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A miniaturized, small-scale photobioreactor (PBR) known as EOSS2-PBR (Efficient Overproducing Screening
System photobioreactor) has been developed to characterize microalgal growth under controlled conditions. As
with similar systems, EOSS2-PBR allows the screening of either culture conditions or species performance, but it
is also specially designed to provide high levels of light absorption control conditions in the culture volume.

First, an experimental characterization was carried on to (i) determine operating conditions to adjust optimal
parameters controlling EOSS2-PBR performance, such as thermal behavior of PBR, and (ii) ensure that no lim-
itation other than light occurred to control the system and assure high reliable productivities.

EOSS2-PBR performance was then characterized by Arthrospira platensis and Haematococcus pluvialis cultures.
By accurately relating growth to light transfer conditions, this facilitates the setting of kinetic growth models,
which is illustrated in this work for the cyanobacterium Arthrospira platensis. Besides, continuous cultures of
Haematococcus pluvialis were run in both EOSS2-PBR and 1L Airlift flat-panel PBR under the same culture con-
ditions to confirm reliability in the determination of areal biomass productivity. Similar results were obtained in

the two PBRs with a variance of less than 5%.

1. Introduction

Numerous solutions are currently being investigated to substitute
chemical synthesis with biosynthesis, using plants and microorganisms
to produce food, animal feed, chemicals, etc., and also to reduce the
environmental impact of various processes. Microalgae, including cya-
nobacteria, represent a potential source of biomolecules for many
different applications [1-6]. They can be found almost in every biotope
of the globe, representing around 300,000 different genera. This adap-
tation to different environmental conditions results in the production of
huge biodiversity of biomolecules (pigments, fatty acids, proteins,
polysaccharides, vitamins, etc.). However, the lack of knowledge about
many species and hindsight on their cultivation methods, strongly
restrict the industrial potential of microalgae. Today, only around 20
microalgae species are used and commercialized at the industrial level,

* Corresponding author.
E-mail address: jeremy.pruvost@univ-nantes.fr (J. Pruvost).

https://doi.org/10.1016/j.algal.2021.102386

for the cosmetics, animal feed and food supplement markets. A wide
discrepancy exists between the number of species cultivated at an in-
dustrial scale and the great potential for microalgal biodiversity.

The production of biomass and/or molecules of interest is closely
related to culture conditions and strain choice. Some species, Arthrospira
platensis for example, will have better growth at a high pH [7]. For
others, metabolites of interest will be produced in stress conditions, as
with the production of beta-carotene by Dunaliella salina [8] and
astaxanthin by Haematococcus pluvialis [9]. Thus, to better understand
the parameters that affect biomass and metabolite production before
taking them to an industrial scale, important characterization work is
required at the lab scale. This is particularly the case for poorly studied
and documented species, for which different culture parameters such as
culture medium, light, temperature, pH, etc., must be first determined.
This step is crucial in an industrial context, to determine the best cultural
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conditions to achieve the best productivity and to evaluate the techno-
economic and scale of production. However, this characterization step
can be time-consuming [10]. In general, equipment and methods which
could reduce the delay between laboratory to industrial scale would be
extremely valuable.

It is well-known that there is a strong link between photoautotrophic
growth and light absorption conditions, which are related to culture
system geometry [11]. For example, geometry responding to a one-
dimensional hypothesis such as a flat panel system, or cylindrical ge-
ometry presenting cylindrical symmetry, allows simple analytical
equations to be used to represent light transfer in culture systems
[12-15]. Of the numerous works using PBR geometries corresponding to
the one-dimensional hypothesis for an accurate study of photosynthetic
microorganism growth, we can cite Kandilian [16] and Soulies et al.
[17], who investigated lipid accumulation and light spectrum effects
respectively. Investigations including the modeling approach were
therefore facilitated.

Screening studies to determine growth conditions are usually con-
ducted on microplates or in Erlenmeyer flasks or serum bottles to
compare medium or strain potential, with system volumes ranging from
5 mL to 4 L [18-22]. These systems, however, do not provide strict
control of culture conditions, especially regarding light absorption.
Recently, screening systems dedicated to photosynthetic microorgan-
isms have been proposed, including microPHAROS™ from Xanthella
and Multi-Cultivator® (MC 1000-OD) developed by Photon Systems
Instruments. This latter PBR consists of eight 85 mL test tubes, can
maintain an ambient temperature of up to 60 °C for all the tubes, and a
sensor to monitor growth in each tube is provided. CO3 is constantly
injected by a COy/airflow, and a specific spectral LED light flux can be
applied from 405 to 730 nm. A turbidostat mode can be held on each
cultivation PBR cell. Similarly, a screening PBR named EOSS was pro-
posed [23]. As for the Multi-Cultivator system, continuous and semi-
continuous cultures are possible, but a cylindrical geometry was used
in both systems with frontal illumination. As a consequence, the light
transfer is not one-dimensional, which makes it difficult to determine

Airflowinlets Freshmedium inlet Event Sample point Temperature sensor

the light absorption conditions [10].

This work presents the design of a new screening photobioreactor
named EOSS2-PBR. The main interest is to characterize and model the
pairing of light absorption conditions and photosynthetic growth. The
cyanobacterium Arthrospira platensis and the green microalga Haema-
tococcus pluvialis were used in this study to demonstrate the efficiency of
EOSS2-PBR. Biomass productivities obtained were compared to the
predicted productivities with the kinetic growth model for Arthrospira
platensis and experimental data from the 1 L Airlift flat-panel PBR for
Haematococcus pluvialis.

2. Materials and methods
2.1. Experimental setup

Two types of PBR were used during this study: the EOSS2-PBR that is
the basis of this work and the 1L Airlift flat-panel PBR used to validate
the results obtained in EOSS2-PBR.

2.1.1. EOSS2-PBR description

EOSS2-PBR is the second version of the first screening PBR, EOSS1-
PBR, which is fully described in Taleb et al. [23]. It permits screening of
(i) microalgae species performance; (ii) medium composition; (iii)
growth temperature; (iv) illumination conditions (continuous or day/
night cycles) in reliable conditions (Fig. 1). EOSS2-PBR consists of 6
mini flat PBRs operated independently in parallel, their geometry has
been modified to provide accurate control of light absorption conditions
in the culture volume than on EOSS1-PBR. Each PBR is therefore con-
structed as a flat-panel PBR to respond to the one-dimensional
hypothesis.

Each PBR has a volume of V; = 75 mL (100 x 40 x 20 mm with
a rounded shape at the bottom of R20 diameter) and a specific illumi-
nated surface ajjghy = 50 m! (depth of 2 cm). It is fully automated in
terms of light illumination and thermoregulation, with a possibility of
continuous culture. This system is made in polymethyl methacrylate

Injection stainless steel

Fig. 1. Schematic representation (A) and pictures of the front (B), the backplate with the heating/cooling system (C) and the gassing system (D) of EOSS2-PBR.
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(PMMA) for the transparent part (Fig. 1B) and the stainless steel back-
plate (Fig. 1C). APT100 temperature sensor is used to measure and pilot
a heating/cooling system composed of a Peltier system, a copper radi-
ator, and a ventilator (Fig. 1C). Then, each dilution rate is imposed by a
pump (ISMATEC® reglo ICC) to inflow fresh medium and a calibrated
solenoid valve (SMC® VDW22UAH) to harvest. The calibration of the
harvest solenoid valve has been done by mass of liquid measurement as a
function of the opening time. A maximal error of 8% has been observed
with the given harvest method. Airlift agitation is obtained by injection
of air enriched in CO, with continuous flow maintained at
100 mL-min~! by mass flow meter/controller (EL-FLOW® Select,
Bronkhorst). The gas flow has been homogeneously distributed to the 6
PBRs by 6 independent valves (Fig. 2, V1) via mixing time measurement
(see Section 3.1). For optimal mixing, a 3 ways solenoid valve permits
direct flux in two of four gas injection points (SMC®
VDW2505G201FHQ) (Fig. 2, V2). All injection points are located at the
bottom of the PBR (Fig. 1D). Two injection stainless steel needles (intern
diameter 0.8 mm) are located on each side at the front part of the used
volume and the two others at the background (Fig. 1D). The incident
photons flux density (PFD) was provided by a set of 6 independent small
white LED flat panels with light intensity ranging from 40 to
400 pmoly,-m~2.s~! which allows either a constant or a cycled illumi-
nation intensity. Each electronic device is piloted by a program build on
LabVIEW software (National Instruments, USA).

2.1.2. Airlift flat-panel PBR description
The airlift flat-panel PBR (AL-PBR) was used, in this study, to

|
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validate the performance of EOSS2-PBR in characterizing microalgae
strains performances, as represented here by the areal biomass pro-
ductivity as a meaningful quantity when scaling production facilities
and culture systems [13]. This AL-PBR, described in more details by
Pruvost et al. [24], hasavolume of V; = 1 L(16 x 24.5 x 3 cm)and
a specific illuminated surface ajjgny = 33.33 m! (depth of 3 cm). Its
non-optical rear face is made of stainless steel while its front face is
constructed with transparent and non-toxic PMMA ensuring the passage
of light into the PBR. PBR was set with a complete loop of common
sensors and automation (Mettler Toledo M300) for microalga culture,
namely pH, temperature, and gas injections (COy and air). pH was
regulated by automatic injection of CO, and temperature by ambient air
blowing [24]. The incident PFD was generated by a panel of white LED,
previously calibrated, which was placed vertically in front of the PBR,
parallel to the optical face, to provide one-dimensional light attenuation
to the PBR.

2.2. Algal strains and pre-cultivation in shake flasks

Two strains were used in this work, namely the cyanobacterium
Arthrospira platensis (PCC8005) and the green microalga Haematococcus
pluvialis (SAG 34-7).

Arthrospira platensis was maintained in Zarrouk medium [25] while
Haematococcus pluvialis was maintained in a modified Bold Basal Me-
dium (BBM) [26]. Both species were cultivated in an Erlenmeyer glass
vessel and were thermo-regulated at 21 °C, stirred at 70 rpm and illu-
minated at 30 pmoly,-m~2-s~! by an incubation chamber (INNOVA44®

Sterile fier

Air

Fresh
medium

Fig. 2. Schematic of EOSS2-PBR set-up.
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Incubator shaker series from New Brunswick Scientific).
2.3. Operating conditions

2.3.1. Arthrospira platensis cultivation in EOSS2-PBR

For A. platensis, EOSS2-PBR was operated at a constant temperature
of 35 °C. An incident PFD of 300 pmolhv-m’z-s’l was fixed and three
dilution rates of 0.011, 0.033 and 0.058 h~! were applied to obtain
different biomass concentrations and cover different light attenuation
conditions. Air injection was enriched at 1% COx to ensure a constant pH
of 9.5 + 0.3 while providing sufficient carbon to avoid growth limi-
tation conditions.

2.3.2. Haematococcus pluvialis cultivation in EOSS2-PBR and airlift-PBR

H. pluvialis was cultivated in both EOSS2-PBR and AL-PBR under the
same culture conditions. Cultures were run in continuous (chemostat)
mode with optimal growth conditions (i.e., green stage). The fresh me-
dium was injected using a dosing pump (Ismatec®), and harvesting was
by overflowing into a sterilized bottle, making the reactor volume V;
constant. The temperature was maintained at 25 °C using a heating
resistor connected to the transmitter probe and which is located on the
rear face of the reactor. Thus, the pH is regulated by injecting CO4 gas
(2.5% COy) to maintain a constant pH of 7.5 + 0.5, the optimal pH for
the growth of H. pluvialis, and to meet the needs in dissolved carbon to
avoid growth limitation conditions. Two incident PFDs of 75 and
200 pmolhl/m’z-s’1 were fixed and three dilution rates of 0.01, 0.02
and 0.03 h™! were applied to investigate various light absorption
conditions.

Before starting each experiment, the PBRs were sterilized for 30 min
using a 5 mM peroxyacetic acid solution and rinsed twice with sterile
deionized water.

2.4. Analytical methods

2.4.1. Measurement of mixing time

Determination of mixing time (t;,) in the EOSS2-PBR was performed
by monitoring the conductivity of the liquid phase. The conductivity
meter used was a conductometer (CD810 Tacussel, France) with a self-
made probe made of two nickel wires (0.5 mm diameter 95% purity)
spaced at 5 mm with an insert made by a milling machine. The end of
the tube was sanded to obtain two circular wires with no glue on them.
The analog output (0 V-7 V) of the conductometer was plugged into a
card (USB-6009 National Instrument, USA) in the differential input.

For all experiments for mixing time measurement, distilled water
was used as the liquid phase in the EOSS2-PBR, maintained at ambient
temperature (21 + 1 °C). Mixing was provided by air injection. The air
was introduced at the bottom of the reactor through four (1 mm
diameter) needles (two on each side, one close to the front wall, and one
close to the back wall) (Fig. 1D). Air was entered from the gas circuit at a
flow rate of 25 mL-min ! and a pressure of 3.0 x 10* Pa at the bottom
of each PBR (Fig. 2).

When used for cultivation, gas can be introduced alternately by the
left and right needles (Fig. 1D). This guarantees good mixing on both
sides of the PBR to avoid biofilm appearing on the optical surface. Since
the mixing-time experiments were not conducted with microorganisms,
the air was only injected on the right side. Due to the design symmetry of
the PBR, the same results were achieved when using the left-side in-
jection (data not shown).

A conductivity probe was placed in the EOSS2-PBR cell, passing by
the event position (on the left of the reactor), 2.5 cm from the top of the
PBR cell. The conductivity tracer consisting of 800 pL saturated salt
solution (NaCl) was injected into the reactor (at time to), passing by the
medium inlet position on the left of the reactor, also 2.5 cm from the
top. Thus, NaCl solution was introduced on the opposite side to the
bubbling. The injection was performed as quickly as possible to consti-
tute a punctual perturbation. Conductivity was monitored by the

conductivity meter for 6 min, the time needed for stabilization, at the
rate of one measure per second (1 Hz).

The obtained values (conductivity as a function of time) were
normalized by the maximum value obtained for the experiment. Mixing
time is defined as when the conductivity value exceeds 95% of the
maximum value. All analyses were done in triplicate.

2.4.2. Measurement of gas-liquid mass transfer

The volumetric oxygen transfer coefficient (kja) was determined.
Distilled water at ambient temperature (21 + 1 °C) was used as the
liquid phase. The dissolved oxygen concentration was monitored by an
optical oxygen sensor (Pyroscience®, OXROB10) connected to Pyro
oxygen logger (Pyroscience®) software. This probe took one measure-
ment per second (1 Hz).

The medium was first deoxygenated by replacing the airflow con-
taining oxygen with gaseous nitrogen. This step was performed until a
dissolved oxygen concentration of less than 2% saturation was obtained
in experimental conditions. The nitrogen flow was then turned off and
replaced with airflow at the rate of 25 mL-min~'. The oxygenation step
was maintained until thermodynamic equilibrium was achieved (i.e.,
constant dissolved oxygen concentration).

In the absence of microorganisms, the oxygen uptake rate (OUR) is
equal to 0. The oxygen mass balance in the liquid phase, therefore, leads
directly to the oxygen transfer rate (OTR), and the kinetics of the
reoxygenation phase is governed by the following differential equation:
% =kea(C, — C,) = OTR €Y}
where C; and Cp* are the dissolved oxygen concentration at a given time
and at equilibrium respectively. Volumetric oxygen transfer was deter-

mined by plotting In (CZCEC‘

) versus time, resulting in a straight line with

a slope corresponding to the kja value.

2.4.3. Characterization of thermal behavior of EOSS2-PBR

When full light attenuation occurs, microalgal culture can be
considered as a black body, with a light absorption capacity close to
100% [27]. Black Indian ink was therefore used to simulate a microalgal
culture for thermal behavior characterization. The aim was to determine
the maximum and minimum temperatures applicable at each incident
PFD by determining the corresponding cooling and heating powers. Six
incident PFDs were applied to EOSS2-PBR (50, 150, 200, 300 and
400 pmolp,-m~2s~1) with a temperature set point between 5 and 50 °C
for all minis PBRs. Minimal and maximal temperatures were noted when
the thermic equilibrium was obtained.

2.4.4. Reproducibility evaluation

Since EOSS2-PBR consists of 6 mini PBR (named PBR cells), it was
important to test their reproducibility to verify there is no significant
effect in the operation of each PBR cell on the growth of microalgae.
Therefore, H. pluvialis was cultivated in 3 PBR cells simultaneously
under the same culture conditions (PFD = 100 pmolwm*z-s*1 and
D = 0.02 h™1). The biomass productivity and the pigment contents
were measured during cultivation.

2.4.5. Dry weight and biomass productivity

For both strains, the microalgal dry weight concentration Cx was
determined by filtration through a pre-dried and pre-weighed glass-fiber
filter (Whatman GF/F). The filters were dried for 24 h at 105 °C then
weighed in triplicate. The volumetric biomass productivity Py in the
continuous cultures at dilution rate D was calculated from biomass
concentration Cy measured at steady state 3 days in a row [28]. Mea-
surements of productivities were taken in triplicate on three consecutive
days. The areal biomass productivity Sy was then deduced from the
specific illuminated surface ajjgn:
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Note that the use of a geometry responding to the one-dimensional
hypothesis facilitates the determination of areal productivity as ajight
for flat panel PBR, obtained by:

Siignt 1

Ajign = v, =L “4)

where L is the depth of culture. Considering that areal biomass pro-
ductivity in a light-limited condition is not dependent on the PBR ge-
ometry [13], this introduces another benefit to using such geometry to
obtain meaningful quantities.

2.4.6. Pigment contents

According to Qiu et al. [29], a volume V; (mL) of H. pluvialis culture
was first centrifuged at 13400 rpm for 15 min. The pellet was then
suspended in a volume V (mL) of dimethyl sulfoxide (DMSO) and then
incubated at 50 °C for 1-2 h in the dark until the sample turned white.
After cooling, the pigment extract was diluted with a volume V5 (mL) of
90% acetone (the ratio of DMSO: 90% acetone should be equal to 1:4)
before centrifugation at 13400 rpm for 15 min. The optical density OD,
of the supernatant was measured at 480, 630, 645, 665 and 750 nm
with a UV-vis spectrophotometer (JASCO V-630). All extractions were
performed in triplicates. Pigment concentrations (chlorophyll a (Chl-a),
b (Chl-b) and photoprotective carotenoids (PPC)) were calculated as
follows [30]:

K
p= Pmm @

& =My ®

where p is the energy yield for photon conversion, py the maximum
energy yield for photon conversion, K the half-saturation constant of
photosynthesis, ¢ and # mass and molar quantum yields for the Z-
scheme of photosynthesis respectively, and Mx the C-molar mass of
biomass. For  Arthrospira  platensis, pu = 0.8 and
¢ = 1.85 x 107° kgx-pmolﬁu1 (with NO3~ as N-source) and
K=90 +5 pmolhv-m’z-s’1 [33].

An average biomass volumetric growth rate can then be calculated
by integration over the depth of culture [13]:

1 L
<y >= —/ r(z)dz )
L =0

At steady state in continuous culture, <ry> is equal to the volumetric
biomass productivity of the PBR, Py:

<ry>=P, (10)

Note that the areal biomass productivity Sy can be deduced from Eq.

3.

2.5.2. Modeling of light attenuation and light absorption conditions

Light attenuation through PBR (G(z)) is a function of (i) the tech-
nological parameters of PBR geometry and PFD and (ii) the biological
parameters of biomass concentration and corresponding radiative

v
Ccni—a [mg/L] = {11.6 (ODggs — OD750) — 1.31 (OD6gss — OD750) — 0.14 (ODgzp — OD+5) }\TZ]
1
\'%
Can-» [mg/L] = {20.7 (ODgss — ODyso) — 434 (ODges — ODyso) — 442 (ODesy — ODrso) } 1 (5)
1
v,
Cppe [mg/L] = {4.0 (OD4g9 — ODys50) }W
1

where 1 is the cell path length (1 cm). The corresponding mass fraction
of pigment “i” per dry weight of biomass can be estimated as w; = Ci/
Cy.

2.5. Theoretical considerations

2.5.1. Overview of modeling of Arthrospira platensis growth
If light source and PBR are planar systems, the one-dimensional
hypothesis can be applied for light transfer modeling [31]. Equations

Gi(2) Ra(1 4 az)e %t — (1 — ap)e % ]e%E + [(1 + ay)et — Ry(1 — o€t e~

properties as mass absorption cross-section (Eaj, in mZ2kg~!), mass
scattering cross-section (Es;, in m?-kg ') and backward scattering frac-
tion (byy, dimensionless).

For geometries responding to the one-dimensional hypothesis, the
two-flux model proved effective to properly describe light diffusion and
absorption phenomena in algal suspensions. This leads to the analytical
solution, as represented by [31]:where R4 represents the diffuse reflec-
tance of the PBR back wall (Rq = O for a transparent wall) while o, and
8, are expressed as [31]:

an

20 (14 a;)2e%L — (1 — ;) et — Ry(1 — a;2)edt + Ry(1 — a2)eit

are a function of the depth of the PBR (L), so the fluence rate G(z) can be
determined at each point of culture depth (z), allowing calculation of the
local rate of photon absorption A(z). This can therefore be linked to
photosynthetic growth (ry) by introducing the kinetic growth model. For
the cyanobacterium Arthrospira platensis, the model of Cornet et al. [32]
was used:

n(z) =pd A(z) (6)

Ea,
= — 12)
Ea; + 2b,Es,
8= Coy |Ea, <Eax + ZEAESA> 13)
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The field of fluence rate can be used to determine the local rate of
photon absorption A(z) which is obtained by:

A= 700 =700
/ / 2)dzdA = / / Ea, G,(z
=400 =400

Values can be then integrated over the PAR region and related to the
growth kinetics (Eq. (6)). Radiative properties have already been
determined for Arthrospira platensis in [33] (Ea = 162 + 8 mz‘kg_l;

= 640 + 30 m?kg~}; by = 0.03 + 0.002).

Three light regimes are usually described by light attenuation con-
ditions, as represented by fluence rates field G(z): (i) full light absorption
regime corresponding to “G(z = L) < G¢”, (ii) luminostat regime with
“G(z = L) = G¢” and (iii) kinetic regime corresponding to “G
(z = L) > G¢”. Gchere is the fluence rate at the compensation point. It
represents the minimum fluence rate with positive growth [13]. Cornet
et al. [33] have shown a compensation point at 1.5 pmoly,-m s~ for
Arthrospira platensis.

)dzd), 14

2.5.3. Prediction of maximal biomass productivity

Maximal biomass productivity can be predicted either by solving the
overall equation model including the radiative (Eq. (10)) and kinetic
growth (Eq. (5)) models or by using the simplified engineering relation
proposed by Cornet et al. [33]. Maximal biomass productivity is ob-
tained from cyanobacteria when full light absorption occurs (G
(z = L) < Go). The following analytical equation can be derived to
obtain maximal areal biomass productivity Sy max [33]:

20 K qoEa
———.n|1
1+aEa "{ Tk }

Sx,max = pM¢OZV (15)
This formula, avoiding a complete resolution of the kinetic and
radiative transfer models, was validated by Cornet et al. [33] with an

overall accuracy of around 15%.

2.5.4. Statistical tests performed

Regarding the measurement replicates, all the experiences have been
done in triplicates. The error has been estimated through standard de-
viation calculation.

All the productivities have been calculated on steady states. Dry
matter and dilution rates have been measured in triplicates three days in
a row after reaching a steady state.

3. Results and discussion
3.1. Mixing efficiency in EOSS2-PBR

Airflow was fixed at 100 mL-min ' in EOSS2-PBR and distributed
using a valve control in each PBR cell. Mixing time measurements were
taken for each PBR cell for the first homogenized mixing at each valve
control position on 6 PBR cells (Fig. 2, V1), to verify that the same
mixing conditions occur in each EOSS2-PBR cell. Triplicate assays on
one PBR cell highlighted a standard deviation of 15%. This standard
deviation has been estimated small enough regarding the appreciation
of the opening capacity of valves (manual valves with no graduation).
Homogenization of mixing time was therefore carried out, accepting an
error percentage of 15% between the six EOSS2-PBR cells.

As shown in Fig. 3, a mixing time of around 3.6 min was obtained for
all PBR cells. Regarding biological kinetics such as doubling time
(function of strains, but roughly from hours to days [34,35], this mixing
time was considered sufficiently low to assume perfectly mixed condi-
tions. Also, the mixing time value was used as a reference to define the
alternation time of lateral air injection through the 3-way solenoid valve
(Fig. 2, V3). The 3-way valve permits to orientate the gas flow on the left
side pipes then, a timer set at 3.6 min, switch and orientate the gas flow
on the right-side pipes.

3.2. Gas-liquid mass transfer

After deoxygenation of the medium with gaseous nitrogen, airflow
with oxygen was reintroduced in the EOSS2-PBR cell. The dissolved
oxygen concentration increased for around 100 s before stabilizing. The
corresponding kya value was equal to 0.028 s~!at 21 + 1 °C for a flow
rate of 25 mL-min~'. This was higher than the kia value reported in
Pruvost et al. [36] for an intensified PBR technology presenting high
volumetric productivity and its associated high oxygen production
(kra = 0.01 s’l), so it was assumed that gas-liquid mass transfer
performance was sufficient to consider that EOSS2-PBR has sufficient
capacity to remove oxygen produced by photosynthesis and avoid its
over-accumulation.

3.3. Temperature regulation efficiency

The temperature efficiency of EOSS2-PBR was tested at each PFD
value to find out the limits of the system's thermoregulation. It was
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found that the temperature could be stabilized at the target set points in
all cases. A minimum and maximum temperature set point of respec-
tively 5 °C and 50 °C can be maintained for a PFD from 40 to
400 pmoly,-m 257! in a room thermo-regulated at 20 °C.

3.4. Reproducibility evaluation

Fig. 4 shows the areal biomass productivities and the pigment con-
tents for Haematococcus pluvialis cultures in three EOSS2-PBR cells. In
the same operating conditions, the difference between areal biomass
productivity in the three EOSS2 cells did not exceed 5%; it was around
14.01 + 0.1 g-m 2.d~". Similar observations can be drawn for pigment
contents; in the three cells, Chl a and b content was around
1.22 + 0.025% DW with 0.4 + 0.015% DW of carotenoids. These
results confirm that all EOSS2-PBR cells have the same performance,
hence confirming the reliability of the EOSS2-PBR to screen various
conditions by conducting parallel experiments in each PBR cell.

3.5. Characterization of A. platensis growth and comparison with growth
model

Biomass productivities obtained on Arthrospira platensis at
300 prnolhl,-m’zs’1 and dilution rates of 0.011, 0.033 and 0.058 h!
are 12.2, 15.8 and 5.0 g-m 2.d™! respectively (Fig. 5). A comparison
with the model prediction was added. Note that uncertainty regarding
the dilution rate as fixed by the feeding pump (i.e., 10%) was considered
in simulations. A correct agreement was observed. In addition to vali-
dating the model described in Cornet et al. [32] to predict the growth of
A. platensis in PBRs, this result also demonstrates the interest of the
EOSS2-PBR system for determining the kinetic constants of a growth
model. For example, in the present case, the constant K which represents
the half-saturation constant of photosynthesis, therefore directly related
to the photosynthetic response of the strain to received light (G(z)), may
have been obtained by adjusting the model parameter K to the experi-
mental productivity data (using a simple regression tool such as fmin
type in Matlab software).

Our maximal biomass productivity (Sxmax = 15.84 gm 2.d™!) was
compared to the one predicted by the engineering formula (Eq. (15))
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proposed by Cornet et al. [33]. With this equation, a theoretical value of
Sx,max 0f 15.93 g~rn_2~d_1 was obtained. The discrepancy between these
two results is therefore only about 3%. This confirms the interest of
EOSS2-PBR as a reliable investigator of light-limited growth in a PBR.

As shown in Fig. 5, an optimal productivity of 15.84 gm 2.d™! at
300 pmoly,-m 2s!isreachedatD = 0.033 + 0.003 h™!. At higher
dilution rate values, productivity decreased as far as culture washout.
This has already been seen in several other works [13,14]. More sur-
prisingly, for lower dilution rates, biomass productivity should have
been found close to the maximal due to the negligible respiration ac-
tivity of cyanobacteria in light [38]. As a consequence, the dark volume
as obtained for low dilution rates (i.e., large biomass concentrations) has
a negligible effect on the resulting PBR biomass productivity [32]. This
is contradictory to our results at D = 0.011 + 0.0009 h~!, with
productivity 16% lower than predicted compared to the maximal value
achieved at D = 0.033 + 0.003 h~!. Such decrease could be attrib-
uted to a possible deviation in the PBR operation, as lowest dilution rate
corresponds also to larger biomass concentration and longer residence
time. The dilution rate D = 0.011 h! corresponds to a residence time
(=1/D) of around 91 h. Considering the steady-state is achieved after at
least 3 times the residence time value, more than 12 days were neces-
sary to obtain the steady-state for biomass productivity measurement
(25 daysfor D = 0.005 h™!). Such a long duration increases the risk of
biofilm formation or operation deviation such as a drift in the feeding
pump flowrate (and then dilution rate). However, such deviation could
be considered acceptable (16%).

3.6. Validation of EOSS2-PBR for the determination of growth
performance of Haematococcus pluvialis in photobioreactors

To validate the interest of using EOSS2-PBR for the determination of
growth performance of strains in photobioreactors (as here represented
by the areal biomass productivity), the photosynthetic growth of
H. pluvialis was determined experimentally in both EOSS2 and AL-PBR.
Cultures were conducted in chemostat mode, under 2 constant illumi-
nations of 75 and 200 pmolhl;rn’z‘s’1 and 3 dilution rates of 0.01, 0.02
and 0.03 h™".

According to Fig. 6, in AL-PBR, the dilution rate that maximized the
productivity was 0.02 h™!, yielding the highest values of areal biomass
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Fig. 6. Comparison of the areal biomass productivities Sy of H. pluvialis grown in Airlift-PBR and EOSS2-PBR at 75 and 200 pmoly,,-m™

rates D.

productivity of 10.87 + 0.18 and 24.91 + 0.15 g-m~2d ! for 75 and
200 pmoly,-m 2?s7! respectively. Similar results were obtained with
EOSS2-PBR, with maximal biomass productivities of 10.75 + 0.22 and
25.92 + 0.18 gm 2d! reached with D = 0.02 h™! for 75 and
200 pmoly,-m~2s7! respectively.

Fig. 6 summarizes the experimental values of areal biomass pro-
ductivity Sy for all studied conditions in both PRBs. This confirms that,
considering the standard deviations below 5% between all results, there
are no significant differences in the productivities obtained for given
culture conditions between both culture systems. Similar areal biomass
productivities are obtained for same culture conditions (i.e., PFD and
dilution rate), indicating that EOSS2-PBR can be used for the rapid
determination of microalgae strain kinetics performances. For instance,
using a single 1L Airlift PBR would request around one week per con-
dition investigated, leading to around one month of culture to retrieve
data to determine optimal dilution rate for a given PFD (i.e., at least 3-4
values of dilution rate are needed). With EOSS2-PBR, more data will be
obtained in one week (6 dilution rates can be applied in parallel).

4. Conclusion

This work presents, for the first time, the design of a new screening
photobioreactor named EOSS2-PBR. The main interest is the control of
light absorption conditions (i.e., flat panel system) facilitating the
characterization and modeling of the photosynthetic growth of
microalgae.

EOSS2-PBR was characterized in terms of mixing and gas-liquid mass
transfer performance. Both were found efficient enough to consider
homogeneous nutrient concentrations in the culture and avoid dissolved
oxygen accumulation, which could impair photosynthetic growth.
EOSS2-PBR allows screening of culture temperature from 5 to 50 °C.

EOSS2-PBR was proven suitable for investigating light-limited
growth in photosynthetic microorganisms. This was demonstrated on
the cyanobacterium Arthrospira platensis. Its kinetic growth model was
validated through experiments. It allowed also generating quantitative
data to characterize strain performances such as biomass productivity,
as shown in the case of the green microalga Haematococcus pluvialis.

B EOSS2-PBR

24.91

21.82

0.02 h?
200 pmol.m2.s?

2571 as a function of dilution
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Nomenclature

A Local specific rate of photon absorption[pmolp, kg 1-s7!]

alight Specific illuminated area of photobioreactor[m’l]

ba Backward scattering fraction[dimensionless]

CL Dissolved oxygen concentration in the medium[kg-m ]

Cr* Dissolved oxygen concentration at equilibrium[kg-m~3]

(o Concentration of pigment i[kg-m™>]

Cx Biomass concentration[kg-m%]

D Dilution rate[h ']

Ea Mass absorption cross-section[mz‘kg’l]

Es Mass scattering cross—section[mz‘kgfl]

G(z) Local spherical irradiance[pmolhv~m’2~s’1]

Ge Compensation irradiance value[pmolh,/m*zs*l]

K Half-saturation constant of photosynthesis[pmolhv-m’Z-sfl]

Ka Half-saturation constant of photosynthesis[pmoly,-kg~1-s71]

K; Respiration inhibition constant[pmolhy~m_2~s_l]

kia Volumetric oxygen transfer coefficient[s ]

L Depth of photobioreactor[m]

My C-molar mass of biomass[kgy-moly 1

Py Biomass volumetric productivity[kg-m~-d ']

PFD Photon flux density[pmolh,/m’z-s’l]

qo Photon flux density on a given area (PFD)[pmolhvm’z-s’l]

Rq Diffuse reflectance of the PBR back wall[dimensionless]

I'x Biomass volumetric growth rate[kg~m’3~d’1]

Slight Illuminated area of photobioreactor[mz]

Sy Areal biomass productivity [g~m’2~d’1]

t Time[days or min]

tm Mixing time[min]

V; Photobioreactor volume[m®]

wi Mass fraction for pigment i in cell material[kg-kg ™! of
biomass]

z Depth of culture[m]

Greek letters

o Linear scattering modulus[dimensionless]

5 Extinction coefficient for the two flux model[m ']

A Light wavelength[nm]

p Energetic yield for photon conversion[dimensionless]

pPM Maximum energetic yield for photon conversion
[dimensionless]

¢ Mass quantum yield for the Z-scheme of photosynthesis
[kgy-pmolp, ]

'y Molar quantum yield for the Z-scheme of photosynthesis
[moly-pmoly,']

Abbreviation

AL Airlift

BBM Bold Basal Medium
DMSO  Dimethyl sulfoxide

DW Dry weight
EOSS Efficient Overproducing Screening System
LED Light emitting diode

oD, Optical density at wavelength A
OUR Oxygen uptake rate

OTR Oxygen transfer rate

PAR Photosynthetically active radiation
PBR Photobioreactor

PMMA  Polymethyl methacrylate

rpm Rotation per minute

Rubisco Ribulose-1,5-bisphosphate carboxylase/oxygenase
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