mol m-2 s-1
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11.7
110
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* NA: Not Available, ** the value of average light intensity












� LINK OrgPlot "D:\\Doing\\DATA\\FINAL\\LCONMODF.ORG" "Plot3" \a \p ���





� LINK OrgPlot "D:\\Doing\\DATA\\FINAL\\LCONMODF.ORG" "Plot4" \a \p ���





� LINK OrgPlot "D:\\Doing\\DATA\\FINAL\\LCONMODF.ORG" "Plot5" \a \p ���





� LINK OrgPlot "D:\\Doing\\DATA\\FINAL\\LBF.ORG" "Plot1" \a \p ���








� LINK OrgPlot "D:\\Doing\\DATA\\FINAL\\LBF.ORG" "Plot3" \a \p ���





� LINK OrgPlot "D:\\Doing\\DATA\\FINAL\\LBF.ORG" "Plot5" \a \p ���








[image: image17.wmf]0

2

4

6

8

10

12

14

16

18

0

20

40

60

80

100

120

140

160

6

6

n

 = 8

4

3

2

6

3

4

2

1

Power Consumption (W)

[image: image18.wmf]0

2

4

6

8

10

12

14

16

18

10

1

10

2

I

av,c

 = 30

I

av,c

 = 60

I

av,c

 = 90

Average Light Intensity (

m

mol m

-2

 sec

-1

)

Time (day)

_1028340053.unknown

_1028340312.unknown

_1028550491.unknown

_1028340149.unknown

_1028340171.unknown

_1028340129.unknown

_1028295172.unknown

_1028339932.unknown

_1028336121.unknown

_1028294158.unknown

_1028295171.unknown

_1028294159.unknown

_1028294157.unknown

