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Abstract

The lack of adequate vertical mixing is one of the factors limiting the productivity of open raceway microalgae reactors. The
existence of large gradients of light involves the cells being mainly adapted to local irradiance instead of average irradiance,
which would allow for maximizing the light utilization efficiency, thus maximizing the biomass productivity of microalgae
cultures. To overcome this problem, different alternatives have been proposed, one of the more suitable being the utiliza-
tion of airfoils to improve vertical mixing. In this work, numerical and experimental studies were performed to analyse the
effect of the aerodynamic airfoils patented by the University of Seville (W0O2020120818A1). The goal is to improve the
photosynthetic efficiency, but also a better understanding of the light regime to which the microalgae cells are exposed in
these systems and how to improve it. Computational Fluid Dynamics (CFD) was used to optimize the flow generated by the
airfoils. A dynamic photosynthesis model of Rubio Camacho et al. (Biotechnol Bioeng 81:459-473, 2003) was used to esti-
mate the photosynthesis rate as a function of the light regime to which the cells are exposed, including photo-adaptation and
photo-inhibition phenomena, the results confirm that the use of airfoils improves the vertical mixing and the photosynthesis
rate. The photosynthetic benefits were observed 10 m downstream of the airfoils, resulting in an increase in photosynthesis
rate and productivity by up to 30%. These results confirm the benefits of an increase in mixing in microalgae cultures, espe-
cially when focusing on the movement of the cells between the different illuminated zones while maintaining low energy
consumption and capital expenses.
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Introduction Microalgae cultures require mixing to keep the cells in sus-

pension aided by turbulence, to achieve an even distribution

More than 90% of microalgae production systems worldwide
are based on raceway reactors (Spolaore et al. 2006; Chisti
2016). One reason is that raceways can be easily scaled,
allowing for high productivity with low costs and energy
requirements (Mendoza et al. 2013; Inostroza et al. 2021).
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of nutrients, and to avoid some microalgae cells remaining
in the deep, dark regions of the ponds for prolonged periods
(Sompech et al. 2012). The overall yield of any microalgae
culture is always limited by the efficiency of light utiliza-
tion; i.e. how the microalgae make use of the light that is
shed on the reactor surface (Barcel6-Villalobos et al. 2019a;
Fernandez del Olmo et al. 2021).

Conventional raceway reactors have limited vertical
mixing and strategies must be sought to favour the tran-
sit of particles between the different illuminated areas,
from the darkest near the bottom of the reactor to the
most illuminated located near the surface. In addition to
vertical mixing in a raceway, intensity and frequency are
also important, as the pattern of variation of irradiance
on microalgae cells produces a different photosynthetic
response, depending on the light regime to which they
are exposed. As microalgae grow and the cultures become
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more concentrated, light penetrates less in the pond and
the stratification of lighting increases. This results in zones
with different illumination and, therefore, with a different
photosynthetic response and poor productivity. This nega-
tive effect can be solved by allowing the microalgae cells
to move between the different illuminated zones with a
high frequency. Ideally, during the illuminated period, the
cells obtain enough light without reaching supersaturation
and they remain in the dark zone for a time short enough to
prevent them from performing cellular respiration.

Among the first experiments using wing-shaped obsta-
cles, Laws et al. (1983) stands out for generating vortices
in the culture due to the pressure differential created when
water flows over and under the foils. In a channel with a flow
rate of 0.3 m s™!, the foils produced vortices with a rota-
tion speed of approximately 0.5-1.0 Hz, where solar energy
conversion efficiency reached up to 10%. In summary, it is
generally accepted that to allow complete integration of light
as described by Terry (1986), light/dark cycles are required
at frequencies above 1 Hz (Brindley et al. 2011). However,
to date, it has not been clearly described how to achieve this
increase in frequency in industrial facilities.

The most common method used to establish light regimes
is by setting illuminated and dark culture volumes to deter-
mine the duty cycle and frequency of light exposure (Chen
et al. 2016). Currently, based on the use of Computational
Fluid Dynamics (CFD), a more accurate analysis has been
achieved by coupling Lagrangian particle tracking with the
use of dynamic photosynthetic models, such as those pro-
posed by Eilers and Peeters (1988) and Rubio Camacho et al.
(2003), where it is required to know the complete history of
a large population of cells concerning time (Fernandez-Del
Olmo et al. 2017) and its position, especially in vertical reso-
lution. To increase the vertical mixing along culture chan-
nels to provide more uniform exposure to sunlight, which
generates long stable vortices which can transport the cells
between the illuminated and dark zone (Cheng et al. 2015),
thus generating improved conditions for the metabolism of
photosynthesis. However, even with the use of airfoils, it is

Fig. 1 Raceway reactor used in
both case studies
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difficult to generate significant vertical mixing inside a race-
way with a 15 cm depth to obtain the benefits of intermittent
light that leads to higher growth rates (Nedbal et al. 1996).

Methods
Raceway reactor and microalga strain

The raceway reactor used is located at the Research Center
"IFAPA", (Almeria, Spain). The reactor consists of two
40 m long channels (0.35 m highx 1.25 m wide), both con-
nected by 180° bends at each end, an area exposed to solar
radiation of 100 m?, a production volume of 15 m? (depth of
15 cm), a paddlewheel system being used to recirculate the
culture through the reactor at a linear velocity of 0.2 m s~
As shown in Fig. 1 the study was performed in two cases: (1)
called "Free flow" as it is used traditionally, with the chan-
nels free of obstacles, (2) called "with airfoils" where obsta-
cles were installed in the form of airfoils to generate wingtip
vortices to increase the vertical mixing of the system. A total
of six packs with four airfoils each were installed through-
out the channels. Five experimental checkpoints (CP) were
located to carry out the experimental study. The dissolved
oxygen saturation measure (DO) was used to determine the
variation of photosynthesis using a HANNA brand optical
meter, model HI98198.

To perform the Computational Fluid Dynamics (CFD)
analysis several subdomains of the channels were defined to
increase the accuracy of the results. The inlet has assumed
that the flow velocity is uniform in both cases to compare
the results under similar conditions. Additionally, in the
open channel without the presence of an agitation mech-
anism, the flow tends to be laminar, a uniform velocity
allows the results obtained at different points of the flow
to be comparable.

The experimental implementation can be seen in Fig. 2
and Scenedesmus almeriensis strain used was obtained
from the culture collection of the Department of Chemical
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Fig.2 In the image on the
left, the airfoils were installed
in the structure during the
study period. In the image on
the right, the same airfoils
are shown on the exterior to
observe them in greater detail

Engineering of the University of Almeria. This microalga is
a fast-growing and highly productive strain that is particu-
larly adapted to stressful conditions. A culture medium that
consisted of 0.90 g L™! NaNO;, 0.18 g L™! MgSO,, 0.14 g
L' K,PO,, and 0.03 g L™! of karentol® (Kenogard, Spain)
was used. This is a commercial solid mixture of micronutri-
ents that includes boron, copper, iron, manganese, molyb-
denum, and zinc (Morillas-Espafia et al. 2020).

Numerical simulation

Two subdomains have been discretized by ANSYS Meshing
2020R2, both 10.3 m long X 0.3 m wide X 0.2 m high (CFD
Analysis Domain, as shown in Fig. 1). Both meshes were
designed using hexahedral-structured linear elements, with
cell size of 5 mm and a total of 1.7 million elements for the
total more than 10 m of computational domain analyzed with
orthogonal quality of 100%.

The software ANSYS Fluent 2020R2 was utilized to solve
the Reynolds-averaged Navier—stokes equation in the tran-
sient time method, using a time step of 0.001 s and resolv-
ing up to 130 s to achieve a steady state where the vertical
velocities do not have significant variations. An implicit
scheme of the Volume Of Fluid model (VOF) is used to
track the free surface of the water (the average depth of the
water phase is 0.15 m), with a surface tension coefficient of
0.072 N m~! at 25 °C (Nikolaou et al. 2016a). The turbu-
lence model used was k-w SST, one of the best models to
capture the effect of turbulent flow conditions with Low-Re
Corrections. The solution logarithms used were based on the
Pressure—Velocity Coupling by the scheme SIMPLE; least
squares cell-based for gradient, PRESTO! for pressure; sec-
ond-order upwind for momentum; compressive for volume
fraction and first-order upwind for turbulent kinetic energy
and turbulent dissipation rate.

The following boundary conditions were used: a veloc-
ity inlet of U=0.22 m s™', a pressure outlet as an output, a
symmetry condition on the lateral and top surfaces of the
subdomain, a wall (no-slip condition) with a roughness
of 0.0015 mm for the bottom and airfoil surface, and an

atmospheric pressure located over the free surface of the
water.

Particle tracking

The trajectories of Lagrangian particles were integrated using
the balance of forces on the particles. This balance of forces
equals the inertia of the particles with the forces acting on them,
and it can be written as: ddlt" =Fp(u— up) + % +F,
_ 18u CpRe

D~ ppd2 247
ms~!, u, is the velocity of the particle in m s, u=0.001Pas
is the fluid viscosity, p = 1000 kg m~ is the water density, the
particle density has been considered p, = 864 kg m~> and a
particle diameter dp = 7um (Ali et al. 2015; Akhtar et al. 2020;
Chiarini and Quadrio 2021).F, is the drag force per unit mass,
Cpis the spherical drag coefficient, and F, represents additional
acceleration terms (force/unit mass of the particle). A number
of particles N=60 were used, with the initial conditions shown
in Fig. 3.

where u is the velocity of the fluid or culture in

Photosynthetic efficiency of the cells

Particle motion prediction is used to determine the evo-
lution of irradiance with time by tracking their evolution
over time in the illuminated and dark zones (Chiarini and
Quadrio 2021). Once the irradiance is obtained, the pho-
tosynthetic effect on microalgae cells in suspension can
be analyzed using the dynamic models proposed by Rubio
Camacho et al., (2003), who claim that during photosyn-
thesis, a microalgae Photosynthetic Unit (PSU) that is in a
non-activated state is first activated by absorbing photons.
In subsequent steps, the activated photosynthetic unit is
consumed in enzyme-mediated reactions to return to its
non-activated state, providing energy for maintenance
and producing biomass. Thus, microalgae respond to the
amount of light available by varying photosynthetic activ-
ity. The available light (I(¢) in umol photons m~2s7!) can
be calculated using the Lambert—-Beer Law:
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Fig.3 CFD Analysis domain

Free flow

1(t) =1 - e F Gt (1)

where [ is the incident irradiance in umol photons m2s7,

k, is the extinction coefficient in m* g!, C, is the biomass
concentration in g m™ and L(¢) is the depth of the particle,
i.e. its distance to the free surface at the time.

The vertical movement allows time steps between the
different illuminated zones (see Fig. 3). The light/darkness
frequency (v) and the illuminated fraction or duty cycle (®)
can be measured. They depend on: (i) the turbulent inten-
sity of the flow, (ii) the intensity of the light source, and
(iii) the concentration of the culture (Chiarini and Quadrio
2021). Using CFD, it is possible to obtain the particles tra-
jectories and determine their time of permanence in each
illuminated zone. The light availability on the vertical axis
will determine the production (P) of the cells individually.
Using Eq. 1, the specific location that separates the different
illuminated zones in a culture can be determined, which are:
the photoinhibition zone by the photoinhibition coefficient
(K; = 800 umol photons m~2s~!) and dark zone by the com-
pensation irradiance (/.= 4 umol photons m~2 s~!), both of
(Chisti 2016), the saturated zone by the saturation coefficient
(x=221.8 umol photons m~2 s~!) obtained from Brindley
et al., (2016) and the limited zone is located between o and
I.. The production of the cells in the photoinhibition zone
depends on 6\/; , where 6 is the photoinhibition parameter
of the Rubio Camacho et al. (2003); in the saturated zone,
the production P reaches its maximum value; while in the
limited zone, P depends on /; and in the dark zone, P = 0 or
minimum. The different zones can be seen in detail in Fig. 4.

Results and discussion
Fluid dynamics of particles

A conventional raceway (“Free flow”) has a velocity field
parallel to the direction of the current, which means that
the particles follow very stable trajectories over time, eas-
ily represented in a 2D space. On the other hand, in a
channel with vortices generators ("with airfoil"), the flow
is highly three-dimensional and difficult to predict. The
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Fig.4 Separation of zones illuminated in a raceway channel. Their
lighting coefficients and production dependency are indicated

airfoil design has a great impact on the velocity field, and
it must be carefully studied.

A detailed description of particle tracking using CFD
was reported by Fernandez del Olmo et al. (2021), Gao
et al. (2017), Nikolaou et al. (2016b) and Prussi et al.
(2014). In the present work, the benefits of implementing
vortex generators in a raceway are demonstrated, that is,
increasing the vertical mixing to allow microalgae cells to
absorb photons and consume them before starting a new
cycle. The only drawback is a slight decrease in horizontal
velocity (Cheng et al. 2015), which is not important for
this analysis. The vertical velocity difference of 30 parti-
cles between the 2 cases studied is shown in Fig. 5.

With the installation of airfoils, the vertical velocity has
a significant increase with a maximum of +0.065 m s,
compared to+0 m s~! of the free channel. The vertical
velocity is much higher in the first 4 m and acquires higher
values above the vortex axis, which makes it easier for
the cells to return to a highly illuminated area near the
surface. The fact that the cells continuously move between
the different illuminated zones entails an improvement in
the photosynthetic behaviour (Ali et al. 2015). An elevated
level of mixing is related to light integration (I"), which in
turn is directly related to the frequency (v) of Light/Dark-
ness (L/D) cycles, ultimately impacting the concentration
of biomass(C,).
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Fig.5 Vertical velocities of particles for both case studies

Light regime

To determine the evolution of the irradiance of a parti-
cle with time, I, = I(¢), the Lambert—Beer Law has been
used (Eq. 1). Typical values of the incident irradiance, I, =
1500 umol photons m~2 57!, and the extinction coefficient,
k,=0.10 m?> g_l, where chosen. Different values of C, = 0.4,
0.8,1.2,1.6,2.0,2.4,2.8,and 3.2 g L~! were used to deter-
mine the ideal operating concentration. After the integration
of N particles, v, has been calculated using the following
formula:

N
_1 n
Vav_NZ<tf+td)i (2)

1

where, n is the number of total L/D cycles in the 10 m of the
subdomain of each particle. 7, is the time (in seconds) during
which the particles are in light zones, i.e., when I(¢) > I,
and ¢, is the time during which the particles are in the dark-
ness, i.e., [(f)< I.. One L/D cycle is considered when there
ist; and 7,.

Since it is important that the simulation and sampling
properly capture the photosynthetic response of each par-
ticle, at least 50 position points of each particle have been
recorded per second for a maximum of 50 s, which allows
detecting frequencies between 0. 2 and 50 Hz (Fernandez-
Del Olmo et al. 2017).

Free flow

E1m @2m 3m 0O4m @5m
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Displacement of the particles

|l Inss hm b o -
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Fig.6 Cycle L/D of both case studies

Determining the frequency of L/D cycles is a first step
to predict the photosynthetic behaviour in dense cultures
(Brindley et al. 2016). This has been a widely discussed
topic because not all particles move between the illumi-
nated zone and the dark zone. In that sense, it is impor-
tant to consider two important thresholds (Brindley et al.
2011). The parameters that define the limit of the dark
zone are the compensation irradiance (I,) and the satu-
ration coefficient (a), (limits shown in Fig. 4). As both
approaches are incompatible, this analysis makes use of
the limit /_, therefore, assuming that productivity is equal
to O where the particles have no photosynthetic activity.
The comparative results can be seen in Fig. 6.

In the case of Free flow v, is very low, presenting a
maximum of 0.1 Hz at the minimum concentration (C,
= 0.4 g L7!) and at the minimum linear displacement of
I m. v,, decreases exponentially due to the increase in
concentration (C,) and also due to the linear displacement
length of the particles, which results in a limitation of
the operation and explains why raceways reactors are con-
stantly treated with limited productivity (Inostroza et al.
2021), This is explained by the fact that a large number
of particles have slight changes in their vertical position,
according to the literature (Amini et al. 2016; Leman et al.
2018; Barcel6-Villalobos et al. 2019a). The analysis has
been carried out to a velocity of 0.22 m s™!, even though
authors such as Barcel6-Villalobos et al. (2019a, b) and
Brindley et al. (2016) recommend increasing the velocity
of the liquid to increase the frequency. The decision was
made because in real cases, it is not possible to increase
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velocity without causing high energy consumption (Men-
doza et al. 2013).

On the other hand, in the case With airfoils, the particles
achieve a greater vertical displacement, which means that
they enter and leave the dark zone more often. Even at low
concentrations (C, between 0.4 and 1.2 g L™!), the v, is
smaller than 0.8, because the thickness of the dark zone is
low and a large number of cells fail to pass through a period
of darkness. At concentrations higher than 1.2 g L7!, a
decrease in frequency is observed, which occurs because the
thickness of the dark zone has increased and a large popula-
tion of particles never enter the illuminated zone, travelling
during the 10 m of the subdomain in the darkness.

The use of airfoils allows working with a much denser
culture than in a conventional raceway, being the optimal
concentration C, = 0.8 g L~', a value that has been set for
the following comparative analyses. In addition, it could
be observed that the use of airfoils involves a higher influ-
ence on the photosynthetic response along the channel. The
comparison of the vertical position followed by the particles

along both subdomains can be seen in more detail in Fig. 7.

The vertical movement of the cells is one of the main
factors that affect the performance of a raceway photo-
bioreactor. Thus, the photosynthetic response of each cell
will depend on the light intensity of each zone through
which it moves, especially the saturated zone and the dark
zone, where the transition between the minimum and the
maximum occurs. After the integration of N particles, the

o_Free flow (C, =0.8 gL o
0.01 K,

Saturated zone Prnax la —
0.03 | 3
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g 3
o
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Fig. 7 Vertical position of the particles for both case studies

@ Springer

numerical parameter representing the illuminated fraction or
duty cycle (¢) must be calculated. The average value ¢, has
been calculated using the following formula:

N
! i
o= N ; <tf+td>i ©

Another benefit of using vortex generators is that it
increases the frequency to change the position of the par-
ticles travelling through the photoinhibition zone, reducing
the damage produced due to excess light. The photoinhib-
ited fraction (¢g;) has been calculated using the following
formula:

1w (&
P =5 2 (t—>i “)

c

where 7 is the time during which a particle receives an
irradiance /,(r) 2K, and 7, is the total time required for each
particle to move along the 10 m of the subdomain.

In the case without airfoils or Free flow, there is no com-
plete movement of cells between the surface to the bottom
area. Thus, considering that there are no complete satura-
tion conditions (Ali Kubar et al. 2020), some cells remain
for long periods in the continuous radiation zone, as can
be easily observed in Figs. 7 and 8. The illuminated frac-
tion corresponds to 0.485, indicating that about half of the
cells are in the non-productive phase ( ,(t) < I, — P = 0).
According to Barceld-Villalobos et al. (2019a, b) and Brind-
ley et al. (2016) the ¢, obtained corresponds to diluted cul-
tures which may favor the integration of light (I') depending
on irradiance and frequency.

On the other hand, the case with airfoils has different
behaviour. The vortices generated transport particles to a
shallow depth of the channel. In that way, the vortex gen-
erator constitutes a hybrid method between continuous
lighting and intermittent lighting, producing light fluctua-
tions between the illuminated and dark zone with a high
frequency. The ¢,, increases to a maximum of 0.595 at 5 s
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(1 m) and decreases until 35 s (4 m where the photosynthetic
influence is equal to the case without airfoils), allowing a
rapid activation of PSUs, as well as better integration of light
and a higher stability of productivity over time.

Photosynthetic evolution

In the previous section, for a given value of the incident irra-
diance (/;), we studied the variations in the light regimes of
the culture in terms of frequency (v) and fraction illuminated
(¢), and how it, in turn, affects concentration (C). These
parameters allow to know different photosynthetic responses
or production (P) depending on the light that each particle
receives dynamically (/ p(t)). P has been calculated as the
rate of photosynthesis, which is represented by RO, (mg
0, g, h™!) and is obtained from the following formulas:

N

1%/ Z (ROZ)i

L

RO, (1) = &)

0,if1,(5) < I,

5

10 15 20 25 30 35 40 45

25
.oaad e Free flow ----- with airfoilsT 21.5
K o
8 23 4 e + 20.5 3
=22 1 . 1 19.5 §
cF2 g > 1 185@ 5
220 1 / i3
23 / ~ T1755¢g
§§19 --": \\\ 1 16.5:%
g 1871 g
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RO, =3 2

1 <
+K+1p(t)

RO, 1,(0) o
— e <1+K+1p(1)

Time (s)
Fig.9 Photosynthesis rate and areal productivity

without considering the elimination of oxygen to the envi-
ronment., and biomass production increased from 15.8 to
20.2 g m~2 day~!. These changes may not be relevant in small
photobioreactors, but they imply large decreases in produc-
tion costs at industrialized levels.

In terms of the production with the airfoils, a very fast
acceleration is observed in the first 10 s, which is directly
related to the fraction illuminated in that first period of the
analysis. (See Fig. 8). On the other hand, after 20 s, the pro-

6)

2
\/<1—K—L> +di )itk < 10> 1,

2
a 1 .
— _ = _ >
\/(1 K W)) +4K><1+5 W))Afl,,(t)_ K,

where, RO, .. = 88 mg O, g,”' h™' (Costache et al. 2013),
and the measurement is considered to be representative
under optimal temperature conditions at 25 °C and pH of
8 (Barcel6-Villalobos et al. 2019b), k=0.1 and 6 = 0.05
umol photons m~%° s7%3 (Rubio Camacho et al. 2003).
RO, is directly proportional to biomass production (Py) in
g m~2 day~!. Ten productive hours per day and 150 L m~>
have been considered. Productivity (Py) is an effect that is
observed for a longer time than photosynthesis, which is
instantaneous. To perform the analysis, results have been pro-
jected on the same graph, in which a stoichiometric value of
1.33 g O, per gram of biomass obtained from the basic pho-
tosynthesis equation has been considered (Barcel6-Villalobos
et al. 2018). The comparative results can be seen in Fig. 9.
By maintaining a constant light regime in the cells,
the production does not show significant variations with
conventional channels without airfoils. However, using
vortex generators, oxygen production has increased up
to 30% more, reaching a 21% better production in its sta-
tionary phase. Indeed, oxygen production grew from 16.2
to 22.8 mgg, g~! h7! calculated using a dynamic model

duction is stable over the domain. The photosynthetic effect
has been improved near to 10 m in length. This result has
important implications as it allows placing the airfoils at a
large distance from each other, implying a low inversion.
Thus, its photosynthetic potential is similar to the thin-layer
cascade (TLC) photobioreactors.
The use of airfoils allows a greater improvement than
if the biomass concentration is changed, or if there is an
increase in the fluid flow velocity. It was numerically demon-
strated (Ferndndez del Olmo et al. 2021) that increasing the
velocity from 0.2 to 0.8 m s~ would only achieve 5% more
productivity. This author also obtained a 10 to 15% improve-
ment in productivity when the concentration changed from
0.8 to 1.6 g L™, Morillas-Espaiia et al. 2020 worked at a
raceway with an incident irradiance (/;) of 2000 umol pho-
tons m~2 s~!, obtaining productivity of 20-25 g m~2 day !,
a slightly higher result. It should be noted that, despite using
a lower value of [, than the one used in that previous study
(1500 vs. 2000 umol photons m~2 s~1), the productivity val-
ues are similar, thanks to the mixing produced in the race-
way by the vortex generators.
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Values above 30 g m~2 day ™! are targeted, with productivity
similar to that obtained in TLC (Morillas-Espaia et al. 2020;
Villar6 et al. 2022), which are photobioreactors with a much higher
light regime. This improvement must be achieved by keeping a
large part of the cells saturated and at much higher biomass
concentrations. Masojidek et al. 2011 reported an improvement of
upto 55 gm~2day ™! in a TLC performing the function of cascades
to increase turbulence so that the culture concentration increased to
12.5 g'.™! due to a high frequency of the L/D cycles (here achieved
by vortex generators). High productivity is manifested in high
oxygen production and may lead to some inhibition of cell growth
due to the oxygen saturation in the culture, which is a problem to be
solved in the future when a greater integration of light is achieved,
a phenomenon that occurs when maintaining a high degree of
saturated microalgae at a high light regime.

From the data presented, insights can be gained to explore
which light regime conditions improve the performance of
existing cultivation systems or to design more efficient ones.
The comparative analysis of the integration factor (I') is equal
to 1 when the light distribution is sufficiently uniform or
well-mixed for the cells to respond to the average irradiance
(,,)- Meanwhile, it is equal to O in a sufficiently segregated
environment to experience different local growth rates (Terry
1986; Brindley et al. 2011), as a function of the local irradiance
(1,(1)). The integration factor can be calculated by

ROZ,av(t) - ¢avR02,av(t)
ROZ (Iav) - d)avROZ,uv(t)

L () = @)

where, IE?); is the oxygen productivity and is related to the
photosynthesis proportional to the metabolic rate of energy
consumption and is measured in mgO, g, ™' h™!. This model
does not deny the possibility that photosynthetic production
occurs during periods of darkness, as proposed by Filers and
Peeters (1988), because part of the energy obtained during
the illuminated period remains stored in the activated PSUs,
so that they can support the metabolic demand as long as the
period in darkness is not too long. (Rubio Camacho et al.
2003). I?b; has been calculated using the following formula:

N
—_— 1 —_—
RO =3 X (70,). ®)
IE\O; = ROZ,max : (ﬁ)s)‘:* = z dx* (9)

dx* = 1,(1) - dt (10

e *
ﬁ<1 x<t—1>) Poxq
o K +xz‘t_1)

where x*is the fraction of photosynthetic units (PSUs) and
p =5 Hz is a characteristic frequency of the system and
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represents the specific photosynthetic maximum rate (Rubio
Camacho et al. 2003).

RO, (1,,) assumes that the entire volume of the reactor is
mixed, independent of the particle location and time, assum-
ing that all particles are exposed to an average irradiance
(1,,), Therefore, to determine this parameter the simplified
equation proposed by Molina Grima et al. (1994) can be
used. It can be calculated by the following equations.

RO, o * Ly 2
ROZ(IW)=$ 1+K+Il—\/(1—1(—]i> +4K]

an

1
1

av = ﬁ ’ (1 - e_ka.Cb.L)
a' “b°

12)

The results can be seen in Fig. 10.

Since it is possible to obtain a reliable representation of the
light conditions of each particle and its multiple trajectories,
and the dynamic model of photosynthesis represents well
the effects of the duty cycle and frequency, it is feasible to
predict productivity reliably using a simple static model. This
provides valuable information about the design and operation
of a reactor, evaluation and redesign in case of improvements,
or even choosing a method of agitation without wasting
energy (Brindley et al. 2016) to move the cells between bright
and dark zones very quickly, thereby increasing the efficiency
in the use of light, thus reaching a state of integration of light.

Higher light exposure tends to level out the PSUs (x%),
reducing the PSU consumption rate. In the case of a con-
ventional channel without airfoils, it is observed that the
light exposure rate is low or maintains long periods in
darkness, completely depleting the energy stored in the
excited PSUs. This same phenomenon is also possible in
circumstances of light saturation slowing to a standstill,
which may lead to a higher risk of photoinhibition because
the active centers continue to absorb light but does not
drive the formation of PSUs. On the other hand, the use of
airfoils generates a photosynthetic situation very favourable
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for photosynthetic efficiency by promoting high frequencies
of exposure to light and avoiding the three most important
phenomena that weaken productivity in photobioreactors:
photorespiration (due to prolonged time in the dark zone);
supersaturation and photoinhibition for prolonged times in
saturated zone, and photoinhibition respectively (view in
Fig. 7). The representation of the integration light factor
can be seen in Fig. 10, where 2 stages can be observed:
1) up to 25 s with 15% more light integration and 2) up
to a steady state (from 45 s). On balance, in the case with
airfoils, the integration light factor is 36% higher over the
10 m analysed, suggesting the possibility of achieving a
higher increase (e.g., by placing the airfoils closer together).
Airfoils allow light to be supplied gradually, being always
closer to the integration of light than continuous exposure
to light. When light changes are too slow or are supplied
continuously, PSUs can be excessively excited, absorbing
light that is not converted into photosynthetically available
energy, which is probably dissipated as fluorescence or heat.
This phenomenon is called dissipated flow and is a very
important parameter when optimizing a production system.

In the following, the optimization parameter is defined,
which represents the metabolic photosynthetic efficiency
between the 2 case studies (€, ifoits/ Eav. Free):

ROZ,av(t)/ROZ,max
In/a

The results can be seen in Fig. 11.

The use of airfoils optimizes the use of light or
photosynthetic efficiency in comparison to a conventional
channel, as has been shown. Up to the initial 7-8 s, it has
a strong increase of 1.27 compared to the conventional
configuration without airfoils, which is due to a high
frequency of light exposure above its saturation point,
allowing a rapid activation of the PSUs. However, operating
close to saturation causes light leakage, decreased
photosynthetic efficiency and risk of photoinhibition. The
optimization decreases up to 1.25 comparatively in the 10 s

Ea(t) = (12)
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Fig. 11 Comparative optimization

of analysis, at 20 s the state of adaptation begins because
it starts to operate below the saturation point and the
illuminated fraction decreases, which is the most common
and desirable situation (Fernandez-Sevilla et al. 2018). The
comparative optimization stabilizes after 45 s and equals
the initial maximum load of 1.27. In the configuration
without airfoils, the /,, is less than a and the cells have very
little transition between the different illuminated areas, so it
is not possible to take full advantage of the photosynthetic
devices of the cells. However, with the use of airfoils,
many more cells interact on the saturation point and leave
it, generating a dynamic metabolism of generation and
consumption, and causing metabolic adaptation to be
much greater in time than the hydrodynamic influence
of turbulence. that means that the vertical mixing has a
higher influence during the first 4 m, but the photosynthetic
influence can be higher than 10 m.

Experimental validation through dissolved oxygen
saturation analysis

Figure 1 shows again the 5 experimental checkpoints, where
sampling was carried out for 5 consecutive days from 9.00 to
13.00 h. The averaged results can be seen in Fig. 12.

In experimental terms, the use of airfoils has achieved
a 30% improvement over a raceway without airfoils,
which is consistent with the simulated numerical analy-
ses. The improvement in oxygen production obtained by
numerical simulation and mathematical modelling was
21% in steady state. Experimentally, Photosynthesis has
been increased to the maximum of 250% DO Sat. recom-
mended by Barcel6-Villalobos et al. (2019b) and even
more than the maximum of 225% DO Sat. recommended
by Petera et al. (2021). The DO Sat. of the raceway pho-
tobioreactor without airfoils is over 200%, which are
acceptable operability values. Therefore, it is estimated
that improvements in experimental oxygen saturation can
be up to a maximum of 30%.

350 - —
XFree flow & with airfoils
300 A
.
* *
= * ¢
& 250 4
T
n X
02004+ X X X X
a
150 +
100 + + + +
CP1 CP2 CP3 CP4 CP5

Experimental Checkpoints

Fig. 12 Experimental Checkpoints

@ Springer



Journal of Applied Phycology

Conclusion

It has been shown that the light regime is improved with
the use of airfoils in raceway reactors, in addition, produc-
tion and light integration has increased. The frequency of
exposition improves three times concerning conventional
systems which allows an increase in photosynthesis rate
and productivity up to 30% higher, light integration is 36%
higher using airfoils, optimization has been 27% higher
comparatively, and experimentally, oxygen saturation has
been 30% higher. These results confirm the benefits of
optimizing the mixing in microalgae cultures, especially
focusing on the movement of the cells between the differ-
ent illuminated zones. This method has great expectations
because the photosynthetic influence of the airfoils extends
up to 10 m of the channel from the physical position of
the airfoils and because it is also independent of out-of-
control conditions such as irradiance from the sun and
other conditions, such as increasing the velocity of circu-
lation which directly affects production costs. Additional
work is underway to increase the photosynthesis rate and
final biomass productivity, it is expected to increase the
microalgae production capacity of actual photobioreactors
up to 50%, regardless of location, maintaining low energy
consumption and CAPEX.
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