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Abstract

The optimal configuration of Thin-Layer Photobioreactors (TLP) for the production of microalgae is analyzed. For that, a TLP
of 40 m long, 1.5 m wide, and a slope of 1% was used, with both Computational Fluid Dynamics (CFD) and experimental
measurements being used as data sources. First, the influence of culture inlet flows on the thickness of the fluid sheet and
liquid velocity was studied, and a laminar flow was observed. Next, the light gradients at which the cells are exposed inside
the cultures were calculated by considering both the light attenuation and movement of the cells along the reactor. A low
frequency of light exposure was found. Combining the light regime to which the cells are exposed and different photosyn-
thesis models the expected oxygen production rate was calculated. Although dynamic models are more precise, the use of
static models is also suitable because of the low frequency of light exposition. The overall model of the reactor integrating
fluid-dynamic and photosynthesis rates allows the optimization of the operation conditions on the photobioreactor. Results
show that the optimal biomass concentration is 4 g L™!, at which the frequency of L/D cycles, oxygen production, and dis-
solved oxygen saturation is maintained at adequate values. Whatever the operating conditions the desorption of oxygen in
the bubble column has been identified as essential for optimal operation. In conclusion, major phenomena taking place in
this type of photobioreactors are determined by the thickness of the culture depth which is a function of the culture flow rate
provided to the channel, otherwise, the liquid flow determines the energy consumption on the reactor. Thus, the optimization
of the overall configuration of this type of photobioreactor still is a challenge for its further industrial development.
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Introduction

Microalgae are photosynthetic microorganisms naturally pre-
sent in seawater and freshwater environments. These micro-
organisms have great potential to produce biomass that can
be used in agriculture, aquaculture, feed and food production,
among others (Trivedi et al. 2015; Lafarga 2020). Microalgae
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can be produced in open and closed bioreactors; however,
the choice of each depends on the strain of microalgae to be
used and the quality of the biomass to be obtained. Generally,
open bioreactors such as raceway ponds (RW) are commonly
used for the production of microalgae such as Dunaliella,
Scenedesmus, and Arthrospira/Spirulina. This type of pho-
tobioreactor is well known for its simplicity, versatility, and
relatively low construction and operating costs (Wang et al.
2012; Mendoza et al. 2013a, b). Meanwhile, closed reactors
such as tubular photobioreactors (TPB) are the most widely
used systems to produce high value-added biomass (Molina
Grima et al. 1996), which counteracts the high construction
and operating costs of this type of bioreactors. As an alterna-
tive, the use of thin-layer photobioreactors (TLPs) has been
proposed, these reactors allow the production of high-value
biomass such as tubular photobioreactors but at production
cost close to open raceways (Akhtar et al. 2020). Studies
of TLPs started in the 1960s in Czechoslovakia and were
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quickly implemented worldwide for their low cost and prom-
ising productivity but the design and scaling of these reactors
is still challenging (Masojidek et al. 2015).

Although TLPs have been proposed for a long time, still
the design of this type of photobioreactor is not completely
solved. Evidence of the inadequacy of the current design
includes the existence of large gradients of properties along
the reactor such as pH and dissolved oxygen, the existence
of carbon limitation and excess of dissolved oxygen concen-
tration, the increase of temperature over the daylight period,
etc. (Doucha and Livansky 2006; Barcel6-Villalobos et al.
2019b; Masojidek et al. 2021). However, despite these dif-
ficulties, this type of reactor provides the highest values in
term of biomass productivity per land surface, with values
up to 50 g m~2 day~! being reported (Masojidek and Prasil
2010). Thus, the challenge is to optimize the design and
operation of these reactors to allow to maximize the per-
formance of the microalgae cultures and to scale up this
technology to the industrial scale. For that detailed analysis
of the fluid-dynamic and photosynthesis performance of this
type of reactor is required.

Concerning fluid-dynamics issues, in TLP both the cul-
ture depth and liquid velocity are mainly a function of
the culture flow being recirculated, which determines the
energy consumption of the reactor. The culture is pumped
at the entrance of the channel, then flows by gravity to the
end depending on the slope and rugosity of the surface.
The culture depth influences the light gradients in the cul-
ture as a function of biomass concentration and light atten-
uation by the biomass. The liquid velocity influences the
hydrodynamic mixing in the culture, especially the vertical
movement of the cells, in addition to the circulation time
along the channel on which the cells perform photosyn-
thesis. In the case of open raceways, the water depth and
liquid velocities are about 0.2 m and 0.2 m s~!, thus the
flow pattern is laminar and frequencies of light exposure
is low, in the range of 0.01 Hz (Barcel6-Villalobos et al.
2019a). In this type of photobioreactor, the solar radiation
is excessive for the microalgae cells close to the surface
of the culture causing photoinhibition, whereas it is insuf-
ficient for most of the microalgal cells occupying most of
the culture volume, including large volumes in completely
dark (Chiarini and Quadrio 2021). To reduce this effect a
reduction of water depth is required, with values below
10 mm being proposed (Grivalsky et al. 2019). Thus, thin-
layer photobioreactors are characterized by having a low
depth (0.5 to 5.0 cm), the culture being recirculated at sim-
ilar velocities than in raceway reactors (0.1-0.4 m s~!) for
surfaces with a slope of 0.1 to 6.0% (Masojidek and Prasil
2010). It is assumed that at these conditions the vertical
mixing is enough to allow full integration of the light by
the microalgae cells, for which a frequency of light expo-
sure greater than 1 Hz is required (Brindley et al. 2016).
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However, the light regime at which the cells are exposed
to the light in these reactors is not so high, ranging from
0.1 to 0.3 Hz (Chiarini and Quadrio 2021). To solve this
problem different approaches have been proposed such
as generating toroidal vortices or creating waves in the
bottom of the reactor (Moroni et al. 2019; Chiarini and
Quadrio 2021).

Concerning photosynthesis, the use of models for the pre-
diction of photosynthesis rate as a function of culture condi-
tions to which the cells are exposed is a valuable tool for the
optimization of the design and operation of photobioreactors
for the production of microalgae. In general, static models
considering the average values for culture parameters such
as irradiance, temperature, pH and dissolved oxygen are uti-
lized (Molina Grima et al. 1996; Costache et al. 2013). The
use of these models is adequate if the characteristic time of
the phenomena is shorter than the variation of the culture
conditions, which is reasonable for some variables such
as temperature, pH and dissolved oxygen that have char-
acteristics times of the order of minutes/hours. However,
the irradiance at which the cells are exposed in the cultures
varies faster, in terms of milliseconds, thus influencing the
photosynthesis rate. To consider this fast response the use of
dynamic models is required (Rubio et al. 2003; Fernandez-
Sevilla et al. 2018).

In previous works where the fluid dynamic of thin-layer
reactors has been studied a laminar flow pattern was usu-
ally found (Severin et al. 2018, 2019). Moreover, the mixing
and light regime on these reactors has been also studied,
with results demonstrating that it is possible to achieve full
mixing and high frequencies of light exposure hogher than
1 Hz at certain conditions (Akhtar et al. 2020; Chiarini and
Quadrio 2021). However, to understand better the influence
of these factors in the final performance of the cultures,
it is necessary to also integrate the use of the light by the
microalgae cells through adequate photosynthesis models.
Thus, for the development of models considering the over-
all design and operation of photobioreactors, the influence
of fluid dynamics on the variation of photosynthesis rate
must be included. For that numerical methods such as the
Discrete Ordering Method (DOM) and the Finite Volume
Method (FVM) can be used (Ben Salah et al. 2004). The
use of FVM integrates the light on the control volume with
the fluid dynamic of the culture (Duran et al. 2010) unlike
DOM which only does so on the control volume thus not
allowing an optimal coupling with fluid dynamics (Huang
et al. 2011). Therefore, the use of FVM allows the explora-
tion of the influence of design and operational parameters on
the performance of the reactor including the light regime at
which the cells are exposed and based on that the conversion
of CO, to biomass and the production of oxygen. The exces-
sive accumulation of O, largely reduces the productivity of
microalgae cultures, with dissolved oxygen concentrations
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higher than 250%Sat. causing inhibition (Barcel6-Villalobos
et al. 2019a, b; Rubio et al. 1999).

This work aims to elucidate the most relevant parameters
for the optimization of the design and operation of TLP. For
that, a detailed analysis of both the fluid dynamics and pho-
tosynthesis rate in a thin-layer photobioreactor is performed.
CFD tools allow for the characterisation of the variations of
water depth and liquid velocity, in addition, to estimating
the movement of the microalgae cells in time. Models of
photosynthesis rate allow estimating the oxygen production
rate and then the biomass productivity at different scenarios.
Analysis of results allows to determine the optimal biomass
concentration and length of the channel for a fixed configu-
ration of the reactor: Moreover, the developed model is a
useful tool for the optimization of the design of this type of
photobioreactor or for defining the optimal operation condi-
tions for those already in operation, thus it is a valuable tool
for the industrial development of this technology.

Materials and methods
Description of the thin-layer photobioreactor

A TLP located in the Research Center IFAPA (Almeria,
Spain) was used. It consists of an inclined culture plate with
a slope of 1%, a total length of 40 m and width of 1.5 m,
area of 60 m? directly exposed to solar radiation (Fig. 1).
The inclined plate is built in fibreglass with smooth surfaces
guaranteeing the suspension of microalgae throughout the
width of the channel. The entrance of the culture is made
using a PVC pipe with 2 rectangular grooves 0.2 m wide and
0.01 m high. In addition, a tank of 3 m? capacity and bubble
column of 2 m height and 0.4 m diameter are also installed.
The culture is recirculated from the tank to the culture plate
by passing previously by the bubble column for CO, sup-
ply or O, removal. The CO, is provided on demand for the

control of pH and to avoid carbon limitation, whereas aera-
tion is provided also on-demand to avoid dissolved oxygen
levels higher than 200%Sat. The culture volume and depth
are functions of the inlet culture flow, which is modified on
demand by regulating the inverter connected to the pump
impulsing the liquid. Numerical analysis was performed to
determine the depth of the culture along the channel and
the liquid velocity. Based on these results, a more detailed
analysis was performed on a section of the reactor to analyze
the pattern flow and oxygen production using a numerical
model. Experimental measurements of both water depth and
liquid velocity, in addition to the photosynthesis rate were
performed in parallel.

Analysis of the system by computational fluid
dynamics

For the analysis of fluid dynamics in the entire photobiore-
actor, a structured hexahedral mesh was created using the
ANSYS Meshing 2020R2. The mesh is composed of a lin-
ear order of elements with an average orthogonal quality of
100% and a standard deviation of 1.2x 107, it is composed
of 1.5x 10° cells. The ANSYS Fluent software was used to
solve the constant multiphase flow equations (pseudo tran-
sient time) using the Volume Of Fluid (VOF) method for
both phases (water—air). The coupled algorithm was used
to solve the simulation of all cases. The turbulence model
used was k — ¢, it being adequate to capture the effect of
turbulent flow conditions, It is a low computational cost
model to carry out analysis of large sizes with an accept-
able precision of free turbulence. This model belongs to the
Reynolds-averaged Navier—Stokes (RANS) models, where
all the effects of turbulence are modelled. The boundary
conditions were defined at four different inlet flows rates of
culture to the plate of 1.15, 2.20, 3.00 and 3.60 L s7L
The system was simulated considering atmospheric pres-
sure and roughness of the walls of 0.0015 mm. Based on the

Fig. 1 Scheme of the thin layer
reactor utilized, indicating

the major zones on which it is
divided
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Courant-Friedrichs-Lewy (CFL) condition, which assures
the convergence of the numerical solution of partial differen-
tial equations, the time step was set to Az = 0.01 s (Courant
et al. 1928).

Due to the large size of the photobioreactor, to perform
a detailed analysis of particle tracking in reasonable time it
was necessary to define a section of the reactor with a lower
volume. Thus, a small domain of the global system was dis-
cretized (Fig. 2b), on which a structured hexahedral mesh
was used with a linear element of mean orthogonal qual-
ity of 100%, composed of 2.6 x 10° cells. This domain has
been discretized for the evaluation of the movement of small
particles represented as microalgae cells. The mesh was
designed using the criterion of the Law of the Wall, where
the distance of the cellular centroid from the wall is given
by y, (Eq. 1), where y*=10.9 (<1 for LESTurbulentModel),
4 is the dynamic viscosity, u, is the friction velocity and p is
the density of the fluid (Severin 2017).

.
y, = 2E - 99x107°m (1

u.p
Multiphase flow equations using the Volume of Fluid
(VOF) were utilized. Now, the Large Eddy Simulation
(LES) turbulence model was used, which solves a wide
range of eddies sizes. The smaller scales were solved by
Kinetic-Energy Transport (Sub-grid Scale Model). It has
been solved in transient mode with the PISO algorithm
(Moroni et al. 2019) with a time step of 0.001 s calculated
using CFL condition. This time the simulation was per-
formed with the submodels of the open channel boundary
condition and the open channel wave boundary condition
involving a free surface between the flowing fluid and
the fluid on the free surface, which is air at atmospheric

pressure and the open channel wave boundary condition.
This allows simulation of the propagation of the wave that
will influence the trajectory of the particles contained in the
liquids as shown in Fig. 2c.

Particle tracking

The trajectory of the Lagrange phase was predicted by inte-
grating the balance of forces in the particles, this balance of
forces equals the inertia of the particles with the forces act-
ing on the particles, it can be written as fol-

du 8(0,=0) 184 CpRe
lows:— = Fp(u—u 2 4 F F, = £ 207 where
o p(u—u,) + PRI ppd2 24

u is the velocity of the fluid or culture in m s~} u, is the
velocity of the particle in m s}, 4 = 0.001 Pa s is the fluid
viscosity, p = 1000 kg m~ is the water density, the particle
density has been considered p, = 864 kg m~> and particle
diameter dp = 7um (Ali et al. 2015; Akhtar et al. 2020; Chi-
arini and Quadrio 2021),F: drag force per unit mass,Cp):
spherical drag coefficient,F,: additional acceleration terms
(force/unit mass of the particle), the number of particles (N)
used was 60.

Photosynthesis rate

To determine the photosynthesis rate in the culture two dif-
ferent approaches were considered. The static model consid-
ers that the photosynthesis rate is a direct function of cul-
ture conditions at different vertical positions. Applying the
Lambert law it is possible to determine the light availability
at different water depths, and using the hyperbolic model
(Fernandez Sevilla et al. 1998) to calculate the oxygen pro-
duction rate at each one, by integrating these values the
overall oxygen production rate is calculated. The dynamic

Fig.2 Scheme of numeri-
cal analysis of the reactor
performed by CFD. a) Global
system. b) Mesh for particle —
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model use considers the trajectories of the cells to estimate
the oxygen production rate by suspended microalgae cells
at different positions (Brindley et al. 2011; Fernidndez del
Olmo et al. 2021). This can be analyzed using the dynamic
models proposed by Eilers and Peeters, (1988) and Rubio
et al. (2003). The Camacho-Rubio model was used for this
experiment assuming that the deactivation rate (r) is not
proportional to the concentration of excited Photosynthetic
Centers (PSFs) but is controlled by reaction measured by
enzymes that can become saturated, r it can be written as
follows:

* *

rta
TRt @
a=a’+a* 3)

where 7 is the product of the limiting enzyme concentra-
tion, its velocity constant and this can be expressed as the
energy consumed per cell in unit time, K* represent the con-
centration of photosynthetic units (PSUs) that produces a
rate of photosynthesis equal to half the maximum rate, a is
the total concentration of mole PSU per cell, a° is the molar
power supply per cell in the resting state and a* is the molar
power supply per cell in the activated state. The balance of
activated centres can be represented by the Camacho—Rubio
model:

da* Iy @
=k -I-(a—a*)—
dt 4 (@-a’ K* +a* )

*

where k,= is the absorption coefficient in m? g=! and 1 is
the irradiance in umol photons m~2 s~! and 7 in seconds.
Rubio et al. (2003) proposed a dimensionless model dividing
each parameter by the total concentration of photosynthetic
centres. Thus, the concentration of activated centres (a*)
becomes a fraction (x*, the fraction of activated centers). In
the original work, the authors conveniently organized the
parameters of the model into the following groups (Fernan-
dez del Olmo et al. 2021):

e K
a_ka-a’ﬁ_;”(_7 )
Mass transfer analysis

The mass transfer across the gas—liquid interface can be
expressed using the mass transfer coefficients on both
sides, in the liquid phase is k; = 6.2x 107> m s™' and the
gaseous phase is k, = 5.2 X 10~ m s™!, both previously
studied by Petera et al. (2021). Its combination v&llill gilve

.. . 1
the overall mass transfer coefficient is — = — + —,
K.~ k| kH

where Henry's constant under equilibrium conditions

(Schuhfried et al. 2011, 2016) is H, = %l =
0,

8.8x 107* kg m™® Pa~! where P, = 101,303 Pa is the
partial pressure of oxygen in the gas phase and [O;] =9
mgq, L™ is oxygen dissolved in air—water equilibrium.
The interfacial area (a) represents the specific surface of
the interfacial area which can be derived from the ratio of
differential element surface dA and its volume dV, there-
fore, a = % where h is the average height of the culture.
Hence, the volume coefficient of mass transfer (K;a) in

s~ can be calculated by the following equation:

1

i —— (©)

kja + kyasHp,

Results and discussion
Fluid dynamics analysis of a TLP

Recently TLP photobioreactors have been thoroughly
studied to standardize their design variables. The chal-
lenge is to achieve circulation velocities in the range of
0.2 m s™! as a standardized optimum for open channels
and higher than 0.10 m s~ as a critical rate with sedimen-
tation risk (Chisti 2016; Inostroza et al. 2021). The rela-
tionship between the velocity of circulation and the height
of the fluid sheet is a function of the slope and the friction
work, the lower the height of the fluid sheet the friction
work is increased decreasing the circulation velocity to
almost critical levels. To avoid this effect it is proposed
to increase the slope of the channel. Some authors such
as Akhtar et al. (2020), Apel et al. (2017), Moroni et al.
(2019) and Severin et al. 2018 have reported velocities
over 0.20 m s™! and even up to 1 m s™! using higher
slopes. It has been reported that for low depths (< 10 mm)
the usual velocities of 0.40-0.50 m s™! have better per-
formance in productivity (Grivalsky et al. 2019). Mixing
is improved directly by increasing the slope or higher
inlet flow rate, suggesting that an optimal configura-
tion can be compared with a waterfall with high flows
and steep slopes that can keep in operation reactors with
increasing biomass concentration. The mixing intensity is
directly related to turbulence, therefore, sedimentation is
decreased (Severin et al. 2018). Moreover, the mixing is
not directly related to the conventional Reynolds Number,
for this reason, it is advisable to do a Lagrangian study
for more accurate analysis by particles.

To study the fluid dynamics of the thin-film reactor con-
sidered, numerical simulations have been carried out using
CFD software, these results being compared with those
obtained experimentally. The modified variable has been

@ Springer



Journal of Applied Phycology

the culture flow rate contributed to the reactor inlet and the
measured variables included height and velocity fluid in
addition to the circulation regime by the turbulent Reyn-
olds number. As shown in Fig. 3a, the fluid sheet at flows
of 3.00 and 3.60 L s~! is > 10 mm for much of the channel,
2.20 and 1.15 L s~ a recommended fluid layer thickness
of 10 mm (Grivalsky et al. 2019). Akhtar et al. (2020),
Apel et al. (2017), and Severin et al. (2018) have reported
depth < 10 mm with fluid dynamic results in terms of opti-
mal circulation velocity, but increasing the slope of opera-
tion. In this case it is a constant of 1%. As observed in the
Fig. 3b, the predominant circulation velocities for flows
of 1.15,2.20 and 1.15 L s~! are located between 0.10 and
0.20 m s~! simulated and experimentally along the chan-
nel, being fluid velocities not recommended due to the low
mixing intensity generated and high risk of sedimentation,
in this experiment it is observed for flows than for the
flow of 3.60 L s™! the velocities were >0.20 m s~ which
is a safe velocity of circulation. These results indicate the
importance of increasing the inlet flow to obtain better
fluid-dynamic results, it has been standardized that at least
inlet flow per meter of reactor width is 2.4 L s™! to get a

velocity of 0.2 m s,

The light regime at which the cells are exposed

The TLP is a channelled photobioreactor that maintains a
defined direction of the fluid and low turbulence determined
by the slope and gravity. A Lagrangian analysis was carried
out and 60 particles with vertical resolution were chosen to
represent the behaviour of the entire culture. The volumetric
fluid dynamics of the reactor is the factor that influenced
the movement of the cells contained in the culture which
moves in the form of a wave in time and space. The greatest
variation is achieved at a greater layer thickness where the
resistance to movement is zero, and it decreased as the depth
increases due to the resistance caused by the roughness of the
lower wall in direct contact with the fluid. The distribution
of particles is very similar to what was achieved by Severin
et al. (2018) where the particles have slight vertical variations
not exceeding 1 mm in the deepest zone and no more than
5 mm in the surface area. These results are similar to those of
this study because their operational parameters are similar to
the inlet flow and slope. As a consequence the linear velocity
of the particles is high in the upper zone, varying between
0.21 to 0.3 m s~ . Particles that are travelling in the area at
medium depth and particles closer to that to the lower plate
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do so at the safe velocity limit of 0.2 m s~'. The vertical
velocity of the particles is a consequence of the vertical posi-
tion and its linear velocity and is directly related. The greater
the variation of the vertical position and its linear velocity,
the greater its vertical velocity, and the same relationship for
the particles that travel at greater depth.

TLPs have several fluid-dynamic advantages due to their
low depth, circulation velocity and slope used. Having a
sheet of fluid of lower depth is a smaller viscous area on its
walls. Another advantage over its low depth in scale of mm
makes it very attractive equipment for its high photosyn-
thetic conversion, as they can maintain a fully illuminated
culture up to high biomass concentrations. With the data of
vertical position and velocities, an individual study of the
particles that travel at different depths has been carried out to
evaluate the attenuation of the light to which they have been
subjected to evaluate their photosynthetic activity.

Microalgae respond to the amount of light available
by varying photosynthetic activity, the available light
(umol;oions m~2 s7!) can be calculated using the Lam-
bert-Beer Law, expressed as follows:

I=1,-e(TRGD) (7)

where Iy= 1000 pmol, oon m™> s~" is the incident irradi-
ance,k,=0.1m?g™,C,=1,2,3,4,5and 6 gL~ and L is
the depth of the culture. A compensation irradiance has been
established (1,) <40 umol, ;o ons m~2s~!, where it is consid-
ered that the cells are in a dark volume (Barcel6-Villalobos

et al. 2019a). Below this irradiance there is not enough light
to carry out photosynthesis and productivity is 0. The satu-
rated zone by the saturation coefficient is o0 =222 pumol,, s
m~2 s~! obtained from Brindley et al. 2016 and the limited
zone is located between o and /... Fig. 4, shows as up to a
concentration of 3 g L' is the 100% of illuminated cells,
at concentrations of 4, 5 and 6 g L™! the percentage of light
cells is 95, 84 and 56% respectively, having the most cells in
darkness at 6 g L™!. At higher concentrations of 12.5 g L™!
with light/dark cycles it is advisable to decrease the thick-
ness of the fluid layer up to 6 mm (Grivalsky et al. 2019).
At a higher concentration, there is slower cell multiplication
but not a total stop of cell growth. Therefore, it is essential to
know what the optimal biomass concentration of operation
is. In the reactor of this study, the importance of a thin layer
of culture has been considered (11 mm) to have the 100% of
the illuminated volume in such a way as to maintain a high
absorption of photons generating a fast and non-enzymatic
step to activate the Photosynthetic Units (PSU).

As the cells are continuously travelling between the differ-
ent zones means that they are exposed to different irradiances
facilitating the light integration and photosynthesis rate (Ali
et al. 2015). A high level of mixing is directly related to the
integration of light (I') which is a function of the frequency
or cycle L/D (v), and the illuminated fraction or duty cycle
(), this last parameter being a function of the concentration
of biomass (Cy). The vertical movement of the cells is one
of the major factors that affect the performance of TLP pho-
tobioreactors. The photosynthetic response of each cell will

Fig.4 Variation of light profile
and movement of cells as a
function of biomass concentra-

tion into the culture
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depend on the light intensity of each zone through which it
moves, especially the saturated zone and the dark zone where
the transition is between the minimum and the maximum. The
numeric parameter is represented by frequency or cycle L/D
(v) and illuminated fraction or duty cycle (¢). Due to the high
number of particles (N) that have been used, it must be calcu-
lated by a statistical characterization using the arithmetic mean
using the following formula:

1 N n
Vo =5 2 <tf+td>i ®)

_lyv(_h
o= 2 <rf+td>i ©)

where n is the number of total cycles in the 0.2 m of the sub-
domain of each particle, is the 7, light time of the particles
in seconds when their irradiance is > /. and ¢, is the time
of darkness of the particle when its irradiance is < /... The
results can be seen in Fig. 5. When performing an analysis of
the set of particles up to a biomass concentration of 3 g-L ™!
leads to a calculated mean indicating that on average the
frequency is v, = 0 Hz because the culture is maintained all
the time in saturated and limited illuminated zones without
travelling through the dark zone, as can also be seen in the
measure of the duty cycle that is maintained ¢,, = 1. This
means that 100% of the cells are fully illuminated, by staying
all the time with light generates low use by the microalgae
of this resource. At 4 g L™! a slight increas in the dark area
begins, therefore, appears the cycles L/D being v,, = 1.18 Hz
having the maximum integration of the light of 60%. At5 g
L~! frequency decreases at 1 Hz having 55% integration of
light. From this concentration, the cells begin to suffer a
deficit of light because the dark zone increases and fewer
cells can enter and leave this area because the dark fraction
increases to 49%. With 6 g L™! the frequency decreases to
v,, = 0.9 Hz having an integration of the light of the 50%

because the dark zone increases more and fewer cells can
enter and leave this area because the dark fraction continues
to increase to 62%. The light integration data can be seen in
Fig. 5 in Fernandez del Olmo et al. (2021). All of this phe-
nomenon can be seen in conjunction with Fig. 4.

Photosynthetic activity

In the subsequent steps enzymatic reactions are activated
that provide energy for oxygen production. The dynamic
model has been used to perform an analysis of each particle
(Rubio et al. 2003). The parameters of Eq. 5 when replaced
in Eq. 4 make it easier to calculate because it transforms the
concentration of PSU to a fraction, following the following
equation:

dx* P(1=x"y) Py

=1, - . (10)
a K+ X%

I,=1,- elThCx0) (11)

where [, is the irradiance of the attenuated particles con-
cerning depth and time x(¢) for each particle, f = 5 Hz is
a characteristic frequency of the system and represents the
specific photosynthetic maximum rate, k=0.1 is a saturation
constant for the velocity control enzymatic reactions.
Oxygen generation (RO, pyy» MZ0 Ebiomass 1) for the
dynamic model is calculated according to the next equation.

L) (12)

ROZ,DIN = ROZ,max ' (K + x*

where RO, ., = 88 Mgg, Chiomass | N~ (Costache et al.
2013), representative measurement under optimal tempera-
ture conditions at 25 °C and pH 8. (Barcel6-Villalobos et al.
2019b). The results of the rate of photosynthesis per particle
can be seen in Fig. 6 at concentrations 1 and 2 g L™! the
culture is saturated, that is, all the particles are producing
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Fig. 6 Variation of photosynthesis rate per mass unit profile as a function of biomass concentrations in the culture

oxygen regardless of the depth they are located. The attenu-
ation of light is minimal compared to the photosynthetic
velocity of the cells. Between 3—4 g L™ is an ideal concen-
tration because the particles have decreased their saturation
level and few cells are not performing photosynthesis <5%.
Between 5—6 g L™! it is observed that the cells that do not
perform oxygen increase, initiating the process of loss of
productivity up to 16% and 44% to 6 g L™! respectively.
These conditions affect the optimal development of the cul-
ture because long periods in darkness deactivate the PSUs,
the reactivation depending on the conditions of cultures can
be slow affecting the photosynthetic efficiency.

Comparison of photosynthesis models

To carry out an objective study, a comparison was made between
the dynamic method and static methods with light integration and
without light integration. Due to the high number of particles (N)
that are used, it must be calculated by a statistical characterization
using the arithmetic mean using the following formula:
- 1 N
RO, piv = N Zi (RO, piv); (13)
The static model with light integration (I") assumes that
the entire volume of the reactor is mixed, it is indifferent to

the location of the particles and time. They assume that all
particles are exposed to an average irradiance (/,,), There-
fore, to determine this parameter the simplified equation
proposed by Molina Grima et al. (1994) is used.

_ l, . _ =k, C,-L
o= =) (14)

where L =11 mm is the total depth or thickness of the reac-
tor fluid layer.

Oxygen generation (RO,, Mgn, Zyiomass - h 1) for the static
model with light integration is calculated according to the equation:

n
ayv
RO, static winr = RO, . @ n 41"
av k

as)
where I; = 120 umol, o0 m™> 87" and n = 2 (Grima et al.
1994; Barcel6-Villalobos et al. 2019b).
PO, = RO, + C, (16)

RO, is directly proportional to biomass production (P,)
in g m~2 day~", considering 10 productive hours per day and
11 L per m?. Productivity (P,) is an effect observed longer
than instantaneous photosynthesis, for the study analysis has
been carried out projected on the same graph. Considering a
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stoichiometric value of ¥}, in the analysis of Fig. 7 is studied
biomass concentration as a limiting factor of photosynthesis.

When analyzing the behaviour of the dynamic method
compared to the static method of Fig. 7 more details are
observed with the dynamic method if it is analyzed together
with the trajectory of the particles through the different
illuminated areas of Fig. 4. The frequency and an illumi-
nated fraction of Fig. 5 and the rate of photosynthesis of the
particles of Fig. 6. It is conclusive that the cells keep satu-
rated and slightly limited of light their behaviour in terms
of oxygen production is linear to 3 g L™!. Between>3—4 g
L~! The production of oxygen is accelerated because the
3 photosynthetic zones are present (saturated, limited and
dark) increasing the symmetry of illuminated areas up to 4 g
L~ where the maximum production occurs, the maximum
frequency cycles L/D being this fundamental parameter that
confirms that it is the instant of maximum integration of
light and 2/3 of illuminated volume and only 5% of cells that
at no time can come out of the darkness. Between 5—6 g
L~!, oxygen production decreases at a low rate because an
acceptable high frequency and illuminated fraction are main-
tained, having 16% and 44% of cells that at no time can
come out of the darkness respectively.

Using the dynamic model which has greater accuracy
in its results, the maximum PO, is 310 mgq, L™' h™! has
been reached to 4 g L™! where maximum light integration
is achieved, as concentration increases the rate of photosyn-
thesis decreases linearly to 280 mgy, L™'h~' to the 6 g L™,
as the concentration increases, the particles change from
saturation to non-saturation state to a dark state without
achieving photosynthesis, as has been observed in Fig. 6,
the accuracy of the observed results is due to the individual
analysis of the particles which directly relates the vertical
position and its velocities, it is observed that the higher the
vertical velocity, the greater its efficiency of light integra-
tion. The static model with light integration assumes that
the entire volume is exposed to an average irradiance, such

as microalgae located near the surface where the irradiance
is greater as particles located in the zone of greater depth
where it is a dark volume at high concentrations, it can be
observed that the maximum PO, is 366 mg,, L™' h™! has
been reached to 6 g L™! Because it is the maximum concen-
tration studied, it is observed that the maximum is greater
than 6 g L™! where the stationary zone appears, as it is vol-
umetric method averaged for this analysis is less reliable
because it is not possible to identify the particles that are in
an irradiance to < /.

Regarding biomass productivity, the surface exposed to
light was 60 m? and the maximum productivity achieved
was 39 gm~2 day~! at 4 g L™! decreasing to 34 g m~> day ™!
at 6 g L™! according to the dynamic method, through the
static method with light integration the maximum productiv-
ity achieved was 46 gm=2d~" at 6 g L™!. Doucha and Livan-
sky (2009) have reported much higher productivity than
38 g m~2 day™! in a reactor with 224 m? of surface exposed
to light, biomass concentration and productivity is a highly
discussed topic due to high experimentation and over the
years, cultivation techniques, layer thickness (productivity is
very different in 5 and 11 mm) and the area is highly impor-
tant, for example, as reported Tomas Grivalsky et al. (2019)
in Tfebon (Czech Republic) when the second generation of
TLP was started from 1963 to 1970 productivity in 900 m?
has increased from 7 to 12 g m~2 day~! at the best time of
year. Since the year 2000 to 2017 the study of the third gen-
eration of TLP in 650 m? was conducted where an increase
in the productivity of 14 to 18 g m~2 day™! was observed.
This analysis does not integrate the generation of turbulence
and the results obtained have improved considerably with
the other experiments carried out, different from Masojidek
et al. (2011) who have reported up to 55 g m~2 day~! in
a reactor built with a base formed by series of plates that
perform the function of cascades to increase turbulence and
that in the path of the microalgae can experience light/dark
cycles. This study demonstrates the importance that the plate
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where the culture is travelling has disturbances to favour
vertical mixing. As has been observed, the dynamic model
and the static model without a concentration of light show
the same trend, both concluding that the optimal concentra-
tion of work is 4 g L™, the static model with light integra-
tion assumes a perfect mix therefore the results obtained
are overrated.

Mass transfer and oxygen saturation in the reactor

The accumulation of DO in TLP reactors is a serious prob-
lem to be solved due to the inhibition of the growth of micro-
algae, and can be calculated using the following formulas:

Cb'[l_p‘Yb
K;a

— 1 Nrumwc'lp(t) o o :
= Ly ¥ Dmee N 21—k =-%) +4
Hp Nzl' 2 YT ““To) T

(18)

[0,] = Po,Ho, + a17)

o]

== PO, piv—K a([0,] - [03]) (19)

where K| a is measured by Eq. 6, u, is the specific rate of
growth in h™! according to the model of Rubio et al. (2003),
H,0= 0.045 h™! is the maximum growth rate, where it has
been assumed that the motion of the particles in the small
domain of 0.2 m length is maintained up to 40 m length,
% has been implemented according to Mendoza et al.
(2013b).

Oxygen saturation is directly related to the performance
of microalgae cells thus it is a relevant factor in the design
and operation of photobioreactors. Accumulation of dis-
solved oxygen at concentrations higher than 200%Sat and

First circulation of fluid in the TLP

300%Sat provokes a reduction of productivity of 17% and
25%, respectively (Park et al. 2011). In this sense, the pro-
duction of oxygen due to photosynthetic metabolism is very
fast and, depending on the culture conditions, it can achieve
oxygen production rates of 380 mg,, L' h™! (Barcel6-Villa-
lobos et al. 2019b). Because the removal of oxygen is usually
poor in the channel of thin-layer reactors there is a natural
phenomenon of accumulation of dissolved oxygen along the
channel. Results obtained using the dynamic model confirm
this behaviour, with data showing that excess dissolved oxy-
gen concentration reduces the photosynthesis rate. To avoid
this problem it is necessary to install a desorption unit or
bubble column system (see Fig. 1) capable of removing the
excess oxygen accumulated. The longer the culture travels
exposed to light, the greater the accumulation of oxygen
and for this reason for correct reactor design it is essential
to evaluate the optimal length of the channelling. The results
of the modelling can be studied in Fig. 8. A similar analysis
has been previously reported. Petera et al. (2021) performed
a first analysis using an Eulerian Model to establish the OD
saturation along a reactor, where it established a maximum
of 225% DO, indicating that a maximum length of 40 m is
safe before growth inhibition is generated. Barcel4-Villalo-
bos et al. (2019b) in their study established a safe limit of
250% DO and in their experimental study results range from
141 and 197% DO, recommended levels for most strains, and
the diffusion of oxygen into the air is deficient so methods
should be sought to avoid this toxicity parameter. Sforza
et al. (2020) set by photorespiration found the limit of 200%
DO as a safe limit before the productivity falls abruptly,
especially at low concentrations but may be more tolerant as
culture concentration increases. The experimental analysis
by Barcel6-Villalobos et al. (2019b) showed that the con-
centration of DO remains relatively stable along the photo-
synthetic channel, as seen in Fig. 8, using a dynamic model
of photosynthesis, which corroborates this hypothesis. The

Second circulation of fluid in the TLP
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Fig.8 Variation of relative dissolved oxygen concentration ([OZMO;])
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along the photobioreactor in two consecutive recirculation periods (the

40 m length has been converted in seconds according to the dynamic model)
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study carried out by Petera et al. (2021) using a static model
assuming the integration of light also supports this finding.
To avoid excess DO in the photosynthetic channel, other
parameters such as layer height must be considered, as
shown in Rearte et al. (2021) who studied a TLP with 6 mm
layer thickness and 20 m length. Their results ranged from
135 to 398% OD. Therefore, it is mandatory to have a system
of elimination of DO and to demonstrate that the depth layer
of cultivation is not beneficial, especially during times of
maximum solar radiation. To decrease this inhibitory effect,
much higher concentrations are required to increase photo
saturation.

Controlling the biomass concentration is essential to
avoid photosaturation, and it is also important to achieve
a light regime as close to light integration as possible. This
issue has received little attention when designing this type of
reactor. Our simulations show that for cultures at 1 and 2 g
L', no DO saturation problems occur. However, for biomass
concentrations of 3 g L~! and above, the O, concentration
becomes too high. If oxygen transfer to the environment of
the photosynthetic channel is taken into account, it is pos-
sible to operate at higher biomass concentrations as the O,
concentration can be kept below the safe limit of 250%,
with 4 g L™! being the ideal concentration. Beyond 4 g L™!,
saturation decreases due to the increase in photolimitation
and photorespiration, especially in the dark zone as shown
in Fig. 4. In terms of the light regime, increasing the fre-
quency of L/D cycles (v) decreases the saturated zone, which
is essential for the good photosynthetic health of microalgae,
since those photosynthesizing in the limited zone take the
best advantage of the light. Beyond 6 g L™! (44% of cells
in darkness), it is less advisable to operate, as photorespira-
tion increases, but due to the high concentration, acceptable
productivity and saturation close to the limit of 225% can
still be maintained. Therefore, it is only advisable to oper-
ate at 3 g L', and it is necessary to force oxygen diffusion.
In practice, cases, where the diffusion to the environment is
almost zero, are more common.

Conclusion

The design of TLP encompasses a wide range of factors,
from fluid dynamics to the photosynthetic capacity of the
microalgae culture. This study highlights the crucial role of
culture concentration in affecting light regime and photosyn-
thesis, which are important design parameters in preventing
the accumulation of dissolved oxygen, a known inhibitor of
the system's productivity. Results confirm that the optimal
biomass concentration in thin-layer reactors is in the range
of 4 g L™! for optimal light utilization whereas the overall
design of this type of reactor must face the problem to main-
tain the dissolved oxygen concentration below 225%Sat to

@ Springer

allow the maximal performance of the photosynthesis pro-
cess. CFD software has been demonstrated to be a powerful
tool for the optimization of the design and operation of this
type of photobioreactor for microalgae production.
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