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Introduction

Presently, the world economy depends almost cntirely on the use of fossil fuel but the
excessive use of fossil oils have resulted in various environmental problems. There has been
a 25% increase in atmospheric carbon dioxide within the past 150 years (Bamola et al.,
1987) and a probable link between atmospheric carbon dioxide and global temperature has
been suggested by several authors (Genthon ef al., 1987). Higher plants have been playing a
major role (through photosynthesis) in maintaining the balance between the atmospheric
oxygen and carbon dioxide concentrations. However, an increase in world population and
industrialization have led to considerable deforestation with consequent decrease in the sink
for carbon dioxide. Consequently, much attention is now focused on photosynthetic
microorganisms, which have higher photosynthetic rates per unit biomass than the higher
plants and can be cultivated in a compact space for production of many valuable metabolites.

Currently, open ponds are used for almost all commercial cultivation of photosynthetic
cells, but it is difficult to obtain high productivitics with the open ponds because both the
temperature and light intensities vary throughout the day and around the year, Furthermore,
open cultivation ponds require large area of land and are thus not suitable for countries such
as Japan where the cost of land is very high.



In this short report, a method of designing and constructing large scale compact (tank type)
photobioreactors which can be operated in narrow spaces is described.

Light Supply Index

Since light is the most important factor affecting photoautotrophic cultivation, rational
design and scale-up of photobioreactors must be based on the light characteristics inside the
photobioreactors. The first step in this study was therefore to determine an index for the
quantitative evaluation of light conditions inside photobioreactors. Preliminary experiments
have shown that neither incident light intensities nor average light intensities was a good
index of light supply capacity of a photobioreactor. We therefore proposed the use of light
supply coefficient, which is a product of light energy supplied per unit volume and a light
distribution coefficient, as an engineering parameter for designing and scaling up of
photobioreactors.

Light energy per unit volume The unit of light intensity used in this study is umol/m* « s
where 1 gmol =0.2176 I. The light energy supplied per unit volume is thus given by Eq. 1.

E¢ _ 0.2176I55A (1)
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where I, = incident light intensity (umol/m? - s), E, = total light energy supplied to the
reactor (kI/s), S, = illumination surface area (m?), and V = culture broth volume (m’).

Light distribution coefficient

This is a measure of homogeneity of light intensity (light distribution) inside photobioreactors.
The method for calculating the light distribution coefficient (Kiv) depends on the shape of
the photobioreactor as well as on the method of illumination. For an internally illuminated
cylindrical photobioreactor, the central part of the photobioreactor is illuminated while the
region close to the photobioreactor surface is dark (Fig. 1). By assuming that the light source
iseithercylindrical orhoused in a cylindrical glass tube, the liquid volume in the photobioreactor
can be expressed by Eq. 2.
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where D = diameter of the photobioreactor, h = height of the reactor (m) and d = diameter of
the light source (glass tube housing the light source) (m). If the photobioreactor is visualized
as being composed of two concentric compartments (cylinders) of equal volume (Fig. 1), the
entire photobioreactor volume can be expressed in terms of the volume of the inner cylinder,
as shown in Eq. 3, and the distance (D,) from the surface of the light source to the surface of
the inner cylinder can be calculated from Eq. 4.
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Assuming that light absorption and dispersion can be neglected (no cells inside the
photobioreactor), the total light energy on the surface of the light source is the same as the
total light energy on the surface of the concentric cylinder (diameter = 2D, + d). This is
represented by Eq. 5 and the relationship between the light intensity on the surface of the
inner cylinder (I) and the incident light intensity (I,) is given by Eq. 6.

Ipdh = Inth({ 2Dy + d) (5)
_ Iod
I= 2D +d (6)

In the presence of suspended cells in the photobioreactor, light attenuation inside the
photobioreactor duc to Llight absorption by the cells can be assumed to obey the Lambert-Beer
law. Thus, the light intensity (I) at a distance (D)) from the illumination surface is given by

Eq. 7.
I = Ioexp (-EXDy) (7

Fig. 1. Calculation of Eght distributien cecfficient for internally dlwmi-
nated cylindrical photebiereacter. A: the light extinction coefficient(m?/
kg), I Light intensity(gunol/m?s), IC: Cutical light intensity((aol/'m2s), 10:
Incident light intensity(umol/m?s), L, : Distance from the Mlumination sur-
face o a point where I = JO (m), X: Cell concentration{kg/m?), d: Diameter of
the light source {m), h: Height of the reactor(m), D: Diameter of the reactor
(m), Dy: distance from the surface of the light source to the serface of the
\inner cylinder{m) y

Combining Egs. 6 and 7 yields Eq. 8. When 50% of the entire volume (only the inner
compartment) receives enough light for photosynthetic growth, the light intensity on the

surface of the inner cylinder, [ = I, D, = L,, and X = Kiv. Thus, for an internally illuminated
cylindrical photobioreactor, Kiv can be calculated from Eq. 9. Equations for calculation of
Kiv for externally illuminated cylindrical and cuboidal photobioreactors have been presented
in our previous paper (Ogbonna et al. 1995).
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Effect of Light supply coefficient on the linear growth rate of the cells Imrespective of
the cell type, photobioreactor type, and size, there was a linear relationship between the
linear growth rates and the light supply coefficient (Et/V - Kiv) (Ogbonna et al., 1995). This
coefficient is, therefore, a good index of light supply cfficiency of various types of
photobiorcactors and can be used for design and scale-up of photobioreactors. It was
therefore adapted as a scale-up parameter in this study.

A new method for photobioreactor design and scale up It was assumed that data obtained
with a small-scale photobioreactor can be reproduced for a large-scale photobioreactor if
both photobioreactors have the same light supply coefficient. As 2 method of constructing a
large photobiorcactor having the same light supply coefficient as a smaller one, a new
concept in photobioreactor design and scale-up was proposed. The photobioreactor is
conceptualized as consisting of units. One unit consists of a reactor volume (space) which is
illuminated from the center by a single light source. An optimum unit size for a process (a
unit volume which is efficiently illuminated by the single light source, and thus has an
optimum light supply coefficient) is experimentally determined, and a larger reactor with the
same light supply coefficient can be constructed by simply increasing the number of units in
three dimensions (Ogbonna et al., 1996).

Determination of optimum unit size The first step in constructing an efficient large scale

photobioreactor is to experimentally determine the optimum unit size for the target process.
The optimum unit size can be determined using the experimental set up shown in Fig. 2. The
incident light intensity is kept constant and the light supply coefficient is varied by using
vessels of various diameters. The optimum unit diameter is then determined from the plot of
the light supply coefficient (with the corresponding vessel diameter) against the linear growth
rates as shown in Fig. 2 for Chlorella cells. The linear growth rate increased with increase in
the light supply coefficient (corresponding to decrease in the vessel diameters). On the other
hand, the yield coefficient increased with increasing unit diameter. Thus, with a given light
intensity, the optimum unit size depends on both the type of cell and the process economy. If
light represents a significant percentage of the total production cost, then greater importance
should be attached to efficiency of light utilization and the unit size giving the highest yield
cocfficient should be selected. However, if the cost of light is relatively cheap (for example,
if solar energy is used), then the design criterion should be to obtain the highest productivity.
In this case, a high light supply coefficient is desirable, provided that the light intensity is not
too high as to cause photoinhibition. In most cases, a compromise is made between the
productivity and yield coefficient.

Construction of a 20 L prototype reactor A prototype photobioreactor, consisting of eight

units, was constructed with Pyrex transparent glass as schematically shown in Fig. 3. The
diameter of each unit was 0.075 m and each unit was equipped with a centrally fixed glass
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Fig. 2. Determimation of the unil sptimum diameter for construction of a larpe scale phote-
| biereacter. Chiorella was used in this experiment. A: experimental set-up, B: experimental resnlts

tube into which the light source was inserted. The illuminating system was cither 20 W or 40
W fluorescent lamps. Since the lamps were not mechanically fixed and could easily be
replaced, only the reactor was heat-sterilized (where necessary) and after cooling, the lamps
were inserted, thus making it possible to cultivate under sterile conditions. A modified
impeller was installed for mixing. This impeller had very low shear stress but good mixing
capacity (Ogbonna and Tanaka, 1997). Acration was done through a ring sparger with 12
holes. The diameter of each hole was 0.5 mm. The glass housing units served as baffle plates
in breaking the gas bubbles, thus increasing the k; a. The photograph of the 20 L photobioreactor
is shown in Fig. 4.
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Fig. 3 Constructiea of an eight unit-photebisreacter
\__Wwith a toial velume of 208 L. _J

Fig. 4. Photograph of the
20 L photobioreactor

Cultivation in the novel photobioreactor Chlorella pyrenoidosa C-212 and Euglena gracilis
Z strain were cultivated in the novel photobioreactor. The media and cultivation conditions
for Chilorella were as described previously (Ogbonna et al., 1996). A modified Hutner
medium was used for cultivation of Euglenma gracilis and cultivation conditions were as
described for Chiorella .

The effects of scaling-up the reactor on carbon dioxide fixation by Chlorella pyrenoidosa



is shown in Table 1. By using the method proposed in this study, one unit reactor (2.5 L) was
successfully scaled up to eight units (20 L) while maintaining the light supply coecfficient
constant at 1.6 kI « kg/m® » 5. Consequently, the linear growth rate, final cell concentration,
and thus the volumetric CO, fixation rates were the same in all the reactors. The final cell
concentrations and the linear growth rates (productivity) obtained in this study are high when
compared to the values reported for other photoautotrophic algae cultures, The daily carbon
dioxide fixation rate increased linearly with the reactor volume, an indication of successful
scale-up. The photosynthetic efficiency based on the total light intensity was about 6.9% in
cach reactor, which is high in comparison with other systems.

A comparison of a-tocopherol production by Euglena gracilis Z in 25 L and 20 L
photobioreactors is shown in Table 2, As in the case of Chlorella, both the linear growth
rates and the volumetric a -tocopherol productivity were almost the same in both reactors.
Chlorella was used for determination of the optimum unit size and as a result, the light
supply coefficient in the photobiorcactors was higher than the optimum value for Euglena
gracilis cells. The linear growth rates were thus relatively low, but the final a -tocopherol
contents of the cells (1600 ug/g) were higher than the values obtained at the optimum light
intensity for cell growth. Preliminary experiments with this cell have shown that the optimum
light intensity for a -tocopherol production is higher than that for cell growth.

The above results have shown that the proposed light supply coefficient is a good parameter
for photosynthetic process scale-up. In other words, by keeping this coefficient constant,
results obtained in a small reactor can be reproduced in a large-scale reactor,

rleklEﬂectnfphotohinmcwrsukonod]gmwlhmd h Tabie 2 Scale up of g -tocopherol production by
carben dioxide fixation by Chiorelia pyremoidosa. Euglena gracilis strain Z
Reacier Limear :II—I (\':'od-nurr CO_ fixation n-yulbuk Rescior  Limear Fimal Vi a erel Yoeld per
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200 0.62 6.8 1.11 222 6.93 <
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