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Abstract: 

The photosynthetic conversion of light energy into algal biomass 
in large-scale cultures is controlled by the availability of light, the 
photosynthetic machinery of algae, nutrients, temperature and the 
design characteristics of the culture system. For the situation in 
which light is made the growth rate limiting factor, there is an upper 
limit in the light conversion efficiency of a large-scale culture, which 
translates to a maximum potential yield of 30-40 g dry weight m-2 
day-1 under ideal light conditions. The development of large-scale 
mass cultures involves many considerations, but the two major 
design parameters for optimizing yields at a particular time are the 
flow rate throughout the culture and the depth of the culture. 
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KINETIC MODEL FOR PHOTOSYNTHETIC MICROORGANISMS 

Introduction 

Photosynthetic microorganisms have been playing a significant 
role in the material cycle in lake and marine ecosystems during the 
past millennia. Their activities have not gained much attention from 
engineering and science at large, except that microbiologists, 
biochemists, ecologists, etc. have been revealing various 
characteristics of photosynthetic microorganisms; for instance, 
biochemists have been interested in the mechanism of light energy 
conversion to chemical energy, especially in the study of enzymes 
and biochemical pathways for the photochemical reaction. 

It was in the late 40s and early 50s that microbiologists and plant 
physiologists in cooperation with chemical engineers, began to study 
mass outdoor cultivation of the green alga, ChZoreZZa. The main 
interest then was to clarify the algal growth kinetics that are affected 
by light intensity, temperature, pH of culture medium, etc., and to 
resolve the problem of how to design and operate the outdoor plant 
in order to maximize the algal product yield. 

Basic Concept 

Light 
Beer-Lambert’s law is usually used to estimate light intensity 

within a culture medium; in fact, a photobioreactor (PBR) is 
conventionally designed from the law on the attenuation of light 
energy along the depth of a liquid column. It is important to reassess 
here the effect of light-scattering caused by the presence of 
photosynthetic microorganisms on the light-intensity distribution 
within the PBR. Even though experimental methods to estimate light 
energy scattered by the cells are available, the approach only by 
experimentation is not always satisfactory from the viewpoint of 
designing a PBR. For complex mathematical descriptions and 
modeling of light scattering and attenuation, please refer to the 
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following references: Aiba 1982, Cornet et. nl. 1992a, and Cornet e t .  
al. 1992b. 

Quantum Requirement 
It  is well known that pathways through which electrons are 

transferred ultimately to reach NADP resulting from the stimulus of 
a photon in algae do  not exist in photosynthetic bacteria. 
Photosystem I1 in algae that deals with the oxidation of water to gain 
a proton and an electron and to release oxygen is absent from 
bacteria. 

Taking into account the difference in  electron transfer 
mechanisms between algae and photosynthetic bacteria, the two-step 
light reaction scheme of photosynthesis in algae will be discussed 
here. That is, the light energy of one photon, hv ,  (where h is Planck’s 
constant, v is frequency of light or d A ,  c is velocity of light in vacuum 
space, and A is wavelength) is doubled to have e -  transported to 
NADP. According to the Calvin cycle, two molecules of NADPH must 
be oxidized to yield one molecule of C 0 2  that has been reduced 
photosynthetically. Then the quantum requirement defined by the 
number of photons required to reduce one molecule of C02 (or the 
reciprocal, which is called the quantum yield) is eight (= 2 x 2 x 2),  
independent of wavelength of light (quantum yield of 0.125), since 2 
e- must participate in yielding NADPH from NADP+ + 2 e’ + H+ [Aiba 
19821 

The classical work [Warburg and Negelein 19231 using Chlorella 
claimed that the quantum requirement ( 6 )  of 4 remains unchanged 
irrespective of the wavelength of light (A = 436 - 660 nm). The 
quantum requirement of four is questionable for Chlorel la ,  but no 
definite answer to this question has been presented. Emerson and 
Lewis observed that the quantum requirement of Chlorella depends 
on the wavelength of light used and claimed 8 value as 16 (A = 480 
nm) to 11 (A = 680 nm) per molecule of C 0 2  reduced. 

Effect of C02  and 0 2  on Photosynthesis 
Ever since the discovery of photorespiration in a leaf of hybrid 

tobacco by Dekker [Dekker 19551, who observed a rapid deceleration 
of COz evolution immediately following extinction of light that has 



4 

irradiated the leaf, several workers have studied the existence or 
non-existence of photorespiration in  microalgae. In fact ,  
photorespiration in microalgae seems to have been confused with the 
adverse effect of 0 2  on photosynthesis in algae (Warburg Effect). The 
argument is significant from the point of view that the algal growth 
could have been controlled by establishing a growth environment to 
minimize photorespiration, if the photorespiration were to play an 
appreciable role in C02 reduction in the photosynthetic mechanism of 
these algal cells. This phenomena is closely related to the competitive 
inhibition of Ribulose-l,5-bisphosphate (RuBP) carboxylase and 
oxygenase by O2 and or C02 - the key and bi-functional enzyme at 
the threshold of C 0 2  fixation in photosynthesis. 

The following equation will be used to describe the effects of C02 
and/or 0 2  on photosynthesis; this equation accounts for competitive 
inhibition of enzyme kinetics to assess the relative magnitude of 
oxygenation reaction of RuBP carboxylase. 

provided: 
v = rate of carboxylation, M.s-' 
vmx = maximum rate of carboxylation, Mx-' 
Cco2 = C02 concentration in liquid, M 
Co2 = O2 concentration in liquid, M 
K, = Michaelis constant with respect to C02, M 
Ki = equilibrium constant between enzyme (RuBP carboxylase) 

and inhibitor (02), M 

Kinetic Modeling 

It is evident that an accurate determination of the light energy 
absorbed by a dilute suspension of photosynthetic microorganisms 
minimizing the shading effect is a prerequisite for the discussion of 
the efficiency of light energy conversion to biomass. Experimental 
procedures for this determination will be described below prior to 
the display of growth yield data on photosynthetic microorganisms. 
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Algal Response Curves 
The response of algal growth rates to variations in the three main 

environmental factors - nutrients, light intensity and temperature - 
can be quantified by examining the shapes of the response curves to 
each of the parameters with the other two held constant. As shown 
in Figure l a ,  when temperature and light intensity are held constant 
p = f(S), where S is a particular limiting nutrient and all other 
nutrients are supplied in excess. The shape of this curve has been 
characterized by a rectangular hyperbola for many limiting nutrient 
situations. Other mathematical relationships have been considered 
[Goldman 19771. The most important feature of all these curves is 
that they have the same general shape - they are all first order at 
low nutrient levels (p = ysS) and zeroth order at high nutrient values 
( p = f i )  - but diverge somewhat from each other in the transition 
phase from first to a zeroth order reaction. The value of S for which 
the extended line from the first order portion of the curve intersects 
with the horizontal asymptote describing f i  is K , .  For a rectangular 
hyperbola, K is the half-saturation coefficient, or the nutrient 
concentration at which p = 0.5. f i .  

For the situation in which light intensity is variable, but nutrients 
and temperature are kept constant, a similar response of growth rate 
to light occurs, p = f ( I ) ,  where I is light intensity (Fig. lb). The actual 
shape of the curve has been discussed elsewhere [Goldman 19791, 
but it has the common feature with p =f(S) curve (Fig. 1A) of being 
first order at low light intensity (p = y-I), and zero order at high light 
intensity ( p  = f i ) .  The parameter ZK has the same physical meaning as 
does Ks. Another important feature of this curve is the value of light 
intensity ( I s )  for which saturation occurs ( p  = f i ) .  Depending on the 
shape of the curve, the relationship between ZK and I s  can be 
estimated. For example, the form of the equation describing a 
rectangular hyperbola shape in Figure l b  is: 

pup.- 
I K + I  

Because fi  is reached only at infinite I ( I S  +-), a practical 
estimate of the ratio Is: IK can be made with the approximation that 
I s  occurs at p=OO.95. j l .  Then rearranging and solving the above 
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equation gives I S :  IK = 19. Hence, in this case I S  is substantially 
greater than IK .  

The influence of temperature on algal growth rates was found 
empirically from many laboratory studies that an Arrenhius-type 
relationship between fi  and T could be demonstrated [Goldman 
19791. For example, 

fi  = (1.8 x 10 10 )p -6842/T‘ 

in which 7” is the absolute temperature. This kind of equation 
generally appeared to be applicable over much of the temperature 
range that algal growth can be measured (100 - 40°C); but for a 
particular species, depending on its thermal response characteristics, 
only a portion of the curve was found to describe the experimental 
data. Thus in Figure IC, only between TI and T3 is the response of 
Infi  to T’ linear. 

A family of curves would then describe the relationships in Figs. 
l a  and l b  were temperature no longer constant. For algal mass 
cultures all nutrients would be supplied in excess, so that the effects 
of both temperature (Fig. IC) and light intensity on growth rate 
would be as shown by the curves in Fig. Id. 
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Figure 1. General relationships between algal growth rate and environmental parameters: 
(a) limiting nutrients; (b) light intensity; (c) temperature; (d) light intensity for varying 
temperature. 

Photosynthetic Efficiency 
To quantitatively describe the photochemical conversion of 

radiant energy in algal mass cultures, [Shelef 19681, following the 
basic concepts of [van Oorschot 19551, wrote the following energy 
balance: 

in which ET is the overall efficiency of photosynthesis, I ,  and I d  are 
respectively the visible radiant energy incident to the surface and at 
depth d in a culture in units of energy per surface area per time, D, is 
the overall decay term in units of g dry weight per area per time. 

Assuming 10 quanta are required to reduce one mole of CO? (or 6 
= l0)and the heat content of algae is 120 kcal/mol, the 
thermodynamic efficiency E,(A) ’ of photosynthesis for a given wave 
length of light and E,(il) , the weighted thermodynamic efficiency are: 
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where Q a  is the relative quantum requirement or 88,,,-‘ (in which 
e,,, is the maximum quantum requirement attained throughout the 
visible spectrum). For red light (670-680 nm), the region for 
maximum chlorophyll a absorption, Q a  for most algal species is about 
1.0, whereas the average E q ( A )  ’ is 0.23, the effect of Qa reduces the 
average E @ )  to 0.20. 

The second consideration in  establishing the overall 
photosynthetic conversion efficiency, ET,  is the determination of the 
light utilization efficiency Es.  The earliest attempt to quantitatively 
account for the effect of light saturation was by [Burlew 19531 who 
presented the equation: 

The above equation was derived from the basic relationship: 
total applied light - unutilizable light 

total applied light 

This relationship was formulated from (1) light energy is 
dissipated in a vertical water column containing a concentration X of 
algae by Beer-Lambert’s Law: 

Es  = 

dl - = -aXld or Id  = I,exp(-aXd) 
dt 

in which a is the extinction coefficient (and is wavelength 
dependent) and Id is the light energy remaining at depth d ,  and (2) 
that light energy greater than I ,  is not utilized. 

Algal Specific Growth Rate and Productivity 
To make the model simpler while reflecting all the factors 

discussed above, one can use the following relationship of p = .f(l) for 
the three basic saturation type curves (light inhibition effects were 
not considered): 
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1. First order - zero order 

2. Exponential 

p = fi.[l-exp(zdlk)-l] 

3. Rectangular hyperbola 

Then, using these relationships, and considering light dissipation 
through depth d ,  the final integrated relationships for productivity, 
P, as a function of incident light intensity I ,  were: 

1 .  First order - zero order 

3 - I,exp(-aXd) 

2.  Exponential 

in which E i  represents exponential integrals that can be 
determined from standard Ei tables. 

3. Rectangular hyperbola 

The results of these equations are plotted in Figure 2. Please refer 
to the figure legends for details. 
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Figure 2. General productivity curves: (a) productivity, P, as a function of algal biomass 
concentration, X; (b) Productivity, P, as a function of net specific growth rate, pN; (c) 
biomass concentration, X, as a function of net specific growth rate, p+,; (d) optimum net 
specific growth rate, p+,’, as a function of incident total light intensity, 1,: for varying depths, 
d. 

Conclusion 

A major challenge to design large-scale cultures to achieve 
maximum potential yields consistently as a function of available light 
intensity exists. To accomplish this goal, consideration must be given 
not only to the independent variables controlling light utilization 
efficiency (flow rate and depth), but also to many other factors 
affecting algal growth (mixing, nutrient supply, pH, etc.). Few data 
are available on this subject and clearly, much future research on the 
bioengineering aspects of mass culturing is warranted. 

Probably little can be done to improve the actual efficiency of 
photosynthesis in algal cultures, as has been achieved over the years 
in conventional land-based agriculture. The uses of large-scale algal 
cultures may be restricted to solving specific environmental 
problems (such as water pollution and water renovation). The models 
here showed that the efficiency of these processes is directly 
proportional to the biomass of algae grown and the upper limit in 
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yield is 30-40 g dry weight m-? day-' is clearly an intrinsic parameter 
of photosynthesis and will probably never be improved upon very 
much in large-scale cultures. It is this yield constraint that must be 
considered in determining the feasibility of any mass culture 
venture. 
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