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Knowing  the  distribution  of  the  density  of radiant  energy  within  a photo-bio-reactor  and  its impact
on  the growth  of microalgae  through  the  local  rate  of absorption  of radiant  energy  is  essential  for  the
analysis,  modeling  and  design  of photo-bio-reactors.  In this  work  we develop  a  physical  model  and
a  computer  simulation  algorithm,  in  order  to accurately  predict  the  rate  of absorption  of  photons  in
microalgal  cultures  at each  point  of  a  reactor  irradiated  with  a light  source  made  of  different  arrangements
of  LEDs  emitting  in  blue  and red spectral  regions.  Results  showed  that  the  average  absorption  rates  in the
culture  irradiated  with  blue LEDs  were  higher  than  that  irradiated  with  red LEDs.  However,  the  radiation
odeling
ioreactors
ight Emitting Diode
onte Carlo

cale Up

emitted  by  red LEDs  rendered  greater  energy  efficiency  for  biomass  production  compared  to  that  emitted
by blue  LEDs.  The  development  of a computational  model  based  on  a Monte  Carlo  method  allowed  the
determination  of  the  local  volumetric  rate  of photon  absorption  at each  point  inside  the  PBR  at different
culture  times.  The  information  obtained  with  this  tool  allowed  a  detailed  assessment  of  the  effect  of
different  radiation  conditions  on growth  of  microalgae,  regardless  of the  PBR  and  the light  source  used.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Research on microalgae has grown significantly over the past
ew decades, due to their multiple uses and applications [1].

icroalgae are photosynthetic microorganisms, which in addition
o their need of light, have simple nutritional requirements (CO2, N,
, K and other micronutrients such as Fe, Mo,  etc.). Microalgae can
roduce large amounts of metabolites in relatively short periods
f time [2]. In their cellular structure, they have a large amount
f metabolites that have attracted the attention of numerous
ompanies and research groups. Among the metabolites of interest

nd the different uses of microalgae, we can mention the pro-
uction of lipids for biofuels of the second generation (biodiesel)
3]; extraction of carotene and other pigments to be used in the

∗ Corresponding author at: Group of Innovation on Bio-processes Engineering,
nstitute for the Technological Development of the Chemical Industry (INTEC),
ational Council of Scientific and Technological Research (CONICET) and University
f  Litoral (UNL), Santa Fe, Argentina. Tel.: +54 342 4575215x172.

E-mail address: hirazo@santafe-conicet.gov.ar (H.A. Irazoqui).

ttp://dx.doi.org/10.1016/j.bej.2014.05.002
369-703X/© 2014 Elsevier B.V. All rights reserved.
pharmaceutical and food industry [4–6], biomass of microalgae
as food [7,8] (both for humans as for animals), remediation of
gaseous effluents (sequestering of CO2 emitted by factories or
thermal power plants) and of liquid effluents [9], bio-hydrogen
production [10], metabolites of microalgae would be feasible for
use in therapies against certain diseases [11]; etc.

While the cultivation of microalgae requires simple nutrients
(basically they need aqueous solutions of salts, in addition to light),
different growing conditions determine different rates of growth,
as well as different cell compositions. For example, the use of cul-
ture media with different concentrations and sources of nitrogen
lead to changes in both the concentration and the profiles of lipids
[12]; changes in temperature can affect the rate of growth and the
protein content, as well as that of other metabolites [13]; changes
in light intensities and the light/dark cycles, have a great influence
upon the growth outcomes [14,15]; etc.

Design and construction of a photo-bio-reactor (PBR) for pro-

duction purposes is a key step in studying growth of microalgae
at minor scales (i.e. at bench or laboratory scale and at pilot plant
scale). The scaling of a PBR must take into account the influence
of the main factors affecting the growth of the microorganism and

dx.doi.org/10.1016/j.bej.2014.05.002
http://www.sciencedirect.com/science/journal/1369703X
http://www.elsevier.com/locate/bej
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bej.2014.05.002&domain=pdf
mailto:hirazo@santafe-conicet.gov.ar
dx.doi.org/10.1016/j.bej.2014.05.002
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he final product that is sought. The data collected from the experi-
ents in the laboratory and in the pilot plant must be analyzed and

sed to ensure proper scaling-up of the reactor.
When an intrinsic model of the rate of growth of microalgae is

roposed and then verified in an experimental PBR, it is important
o take the light into account as a key aspect, since this is the most
mportant factor affecting the photosynthesis carried out by algae.
n general the rate of growth of cultures is limited by the availability
f light due to absorption by the culture and dispersion of light
y suspended algae. Therefore, knowledge of the distribution of
he density of radiant energy within the PBR and its impact on the
rowth of microalgae through the local rate of absorption of radiant
nergy is essential for the analysis, modeling and design of a PBR
16].

Light-emitting diodes (LEDs) can be used as artificial light
ources in laboratory scale PBRs [17–19]. They have many advan-
ages over other sources of light such as incandescent lamps and
uorescent tubes. These advantages include their small size; their
bility to emit in a narrow range of wavelengths; low dissipation
f energy as heat; the possibility to adjust the intensity and the
avelength of the emitted light; as well as high efficiency of pho-

oelectric conversion and longer average lifespan [20]. The ability to
mit radiation of specific wavelengths make LEDs an ideal tool for
arrying out studies on the influence of light quality on microalgae
ultures.

The aim of this work is the development of a physical model and
 computer simulation algorithm, in order to accurately predict the
ate of absorption of photons at each point of a PBR irradiated with
ight sources made of different arrangements of LEDs emitting in
ifferent spectral regions. This configuration allows modification of
he emission spectrum by changing the fraction of LEDs that emit at
ifferent wavelengths. To validate the simulation programs devel-
ped, the predicted values were compared to experimental data.
alidated programs are a useful tool for the design and optimiza-

ion of PBR’s, and for studying the influence of light availability and
pectral quality on the growth of algae.

. Materials and methods

.1. Strain and culture maintenance

The freshwater species Scenedesmus quadricauda 276/21
obtained from CCAP) was grown in 250 ml  of BBM culture media
21], frequently used for the cultivation of freshwater microalgae,
n 500 ml  Erlenmeyer flasks. The cultures were irradiated with flu-
rescent lamps two weeks prior to use in the PBR experiments.

.2. Microalgal cultures

A cylindrical PBR of 2 L maximum capacity and 137 cm of diam-
ter was made from borosilicate glass. An air diffuser, consisting of

 circular slab made of sintered glass was placed at the center on
he PBR’s bottom. The bubbles from the diffuser served to mix  and
erate the algal suspension. The gas flow is controlled in order to
nsure enough gas–liquid transfer area per unit volume as needed

o supply the medium with CO2, to remove the O2 produced by
xygenic photosynthesis and to ensure the correct agitation of the
edium. The temperature was controlled in the range between 25

nd 28 ◦ C using a thermostatic bath.

able 1
ype of LEDs, the number of units in each array with the corresponding total rate of emis

Culture Number and type of LEDs Total rate of emission of photons (�m

1 48 blue LEDs 2.126 × 105

2  72 red LEDs 1.867 × 105
ing Journal 90 (2014) 214–223 215

Scenedesmus quadricauda was cultured under different lighting
conditions by arranging the LEDs in two different ways in order
to assess the effect of the radiation source configuration on the
microalgal growth. In the first case, two strips of 24 blue LEDs
formed circles around the external wall of the PBR. In the second
case, three circles of 24 red LEDs each were fastened to the external
wall of the PBR as above. These arrangements are sketched in Fig. 1.
Each culture was  irradiated with approximately the same number
of photons per unit time (Table 1), in order to compare the effects
of light quality. The number of photons emitted by the LED arrays
was selected so that cultures receive low light intensities.

In both cases 50 ml  samples were taken daily during the time of
cultivation. Simultaneously, the culture was  replenished with the
same volume of fresh medium.

Three different cultures were performed independently for
each lighting condition (supplementary material section). All three
cultures yielded similar results in terms of the concentration of
biomass and chlorophyll content.

2.3. Biomass analysis

The algal biomass concentration was  followed during growth
by measuring the optical density of aliquots of the culture at the
540 nm wavelength (OD540) [22] in a UV–Visible Cary 100 spec-
trophotometer. At 540 nm there is some absorption of photons by
the microalgal suspensions (Fig. 6), however this spectral region is
far from the maximum absorption of chlorophylls (about 470 and
680 nm), which makes the measurement less sensitive to possible
changes in the chlorophyll content.

The amount of total suspended solids (TSS) [23] was determined
for suspensions of different algal concentrations, and the results
were correlated linearly with the corresponding values of OD540.

2.4. Chlorophyll analysis

The concentrations of chlorophylls a and b, were determined
using the photo-colorimetric technique proposed by Ritchie [24],
using 100% ethanol for extraction. The chlorophylls concentrations
were correlated with optical densities as follows:

Chlorophyll a (mg/L) = (−5.2007 OD649 nm

+ 13.5275 OD665 nm)/optical path (1)

Chlorophyll b (mg/L) = (22.4327 OD649 nm

− 7.0741 OD665 nm)/optical path (2)

3. Physical and mathematical modeling of the radiant field
in the algal suspension

In this study, a stochastic algorithm based on the Monte Carlo
method is devised for the simulation of the radiation field in
algal suspensions and to predict the local spectral rate of absorp-

tion of photons. The algal suspension is modeled as a continuum,
where the particles have lost their identity, and have been replaced
either by centers of absorption or scattering, randomly distributed
throughout the suspension.

sion of photons and the total photon flux density on the external wall of the PBR.

ol  photons day−1) Total photon flux density (�mol photons m−2 sec−1)

38.17
33.52
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Fig. 1. Photo-bio-reactors with different LED arrangements: (a) cultu

The spectral density of photons which move in a direction ˆ̋

hrough every position r within the PBR, n�(r, ˆ̋ , t), is the basic
roperty to be used for the Monte Carlo simulation of the radiant
eld in a PBR. In this regard, it plays a role equivalent to that of the

ntensity of the energy beam of wavelength �, which is propagating
n the direction ˆ̋

 through the position r (L�(r, ˆ̋ , t)), and these
roperties are related to one another as follows

�(r, ˆ̋ , t) = hc2

�
n�(r, ˆ̋ , t) (3)

The unit vector ˆ̋ (�, ϕ) is the direction of motion of a photon,
efined by the polar angle � and the azimuthal angle ϕ:

ˆ (�, �) = (1 − cos2 �)
1/2

(sin �ê1 + cos �ê2) + cos �ê3 (4)

The spectral density of photons which pass through each posi-
ion r, irrespective of the direction of their motion ˆ̋ , is

�(r, t) =
∫

ˆ̋
d ˆ̋ n�(r, ˆ̋ , t) =

∫ 2�

0

d�

∫ 1

−1

d�n�(r, �, �, t) (5)

If n�(r, t) is known, the local volumetric rate of photon absorp-
ion can be readily obtained [25]:

abs
� (r, t) = c ˛�(t)n�(r, t) (6)

here c is the speed of light and ˛� is the spectral absorption coef-
cient regressed from experimental data in previous work [26].

Knowing rabs
�

(r, t) at every location in the culturing medium is
ey to our understanding of the relative importance of different
actors affecting light absorption by microalgae for a given reac-
or setup, and to compare the performance of different reactor
onfigurations operating under different conditions, regarding this
rocess.

Under good agitation conditions, the cells go from lighted zones
o dark zones (and vice versa) many times before cellular replica-
ion occurs; therefore, it is reasonable to assume that the kinetics
f cell growth is driven by an average rate of photon absorption.

In order to predict the local rate of absorption of photons at every
osition in the microalgal suspension, the radiant field model must
onsider the emission characteristics of the source of light and the
ptical properties of the microalgal culture.

In this work, the Monte Carlo method was employed to simulate
he radiation field in a PBR. A schematic of the method is shown in
ig. 2.

The procedure starts with the simulation of the emission of one
hoton at a time, from the surface of a LED among those arranged
s described in Section 2.2. The emission of light by each LED is

uperficial and isotropic (i.e., the intensity of light is independent
f the direction of emission from any point on the surface of a LED).
or Monte Carlo simulation purposes, it was assumed that the total
ate of emission of photons from all LEDs of one type is proportional
radiated with 48 blue LEDs; (b) culture 2 irradiated with 72 red LEDs.

to the rate of emission of photons from a single LED of the same type
(see Table 1).

The Monte Carlo simulation of the radiant field starts by assign-
ing a direction to every photon at the moment of its emission by
a LED. The photon direction of motion is determined by the unit
vector ˆ̋ (�, ϕ), which is a function of the polar angle � and the
azimuthal angle ϕ as indicated in Eq. (4). In the case of a photon at
the time of its emission, ê3 is the unit vector normal to the planar
surface of the LED; ê1 and ê2 are unit vectors laying on that sur-
face which are perpendicular to each other; � ranges in the interval
(0,�/2), while the values of ϕ are within the interval (0,2�).

The energy emitted per unit area of LED, per unit time, within
the elementary solid angle d ˆ̋ = sin � d� dϕ around the direction
ˆ̋ (�, �), is

dq� = L�( ˆ̋ )( ˆ̋
 · ê3)d ˆ̋

 = L�(�, ϕ) cos � sin � d� dϕ

= −L�(�, ϕ)� d� dϕ (7)

In Eq. (7), L�( ˆ̋ ) is the spectral intensity of light emitted in the
ˆ̋ (�, �) direction. The energy emitted per unit area of LED, per unit

time, per unit solid angle around the ˆ̋
 direction is:

f (�, ϕ) = 1
�

dq�

d ˆ̋
= L�(�, ϕ) cos �∫ 2�

0
dϕ
∫ �/2

0
d� cos � L�

(
�, ϕ
) (8)

where � =
∫ 2�

0
dϕ
∫ �/2

0
d� cos � L�

(
�, ϕ
)

, is a normalization con-
stant.

In the case of isotropic emission, the spectral light intensity
L� is independent of the direction of emission and Eq. (8) can be
simplified into the following:

f
(

�, �
)

= cos �∫ 2�

0
d�
∫ �/2

0
d� cos �

=
(

cos �∫ �/2
0

d� cos �

) (
1∫ 2�

0
d�

)

= g(�)h(�) (9)

where g(�)and h(ϕ)are mutually independent energy distributions
on the polar angle � and the azimuthal angle ϕ, respectively:

g
(

�
)

= cos �∫ �/2
0

d�cos �
= cos �; h(�) = 1

2�
(10)

From Eq. (10), we can conclude that the isotropic emission
model is consistent with the angular distribution pattern provided
by the manufacturer [28]. For this model, the cumulative probabil-
ity P(�) that a photon is emitted in a direction with polar angle in

the interval(0,�), is

P
(

�
)

=
∫ �

0

g
(

�′)d�′ = sin �; 0 < � <
�

2
(11)
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Fig. 2. Computational flowchart including the decision nodes in the stochastic algorithm
Details  are given in Section 3.

Fig. 3. Emission spectra of N(�) vs. � of two  types of LEDs: (a) blue (maximum at
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photon is scattered into a new direction, and if P(A) + P(S) < ı
70  nm;  width at half maximum: 30 nm)  and (b) red (maximum at 630 nm;  width
t  half maximum: 31.5 nm).

Similarly, the cumulative probability P(ϕ), that a photon is emit-
ed in a direction with azimuthal angle in the interval (0,ϕ)is

(ϕ) =
∫ ϕ

0

g(ϕ′)dϕ′ = ϕ

2�
; 0 < ϕ < 2� (12)

In the context of the Monte Carlo algorithm, P(�) and P(ϕ) are
eplaced with the random numbers ı� and ıϕ in the interval (0,1).

The distribution of the number of photons emitted per unit time
s a function of their wavelength is a characteristic of each type
f LED. Such spectral distributions corresponding to the blue and
ed LEDs used in this work, provided by the manufacturer [28] are
hown in Fig. 3.

The spectral intensity L�( ˆ̋ ) of a beam of light emitted by a LED
n the direction ˆ̋ , actually is the distribution with respect to wave-
ength, of the emitted energy carried by the beam and enclosed
y the elementary solid angle d ˆ̋ around the ˆ̋ direction. There-
ore, the product L�( ˆ̋ )d� is the fraction of emitted energy in the
irection ˆ̋ with wavelengths between � and � + d�. In the case
f isotropic emission, like ours, the product L�d� is the fraction of
mitted energy in any direction with wavelengths between � and

 + d�.
Considering that the energy of a photon of wavelength � is

(c/�), the relationship between the flux density of energy, dq�,
mitted around the direction ˆ̋ (�, �) by a LED with an isotropic
mission pattern and the corresponding flux density of photons,

ṅ�, becomes apparent:

ṅ� =
(

�

hc

)
L� cos � sin � d� dϕ = −

(
�

hc

)
L�� d� dϕ (13)
 developed for the Monte Carlo simulation of the radiation field inside the PBR.

Integration over all directions of emission gives the total flux
of emitted photons of wavelength within the elementary interval
between � and � + d�:

ṅ� = �
(

�

hc

)
L� (14)

In Eq. (14), ṅ� and L� are the distribution functions with � of the
total flux density of emitted photons and of the isotropic intensity,
respectively.

The distribution of the number of photons emitted per unit time,
either by a red LED or by a blue one, as a function of � is Ṅ (�) = ALṅ�,
where the surface of each LED is AL. The profiles of Ṅ (�) vs. �, for
blue and red LEDs provided by the manufacturer [28], are shown in
Fig. 4. A wavelength is assigned to every emitted photon according
to the spectral emission characteristics of the radiation source. The
spectral output of the source of photons can be built on the basis of
the emission distribution of each type of LED, together with each
particular source design among those already discussed in Section
2.2.

The cumulative probability that a photon is emitted with a
wavelength within the interval (0,�), regardless of its direction of
emission, is

P(�) =
∫ �

0
Ṅ (�′) d�′∫ ∞

0
Ṅ (�) d�

(15)

where Ṅ(�) is the appropriate distribution function for each type of
LED. In the Monte Carlo algorithm, P(�) is replaced with the random
number ı� in the interval (0,1).

Within a homogeneous culturing medium, the attenuation of
the intensity of a beam of light is caused by the absorption of light
by pigments of microalgae, and by scattering of the beam into dif-
ferent new directions, when it interacts with the suspended cells (it
is considered that the scattering is due only to the microalgal sus-
pension because only water, inorganic ions and small molecules
are present in the culture medium). In order to build a stochastic
model of the radiant field in homogeneous suspensions of microal-
gae, it is necessary to assign probabilities to the occurrence of the
phenomena of absorption and of dispersion (i.e., of photon scatter-
ing). The probabilities P(A) and P(S) of these events were modeled
in previous work, and their relationship with the spectral absorp-
tion coefficient ˛�, as well as with the scattering coefficient 	�,
was established [26] and verified [27]. To tell whether a photon is
absorbed or scattered, or if it flies freely for an elementary distance

s in its current direction of motion through the homogeneous sus-
pension, a random number ımotion, 0 < ımotion < 1, is generated and it
is compared with P(A) and P(S). If 0 <ımotion < P(A), it is assumed that
the photon is absorbed; if P(A) < ımotion < P(S) it is assumed that the
motion
it is assumed that the photon flies the elementary distance 
s
uneventfully, as long as this elementary step is entirely within the
homogeneous suspension.
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chlorophylls) per unit dried weight of algae vs. time.

In the case that the photon is scattered by the suspended cells, a
ransition from its original direction ˆ̋

 into a new one, ˆ̋ ′
, occurs.

he probability distribution of this transition, which is conditional
n the sense that it is assumed that photon scattering by suspended
ells has already happened, is given by the phase function B( ˆ̋ · ˆ̋ ′

).
he phase function is axially symmetric about the original direc-
ion of motion ˆ̋ , depending only on the dot product � = ˆ̋

 · ˆ̋ ′
. It

atisfies the normalization condition

1
4�

∫
ˆ̋ ′

d ˆ̋ ′
B( ˆ̋

 · ˆ̋ ′
) =
[

1
2�

∫ 2�

0

dϕ

] [
1
2

∫ 1

−1

d�B(�)

]
= 1 (16)

A model of the phase function B( ˆ̋ · ˆ̋ ′
) was proposed in a pre-

ious paper [27]. The cumulative conditional probability that after
uffering a scattering event, the photon has a new direction (ϕ’,�’),
ith ϕ’ within the interval (0,ϕ) and �’ within the interval (−1,�),

s

(ϕ, �) = P(ϕ)P(�) =
[

ϕ

2�

][
1
2

∫ �

−1

d�′B(�′)

]
(17)

In the Monte Carlo algorithm, P(ϕ)and P(�) are replaced with
andom numbers ıϕ and ı� in the interval (0,1), respectively.

An air diffuser, consisting in a circular slab made of sintered
lass, was placed at the center of each PBR’s bottom. From the
as diffuser, a swarm of bubbles rises through the algal suspen-
ion, which serves the purpose of mixing the medium; supplies
O2 to the culture, and removes the O2 produced by oxygenic pho-
osynthesis. These bubbles are contained in a region enclosed by
n inverted cone, with its apex at the center of the diffuser. It was
ssumed that bubbles are spherical, with a homogeneous distribu-
ion of their radius around the mean value. When a photon, which is
eing tracked with Monte Carlo stochastic techniques, enters this
on-homogeneous region, chances are that it may  collide with a
ubble. The probability of collision between a photon and a bubble,
hen the photon moves an elementary distance 
s  in any direction

hrough the non-homogeneous medium, is assessed as proposed by
einrich et al. [25]:

(s) =
[

1 − exp
(

−
s
)]

=
{

1 − exp
[
−
(

3
)

�G

s
]}

(18)

s̄b 4 r̄b

In Eq. (18), s̄b is the average of the free flight distances of the
hoton computed over the ensemble; r̄b is the mean radius of the
ubbles;�G = (2VG/VL + VG)) is the gas volume fraction in the zone
 red LEDs: (a) biomass concentrations vs. time, and (b) the contents of pigments

with bubbles; VG is the total gas volume resident in the reactor (gas
holdup), and (VL + VG) is the reactor total volume.

When a photon collides with a bubble, it is either reflected back
toward the suspension or it is refracted into the gas phase, thus
changing its direction according to Snell’s law. In the latter case, the
photon will follow a straight trajectory inside the bubble until it hits
again the surface of the bubble, this time from the gas side. At this
point, it can be reflected back toward the gas phase or transmitted
and refracted into the surrounding suspension. A similar situation
occurs when a photon hits a wall of the reactor: here again it can
be reflected or transmitted through the wall. If the latter of these
events happens, the photon exits the medium and is removed from
the radiation field, whereas if reflected, it will remain in the field
with a new direction according to Fresnel reflection law:

�1,2( ˆ̋ , ˆ̋ ′
, n̂) = 1

2

[
�1(n̂ · ˆ̋ ) − �2(n̂ · ˆ̋ ′

)

�1(n̂ · ˆ̋ ) + �2(n̂ · ˆ̋ ′
)

]2

+ 1
2

[
�1(n̂ · ˆ̋ ′

) − �2(n̂ · ˆ̋ )

�1(n̂ · ˆ̋ ′
) + �2(n̂ · ˆ̋ )

]2

(19)

In Eq. (19), �1,2 is the reflectivity on the interface between phases

1 and 2; ˆ̋ and ˆ̋ ′
are unit vectors in the direction of incidence and

of reflection on that interface, respectively; �1 and �2 are the indices
of refraction of phases 1 and 2; and n̂ is the unit normal vector to
that interface, pointing toward either of the two phases. To tell
whether a photon is reflected or transmitted, a random number ı,
0 < ıref < 1, is generated and it is compared with �1,2. If 0 < ıref < �1,2,
it is assumed that the photon is reflected according to Fresnel law;
otherwise it is assumed that the photon is transmitted through the
boundary and removed from the radiant field.

The effects of the probes and control devices (temperature sen-
sor, sampling port, air diffuser, etc.) on the radiation field have been
neglected. Successively, the trajectory of a sufficiently large number
of photons is simulated as they travel through each of the reactor
sectors, until their eventual end. One by one, photons are emitted
from the LEDs in a succession. Although during the execution of
the computational algorithm, photons are individually emitted in
a succession, together they simulate the radiation field properties

inside the reactor at each stage of growth. The radiation field prop-
erties adjust themselves without delay to the evolution with time of
the microalgae culture through a continuous succession of steady
states.
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. Results and discussion

.1. Microalgal cultures

In Fig. 4, for (a) biomass concentrations vs. time and (b) the
ontents of pigments (chlorophylls) per unit dried weight of algae
s. time.

Although the growth curves intersect at about the ninth day of
ultivation, the biomass concentrations at different times in cul-
ure 1 (irradiated with blue LEDs) were similar to those in culture

 (irradiated with red LEDs) (Fig. 4a). Each culture was irradiated
ith approximately the same number of photons per unit time

2.126 × 105 and 1.867 × 105 �mol  photons day−1, respectively).
owever, the chlorophylls content per unit biomass was  always
reater in culture 1 than in culture 2 (Fig. 4b).

Blue and red LEDs used in this work emit photons which are
ore energetic than the excitation energy of both, photosystem II

P680) and I (P700). Photons in the blue light region may  excite the
rimary absorbing chromophore to its second, short lived singlet
tate and, among other possibilities, the excitation energy may  be
e-emitted by fluorescence. After the photons emitted either by
lue or red LEDs have been captured, their excess energy can also
e dissipated as heat through a stepwise process to reach the first
inglet state of the absorbing chromophore.

The return of excited chlorophylls from the first singlet to the
round state may  proceed stepwise, by going through many vibra-
ional and rotational energy levels, and eventually dissipate the
xcitation energy into thermal energy, which is lost to a thermal
ink. This returning to the ground state can also occur by shar-
ng excitation energy with a neighboring chromophore molecule.

hen chromophores are positioned in a specific way  due to their
inding with supporting proteins and very close to each other, the
uantum of energy of an absorbed photon can be transferred from

 chromophore in the antenna to a neighboring one via exciton
ransfer. By this transfer mechanism the excitation energy of cap-
ured photons is partly transferred through the antennae to their
orresponding reaction centers and also, in this process, is partly
egraded to thermal energy [29].

The excitons relayed to the reaction center cause a charge sepa-
ation. The velocity of the exciton transfer process in the antennae
s much faster than that of charge separation in the reaction center.
he latter is the rate controlling step of the overall photon absorp-
ion and exciton transfer process that ends with the excitation of

 pair of closely adjacent chlorophylls-a located at the reaction
enter (the “special pair”), which finally transfers an electron to

 neighboring acceptor [30].
Collectively, excitons function as energy pools in the antennae,

hich deliver energy to the reaction center of their respective pho-
osystem (i.e., either to P680 or P700) at a low speed compared
o that of exciton transfer between neighboring chromophores.
he instantaneous amount of energy resident in the antenna com-
lexes depends on the intensity of the incident radiation, and on the
echanism of exciton distribution between the two photosystems

31].
Altogether, with all these processes put into play the energy of

he absorbed photons whose wavelengths were from the blue spec-
ral zone up to 680 nm,  is transported via exciton transfer to the
eaction center of PSII and PSI and optimally distributed between
hem. These centers require sharply defined excitation energies
corresponding to wavelengths of 680 and 700 nm), and the exci-
on energy in excess must be degraded as heat, while the excitons
ith energy below the threshold could be completely converted
nto thermal energy. From the end of the exciton transfer process,
t is not possible to trace back the energy quality of the light that
aused it [32]. This could explain why the biomass concentrations
t different times in the crop irradiated with blue LEDs (emission
ing Journal 90 (2014) 214–223 219

maximum at 470 nm) were similar to those of the crop irradiated
with red LEDs (emission maximum at 630 nm), when each culture
was irradiated with approximately the same number of photons
per unit time.

The lower efficiency of blue light for algal biomass production
compared to that resulting from of red light (see Fig. 8a and b),
could be attributed to the process of light absorption, followed by
exciton transfer in the antennae, occurring before the excitation of
the reaction centers. In Fig. 8a, the percentage of all photons emitted
by the LED arrays, that are absorbed by culture 1 (blue LEDs) and 2
(red LEDs) are reported at different times of growth.

After the eleventh day of the culture, about 80% of the photons
emitted by the blue LEDs are absorbed, while in the case of the
red LEDs only 20% of the total emitted photons are absorbed. As
shown in Fig. 4b the prevalent absorption of blue photons com-
pared to that of red photons, is accompanied by a larger content
of chlorophylls in the biomass at all times during the experiment.
Because the respective growth curves are quite similar, it can be
speculated that those excitons generated from the most energetic
photons, have been quenched into thermal energy with preference
over those emitted by red LEDs.

4.2. Analysis of the radiant field in the PBR

The local volumetric rate of photon absorption in culture 1 (irra-
diated with blue LEDs) and in culture 2 (irradiated with red LEDs),
rabs
PAR(r, t), which are the result of summing up all the contributions

within the photosynthetically active spectral zone, are shown in
Figs. 5 and 6, at different radial positions and at different times,
where:

rabs
PAR(r, t) =

∫ 700

400

rabs
� (r, t)d� (20)

In the culture illuminated by blue LEDs the values of rabs
PAR(r, t)

increase markedly with biomass concentration in the region adja-
cent to each LED, while they decrease or even remain almost
constant in the rest of the reactor (Fig. 5). Furthermore, in the cul-
ture illuminated with red LEDs, the values of rabs

PAR(r, t) increase in
the bulk of the reactor as the biomass concentration increases. The
reason for this could be that the lower chlorophyll content of the
culture illuminated by red LEDs allows the photons to travel greater
distances in the suspension before being absorbed (Fig. 6), so that
the values of rabs

PAR(r, t) are more evenly distributed throughout the
reactor. At low concentrations of biomass, and therefore at low
rates of absorption, photons can travel distances large enough to
cause light to be concentrated at the core of the reactor, where
rabs
PAR(r, t) can reach a local maximum, as shown in Fig. 6d.

The absorption coefficient, ˛�, of a culture of microalgae deter-
mines its ability to capture photons from the radiant field that
propagates through it. The coefficient value depends on both
the concentration of microalgae in the culture and the chloro-
phyll content per unit biomass. Therefore, cultures with higher
biomass concentration but lower chlorophylls content could show
photon absorption rates smaller than those of less concentrated
cultures, but with higher chlorophylls content. The developed pro-
gram allows an accurate simulation of the interaction between
the radiation field and the culture of microalgae, expressed as the
wavelength dependent, local rate of photon absorption. The simula-
tion program takes into account the quality and the intensity of the
radiation emitted by the light source, as well as its configuration.
4.3. Average rate of photon absorption

The number of incident photons per unit of irradiated surface
and per unit time (i.e., the photon flux density on that surface),
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ig. 5. rabs
PAR(r, t) profiles depending on the radius and height of the reactor, (a), (b) a

or  the cultivation 1 days 7, (a) and (d); 10, (b) and (e), and 20, (c) and (f). To the rig
hotons * L−1 * day−1.
s often used as the basis of comparison in studies regarding
he effects of the properties of the radiation field on the growth
f microalgae. However, this boundary condition alone cannot
niquely determine the distribution of light in the bulk of a culture

ig. 6. rabs
PAR(r, t) profiles depending on the radius and height of the reactor, (a), (b) and (c)

or  the cultivation 2 days 12, (a) and (d); 16, (b) and (e), and 20, (c) and (f). To the right gra
hotons * L−1 * day−1.
, and as function of the radius and the height at which the LEDs are located (d, e, f)
ph shows the values taken according to graph colors expressed in units of �mol  of
of microalgae, nor the local rate of absorption of photons. Due to
the inherent non-uniformity of the light distribution in an algal
suspension, in most cases it is necessary to know the local rate of
absorption of photons of photosynthetically active wavelengths,

, and as function of the radius and the height at which the LEDs are located (d, e, f)
ph shows the values taken according to graph colors expressed in units of �mol of
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ig. 7. Box diagrams showing the dispersion of the values of rabs
PAR(r, t) in the labora

abs
PAR(r, t) is indicated. The values are expressed on a logarithmic scale of �mole pho

abs
PAR(r, t), as a prerequisite for a systematic comparison of differ-
nt PBR configurations, and to optimize its operating conditions, as
ell as to change the scale from the laboratory to a pilot plant or to

 production unit. An unfavorable situation could be conceived in
hich, after a given time of growth, a stratification of the light in the

eactor occurs to the extreme that large portions of the suspension
o longer receive enough light for active photosynthesis, turning
hem into dark zones. Under these conditions the reactor operates
s if reactors of different sizes coexist, each corresponding to one of
he different wavelengths of the light making up the radiation field.

For the simulation of the local rate of photon absorption, the
olume of the laboratory scale reactor was divided into elementary
ells of equal size, and a value of rabs

PAR(r, t) predicted by simulation
as assigned to each of these elementary volumes. The box dia-

rams of Fig. 7, show the dispersion of the values of rabs
PAR(r, t) in the

olume of the laboratory scale reactor, as a function of the time of
rowth.

According to the box diagrams of Fig. 7a, the greater dispersion
f the values of rabs

PAR(r, t) about the average is found in culture 1
blue LEDs). In this case the high rabs

PAR(r, t) values in the regions
djacent to the LEDs (Fig. 5) produce higher values rabs

PAR(t)average,

ompared to those of culture 2 (red LEDs) (Fig. 7b), while causing
reater dispersion of the values of rabs

PAR(r, t) around those regions
ecause the local rate of photon absorption is much lower in most
f the culture volume.

Fig. 8. (a) Fraction of energy absorbed per unit energy emitted by each type of LEDs, (
cale PBR. (a) Culture 1; (b) Culture 2. With �, the time-dependent average value of
ay−1 L−1.

In culture 2, rabs
PAR(t) values are more evenly distributed through-

out the culture due to the low concentrations of chlorophyll per
unit biomass, causing both the average of rabs

PAR(t) values and their
dispersion to be smaller than in culture 1 (Fig. 6).

A wide dispersion of rabs
PAR(t) values about the average in a culture,

is indicative of a degree of stratification of light in the microalgal
suspension.

4.4. The energy efficiency of PBRs

In order to evaluate the photosynthetic efficiency of each type
of radiation for the cultivation of microalgae, it is important to
consider both the energy emitted and the energy absorbed by
microalgae and their subsequent use for growth. For this, the total
power emitted by the arrays of LEDs, Eemitted light, is calculated based
on the emission profile of each type of LED (Fig. 4),

Eemitted light(J day−1) = hc

∫
�

q�
d�

�
(21)

together with the calculation of the energy absorbed, Eabs light, by
abs
microalgae based on the local r
�

(r, t) values in each culture

Eabs. light(Jday−1) = hc

∫
r

∫
�

rabs
� (r, t)

d�

�
dr (22)

b) efficiency of biomass production per unit of energy absorbed by microalgae.
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Then, the absorbed fraction of the total energy emitted by each
ype of LEDs, �(abs. light/emitted light), is assessed (Fig. 8a)

(abs. light/emitted light) = Eabs. light

Eemitted light
,

as well as the efficiency of the absorbed light of each quality
egarding biomass production, �(biomass/abs. light),

(biomass/abs. light) = Mbiomass

Eabs. light
(23)

hich is shown in Fig. 8b.
It is noted that the radiation emitted by the red LEDs is more

fficient than that of the blue LEDs in both the absorption process
nd in the production of biomass per unit of energy absorbed over
he entire range of biomass concentrations explored.

. Conclusions

Results showed that the average absorption rates in the culture
rradiated with blue LEDs were higher than that irradiated with
ed LEDs (Fig. 7). However, the dispersion around their respective
verage values was much higher in the first case, due to the fact that
igher concentrations of microalgal chlorophylls (Fig. 4b) cause a

arger fraction of photons absorbed in regions adjacent to the LEDs
Fig. 5) giving rise to dark zones at the center of the PBR where low
rradiation levels might not be sufficient to maintain algal growth.
his wider dispersion of the values of the rate of photon absorption
bout the average may  raise uncertainties about the reliability of
onclusions regarding the effectiveness of the interaction between
he radiant field and suspended microalgae, when they are only
ased on data of average absorption rates, rabs

PAR(t)average.
As show in Fig. 8a smaller number of photons are absorbed in

ulture 2 because of the lower values of ˛�. However, the radiation
mitted by red LEDs rendered greater energy efficiency for biomass
roduction compared to that emitted by blue LEDs (Fig. 8b).

The decrease of chlorophyll content in culture 2 might be due to
ight quality, but also could be indicative of photo-inhibition [33].
he total photon flux density values in Table 1 are expressed as the
otal rate of emission of photons by the LEDs over the entire lat-
ral wall of the reactor. Although these values are much lower than
hose reported for photo-damage [34], the values of the spectral
ensity of photons in comparatively small regions near the LEDs are
igher than those reported in Table 1. However, under good agita-
ion conditions, cells switch between zones with different photon
ensities many times before cellular replication occurs. The resi-
ence time of the cells in each of these zones will be proportional
o the fraction of the total volume spanned by each zone. Therefore,
t is reasonable to assume that the kinetics of cell growth is driven
y an average rate of photon absorption and not by a local ones.
ore research is required to confirm these speculations, but this is

eyond the scope of the present work.
Predicting the local rate of photon absorption, rabs

�
(r, t), requires

nowing the spectral coefficient of absorption, ˛�, and the local
ensity of photons, n�, at every position in the PBR (Eqs. (5) and (6)).
he local density of photons is predicted by means of Monte Carlo
imulation using the absorption coefficient, ˛�, and the scattering
oefficient, ��, obtained in a previous paper [26] by regression from

xperimental data on microalgal cultures.

The methodology used in this paper allows a detailed assess-
ent of the effect of different irradiation conditions and different

eactors configurations on microalgal growth.
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