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Evaluation of photosynthetic effkiency 
in microalgal cultures using 
averaged irradiance 
E. Molina Grima, F. Garcia Camacho, J. A. Sgnchez Perez, F. G. AciCn FernBndez, 
and J. M. Fermindez Sevilla 
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Universidad de Almeria, E-04071, Almeria, Spain 

The growth yield of the PUFA-producing marine microalga Isochrysis galbana grown in light-limited continuous 
operation was measured under a wide variety of conditions of incident irradiance (I,) and dilution rates (D). The 
experiments were conducted under laboratory conditions at 20°C with continuous light. D ranged from 
0.0024-0.0410 hh’ at three values of I, (820; 1,620; and 3,270 PE rn-' s-’ ) close to those found in outdoor 
cultures. A maximum efficiency of q,,,= = 0.616 g E--’ was obtained at I, = 820 u.E mm2 s- ’ and D = 0.030 
h- ‘, and the maximum capacity of the biomass to metabolize light was found to be 13.1 PE g-’ SK’. Above this 
value, a significant drop in system eficiency was observed. A new approach based on averaged irradiance is used 
to assess the photon flux absorbed by the biomass. The biomass productivity to be expected in an outdoor tubtdar 
photobioreactor growing I. galbana was predicted from eficiency data obtained in laboratory cultures and was 
found to be in agreement with the actual value. 0 1997 Elsevier Science Inc. 
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Introduction 

Nowadays, microalga mass production is a commercially 
attractive source of high value chemicals and biomass, but 
for the most part has not been economically successful. In 
view of the highly efficient basic process of photosynthesis 
as measured by 0, generation as a function of the quantum 
flux absorbed,’ a system designer might expect to attain 
yields close to 2 X lo-* g k.-’ .* According to the results 
reported by some authors,3-’ some fast-growing strains such 
as Chlorella can in fact yield 20% of the PAR available; 
nevertheless, the biomass obtained from these strains is of 
little interest since it contains none of the products of 
current interest, namely PUFAs, pigments, and antioxidants 
on which microalgal system designers now focus their 
attention. For the production of fine chemicals usually 
synthesized by more sensitive strains, however, growth 
yield data in the literature is, even in the best case, rather 
lower than the theoretical maximum. 

In an attempt to find a technically reliable quantum yield 
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coefficient, several workers have measured the biomass 
generation rate instead of oxygen generation. The coeffi- 
cient thus obtained could well be expected to provide a good 
estimate of productivities as a function of the incident 
irradiance and, thereby, for photobioreacbor design; never- 
theless, the yields obtained in laboratory experiments are 
still barely attained in commercial photobioreactors. This is 
attributable to the difference between commercial operating 
conditions and laboratory experiments which are usually 
conducted with diluted cultures under low light so that 
optical homogeneity and photolimiting conditions can be 
assumed. In this way, the conditions are identical for all 
cells and the growth yield measured can be considered a 
property of the microorganism which is independent of the 
culture system; however, optical homogeneity is attained at 
the expense of a great loss (usually higher than 8O%)6 of 
light supplied at solar irradiance intensities; thus, such data 
are of little technical interest, since the conditions under 
which they were obtained differ widely from mass produc- 
tion systems where light gradients are established. There is 
therefore a need for a laboratory growth yield coefficient in 
dense cultures at high it-radiances that could be useful for 
the design of outdoor systems for the cultivation of specific 
strains. 

In the present work, a new procedure for calculating 
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growth yields in microalga mass cultures at high incident 
it-radiances is proposed based on laboratory continuous 
cultures. Additional results obtained in an outdoor closed 
tubular photobioreactor allows comparison to see to what 
extent laboratory data can be used for the analysis of 
external systems. The availability of a reliable quantum 
yield coefficient for outdoor conditions, together with the 
maximum quantum capacity would supply a basis for 
rational photobioreactor design, as well as parameters for 
the evaluation of the efficiency of a system in harvesting 
energy and converting it into biomass. 

Materials and methods 

Organism 

The microalga used was an isolate labeled ALII-4 (CCAP no 
927/l 5 Oban, Scotland) selected from among 42 of a single strain 
of I. galbana in a phenotypic selection program performed in our 
laboratory to select an EPA-rich strain7 

Growth conditions 

Cultures were performed in a cylindrical (di = 0.17 m) 5-1 
computer-controlled fermentor (New Brunswick Scientific Bioflo 
III). The culture vessel and head plate were sterilized by autoclav- 
ing at 120°C for 60 min. The culture medium and sterilization 
processes are described by Molina Grima et ~1.’ 

To obtain high irradiances while maintaining perfect tempera- 
ture control, our group designed an illuminating device composed 
of 16 Osram Dulux EL (20 W) fluorescent lamps with a cylindrical 
reflector for high irradiance arranged around the culture vessel. 
Incident irradiance on the culture surface and center of the vessel 
was measured with a Biospherical Instruments Laboratory Quan- 
tum Scalar Irradiance Meter QSL-100 (San Diego, CA). The 
different incident irradiances, I,,, tested were achieved by varying 
the number of lamps on over the experiment. 

Dilution rate was fixed using a programmable peristaltic pump. 
The temperature was set at 20°C. The air supply was sterilized by 
filtration through 0.22 pm Milhpore filters at a rate of 1.5 I min- ’ 
with agitation at 1.50 rpm. Nutrient saturation was previously 
checked by supplying successively increasing nutrient concentra- 
tions of the culture medium during continuous growth and observ- 
ing no significant changes in the steady-state biomass concentra- 
tion when the nutrient concentration described by Molina et al.’ 
was doubled. pH was maintained constant at 8 by injecting pure 
CO, with the air supply. 

Analytical methods 

Biomass concentration was followed by measuring optical density 
of the culture at 530 nm8 to monitor the occurrence of a steady 
state and then checked by dry weight. Chlorophylls were measured 
according to the method of Hansmann.’ Carotenoid determination 
was as described by Whyte.” 

Background 

Quantum yield, qIr,, is defined in microalgal cultures as the amount 
of biomass generated by the unit of radiation (usually photon mole 
or Einstein) absorbed by the culture. Since it represents the ratio of 
biomass generation to absorbed photon flux, it can be calculated by 
the expression: 

Figure 1 Schematic drawing of unidirectional collimated light 
flux in a parallelepipedal vessel 

where P, stands for the volumetric biomass productivity and Fva, 
for the photon flux absorbed in the volume unit. This coefficient 
can be converted to energy units, commonly noted qk,, by taking 
into account the average energy of the light used (kJ E-l). 

The bioenergetic yield, 9, quantities the percent of light energy 
that is converted to chemical energy’ ’ and can be calculated as the 
product of T,, by the biomass combustion heat, Qi,. 

1I’ = *u-Q,, (2) 

Since P, in a steady-state continuous culture can be calculated 
as the product of biomass concentration, C,, and dilution rate, D, 
any of the growth yields defined by Eqs. (I) and (2) can be readily 
evaluated as long as the absorbed photon flux can be found. 

Absorbed photon flux 

Assessment of the photon flux absorbed is a question of major 
importance to be tackled prior to photosynthetic efficiency. This is 
a complicated question, especially when it must be evaluated in 
geometries other than flat parallelepipedal reactors. Many factors 
such as light scattering effects may lead to a misevaluation of the 
absorbed flux and in every case they need to be evaluated by direct 
measurement of the light leaving the reactor vessel.” 

In this sense, it must be pointed out that the light absorbed can 
be evaluated by integrating the local volumetric rate of energy 
absorption (LVREA)lh into the total reactor volume. This integral 
can be readily obtained, as shown later on, from the extinction 
coefficient of biomass, K,, and the average it-radiance, I,,. This 
latter parameter can be defined for any given geometry by: 

,:I ,=I 
4” = = (3) 

I= I 

where Vi represents a volume element in which the local irradi- 
ante, Iri, can be considered constant and V, stands for the total 
reactor volume. 

In the simple case of a parallelepipedal vessel evenly illumi- 
nated by a collimated beam, (Figure I), the average irradiance 
defined in Eq. (3) can be obtained as an analytical function. 

Since the attenuation of any given light ray traveling through 
the medium can be calculated by Lambert-Beer’s law, the irradi- 
ante in any inner point separated distance x from the wall is 
obtained as 

l,(x) = I,, * EXP( - x * C, . K,) (4) 

Thus, the average irradiance corresponding to the whole vessel 
volume is 
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j” I,(x) * dV joL I;EXP(-K&,x)*H*L*dx 

I,, = v = 
V H * L2 

=L.:‘. C ‘(1 -EXP[-L.K;C,]) 
P. b 

The same equation can also be worked out from the following 
photon flux balance: 

(Inc;;ng) = (Ab;?) + (OuF) 

If the total photon flux absorbed is noted as F,, and the surface 
crossed by light rays S and L denotes the vessel optical path, then 
the incoming flux is given by I, * S, the outgoing by S - I, - Exp 
[-K&L] and, thus, F, can be obtained as the following differ- 
ence: 

FT= S*I;(l - Exp[-K,C,L]) (7) 

The volumetric photon flux absorbed, F,,,,, can be readily 
obtained dividing Eq. (7) by the vessel volume (V = L * S): 

F,.i=;=;*(l -Exp[-K,C,L]) (8) 

The comparison of Eqs. (5) and (8) helps envision the connec- 
tion existing between I,,, the optical properties of the medium, K,, 
and the absorbed photon flux: 

F “01 
;.(l - EXP[-L.K;C,]) 

-= 
T 1 = K;C, (9) 
QY 

L.; c -(I - EXP[-L.K;C,]) 
a* b 

Thus, photon flux absorbed throughout the reactor volume may 
be obtained from I,,, both on a biomass unit basis or on a culture 
volume basis using the following equations: 

F,, = I,, - K, (10) 

F,,, = I,, - K, * Cb (11) 

The calculation of the photon flux absorbed by this procedure 
has several advantages. It is independent of the system geometry 
once I,, is known, and can thus be used in any type of reactor as 
long as I,, can be determinate by any means. Photon flux losses 
due to the reflection of light off the reactor walls that cannot be 
neglectedI are easily obviated by measuring the irradiance inside 
the culture, thus only the radiation that penetrates the vessel is 
taken into account for the determination of I,“. 

Basically, Eq. (10) agrees with the expression obtained by 
Cornet et al. I4 for the volumetric rate of energy absorbed using the 
integro-differential equation of radiative transfer in its integrated 
form. This assures that Eqs. (10) and (11) are valid for any 
geometry and whether scattering takes place or not as long as only 
the light absorption coefficient (Ea in Comet’s nomenclature) is 
used. 

On the other hand, the validity of Eqs. (10) and (11) for the 
cylindrical geometry can easily be proven by considering it as a 
collection of parallelepipeds of a differential thickness as shown in 
Figure 2. 

The average irradiance in any volume element can then be 
obtained by Eq. (5) since each parallelepiped has a different light 
path given by p as defined in Figure 2; thus, using the definition 
of I,, given in Eq. (3), this can be calculated remembering that the 
differential volume corresponding to each element is dV = H p dx. 
This can be integrated into: 

Photosynthetic efficiencies of microalgal: E. Molina Grima et al. 

Figure 2 Calculation of the average irradiance in a cylindrical 
system illuminated by unidirectional parallel flux considering 
the cylinder as a collection of differential parallelepipeds 

I,” = 
2 * I, 

R*K;C,*P 
- l- 

( f 

nl? 

Cos ($) 
0 

* EXP [ -2 - R - K, * C, * Cos (4)] - d+ 

i 

(12) 

which is also valid in the case of an evenly illuminated cylinder 
since this flux can be considered To be made up of n different 
beams arriving from different directions as shown in Figure 3. 

If the radiation arrives uniformly from all directions, the 
average irradiance every component produces is given by Eq. (5) 
resulting in I, Jn. Since the irradiance is an additive property [Eq. 
(3)], the total irradiance is n * I& = I,,; thus, Eq. (12) is also valid 
for any case of plane-parallel flux which is corroborated by the 
total agreement in the results that are obtained with Eq. (12) and by 
integrating the model for irradiance distribution in an evenly 
illuminated cylindrical vessel given by Evers” as proposed by 
Molina Grima et al.” which is: 

I,&, K,) = & 

R * 

II 
Exp{-K;C,-[r*Cos(+) 

0 0 

+ R2 - r’ Sin* ($)])rdr * d$ (13) 

where R represents the vessel radius and r and 4 are the integration 
variables. The coincidence of the two equations means that the 
same average irradiance is caused by a given incident photon flux 
regardless of the direction of distribution it comes from. 

Once a method for assessing I,, from the biomass concentra- 
tion, C,, extinction coefficient, K, and incident irradiance, I,, is set 
up, the photon flux for any situation can be easily calculated 
without direct measurement of the irradiance. 

Results 

Table I shows the results obtained in a nutrient-saturated 
continuous culture at each dilution rate and incident irradi- 
ante. Every pair of operating conditions (D, Z,) gave rise to 
a steady state, the occurrence of which was determined by 
monitoring the biomass concentration until it was found to 
be constant for at least 4 days. K, was then determined as a 
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n=n - n=l 

Figure 3 Hypothetical schematic drawing of a cylindrical sys- 
tem with diffuse flux by n beams 

function of total pigment as described by Molina Grima et 
al.” The average irradiance was calculated using Eq. (12) 
as a basis for the assessment of the absorbed photon flux. 

Table 1 Biomass generation results and the corresponding 
bioenergetic parameters calculated for the steady-state condi- 
tions obtained in each experiment 

(pE n$s-') (h", (g l-pph-l, (JLE gk') *(%I 

820 0.0025 
820 0.0049 
820 0.0121 
820 0.0181 
820 0.0181 
820 0.0211 
820 0.0231 
820 0.0241 
820 0.0291 
820 0.0381 

1620 0.0059 
1620 0.0124 
1620 0.0192 
1620 0.0237 
1620 0.0239 
1620 0.0241 
1620 0.0245 
1620 0.0307 
1620 0.0356 
1620 0.0406 

3270 0.0059 
3270 0.0121 
3270 0.0182 
3270 0.0231 
3270 0.0239 
3270 0.0235 
3270 0.0242 
3270 0.0306 
2050 0.0235 
2440 0.0234 
2440 0.0236 

0.0064 6.33 
0.0083 6.76 
0.0128 8.00 
0.0152 9.18 
0.0150 8.76 
0.0154 10.08 
0.0154 10.65 
0.0166 12.05 
0.0148 13.18 
0.0085 21.61 

0.0205 6.62 
0.0231 10.29 
0.0251 11.59 
0.0242 16.44 
0.0246 16.09 
0.0246 16.26 
0.0244 16.69 
0.0250 20.01 
0.0205 29.30 
0.0082 57.10 

0.0183 16.52 
0.0214 24.78 
0.0192 40.83 
0.0165 56.95 
0.0156 65.51 
0.0169 56.87 
0.0165 62.41 
0.0050 98.34 
0.0196 12.31 
0.0178 30.62 
0.0182 32.12 

3.25 
4.22 
6.53 
7.85 
8.22 
8.13 
8.32 
7.62 
8.22 
6.39 

4.81 
5.17 
6.53 
5.51 
5.67 
5.65 
5.58 
5.68 
4.43 
2.56 

1.93 
2.11 
1.77 
1.55 
1.39 
1.58 
1.48 
1.15 
2.07 
2.11 
2.05 

The specific growth rate, p, was determined from the 
dilution rate, D, by 

p=D+m (14) 

where m is the maintenance energy which is assumed to be 
a constant at m = 0.00385 h- ’ as determined by Molina 
Grima et al.’ for the same strain and culture system. As can 
be appreciated in Table 1, m is a small value but significant 
when compared to D especially in the experiments at low 
growth rate. 

Discussion 

The validity of the procedure proposed to assess the 
absorbed photon flux was checked using data published by 
Lee et all9 obtained in a flat parallelepipedal vessel 
operating as a turbidostat. In those experiments, the light 
absorbed is calculated as the difference between the incom- 
ing and outgoing photon flux and then tbe efficiency is 
obtained from the following expression: 

(15) 

where D is the dilution rate, u,, the carbon fraction of 
biomass, yb the degree of reduction, q, represents the 
energetic content equivalent of electrons of organic carbon 
(113 kJ eq-’ e-), I, the energy absorbed, A is the illumi- 
nated surface, V stands for the culture volume, and C, for 
biomass concentration. 

Since data for the extinction coefficient (K, = 0.18 m2 
g-‘) are provided in the work and the average irradiances 
are also calculated, it may be compared with the procedure 
proposed in Eq. (11). In Figure 4, the original efficiencies 
(‘I’) and the recalculated (‘I”) are compared with Eq. (11) 
using their own data for I,, and K,. As shown, both values 
turn out to be quite similar and the few discrepancies found 
can be attributed to the excessive simplification. Lee et a1.19 
calculate I,, using an arithmethic mean instead of the real 

0.400 T 
+20% 

0.300 -- 

0.200 -- 

0.100 -- 

Figure 4 Evaluation of the procedure for calculating absorbed 
photon flux using the data published by Lee etaI." (1987). The 
efficiencies (W displayed are as calculated by the author and 
calculated by Eqs. (3) and (4)from the authors own data on /., 
and Ka 
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Table 2 Combustion enthalpy of lsochrysis galbana ALll-4 from biochemical profile 

Substance Enthalpyb (kJ g-‘) 

Content (% p.s.) 

High enthalpy Low enthalpy 

Contribution to total enthalpy 
kJ g-‘) 

High enthalpy Low enthalpy 

Protein 17.5 15 25 2.62 4.36 
Lipids 38.7 35 12 13.54 4.64 
Glucids 16.6 45a 53” 7.48 8.81 
Ash 0 5 10 0 0 

Total 23.65 17.81 

‘Estimated by difference 
bLehninger2 

exponential profile. Furthermore, the influence of pigment 
content, which plays a major role in K,, is ignored.18 

Once Eq. (3) is accepted as a reliable procedure for 
assessing the absorbed photon flux, qE can be readily 
evaluated using Eq. (I), and 9 with Eq. (2) as long as a 
value for Q,, can be found. This can be estimated consid- 
ering the average biochemical profile of the biomass as 
described in Table 2; thus, 21.4 kJ g- ’ can be taken as a 
mean value for Qb which is in agreement with the 21.0 kJ 

g -’ used b 
7 

Aiba,6 the 22.2 kJ g-’ from Payne,*’ and the 
25.1 kJ g- proposed by Ogawa et al.*’ 

The combustion heat can also be deduced from the 
stochiometry of the biomass (C,H,O,N,) using the expres- 
sion of Lee et a1.19 

(uh ’ Yb ’ q,,)/12 = Qb 

where all the parameters but the degree of biomass reduc- 
tion (yb) are known. This can be calculated from the 
expression: 

yb = 4 + b - 2 a c - 3 - d[eq(e -)atgC-‘)I (16) 

Table 3 shows the results of applying Eqs. (6) and (7) to 
the data on biomass composition reported by several 
authors. 

From this data, a mean value of 20.8 kJ g- ’ can be drawn 
for Q+,, which is coherent with the 21.4 kJ g-’ proposed for 
I. galbana taking into account its biochemical profile. This 
was the value used to calculate the bioenergetic yield. 

Aiba6 reports the yield coefficients of a number of 
different strains and culture conditions. The efficiencies 
presented there are higher in most cases than those obtained 
in this work, which can again be attributed to the ideal 
conditions of low optical density and moderate irradiance 
under those which experiments were run. The low biomass 
concentration during the experiments seriously limits the 

technical interest of the data, since such diluted cultures are 
extremely inefficient in retaining light while cells in dense 
cultures are exposed to a very different light regime** and 
thus no extrapolations can be made. 

The limitations of the Z. gatbana biomass in metabolizing 
the light harvested are evident in Figure 5 where the 
quantum yield obtained is plotted against the specific 
photon flux absorbed (Fah, expressed on a biomass unit 
basis). A maximum qE of around 10 PE m-* s-’ can be 
seen for the two light-limited series performed at 820 and 
1,620 p,E - m-’ s-‘. 

This Figure is in agreement with the 10.56 JJ_E g-’ s-’ 
at 20°C supplied by Simmer et aZ.23 for the “biomass 
quantum capacity” which represents the highest photon flux 
a biomass unit can transform into new biomass. This is an 
important parameter for system design since it enables 
calculation of the minimum biomass concentration neces- 
sary to metabolize a given photon flux. 

Attention has also been given to the possible relationship 
between the specific growth rate and the quantum yield. In 
Figure 6, the influence of operation variables on system 
efficiency is shown by plotting ?‘E against the specific 
growth rate p, at the three irradiance levels tested. 

Figure 6 shows how the lower the incident irradiance is, 
the higher the photosynthetic efficiency results. This be- 
comes dramatically reduced in photoinhibiting conditions 
(3,270 p,E m-’ s-‘) at all the D tested. On the other hand, 
the experiments under light-limiting conditions show a wide 
plateau in the efficiency from which it can be deduced that 
growth rate (and hence D in a steady-state continuous 
culture) is not a critical variable for high efficiency. The 
experiments conducted at 820 PE m-* s-’ give rise to 
quantum yields that can be considered constant within the 
experimental error in a D range between 0.020 and 0.035 

Table 3 Estimation of combustion heat based on the elemental biomass composition 

Reference Stochiometry Cb Yb &, (kJ 9-l) 

Aibaz5 (S. platensis) 
0swatzz6 (Wastewater) 
Cornet et a/. l2 (S. platensis) 

C, hAL.Jo.~ 0.510 4.19 20.12 
CIH,.&UZN~.I~ 0.533 4.40 22.08 

C,%&4,.~~,h,, 0.510 4.22 20~26 
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F,, WE 9-l s-l) 

Figure 5 Quantum yield as a function of the specific absorbed 
photon flux for the three experimental series performed at 820; 
1,620; and 3,270 p,E mm2 s-’ 

hh’, thus, this value could be accepted as the maximum 
growth yield for 1. galbana AL-114: 

&=0619gE-‘=3.64.W3gkJ-’ 

Application to outdoor systems 

In a wide study comparing many different species, culture 
conditions and light sources, Aiba6 found W, to be inde- 
pendent of light composition, keeping its value within a 
narrow margin of under 3.5% variation. This suggests that 
comparison to other conditions is possible. 

One of the reasons for obtaining indoor growth coeffi- 
cients is their possible utility in assisting in technical 
outdoor system design, especially in finding the minimum 
biomass concentration necessary to make the most out of a 
given photon flux and the maximum productivities6 that 
should be expected from a given culture system, strain, and 
geographic position. 

0.80 

T 
0.60 

t /-+TEm-2s-’ 
5 1; ~+-(72s-, 

3270 pE m-2 s-1 
0.00 -I 

0 0.01 0.02 0.03 0.04 0.05 

Figure 6 Quantum yield as a function of the specific growth 
rate for the three experimental series performed at 820; 1,620; 
and 3,270 +E mm2 s-’ 

Molina Grima et aLz4 in an outdoor culture of I. galbana 
ALII-4 obtained a maximum productivity of 0.54 g l- ’ d- ’ 
with a daily mean photon flux of 96 E m-* dd’. Cultures 
were grown in a closed tubular photobioreactor with the 
following specifications: 

* D = O.O34h-’ 
* Biomass concentration in steady state, C, = 1.61 g 1-l 
* Reactor volume, V = 50 1 
* Dimensions; internal diameter ri = 2.6 cm; external 

diameter r, = 3.0 cm 
* Tube length, L, = 80.8 m 

For this experiment, the solar irradiance throughout the 
day was used to calculate an average (integrated over a day) 
value of qn. This was obtained assigning to each time of the 
day a value of *n estimated for D = 0.034 hh’ and 
interpolating for each instantaneous incident irradiance the 
laboratory data at 820; 1,620; and 3,270 pE me2 s-’ (at 
D = 0.034 h-‘. Tn resulted 0.603 g E-’ at 820 p,E m-* 

-I, 0.428 g E-’ at 1,620 pE m-’ s-’ and 0.087 g E-’ at 
5.2’70 at pE m-* s-l). For irradiances below 820 pE m-* 

s t a ?n of 0.603 g E-’ was used, and for irradiances 
above 3,270 pE m-* s-‘, qn was considered 0.087 g E-‘. 
This procedure rendered an integrated q, for the outdoor 
culture of 0.23 1 g E- ‘. The global photon flux incident on 
the cross section of the reactor tube was obtained as the 
product of the average daily photon flux (96 E m-* dd’) 
and the cross section of the surface of the reactor tubes (2.09 
m’) for a value of 200.6 E d- ’ . The maximum biomass 
productivity can then be readily evaluated by means of Eq. 
(1) resulting in 46.3 g dd’. 

The value obtained is somewhat higher, although still in 
agreement with the actual 27.0 g dd’ reported by Mohna 
Grima et ~1.;~~ nevertheless, this discrepancy may be due to 
the average growth yield qn obtained for outdoor condi- 
tions still being overestimated, since all the daytime values 
corresponding to incident irradiances over 3,270 pE m-* 

-’ were assigned the value measured at this irradiance 
FO.087 g E-‘) which was the highest experimental value 
used; thus, if data for a wider range of conditions obtained 
indoors were available, a more exact quantum yield ob- 
tained by this same procedure could be expected and, hence, 
enhance the capacity to predict values of maximum produc- 
tivity for a given system, strain, and incident irradiance 
conditions. 
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List of symbols 

A Area of illuminated surface (m*) 

C, Biomass concentration (g me3 or mg 1-l) 
D Dilution rate (hh’) 
F Photon flux (FE s-l) 

FatI Photon flux absorbed by the biomass unit 
(FE gg’ s-‘) 

FT Total absorbed photon flux (pE s-‘) 
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Photon flux absorbed in the volume unit 
@E rnp3 s-l) 
Absorbed light energy (Lee et ~1.‘~ notation) 
Average irradiance *inside a culture bulk 
(FE m-* s-‘) 
Incident irradiance &E m-* s- ‘) 
Local irradiance (pE m-* s-l) 
Extinction coefficient (g m-*) 
Light path (m) 
Tube length in the tubular reactor (m) 
Biomass productivity (g rnp3 hh’) 
Biomass combustion enthalpy (kJ g-l) 
Energetic content of an equivalent of electrons 
[ 113 kJ (eq. e-)-‘I 
Radius (m) 
External radius (m) 
Internal radius (m) 
Volume (mp3) 
Volume element (m”) 
Total volume (m”) 
Distance from the vessel surface to a inner point (m) 
Bioenergetic yield coefficient (%) 
Bioenergetic coefficient from Lee et ~1.‘~ recalcu- 
lated with Eq. (1) (%) 
Quantum yield (g E- ‘) 
Energetic yield (g kJ- ‘) 
Biomass reduction grade (eq.e- eq.C-‘) 
Carbon content of biomass (mass fraction) 
Specific growth rate (hh’) 
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