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ABSTRACT

Light availability is a main issue in autotrophic growth of pho-
tosynthetic microorganisms. The change of the suspended cells
concentration and that of their chlorophylls content during
microalgal growth alters the optical properties of the aqueous
suspension. This brings about changes in the properties of the
radiation field inside the reactor. In this work, we have com-
puted the evolution in time of the local volumetric rate of
absorption of photons inside a photobioreactor by means of a
Monte Carlo simulation algorithm previously developed. From
this study, we have computed two operational variables that
are useful tools for the analysis, performance comparison,
optimization and scaling up of photobioreactors: the average
rate of photon absorption and the volumetric distribution
function of photons absorption rates. Based on these two vari-
ables, it is possible to systematically quantify the degree of
stratification of the culture medium, which is a decisive aspect
that hampers the reactor efficiency regarding the energy usage
for biomass production.

INTRODUCTION

Microalgae are a large group of photosynthetic microorganisms
capable of transforming inorganic compounds into organics,
using energy from sunlight. They are used in such diverse areas
as oil source for biofuels production (1-5), food manufacturing
(6), in cosmetics and pharmaceutical industries (7), in CO,
sequestration (8-10) and as a means for wastewater treatment in
bioremediation (11).

Although some microalgae species can be grown as hetero-
trophs or as mixotrophs (12,13), autotrophic culturing techniques
are mostly used. Light is the only source of energy for photoau-
totrophic growth, and it is well recognized that the algal growth
kinetics and the biomass composition depend on the light avail-
ability as well as on its spectral composition (14-16). One of the
difficulties hindering the expansion of the use of technologies
based on microalgae culturing is the lack of reliable and vali-
dated methods for the design and scale up of suitable photobiore-
actors (PBRs), which should be able to bridge the distance from
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laboratory results to the required industrial scale. Because light
availability has a critical effect on the biomass productivity of a
microalgal culture, the efficient use of radiant energy is one of
the main concerns when designing a PBR (17-19).

The simulation of the radiation field in microalgae cultures
(20,21) requires knowing the absorption and scattering coeffi-
cients of the suspension, as well as the scattering phase function
B g . Q . These optical properties were determined in a previ-
ous work (22,23).

The optical properties change during microalgae culture. This is
due to the increase in the suspension cell count or to changes in the
size of the individuals, as well as to variations in the pigment com-
position of the medium. These modifications of the optical proper-
ties cause changes in the way the radiant energy is distributed inside
the microalgae suspension. Thus, as the cultivation of microalgae
progresses, cells face different lighting regimes that result from the
change in optical properties, although the way in which the reactor
is illuminated remains unchanged. The speed at which changes on
the values of the optical parameters of the culture medium occur is
an infinitesimal compared with the speed of light. Therefore, it is
possible to assume that changes on the composition of the culture
medium are followed by the radiation field properties without delay,
evolving in time through a succession of steady states that follow
the cell growth and related changes. The radiant energy field
depends on time, not directly but through variations on the composi-
tion of the medium during the different phases of cellular growth.

The purpose of the present work was to present a particular pro-
cedure for the simulation of the radiation field in a PBR for micro-
algae culture, using Monte Carlo method, in view of optimization
and scaling up of PBRs. The main objective consists in the appli-
cation of the method to the analysis of the variation of the spatial
distribution of the radiant energy density and to the spatial distribu-
tion of the local volumetric photon absorption rate inside PBRs
during microalgae growth and metabolism. We describe how the
cell growth changes the radiation field within the reactor by alter-
ing the availability of radiant energy and how these changes are
related to the observed changes in microalgae growth rates.

MATERIALS AND METHODS

Strain and culture medium. A 500 mL volume of modified BBM (Bold’s
Basal Medium) medium containing an axenic inoculum of Chlorella vul-
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garis (kindly provided by Dr. AM. Gagneten, FHUC, UNL) with an
ODsqp = 1 (approximately) was used o inoculate 9.5 L of sterile BBM
medium charged to the reactor. The culture was grown axenically at 25°C,
illuminated with fluorescent light. Atmospheric air enriched with CO,
(0.34%) and sterilized by filtration (0.45 um pore size filter) was bubbled
for the purpose of mixing; and to provide the medium with CO; as well as
to avoid the accumulation of O, produced by photosynthesis. The original
formulation of the BBM was modified so that the initial pH equals 7.

Biomass and chlorophyll concentration determinations. The algal
mass concentration of the suspensions was determined by measuring the
dry weight of the total suspended solids (TSS) (24). The algal mass con-
tained in a 50 mL sample was retained by a 0.45 pm pore diameter filter,
and then washed with 30 mL of distilled water and dried by heating at
100°C during 60 min. The dry weight of solids suspended in the suspen-
sion was calculated as the difference between the dry weight of the clean
filter and that of the filter with the retained solids. The algal mass con-
centration was reported as the dry weight of suspended solids per unit
volume of the sample. The total chlorophyll content of the suspensions
was determined by the method reported by Ritchie (25). Aliquots of the
samples were centrifuged to collect the suspended cells. Then, the cells
were washed with distilled water and centrifuged once more. The har-
vested cells were suspended in methyl alcohol and the chlorophylls were
extracted by heating the methyl suspension at 80°C during 5 min. The
chlorophylls content was calculated from the values of light absorbance
at 632, 652 and 665 nm wavelengths, using the absorbance coefficients
reported in the study quoted above.

The reactor. An annular PBR was designed and buill to perform
experimental measurements and determine kinetic parameters that relate
the light availability with the growth rate (Fig. 1). The reactor consists
of two concentric glasses (both of 4 mm thickness and 310 mm height)
with 50 and 250 mm of external diameter respectively. The useful vol-
ume of culture medium contained in the PBR was 10 L, which results in
a liquid height of 220 mm, approximately. Due to its intrinsic symme-
tries, the annular geometry was chosen to facilitate the subsequent math-
ematical modeling. To supply the culture with CO5; as well as to
remove the O, produced by oxygenic photosynthesis and, at the same
time, to promote mixing, the reactor was equipped with six air diffusers
made of sintered glass. The reactor was connected to a culture platform
Labfors3 (InforsHT, Switzerland) to control the air flow and the tempera-
ture of the suspension, and to register its pH and its pO,. The air flow
rate was kept at 0.3 vvm and the temperature at 25°C. The reactor was
artificially illuminated all day long by means of a daylight fluorescent
lamp (16W; Philips, Philips Argentina Sociedad Anonima, Buenos Aires,

Figure 1. Photobioreactor designed and built for this application. It con-
sists of a cylindrical annulus between two glass tubes, aligned coaxially
to a daylight fluorescent lamp.

Argentina) of 26 mm external diameter, reaching a photon flux dcnsil?
over the internal glass tube of the reactor of 126 gmole photon s "'m 2
The transparent outer wall of the reactor was wrapped with a black blan-
ket to isolate the microalgae suspension from the environmental light.

Simulation of the radiation field. The Monte Carlo method was
employed to simulate the radiation field in the PBR. The procedure starts
from the emission source. The emission of light by the lamp is superficial
and isotropic (Le. the intensity of the emitted light is independent of the
direction of emission from any point on the lamp surface). Moreover, it
is assumed that the lamp emits homogeneously throughout its entire sur-
face. First, a position on the lamp surface is chosen randomly and both a
direction and a wavelength are assigned to each emitted photon according
to the emission characteristics of the radiation source. Successively, the
trajectory of each photon among a sufficiently large number of them is
simulated as it travels through each of the reactor sectors, until it reaches
its eventual termination. Photons can be removed from the radiation field
when they are absorbed by the microalgae suspension; when they impact
on any opaque surface; or because they leave the reactor through the
external glass wall. The reflection on the glass walls was modeled as that
on an interface without thickness. The photon reflection on the reactor
hottom and on its lid (both made on mirror-polished steel) was modeled
as specular reflection. The effects of the probes and control devices (pH
meter, (), sensor, cold finger, temperature sensor. sampling port, etc.) on
the radiation field were neglected.

One by one, photons are emitted from the lamp in a succession, and
in their way they undergo different events. Although the photons are
emitled sequentially, it is important to keep in mind that all of them are
simultancous, and altogether simulate the radiation field distribution
ingide the reactor at every momenl. This radiation field adjusis itself
without delay to the evolution with time of the microalgae culture, fol-
lowing its changes in a permanent steady statc. For the mathematical
modeling, the simulation program was divided into 11 subroutines
(shown in Fig. 2). Each subroutine is a mathematical model of the one of
the events that photons can undergo on a border or within a particular
sector of the reactor.

Symmetry condition. To simplify the program code and to reduce the
simulation time, the reactor was divided into 12 symmetrical sectors,
reducing the simulation to only one of these parts. Each sector com-
prises two contiguous regions of equal size: one of them with bubbles
and the other bubble-free. The region above the diffuser is a homoge-
neous suspension of microalgae interrupted by air bubbles, homoge-
neously distributed within the volume of the section. Not all the
bubbles have the same radius, but there is a radius distribution function
instead, which depends on the air diffuser and on the liquid flow char-
acteristics (26,27). The adjacent region consists in a homogenous micro-
algae suspension.

The probability of a collision between a photon and a bubble. The
diffusers are trapezium-shaped porous slabs whose nonparallel edges
coincide with the reactor radial direction, thus achieving an even distribu-
tion of bubbles in the volume of medium above them, irrespective of
their diameter.

Above the air diffusers, the gas bubbles move upward through the
homogenous algac suspension. Photons propagating in these sectors have
chances of colliding against a bubble. When a photon originally moving
through the homogeneous liquid suspension, encounters the liquid -air
interface at a bubble surface, the photon can be reflected back to the
liquid medium by changing its direction, or it can be refracted into the
gas phase. Inside the bubble, the photon proceeds forward with its new
direction until the airliguid interface found ahead is reached. At this
point, it can cross the interface and return to the culture medium after
refraction, or reflected back to the inside of the bubble.

The probability thai a photon encounters a bubble while iraveling a
distance s in the nonhomogeneous medium is computed as (see Supple-

mentary Material: Egs. 51 S6)
3 5
s o B 1
(4) Grb]} 2

P(s) = |1 —exp(—i)} - { I —exp

In Eq. (1), 5, is the average of the free flight distances of photons
computed over the ensemble; 7, is the mean radius of the bubbles in the
zone above each diffuser; Og = (2Vs/(Vi. + Vi) is the gas volume frac-
tion in the same zone; Vi is the total gas volume resident in the reactor
and (V), + Vi) is the reactor total volume (28)
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Figure 2. (a) Schematic of the photobioreactor. Photons are emitted
from the fluorescent lamp surface. On their way, photons may undergo
different events. When a photon is absorbed by microalgal cells in sus-
pension or on the exiernal black cover, a new photon is emitted. (b)
Graph of the simulation algorithm. Every event that the photon may
undergo is simulated by a different subroutine each one represented by a
circle in the figure: (1) The time-changing absorption and scattering coef-
ficient of the culture medium arc set at every time. (2) A position on the
lamp surface is randomly chosen for the emission of the photon; then a
wavelength is assigned to the emitted photon according to the emission
profile of the lamp. (3) A direction of motion is randomly assigned to the
photon. (4) If the photon reaches a blackened surface, a new photon is
generated. (5) Reflection or refraction on the glass surfaces is modeled
according to Fresnel and Snell laws respectively. Each of the glass walls
is modeled as two parallel interfaces separated from one another by the
wall thickness (Heinrich et al. [22]). (6) Reflection or refraction on the
gas—liquid interface is modeled according to Fresnel and Snell laws
respectively. (7) The lid and the bottom of the reactor are modeled as
mirror surfaces. The air diffusers were simulated as isotropic reflective
surfaces. (8) The microalgal culture is modeled as a pseudo-continuum
with centers of absorption or scattering randomly distributed throughout
the suspension. (9) Il photon absorption occurs, a unit is added to the
corresponding counter. The local volumetric rate of photon absorption is
computed for cach wavelength at every position in the culture.

RESULTS AND DISCUSSION

Algal strain and culfuring medium

The radiation field simulation in microalgac suspensions requires
knowing the absorption and scattering coefficients and the phase
function. These optical properties were determined in a previous
work (22,23) and related to the biomass concentration and chlo-
rophyll content. The evolution of biomass concentration with

Photochemistry and Photobiology, 2013, 89 1129
time is shown in Fig. 3a. The experimental results showed that
the cellular chlorophylls concentration remained almost constant
during the culture (15 days) at the average value of 2.4 mg Chl
per 100 mg biomass.

The biomass concentration evolution with the time of cultur-
ing shows two different stages. In the first one (0-5 days), the
cell concentration increases very slowly (Fig. 3a), due to the low
concentration of biomass. In the second stage (starting on Day 5),
the biomass concentration increases linearly and the growth rate
remains almost constant.

Evolution of the optical parameters during microalgae
culture

The bio-optical characteristics and biomass modify the optical
properties of the microalgae suspension. Although the scattering
phase function remains unchanged, the suspension absorption
coefficient oy, as well as the scattering coefficient O, and conse-
quently, the mean-free path of photons in the homogeneous sus-
pension, Sy,

20 se (et tsgy i
X et iheds (a3 + &)

Shs (2)
all these properties change with the biomass concentration, as it
is shown in Fig. 4a and b, respectively, for wavelengths A4 in
the range from 400 to 700 nm, and for 1, 5 and 15 days of
culturing.

With these parameters, and using the Monte Carlo simulation
method, we can compute the local photon density function
n;( LQ._! . Due to the quantum nature of the radiant encrgy
absorption, our analysis will be based on the local number den-
sity, n;(r,Q,1). of photons with energy (hc/4), with trajectory
through the position r in the direction Q This is the suitable
property of the radiant field on which to build a Monte Carlo
algorithm. All other radiant field properties can be derived from
this property (22,23). It is important remarking that the results
obtained with this approach are equivalent to those obtained
when the radiant energy field is modeled as an electromagnetic
field. Moreover, the relationship between the basic field proper-
ties in these two approaches is as follows:

LA(L ;l.l) —h—czﬂi(f_“. Q.!) (3)

In Eq. (3). LA([,Q,r) is the intensity of the energy beam of
wavelength A, which is’ propagating in the direction € through
the position r.

The local volumetric rate of photon absorption

From n;(g 0, r); the spectral density of photons which pass
through ’ea{:h position r, irrespective of the direction of their
motion £, is

n(r, 1) =fdan.(5.Q-.r) =_?dff? /I dpny(r, . 1) (4)
2

5“; 0

If na(r,t) is known, the local volumetric rate of photon
absorption can be readily obtained:
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Figure 3. Results of the cultivation of microalgae. (a) Biomass concentration x |mg L7'] as a function of time|day]. (b) Biomass growth rate,
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Figure 4. (a) absorption coefficient «; and (b) dispersion coefficient T vs wavelength A in the range from 400 to 700 nm; for 1 ( ), 5 ( ) and 15 (1)
days of culturing. The biomass concentrations measured in those days were 12, 30 and 312 mg L k. respectively,

i (r,1) = c (Omi(r, 1) (5)

Knowing rﬁb‘(g, 1) at every location in the culturing medium is key
to our understanding of the relative importance of different factors
affecting light absorption by microalgae for a given reactor setup,
and to compare the performance of different reactor configurations
operating under different conditions, regarding this process. Not
all the photons are equally absorbed in the suspension. Nor all
reactor zones are equally productive regarding algae growth
because their productivity depends on the local photon availability
and on their wavelength. In Fig. 3, the rate of photon absorption is
presented as a function of the radial distance, considering different
wavelength intervals and different microalgae mass concentrations.
Figure 5a-c illustrate 3% (r, 1), i3 (r, 1) and 32 (r. 7) correspond-
ing to the intervals 400 (14 1700 nm, 445 | |4 | 455 nm and
445 |1 4 | 1455 nm respectively. As can be seen, r2%(r, 1)is smal-
ler than 7325 (r, £) for all biomass concentrations.

Figure 5 shows that for 540 nm, the rate of absorption of pho-
tons is very low for all radial distances irrespective of the biomass
concentration, whereas for 450 nm the absorption rate in the zones

that are nearer to the irradiated boundary is higher than that in dee-
per zones of the suspension, and this difference increases with
increasing biomass concentration. For high biomass concentra-
tions, a large fraction of the photons that enter the suspension are
absorbed in zones that are very close to the irradiated boundary
and only a small fraction is left to be absorbed in more distant
zones. In what to photon absorption rates is concerned, the bio-
mass concentration is an important operating variable, which can
be manipulated to balance the relative importance of deeper zones
into the suspension, with the contribution of zones near the irradi-
ated boundary, which will be reflected in that the profiles of rates
of photon absorption will be less steep.

These differences in absorption rates of photons for different
wavelengths could be an interesting parameter in PBRs operation
conditions and design. In the case of concentrated suspensions,
photons whose wavelength corresponds to the higher values of
the absorption coefficient are absorbed in the zones closest to the
irradiated boundary. As a consequence of this the deepest zones
in a homogencous suspension are relatively poorly illuminated
by energy of high photosynthetic value. These regions, “darker”
than the rest in what to energy useful for photosynthesis is



concermned, have a very low rate of photon absorption in the
wavelength ranges of interest for photosynthesis, negatively
affecting the performance of the equipment in terms of biomass
productivity. The use of radiation sources of higher energy out-
put is not an option without shoricomings because the increase
of the availability of radiant energy in the zones of concentrated
suspensions already exposed to high light intensity may cause
the saturation of the photosynthetic systems, or even cause dam-
age on them. In these situations, the selection of a radiation
source emitting photons in wavelengths corresponding to a low
or middle value of the absorption coefficient could overcome this
problem.

The energy performance of PBRs: A methodology for its
assessment, comparisen and ranking based on the volume
distribution according to the local rate of photon absorption

In the reactor, the local volumeltric rate of photon absorption is not
uniform. In a perfectly mixed reactor, the typical mixing time is
much smaller than the typical time of growth. Under these condi-
tions, the cells go from lighted zones to dark zones (and vice versa)
many times before cellular replication occurs; thus, at a first
glance, it could seem reasonable to assume that the kinetics of cell
growth is driven by an average rate of photon absorption.

However, in a PBR with high cell density and illuminated
with a high intensity of radiation, the cells could be subjected to
oxidative stress conditions by being exposed to large photon
densities in the zone adjacent to the irradiated boundary. On the
other hand, in the barely lighted deeper zones of the suspension,
the values of r’\'r};(g t) may be smaller than the threshold value
necessary for cell growth. In a situation like this, two reactors
with the same average rate of photon absorption would have dif-
ferent observed yield of biomass produced per absorbed photon.
Therefore, knowing 725%(7) is not enough to fully characterize
the reactor performance in what to energy usage is concerned.

To get round this problem, it is necessary knowing how the
reactor volume is distributed among the 7% (r,¢) values in the
range (0.0). That is why we introduce the notion of the volume
distribution function g(rifs, #) among photon absorption rates
rabs(r,7).In terms of g[r_"{ﬁ"‘s,f) the average absorption rate,
Fabs (1) umol photons mm > s is defined as follows:
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oo
. 1 : : abs
A0 = [ AR a
[}
where g (rifs, I) is subjected to the normalization condition:

vi= [ sl )
0

In Egs. (6) and (7), Vy_is the liquid volume in the reactor and
a(ribs. r) =dVy /drif is the volume distribution function in
terms of photon absorption rates rifg(r.z) in the reactor. With
this tool at hand, we will propose a methodology to assess, com-
pare and rank the energy performance of different reactors on a
unique basis.

The cumulative probability P(rify,?) of a cell reaching a posi-
tion in a zone with its local volumetric rate of photon absorption
included in the interval (0, rh%) is equal to the ratio between the
volume of that zone and the total volume of the PBR, and it can
be computed in terms of g(r2%, 1) as follows:

P(rjis.1) = o) _L[ (st‘ )d"’ﬁ;‘ (8)

VL .

In Eq. (8), V(rify) is the reactor volume where rifis(r, 1) is in
the range (0, r'\',."fS) Among all possible values of rif} in the
range (0, [0), we arc interested in the values of
i, rs and ’%‘s corresponding to V(rd) = 0.25Vi; V(rS)
=0. ﬁV[ V(r&s) =0.75Vi, respectively, where V/(r9g),
V(rés) and V(r¥s) represent the reactor volumes in which rib
is in the range(0, r¥is), (0, &) or (0, r%s). With these choices
Eq. (8) turns into the following:

riflls
p(el.0) = ) 1 [ g (P85 1)drfs = 0.25  (9a)

Vi Vi.Jo

02 _V("\(ﬁs l i Jabs ) qoabs
P(ryis: 1) = T g(rvis 1)drypg = 0.5 (90)
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V. (9c)

o3 ey
Pl ) = Virvs) _ vi [W g(ris. 1)dris = 0.75
LJo

In Fig. 6, 7#hu(r) together with (1), riia(e), r&i (1),
2% (1) and rZ (1) are plotted against the biomass concentration.
In that figure, ri and ris represent the maximum and minimum
values of riyg(r, 1), respectively, for each mass concentration.

In Fig. 6, it can be seen that initially the reactor operates
with an almost evenly distributed rate of photon absorption,
which is very low due to the low concentration of photosyn-
thetic pigments. The low concentration of pigments which
selectively absorb radiant energy according to its wavelength
brings about that light reaches to every zone within the PBR.
In this situation, the lowering of rijy(r,t) with the radial dis-
tance is mainly due to the divergence of the energy beams.
The concentration of pigments increases as the microalgae
grow, and consequently also increases the rate of photon
absorption. This leads to an ever growing stratification of the
availability of light in the culture suspension. As microalgac
concentration increases, the absorption of light in zones adja-
cent to the irradiated boundary also increases, while it decreases
in deeper zones of the suspension. This phenomenon, widely
known as self-shading, affects the performance of the equip-
ment and becomes ever more abrupt with the increasing bio-
mass concentration.

As it can be seen in Fig. 6, the average absorption rate of
photons increases with the biomass concentration, reaching a
value that remains almost constant. Also, the increment in the
biomass concentration stratifies the reactor, as il can be con-
cluded from the observed widening of the intervals defined by
LS V,S1r$,15,r%),fs and r& for a given concentration. In other
words, when the biomass concentration in the reactor exceeds
the value of 100 mg L' a slight improvement in 7P (1) is
observed; however, this upturn is achieved at expense of a sig-
nificant stratification of the reactor. From Fig. 6, it can also be
seen that 7f% is almost equal to ’335- This indicates that almost
the third part of the reactor is working with values of rify smal-
ler than the value of 75 (7).

This tool for the analysis of the energy performance of PBRs
based on the simultaneous consideration of 7 () and g(ris. 1)
offers a common base to compare and to rank the efficiency of
reactors of different configurations or of those working under

20x10° 4 (a)
16x10° 4 i
1.2x10° - a

8.0x107

T [ mole mm? s7)

6.0x107 - uA

atsm s = a s e s s
004

0 50 100 150 200 280 300
Biomass[mg L]

different operating conditions. The kind of information derived
from this method of analysis is of great help in the design and
scaling up of PBRs.

To illustrate this, we have related the microalgae growth rate
re(t) g L' d '] with the average absorption rate of photons
?{,‘}“S(r) through a photon-to-biomass conversion yield ¥,/, as in

Eq. (10):

ralt) = Yeppris (1) (10)
where Y.y, [mg pmole of Photons ]] is the biomass generated
per umole of absorbed photons.

Figure 7 shows the evolution of Y,, during the cultivation of
microalgae. As we can see, the reactor performance varies
according to a rather particular pattern: the value of Y,
increases almost linearly during the early days of growing until
the ecighth day of culturing, when the biomass concentration
reaches approximately 100 mg L~'. From that day on, the value
of Y., begins to decline in a linear fashion. Going back to
Fig. 3b, we can see that at the same day, the biomass growth
rate ry(t) ceases to increase linearly with time and becomes
nearly a constant.

Because the dispersion of riy(r,7) around 5 (r) increases
with the biomass (Fig. 6). we can conclude that during the early
days of cultivation, when biomass concentration is low and every
zone in the suspension is well lit, the microalgae are able to use
the captured light more efficiently. Later on, the average rate of
absorption of photons increases during the early 8 days of cultur-
ing (See Fig. 3b), indicating that the number of total absorbed
photons increases steadily resulting in greater efficiency in the
total uptake of photons in the reactor. For greater concentrations
of biomass, unequally illuminated zones appear and there is a
correlative lowering of the efficiency of the usage of absorbed
light. The biomass concentration continues growing but at a con-
stant rate and therefore the reactor productivity does not change;
more photons are absorbed without this leading to a greater rate
of cell growth.

CONCLUSIONS

In this work, we have developed a simulator based on a Monte
Carlo algorithm, which is able to predict the evolution of the
local photon density function n;_(f, Q 1). From n;_(g Q. s) is
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Figure 7. Yield Y, vs x. Calculated as r,(r);r"h“(:) where re(t) has
units of mg L ! dda ', and 7ib (1) umole photons L ' doa .

possible to compute the local volumetric rate of photon absorp-
tion F™(r.1). These propertics depend on the position within the
reactor, the wavelength and the biomass concentration. From
r’f“"([.. t), we have calculated the average volumetric photon
absorption rate 7ihg(#) and the volume distribution function in
terms of photon absorption rales, g(r%.-]h“s..t), which are useful
tools to estimate the light stratification inside the culture medium.
The importance of the variables ri(¢) and g(ri%, 1) arises from
the fact that they offer a simple procedure for the analysis, com-
parison and design of PBRs. By comparing the value of the vari-
able 755 (¢) with the microalgae growth rate r.(t), we were able
to compute the photon-to-biomass conversion yield Y, finding
that this parameter is strongly dependent on the light stratifica-
tion inside the reactor.
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