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One  of  the  main  problems  posed  by  the  growth  of  microalgae  is  to achieve  efficient  lighting  in  the  photo-
bioreactors  (PBRs).  Poor  distribution  of  light  within  the  culture  can  cause  that  real  productivity  achieved
in  large  scale  reactors  is  two  to three  orders  of magnitude  lower  than those  achievable  with  better  distri-
butions.  Physical  and  mathematical  modeling  is a  valuable  tool  for the  design  and  optimization  of  these
type  of bioprocesses.  In this  study,  kinetic  models  of the  growth  rate  of Scenedesmus  quadricauda  and  of
the production  rate  of  chlorophylls,  were  proposed.  These  models  consider  the  influence of  the  radiation
wavelength  composition  and of monochromatic  light  density  on microalgal  cultures.  The  parameters  of
the kinetic  model  were  regressed  from  experimental  data  by using  a main  computer  program  based  on  a

Genetic  Algorithm  (GA),  supported  by a home-built  subroutine  that  consists  on  a  Monte  Carlo  (MC)  sim-
ulator  for  predicting  the  values  of the  relevant  properties  of  the  radiation  field,  which  was  developed  in
previous  work.  With  the  proposed  kinetic  models,  it was possible  to achieve  the  correct  simulation  of  dif-
ferent microalgal  cultures  carried  out  in two  types  of  PBRs,  illuminated  with  light  of different  wavelength
composition  provided  by different  light  emitting  diodes  (LEDs)  arrangements.
. Introduction

Microalgae are photosynthetic organisms that have shown great
otential for the production of large variety metabolites of com-
ercial interest [1], as well as for the bioremediation liquid and

as effluents [2]. One of the main limitations to the growth of these
icroorganisms is the difficulty for the efficient supply of light to

ultures, causing that the productivity currently achieved in large
cale reactors are about two to three orders of magnitude lower
han expected [3].

Mathematical modeling is a valuable tool for the design, scal-
ng, simulation and optimization of bioprocesses, besides allowing
Please cite this article in press as: I. Niizawa, et al., Light wavelength di
Biochem. Eng. J. (2016), http://dx.doi.org/10.1016/j.bej.2016.09.006

he prediction of the reactor performance under different growth
onditions without the need to carry out actual experiments [4].
ifficulties associated with modeling the growth of microalgae, lie
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in the complexities of the interaction between radiation and the
metabolism of the cells, as well as in the physical aspects of the radi-
ant energy transfer throughout the reactors. It has been observed
that changes in the lighting conditions of the reactors affect the
production of biomass [5] and the synthesis of pigments [6].

A realistic model of the radiation field properties in microal-
gal suspensions should include the simultaneous occurrence of
absorption and scattering of radiation at any point in the culture
[7]. A differential balance of radiant energy including these phe-
nomena gives rise to the Radiation Energy Transfer Equation (RTE).
A physical model of the radiant energy field and its corresponding
mathematical problem are correctly posed when the boundary con-
ditions which must be fulfilled by the particular solution of the RTE,
are realistic descriptions of the phenomena occurring on the walls
of the vessel, and especially of the characteristics of the light source
[8–10]. Due to the inherent complexity of the problem, an ana-
lytic solution remains elusive, and simplifications of the physical
model are needed as far as its reliability is not seriously compro-
stribution effects on the growth rate of Scenedesmus quadricauda,

mised. Among such simplified models and approximate solution
methods, we find those based on the Lambert-Beer law [11], the
Two-fluxes approximation [12] and the Discrete Ordinate method
[13]. To get round the problems inherent to the resolution of the RTE

dx.doi.org/10.1016/j.bej.2016.09.006
dx.doi.org/10.1016/j.bej.2016.09.006
http://www.sciencedirect.com/science/journal/1369703X
http://www.elsevier.com/locate/bej
mailto:heinrichmiguel@hotmail.com
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e used an approach based on the MC  physical simulation of the
eld distribution of radiant energy in the PBR [14,10]. This method
mulates the radiant field by tracking photons, step by step, along
heir respective paths through a microalgal suspension. In each of
hese elementary steps, a probability is assigned to the event that
he photon is absorbed (i.e., removed from the radiation field), dis-
ersed (i.e. deflected from its previous direction of movement) or

ost through the reactor walls. Therefore, an important advantage of
he MC  method is that predicts the local value of properties of radi-
nt field in a culture of microalgae, considering the characteristics
f the light emitted by the light source and those of the suspension
f microalgae, making unnecessary the introduction of simplifi-
ations in order to obtain approximate solutions of the problem
ncluding the RTE and its boundary conditions.

Several authors have led studies to evaluate the efficiency of
ifferent intensities as well as of different wavelength compo-
itions of visible light on the growth of cultures of microalgae,
sing LEDs as radiation source [15–20]. Studies have shown that
lue radiation is capable to stimulate lipids accumulation and
rowth rate of Chlorella vulgaris [21]; promote accumulation of �-
arotene in Dunaliella salina [22] and augment the accumulation
f chlorophylls in Chlamydomonas reinhardtii [23]. Furthermore,

t has been reported that the use of red radiation allows higher
iomass production by increasing the tolerance to high radiation

ntensities in cultures of Dunaliella salina [22]; augment accumu-
ation of phycocyanin in cyanobacteria [24] and achieve greater
fficiency in the utilization of light for cell growth compared to day-
ight radiation profiles in cultures of Haematococcus pluvialis [25].
everal conclutions on radiation conditions affecting microalgal
rowth, metabolite synthesis, photosynthesis and morphogenesis
ave been reported in the literature. Different microalgal species
espond differently to light conditions possibly due to the presence
nd the activity of different kinds of photoreceptors [26]. These
hotoreceptors sense different light wavelengths and trigger spe-
ific protein structural changes through various mechanisms [27].

In this paper a biomass growth kinetics model for a strain
f Scenedesmus quadricauda is proposed and experimentally val-

dated. Growth conditions were such that the local volumetric
ate of photon absorption was the limiting factor of growth and
f chlorophyll production. A series of cultures were carried out

n PBRs irradiated with light of different wavelength composition
sing arrays made of blue, green, yellow and red LEDs, wich are
n emerging and economical technology compared to ordinary flu-
rescent lamps in microalgae growth because of its lower power
onsumption, longer life time, lower heat dissipation, smaller mass
nd volume, single wavelength, and high efficiency of electricity
onversión [28].
Please cite this article in press as: I. Niizawa, et al., Light wavelength di
Biochem. Eng. J. (2016), http://dx.doi.org/10.1016/j.bej.2016.09.006

First, the effect of radiation from each kind of LED on the
rowth of microalgae has been assessed in separate experiments.
hen, a series of cultures were irradiated with light of different
avelength composition, supplied by arrangements of LEDs. The

able 1
ype of LEDs and number of units in each array, with indication of the corresponding tota
f  the PBR.

Reactor Culture Number a

2L Reactor Blue 24 blue LE
Green 48 green L
Yellow 216 yellow
Red 48 red LED

3L  INFORS Reactor Full Spectrum 30 blue LE
60  red LED
54  green L
288 yellow
 PRESS
ring Journal xxx (2016) xxx–xxx

experimental results obtained, together with the implementation
of radiant energy field simulation model, previously developed by
our research group [10], were used to develop a computer program
based on the GA, for setting the parameters of the proposed growth
model. It is expected that the developed kinetic model can be used
as a tool for the design and simulation of different types of PBRs.

2. Materials and methods

2.1. Strain and culture maintenance

The freshwater species Scenedesmus quadricauda 276/21
(obtained from CCAP) was  grown in 250 ml  of BBM culture media
adjusted to pH 7, frequently used for the cultivation of freshwater
microalgae, in 500 ml  Erlenmeyer flasks. The media contain the fol-
lowing components: NaNO3 (2.94 mM);  NaCl (0.428 mM),  K2HPO4
(0.431 mM);  KH2PO4 (1.29 mM);  MgSO4·7H2O (0.304 mM);
CaCl2·2H2O (0.17 mM);  EDTA (0.171 mM);  KOH (0.553 mM); H3BO3
(0.185 mM);  MnCl2·4H2O (7.28 10−3 mM);  ZnSO4·7H2O (3.07
10−2 mM);  MoO3 (4.93 10−3 mM);  CuSO4·5H2O (6.29 10−3 mM);
Co(NO3)2·6H2O (1.68 10−3); FeSO4·7H2O (1.79 10−2 mM)  [29].
The cultures were continuously irradiated under 70 �mol photons
m−2 s−1 using fluorescent lamps at ambient temperature (between
25 and 30 ◦C) over two  weeks prior the experiments.

2.2. Microalgal cultures

During the course of this study, two different types of reactors
were used. The first experimental apparatus consists in a cylindrical
PBR of 2 liters maximum capacity and 137 mm diameter, made of
borosilicate glass (Fig. 1a). An air diffuser, consisting of a circular
slab of sintered glass was placed at the center on the PBR’s bottom.

The other reactor is a commercial bio-fermenter Infors of 3 liters
of maximum capacity and 140 mm diameter (Fig. 1b). An air diffuser
of stainless steel is placed at the center on the PBR’s bottom. Both
PBRs in the present paper used the same culture (BBM).

In both cases, the air flow rate was  set at 0.4 vvm, in order to
provide enough gas-liquid transfer area per unit volume as needed
to supply the medium with CO2, to remove the O2 produced by
oxygenic photosynthesis and to ensure the correct agitation of the
culture.

Cultures were irradiated with various lighting schemes using
different arrangements of strips of commercial LEDs. The wave-
length emission range of the different type of LEDs are: 420–490 nm
the Blue LED, 480–560 nm the Green LED, 550–640 nm the yellow
and 610–670 nm the Red LED. The range of wavelength emission
and the rate of photon emission of each type of LED were deter-
stribution effects on the growth rate of Scenedesmus quadricauda,

mined with an OCEAN OPTICS spectrophotometer (Table 1).
In order to study the influence of light wavelength on the

production of biomass and chlorophylls, four essays were inde-
pendently realized in the PBR of 2L (Fig. 1a) illuminated with

l rate of emission of photons and the total photon flux density on the external wall

nd type of LEDs Rate of emission
of photons (�mol
photons sec−1

LED−1)

Total photon flux
density (�mol
photons/L−1sec−1)

Ds 10.58 10−2 1.27
EDs 6.13 10−2 1.47

 LEDs 1.12 10−2 1.21
s 5.18 10−2 1.24
Ds 10.58 10−2 1.06
s 5.18 10−2 1.04
EDs 6.13 10−2 1.10

 LEDs 1.12 10−2 1.13

dx.doi.org/10.1016/j.bej.2016.09.006
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ig. 1. (a) Diagram of the 2 liters borosilicate glass PBR with a LEDs strip arrangem
pectrum cultures with a LEDs strip arrangement fastened on the external wall.

rrangements made of blue, green, yellow and red LEDs in differ-
nt numbers, keeping in all cases about the same total number of
hotons received by the PBR per unit of time (Table 1).

Moreover, a culture was carried out in the reactor INFORS (full
pectrum culture) using a radiation source that combines the four
ypes of LEDs used above (Fig. 1b). The number of LEDs used in
his case allows the PBR receiving higher radiation intensity, with a
imilar number of photons per unit time and volume than the blue,
reen, yellow and red cultures combined.

In all cases 50 ml  samples were taken daily during the time of
ultivation (10-14 days). Simultaneously, the culture was replen-
shed with the same volume of fresh medium.

The reactor was isolated from external radiation, and its temper-
ture was controlled between 25–28 ◦C during each experimental
un. Three different cultures were performed independently for
ach lighting condition. All three cultures yielded similar results
n terms of the concentration of biomass and chlorophylls content.

.3. Biomass analysis

The algal biomass concentration was followed during growth by
easuring the amount of total suspended solids; 30 ml  of the sam-

le were centrifuged at 5000 rpm over 10 min. Then the pellet was
nce washed with distilled water and was dried at 80 ◦C overnight.

.4. Chlorophylls analysis

The concentrations of chlorophylls a and b in microalgae sus-
ensions, were determined using the photo-colorimetric technique
roposed by Ritchie [30], using 100% ethanol for extraction. Chloro-
hylls concentrations were correlated with optical densities as

ollows:

Chlorophyll a (mg/L)

= (−5.2007 OD649 nm + 13.5275 OD665 nm)/optical path (1)
Please cite this article in press as: I. Niizawa, et al., Light wavelength di
Biochem. Eng. J. (2016), http://dx.doi.org/10.1016/j.bej.2016.09.006

Chlorophyll b (mg/L)

= (22.4327 OD649 nm − 7.0741 OD665 nm)/optical path (2)
astened on the external wall; (b) Diagram of the 3 liters Infors reactor used in full

2.5. Modeling of cell growth in cultures of microalgae irradiated
with light of different spectral composition

The physical and mathematical model of radiant energy field in
cultures of microalgae conducted in PBRs, as well as the supporting
algorithm used for its computational implementation were devel-
oped in previous work [10]. In that model, it is considered that
the spectral distribution of the local rate of absorption of photons
rabs
� (r, t)

[
�mol photons day−1L−1

]
at any position r

−
at the instant

t, is the property linking the radiant energy field and the produc-
tion rate of biomass and chlorophylls in microalgae. In particular,
the unstructured kinetic expression proposed by Aiba [31] to rep-
resent the local rate of growth of microorganisms, is chosen in this
work for the particular case of Scenedesmus quadricauda

rx,PAR(r, t) = �
�
rx,�(r, t) (3)

where rx,PAR (r, t)
[
mg biomass  L−1 day−1] is the local biomass

production rate corresponding to the photosynthetically active
radiation (PAR) at each point of the reactor r

−
at the instant t, and

rx,� (r, t)
[
mg biomass  L−1 day−1] is the local biomass production

rate corresponding to the spectral regions of emission of the differ-
ent LEDs used (i.e., blue, green, yellow and red) at each point of the
reactor r

−
at the instant t, defined as:

rx,� (r, t) = �x
�
rabs
� (r, t)

x(t) + Kx1,� r
abs
�

(r, t)Kx2,� r
abs
� (r, t)2

x(t) (4)

In Eq. (4) x(t)[mg L−1] is the concentration of microalgae at the
instant t, �x

�
, Kx1,� and Kx2,� are kinetic constants correspond-

ing to the spectral regions of emission of the different LEDs and
rabs
� (r, t)

[
�mol photons L−1 day−1] is the local rate of absorption
stribution effects on the growth rate of Scenedesmus quadricauda,

of photons corresponding to the spectral regions of emission of the
different LEDs at any position r

−
at the instant t. It can be seen that

the model allows for saturation and cell growth inhibition depend-
ing on the culture irradiation conditions [32].

dx.doi.org/10.1016/j.bej.2016.09.006
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ig. 2. Time evolution of the concentration of biomass (a) and of total chlorophylls 

ame  color: red, yellow, green or blue.

The local rate of chlorophylls production,
chl,PAR (r, t)

[
chlorophyll mg  L−1 day−1], corresponding to the

AR at each point of the reactor r
−

at the instant t, is assumed to be

he result of adding the individual monochromatic rates

chl,PAR (r, t) = �
�

rchl,� (r, t) (5)

urthermore, the monochromatic rates of production of chloro-
hylls were modeled as functions which increase with the
orresponding monochromatic local rate of photon absorption,
rogressively showing saturation for larger values of the rate of
hoton absorption

chl,� (r, t) = �chl
�
rabs
� (r, t)

cchl (t) + Kchl1,� r
abs
� (r, t)

x(t) (6)

n Eq. (6) �ch
�

and �chl
�

are constants corresponding to the
pectral regions of emission of the different LEDs used;
abs
� (r, t)

[
�mol photons day−1L−1

]
is the local rate of absorption

f photons at each point in the reactor at the instant x(t) [mg L−1]
s the concentration of microalgae at the instant cchl [mg  L−1] is the
otal concentration of chlorophylls in the microalgal suspension at
he instant t, and rchl,� (r, t)

[
chlorophyll mg  L−1 day−1], is the local

ate of chlorophylls production corresponding to each of the spec-
ral regions of emission of the different LEDs used, at each point in
he reactor at the instant t.

It was observed that photons belonging to different regions of
he visible spectrum used in this work show different efficiencies
or the chlorophylls production.

The parameters of the kinetic model which is shown in Eq. (4)
nd Eq. (6) were regressed from experimental data by using a main
omputer program based on a GA [33], supported by a home-built
Please cite this article in press as: I. Niizawa, et al., Light wavelength di
Biochem. Eng. J. (2016), http://dx.doi.org/10.1016/j.bej.2016.09.006

ubroutine that consists on a MC  simulator for predicting the values
f the relevant properties of the radiation field [10].

For the validation of the proposed model, predicted values of
he production of biomass and chlorophyll will be compared with

able 2
verage rate of biomass and chlorophylls production under the different lighting conditio

Reactor Culture �x/�t  [mg
biomass/L−

day−1]

2L Reactor Blue 34.38 

Green 15.98 

Yellow 23.79 

Red 21.51 

3L Infors Reactor Full Spectrum 94.82 
cultures of Scenedesmus quadricauda illuminated with arrangements of LEDs of the

experimental data obtained from cultures grown under radiation
of different wavelength compositions.

3. Results and discussion

3.1. Microalgal cultures under different radiation composition

Fig. 2 shows the time evolution of the concentration of biomass
(a) and that of total chlorophylls (b) in the cultures irradiated with
one of the four types of LEDs each time.

The concentrations of biomass and of total chlorophylls, in all
cases increase with time in a practically linear way  throughout
the period of study. The average rate of biomass and chlorophylls
production under different lighting conditions are shown in Table 2.

The average rate of biomass production (�x/�t) in the Blue cul-
ture was greater than in the others. Cultures receiving yellow and
red radiation showed growth profiles similar to each other. The
emission profile of green LEDs largely coincides with the “green
window” of the visible radiation spectrum [34], explaining the low-
est �x/�t  value observed in culture 2.

Moreover, the values of the average rate of chlorophylls produc-
tion (�cch/�t) achieved in the green, yellow and red cultures are
very similar to each other; while in the PBR irradiated with blue
LEDs a greater value of �cch/�t is attained.

Analyzing the production values of chlorophylls per unit
biomass (�cch/�x), it is noted that of Blue culture is markedly
greater than the others; although the Green culture achieves a
�cch/�x value greater than those in the Yellow and Red culture.

Full spectrum culture was irradiated with the 4 types of LEDs,
and received almost four times the radiation flux density of each
previous cultures (Table 1). The biomass and total chlorophylls con-
stribution effects on the growth rate of Scenedesmus quadricauda,

centrations attained are far greater than those of the previous cases
(Fig. 3).

According to results shown in Table 2, the average rate of
biomass production in Full Spectrum culture is proportional to the

ns.

 of
1

�cch/�t [mg  of
chlorophyll/L−1

day−1]

�cch/�x [mg  of
chlorophyll/mg
of biomass−1]

1.09 3.17 10−2

0.29 1.81 10−2

0.30 1.26 10−2

0.23 1.07 10−2

2.70 2.85 10−2

dx.doi.org/10.1016/j.bej.2016.09.006
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Fig. 3. Evolution over time of biomass (a) and total chlorophylls (b) concen

rowth rates observed in previous cultures. Furthermore, the value
f �cch/�x reached, is very similar to that of blue culture.

The use of different radiation profiles for microalgae cultiva-
ion generates changes on cell growth. Blue radiation promotes
he increase of chlorophylls concentration in microalgae cells,
hich are reordered so that to increase their presence in the

ight-harvesting complex and reaction centers augmenting the size
f the photo-system II (PSII) [35]. The adaptation of microalgae
o the prevailing light condition implies the action of photore-
eptors which modulate these effects. Microalgae have different
hotoreceptors acting on the blue visible radiation spectrum region
cryptochromes). It is reported that the genus Scenedesmus has this
ype of photoreceptor and that they act by stimulating the synthe-
is of chlorophylls according to the radiation intensity and profile
eceived [26].

Photoreceptors have evolved to increase the quantum yield for
roducing a signal and to minimize the non-productive deactiva-
ion process. This means that the activation of the chromophore

ust be efficient, specific, and very fast [36]. Thus even when a
mall fraction of green LED emission profile correspond to the blue
egion of the visible spectrum or when different LEDs are com-
ined with the blue LEDs (full spectrum culture), the absorption
f these photons would be sufficient to achieve activation of the
hotoreceptor and induce greater accumulation of chlorophylls.

The differences observed in the microalgae culture develop-
ent under different lighting profiles, exhibit the importance of

nalyzing the effect of the different radiation spectrum regions on
icroalgal growth.
Please cite this article in press as: I. Niizawa, et al., Light wavelength di
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able 3
inetic model for biomass and chlorophyll production of Scenedesmus quadricauda: best fi

Growth kinetic model for Scenedesmus quadricauda: best fit parameters

�x
Blue

[
biomass mg
�mol photons

]
9.88 10−4

�x
Green

[
biomass mg
�mol photons

]
1.56 10−3

�x
Yellow

[
biomass mg
�mol photons

]
1.49 10−3

�x
Red

[
biomass mg
�mol photons

]
6.33 10−4

Kx
1,Blue

[
biomass mg day
�mol photons

]
6.72 10−6

Kx1,Green

[
biomass mg day
�mol photons

]
2.10 10−4

�chl
Blue

[
chlorophyll mg2

�mol photons biomass mg

]
4.13 10−7

�chl
Green

[
chlorophyll mg2

�mol photons biomass mg

]
2.20 10−6

�chl
Yellow

[
chlorophyll mg2

�mol photons biomass mg

]
2.76 10−6

�chl
Red

[
chlorophyll mg2

�mol photons biomass mg

]
8.76 10−8
ns in Scenedesmus quadricauda cultures combining the four types of LEDs.

3.2. Microalgae growth modeling in PBRs illuminated with light
comprising various wavelengths

The parameters of the kinetic model which is shown in Eq. (4)
and Eq. (6) were regressed from experimental data by using a main
computer program based on a GA, supported by a home-built sub-
routine that consists on a MC  simulator for predicting the values of
the relevant properties of the radiation field, which correspond to
the current values of the parameters. The “best” set of parameters

is that which minimizes the target function
√(

xexp (t) − xprog (t)
)2

(where xexp (t) is the experimental biomass concentration at the
instant t and xprog (t) is the predicted biomass concentration at
the instant t, by the program developed), which measures the
discrepancy between experimental and predicted values of the
time-dependent concentration of biomass and that of chlorophylls.
The “best” set of constants found is reported in Table 3.

Simulated and experimental results of biomass and chlorophylls
production under different conditions of illumination are shown in
Figs. 4–6.

In Table 4 are shown the corresponding R2 values for the cor-
relations between the experimental and the simulated values of
biomass and chlorophyll concentration on each culture.

It can be observed a good agreement between model predictions
and experimental data, both in cultures using a single type of LED
as in that combining all of them, thus showing the wide range of
situations covered by the growth kinetic model proposed.
stribution effects on the growth rate of Scenedesmus quadricauda,

t parameters.

Kx
1,Yellow

[
biomass mg day
�mol photons

]
6.61 10−6

Kx
1,Red

[
biomass mg day
�mol photons

]
4.19 10−5

Kx
2,Blue

[
biomass mg2 day2

�mol photons2

]
4.23 10−8

Kx2,Green

[
biomass mg2 day2

�mol photons2

]
1.67 10−7

Kx
2,Yellow

[
biomass mg2 day2

�mol photons2

]
8.06 10−8

Kx
2,Red

[
biomass mg2 day2

�mol photons2

]
4.24 10−8

Kchl
Blue

[
chlorophyll mg day
�mol photons

]
1.02 10−5

Kchl
Green

[
chlorophyll mg day
�mol photons

]
7.42 10−4

Kchl
Yellow

[
chlorophyll mg day
�mol photons

]
1.19 10−4

Kchl
Red

[
chlorophyll mg day
�mol photons

]
1.57 10−5
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Fig. 4. Validation of the kinetic model for biomass production. Concentration over time in cultures of Scenedesmus quadricauda lighted with arrangements of LEDs of same
color:  (a) blue LEDs; (b) green LEDs; (c) yellow LEDs; (d) red LEDs. The blue diamond represents experimental data while red lines represent the corresponding predicted
values.

Fig. 5. Validation of the kinetic model for chlorophylls production. Chlorophylls concentration over time in cultures of Scenedesmus quadricauda lighted with arrangements of
LEDs  of same color: (a) blue LEDs; (b) green LEDs; (c) yellow LEDs; (d) red LEDs. The blue diamond represents experimental data while red lines represent the corresponding
predicted values.

Fig. 6. Validation of the kinetic models for biomass and chlorophylls production in Scenedesmus quadricauda cultures lighted by a combination of the four types of LEDs:
Evolution over time of biomass (a) and total chlorophylls (b) concentrations. The blue diamond represents experimental data while red lines represent the corresponding
predicted values.

Table 4
Corresponding R2 values for the correlation between the experimental and the simulated values of biomass and chlorophyll production on each culture.

Reactor Culture R2 for biomass production R2 for chlorophyll production

2L Reactor Blue 0.994 0.995
Green 0.975 0.898

3
a
s

r
s
o
fi

Yellow 

Red  

3L  Infors Reactor Full Spectrum 

.3. Analysis of the spatial distribution of the local rate of photon
bsorption and of the local biomass production rate in the full
pectrum culture

The monochromatic local rate of absorption of photons,
Please cite this article in press as: I. Niizawa, et al., Light wavelength di
Biochem. Eng. J. (2016), http://dx.doi.org/10.1016/j.bej.2016.09.006

abs
� (r, t), was predicted at every point in the culture using the
imulation program based on a Monte Carlo algorithm previ-
usly developed [10]. These results together with the set of “best
t” kinetic parameters obtained as described earlier in this work
0.929 0.954
0.948 0.962
0.993 0.992

enabled us to predict the monochromatic local rate of growth of
biomass (Eq. (4)), as well as the monochromatic local rate of chloro-
phylls production rchl,� (r, t) (Eq. (6)). This was  done for different
configurations of the light source, and in the figures that follow,
are shown as contour curves for different biomass concentrations
stribution effects on the growth rate of Scenedesmus quadricauda,

which are attained by the culture as it evolves in time.
In the contour graphs of Fig. 7 the local values of rabsPAR (r, t) and

rx,PAR (r, t) are shown for different biomass concentrations reached
by the full spectrum culture during its evolution in time.

dx.doi.org/10.1016/j.bej.2016.09.006
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Fig. 7. Distribution profiles of rabs
PAR (r, t)

[
�mol photons day−1L−1

]
and rx,PAR (r, t)

[
mg biomass L−1 day−1

]
in the 3L Infors reactor at different stages of Full spectrum culture.

(a)  rAbs
PAR (r, t) (200 mg biomass/L); (b) rAbs

PAR (r, t) (1200 mg  biomass/L); (d) rx,PAR (r, t) (200 mg biomass/L); (e) rx,PAR (r, t) (1200 mg biomass/L).

Fig. 8. Distribution profiles of rabs
�

(r, t)
[
�mol photons day−1L−1

]
and rx,� (r, t)

[
mg biomass  L−1 day−1

]
in full spectrum culture inside the 3L Infors reactor at 200 mg

biomass/L. (a) rAbs
Blue

(r, t); (b) rAbs
Green (r, t); (c) rAbs

Yellow
(r, t); (d) rAbs

Red
(r, t); (e) rx,Blue (r, t); (f) rx,Green (r, t); (g) rx,Yellow (r, t); (h) rx,Red (r, t).

dx.doi.org/10.1016/j.bej.2016.09.006
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ig. 9. Distribution profiles of rabs
�

(r, t)
[
�mol photons day−1L−1

]
and rx,� (r, t)

[
m

iomass/L. (a) rAbs
Blue

(r, t); (b) rAbs
Green (r, t); (c) rAbs

Yellow
(r, t); (d) rAbs

Red
(r, t); (e) rx,Blue (r, t); (

In order to analyze the individual effect of different of visible
adiation spectrum regions on microalgal growth; in Figs. 8 and 9
re displayed the distribution of rabs

� (r, t) and rx,� (r, t) in the 3L
nfors reactor (Fig. 1b) at two different stages of the culture, inde-
endently analyzing the effect of radiation profile of each type of
ED.

Figs. 8 and 9(a)–(d), show that the rate of photon absorption
n cultures lighted with blue or red LEDs is more stratified than in
ultures illuminated by green and yellow LEDs. Thus, in the two
ormer cases, the regions closer to the reactor core become darker

ith increasing concentrations of biomass and chlorophylls, more
apidly than in the latter two situations. As the biomass grows,
he more distant regions of the LEDs location will be exposed to a
adiation profile enriched in those photons with lower absorption
robability (i.e., green and yellow photons).

Figs. 8 and 9(e)–(h) show the effect of the spatial distribution of
he rate of photon absorption on the rate of biomass production for
ifferent regions of the visible radiation spectrum received by the
ulture.

When the biomass concentration is low (Fig. 8), in all cases the
x,� (r, t) profiles follow a pattern quite similar to that of the rate
f photon absorption for the same concentration. However, as the
ell density of the culture increases (Fig. 9), the values of rabs

� (r, t)
ncreases almost exponentially near the radiation source, while the
alues of rx,� (r, t) decrease in the in these regions, causing a reduc-
ion in the biomass production efficiency per photon absorbed. At
he same time, the regions of the reactor distant from the LEDs loca-
ion, present a strong decrease of the biomass production rate, but
n this case this is due to the marked decrease of the rate of photon
bsorption in these regions.

Thus, analyzing the rx,� (r, t) profiles in Figs. 8 and 9(e)–(h), and
he rabs

� (r, t) profiles of the different visible radiation spectrum
egions considered Figs. 8 and 9(a)–(d), it is possible to conclude
hat as cell density increases, the usage of radiation with higher
bsorption probability (blue and red light) become increasingly
nefficient due to a “sieve” effect [34] which causes that these pho-
Please cite this article in press as: I. Niizawa, et al., Light wavelength di
Biochem. Eng. J. (2016), http://dx.doi.org/10.1016/j.bej.2016.09.006

ons be absorbed almost completely within a small distance into
he culture, while photons with a low absorption probability (green
nd yellow light) can travel distances large enough to cause light
o be concentrated at the core of the reactor and sustain the cell
mass L−1 day−1
]

in full spectrum culture inside the 3L Infors reactor at 1200 mg

een (r, t); (g) rx,Yellow (r, t); (h) rx,Red (r, t).

growth in areas that can not be reached by the former. Moreover,
photons with lower absorption coefficients have higher values of
the scattering coefficient [37], so the increment of cell density, will
increase the probability of these photons to impact cells and be
absorbed (“detour” effect) by increasing the probability of scatter-
ing events [34]. These effects would cause that photons with low
absorption rates, would be more important in microalgae cultures
when high cell densities are reached.

4. Conclusions

In this study the effect of different radiation profiles over
microalgal growth was  analized.

Scenedesmus quadricauda respond differently to lighting condi-
tions. Blue radiation profiles promote the increase of chlorophyll
concentration in microalgal cells (possibly due to the presence and
the activity of a blue light photoreceptor), and a greater biomass
production because of the higher absorption coefficients of the blue
photons. However, green radiation profiles become more efficient
for biomass production in dense microalgal cultures due to the
occurrence of “detour” and “sieve” effects.

Kinetic models for growth rate of Scenedesmus quadricauda and
for the production rate of chlorophylls were proposed. With the
proposed kinetic model, it was  possible to achieve the correct sim-
ulation of different microalgal cultures carried out in two  types of
PBRs, illuminated with diverse radiation profiles provided by differ-
ent LEDs arrangements. The results obtained allowed the analysis of
the rate of biomass production at each point of the reactor depend-
ing on the cell concentration and local radiation properties.

The growth kinetic model obtained along with the radiant field
distribution analysis using the physical/mathematical model based
on MC  method previously developed, proved to be suitable for
the simulation of Scenedesmus quadricauda cultures under different
radiation conditions, being a useful tool for design and optimization
of PBRs for the cultivation of microalgae.
stribution effects on the growth rate of Scenedesmus quadricauda,
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