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volumetric productivity (AlgoFilm®©) based on process
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ABSTRACT

This work presents the rational development up to its final characterization and validation of an intensified solar
photobioreactor (PBR) for microalgal production, AlgoFilm®©. Our aim was to achieve very high volumetric per-
formance for phototrophic conditions, in the range of that found in fermentation processes.

The overall design procedure was underpinned by robust engineering rules derived from knowledge models de-
veloped for PBR in-depth modeling. This approach was used to pinpoint the main engineering parameters
governing PBR kinetic performance. It introduces generic principles of PBR performance enhancement for the
setting-up of culture systems combining high volumetric and areal productivities. These principles were then ap-
plied to the design of a solar culture system, integrating the attendant constraints. The result was the AlgoFilm©
PBR, based on the falling-film principle, which enables very thin culture depth (around 1.5-2 mm) and provides a
high specific illuminated surface area (around 500 m?-m™3, corresponding to 2.1 L/m? illuminated surface).

A complete experimental characterization was then conducted to (i) determine operating conditions for the set-
ting of optimal parameters governing AlgoFilm®© PBR performance, such as depth of the falling film, and (ii) en-
sure that no limitation other than light occurred, a mandatory condition to control the system and ensure high
biomass productivities.

AlgoFilm© PBR performance was characterized by Chlorella vulgaris culture. Batch, continuous and semi-
continuous cultures were run, and typical irradiation conditions of a year's operation in Nantes (France) were ap-
plied using a LED panel to simulate constant, and then fully-controlled day/night cycles. Our results demonstrate
the high performance of the AlgoFilm®© PBR, with volumetric productivities very close to those expected from the
prior theoretical design. The best measured productivity was 5.7 kg-m~>-day ' (7.07 kg-m~>-day~ ! in con-
stant light). This value was significantly higher than those reported in the literature, and similar to those gener-
ally found for microalgal production in heterotrophic processes.

1. Introduction

Microalgal cultivation systems call on a wide range of technological
solutions, from open ponds to closed intensified photobioreactors

Despite their high industrial potential, microalgae remain an emerg-
ing new bioresource. This holds especially for applications such as
biofuels and green chemistry, which imply mass-scale, cost-effective
and sustainable production. Setting up efficient industrial systems for
large-scale microalgal cultivation is still a hurdle, mainly because of
the difficulty met in devising large-scale, efficient, robust systems that
will maintain optimal growth and sunlight conversion in actual outdoor
operating conditions.

Abbreviations: PAR, photosynthetically active radiation; PBR, photobioreactor; PFD,
photon flux density.
* Corresponding author.
E-mail address: jeremy.pruvost@univ-nantes.fr (J. Pruvost).

(PBRs). Benefits and limitations of each have been extensively reviewed
in recent years [1-5]. Open systems are easier to scale up, and have
proved over several decades to be useful industrial solutions for mass-
scale production of microalgae. However, their low controllability limits
their application to some specific robust strains, and impedes maximum
performance in terms of sun-to-biomass conversion [6]. Closed PBR
technology, by contrast, involves more complex and costly processes,
and is difficult to scale up for mass production on large land areas. How-
ever, it provides the necessary controlled conditions to avoid external
contamination, greatly increasing the number of species that can be cul-
tivated, and it provides optimized growth conditions for the species in
culture. Light-limited conditions, where light alone limits growth, can
therefore be envisaged, opening up the possibility of developing bio-
mass cultivation systems maximizing solar energy conversion into
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Local specific rate of photon absorption [umol;, kg ™!

s

Volumetric interfacial exchange area [m?>-m~> or m™!]
Specific illuminated area for the photobioreactor
[m*>m—>3orm™1]

Back-scattered fraction for radiation [dimensionless]
Biomass concentration [kg-m 3]

Dissolved oxygen concentration [kg-m™>]

Dilution rate [h~ ! or s™!]

Mass absorption coefficient [m?-kg™]

Mass scattering coefficient [m?-kg™!]

Design dark volume fraction of the photobioreactor
[dimensionless]

Local spherical irradiance [pmoly,,-s~'-m™2]

Local specific rate of oxygen production or consumption
[molgzkex 's™1]

mass transfer coefficient [m-s~1]

Volumetric mass transfer coefficient [s™]

Half saturation constant for photosynthesis
[pmoly,-s~"-m~?]
Half saturation
[umoly, kg™ s7']
Depth of culture [m]
C-molar mass for the biomass [kgx-molx ']
Oxygen mass transfer rate [kg-m™3-s7 1]
Biomass volumetric productivity [kg-m™
kg-m—3-h™']

Oxygen volumetric productivity [kg-m™3-s™! or
kg-m—3-h™']

Photon flux density on a given area (PFD)
[pmolp, s~ ' m~2]

liquid mass flow rate [kg-s~]

Biomass volumetric growth rate [kg-m 3-s~! or
kg-m—>3-h™]

[lluminated area of the photobioreactor [m?]

Areal biomass productivity [kg-m~2-d ]

Time [days or s]

Photobioreactor volume [m?]

Diffuse fraction for incident PFD at any location [—]
Specific yield of oxygen production [dimensionless]
Depth of culture [m]

constant for photosynthesis

3.571 or

Greek letters

«o Linear scattering modulus [dimensionless]

6 Extinction coefficient for the two-flux method [m™!]
A Light wavelength [m]

u culture viscosity [Pa-s]

UNADH, — 0,

Stoichiometric coefficient of cofactor regeneration on the respira-
tory chain [dimensionless]

Vo,—x

0

Stoichiometric coefficient of the oxygen production
[dimensionless]

Incident angle (defined from the outward normal of the
PBR) [rad]

culture density [kg-m™3]

Maximum energy yield for photon conversion
[dimensionless]

Hydraulic residence time [h]

Inclination of the inclined surface [rad]

Mean mass quantum yield for the Z-scheme of photo-
synthesis [molg, -umol; ]

Subscripts

dark Related to a dark zone in the photobioreactor

light Related to an illuminated zone in the photobioreactor
max Related to maximum value

opt Related to the optimal value for residence time

Other

<X> = LJ[f XdV_ Spatial averaging
X =L | Xdt_ Time averaging
At

biomass (or related biological compounds of interest). Given the current
plant resource needs for human food, sustainable chemistry and biofuel
production, this feature is clearly of great interest. However, to outper-
form open rustic low-cost systems, closed PBRs have to offer a significant
increase in efficiency, and there is general agreement that engineering
breakthroughs are still needed before suitable PBRs systems can be de-
vised that meet the criteria for mass-scale sustainable cost-effective and
efficient production of photosynthetic microorganisms.

Considerable advances in PBR engineering have been made in recent
years. As a prerequisite for rational development, the primary aim has
been to clarify the parameters governing PBR productivities so as to
lay an engineering basis for scaling and optimization (see [7] for a de-
tailed overview). As shown here, this long-term research effort now
provides the knowledge needed to set general principles of PBR intensi-
fication. In the present study, these principles serve to design an innova-
tive PBR, AlgoFilm®©, that displays significantly higher volumetric
performance than that reported in the field.

AlgoFilm®© is based on the falling-film principle. This concept has al-
ready been applied to microalgal cultivation, but only for open systems
[8]. Two tilted surfaces (tilt angle 1.7%, thickness of algal culture around
0.006 m) were associated to create a circulation loop, with an intercon-
nected tank for the carbon supply to the culture. The largest system, lo-
cated in Trebon (Czech Republic) presented 224 m? of illuminated
surface (each tilted surface measuring 28 m by 4 m) for a total culture
volume of 2000 L. The specific illuminated surface area of this system
was around 110 m?-m™3. A second system was located in Southern
Greece (100 m? of illuminated surface). Both PBRs operated in fed-
batch mode, and high biomass densities of about 40 kg-m~—3 were
reached. Areal productivities achieved in summer ranged between 11
and 32 g-m~—2-d™ ', corresponding approximately to volumetric pro-
ductivities in the range 1.2-3.5 kg-m™3-d ™.

This work presents the rational development up to its final character-
ization and validation of the AlgoFilm®© PBR. To illustrate the overall engi-
neering approach underpinned by robust engineering rules derived from
PBR modeling, the most relevant engineering parameters governing solar
PBR productivity are first given. These form a basis for introducing the
main principles of PBR intensification for the setting-up of systems com-
bining high volumetric and areal productivities. This theoretical engineer-
ing background was used to design the AlgoFilm© PBR. Finally,
performance was assessed by cultivating Chlorella vulgaris in different op-
erating conditions, including diurnal light cycles. Experimental results are
compared with the predictions of the model used in the design step. Our
findings confirm the utility of the proposed engineering approach, with a
deviation of <20% between expected and obtained productivities. PBR
modeling can thus help the rational design and systematic intensification
of microalgal cultivation systems.

2. Photobioreactor engineering and scaling rules
2.1. Engineering rules for maximal PBR productivity prediction
In microalgal culture, the conditions needed to obtain maximal bio-

mass productivity are today well-established [9-11]. All cultivation con-
ditions, such as pH and temperature, have to be controlled at their
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optimal value, and nutrients (minerals, dissolved carbon concentration)
have to be provided in adequate amounts to avoid growth limitation.
This provides “light-limited conditions”. The first consequence is that
controlling the incident light and its effect on the process leads to the
control of the entire cultivation system performance. This corresponds
to the so-called “physical limitation” in chemical engineering, when
the process is limited by one parameter, control of which enables the
control of the entire process. A second important consequence is that,
by definition, the culture is not subject to any other limitation. Maxi-
mum biomass productivity can thus be achieved, and is determined
solely by the amount of light supplied to the system, and its utilization
by the culture. As a result, maximum biomass productivity will be ob-
tained for optimal light attenuation conditions, as already demonstrated
elsewhere by the authors [3,7,10-12].

Based on the above, engineering rules governing maximal PBR pro-
ductivities were first published by Cornet and Dussap [13] for constant
artificial illumination conditions. This approach was then extended to
the case of solar use, introducing specific features such as the effect of
the incident angle 6 and of the diffuse-direct distribution of solar radia-
tion on resulting conversion in the cultivation system [7]. These
relations enable us to calculate maximal areal (Sx max) and volumetric
(Px max) productivities for a given culture system:

— $o,Mx 200 [RK 27 _
Sxmax = (1—f4) Pm Vo, x 1+a | 2 ln{1+ﬂ +(1=%g) (1)
‘cosOK In|1+ q }]
K cos6

S
with PX max — SXmax lg = SX maxallght
The parameters of Eq. (1) can be split into three groups:

- Parameters related to the cultivated species: the mean mole O,

quantum yield 302, the C-molar mass M,, the half saturation con-
stant for photosynthesis K, the stoichiometric coefficient of the oxy-
gen production vo, — x and the linear scattering modulus a related to
radiative properties of the microorganism.

- Parameters related to the operating conditions: the cosine of the in-
cident angle 6 on the PBR surface cos6, the total collected PFD g with
corresponding diffuse fraction Xy.

- Parameters related to PBR geometry: specific illuminated area ajign¢
given by the ratio of PBR illuminated area to total culture volume,
and the design dark volume fraction fy, i.e. any volume fraction of
the PBR not lit by the incident PFD.

For a given species, parameters affecting PBR productivity are the
design-specific illuminated area ajigp, the design dark fraction of the reactor
fa and the ability of the PBR to collect light, as characterized by incident PFD
q, related cosine of the incident angle cosf and diffuse fraction X;. We note
that all these parameters are linked to the light supply. This reflects the fact
that maximal performance is obtained by definition in optimal running
conditions, in which light alone limits growth, assuming all other biological
needs (nutrients, dissolved carbon) and operating conditions (pH, temper-
ature) are controlled at optimal values [12,14,15].

When these engineering formulas are used for the design of PBRs,
Eq. (1) can be simplified for convenience with regard to parameters re-
lated to PBR location or operating conditions. Ideal radiations conditions
can also be assumed, with a PFD composed solely of collimated light

(x4 = 0)and at normal incidence ( cosf = 1). This yields the simplified

formulas:
ﬁ
K bl

qb"zMxikl
0,—X 1+a

=(1=f4)pm

sX max

and

gonx 20 q
oy Tra K In [1+K} 2)

Pxmax = Qlighe(1—f4)Pm

We note the practical utility of these analytic formulas, which are
relatively simple considering the complex phenomena involved in
microalgal cultivation processes (e.g. photosynthetic conversion and
light attenuation in the culture volume). Maximal biomass productivity
is highly valuable information. It can be used, for example, to scale the
system as a function of operational constraints, e.g. objective of biomass
production, or available algae farming resources (land area, irradiation
conditions, etc.). In many cases, this information is considered sufficient
for the engineer to estimate, for example, the number/size of production
units and the attendant capital and operating costs (CAPEX and OPEX).

2.2. lllustration of the influence of engineering parameters on maximal ar-
eal and volumetric biomass productivities of PBRs

The influence of the main engineering parameters on maximal pro-
ductivities as predicted by Eq. (2) is illustrated in Fig. 1. Performance is
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Fig. 1. Influence of PFD (q), illuminated surface to volume ratio (ajign¢) and design dark
volume fraction (fq) on both areal (square) and volumetric (no symbol) PBR maximal
productivities in the case of Chlorella vulgaris cultivation (1-a: fy = 0%; 1-b: fy = 20%)
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given here for the case of C. vulgaris cultivation with parameters from
Soulies et al. [16]. See also Appendix A for more details.

Fig. 1 shows that specific illuminated area ajig Strongly influences
volumetric productivity. Two orders of magnitude are covered for typi-
cal values obtained in practice, i.e. ranging from around 2 m?-m—3
(depth 0.5 m) to around 100 m?-m~2 (flat panel with depth 0.01 m).
However, it has no influence on areal productivity, as expected
(Eq. (3)): it is well-established that when expressed per unit area and
under light limitation, maximal productivity is independent of PBR
depth [17,18]. PFD is also relevant, as it has a positive effect on both
areal and volumetric productivities. In solar conditions, the PFD will
be defined by the ability of the system to collect light, which will depend
on PBR geometry and positioning, as shown in numerous studies
[19-21]. We note that due to the progressive saturation of photosyn-
thetic conversion (as represented by the parameter K, which is
species-dependent), an increase in PFD received on the cultivation sys-
tem will increase productivity (as shown in Fig. 1) but will also lower
the thermodynamic efficiency of the process (i.e. yield of conversion
of light energy into biomass). For example, increasing the PFD 4-fold
(from 200 to 800 pmoley,,,-m~2-s~!) leads to an increase in areal pro-
ductivity of 3.5. We note here that the decrease in the conversion
yield of light energy into biomass argues for using the light dilution
principle, i.e. inserting light sources inside the culture so as to decrease
light received by the culture, and so increase its conversion yield. How-
ever, diluting light will also be at the expense of volumetric productivi-
ty, and will have to be offset to some extent by an increase in specific
illuminated area. This leads to specific volumetric lighting solutions
such as the DiCoFluV concept. Interested readers can refer to Cornet
[15]. Here, only surface-lit systems with direct illumination will be con-
sidered (case of AlgoFilm technology).

Fig. 1 also illustrates the effect of the design dark volume fraction fy,
which negatively influences both surface and volumetric productivities.
Egs. (1) and (2) predict a proportional decrease with fy (fulfilling their
purpose of proposing simplified engineering formulas for maximal per-
formance prediction). However, in the case of microalgae presenting
significant respiration activity in the dark, this leads to an additional
loss of performance. The dark volume fraction is not only a non-
producing volume (as represented in Eqs. (1) and (2)), but also

Circulating pump.
(perilstatic pump)

contributes negatively to overall PBR performance through biomass ca-
tabolism in this unlit volume. As an illustration, Fig. 1 presents the per-
formance for a dark volume fraction of f4 = 20%, assuming a respiration
activity in the dark of g, = 0.02 h™! for C. vulgaris (see Appendix A).
The decrease in maximal PBR productivities was found in the range
25-30% for § = 800 umoley,,-m~2-s~ ! and § = 200 umoley,,-m~ 2.5~ !
respectively, with a slight influence of the incident PFD value (no influ-
ence of ajigh; Was observed). We note that in practice, a dark volume
may be unavoidable in the design of some microalgal cultivation units
(e.g. mixing tank in the cultivation loop of a tubular system, or unlit vol-
ume of an airlift PBR).

2.3. Application of intensification principles for the rational development of
the AlgoFilm© PBR

The initial design purpose of the AlgoFilm© PBR was to propose a cul-
tivation system for solar culture that offered very high volumetric produc-
tivity. Because microalgae are often discussed as a potential alternative to
traditional crops, areal productivity is a primary criterion, and volumetric
productivity is generally considered as secondary. However, microalgae
grow in water, making the management of culture volume crucial in
any microalgal exploitation unit. The energy consumption of several pro-
cesses in the exploitation chain is directly linked to the culture volume
(pumping, mixing, temperature control, harvesting, etc.). Increasing volu-
metric productivity can thus simplify practical operation of microalgal
culture, not only by reducing operational and capital costs (pumps,
tanks, etc.), but also by drastically reducing energy needs for a given oper-
ation, as most of the energy requirements are related to the culture vol-
ume (culture mixing and pumping, thermal regulation, etc.).

As described by Eq. (2), volumetric productivity can be increased
with appropriate engineering, following simple guidelines provided by
engineering rules. For a given microalgal species, maximal areal and vol-
umetric productivities are given by:

Sxmax*(1—f4q) In K

1+ E} (3)

and Pxmax = alightSXmax~

Fig. 2. AlgoFilm© photobioreactor
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These equations show the main relevant engineering parameters af-
fecting PBR productivity, namely specific illuminated area ajign, dark
fraction fg, and light collected q. To maximize PBR performance, the de-
sign dark fraction fy in a cultivation system, which corresponds to an
unlit part of the reactor, and affects both areal and volumetric produc-
tivities, should ideally be near nil (fy = 0). However, as explained previ-
ously, this is not always possible owing to practical constraints. This is
the case for the AlgoFilm®© PBR (see later). Regarding ajign: and ¢, areal
productivity depends only on the PFD (i.e.q) and volumetric productiv-
ity (or biomass concentration, the two being linked) is increased by in-
creasing the specific illuminated area (or decreasing the culture depth,
i.e. Miight = Siigne/Vr = 1/L for a flat panel) and PFD (these relations are
also shown in Fig. 1). The specific illuminated surface ajjgy, is set by
the PBR design. The utility of working with a thin culture is highlighted
here. Reducing culture depth below 0.01 m leads to ajgn values higher
than 100 m?-m—3, compared with usually obtained values of around
20 m?-m—> for a PBR of depth 0.05 m, and 0.3 m?-m~> for a raceway
of depth 0.3 m. There is thus a direct effect on volumetric productivity
(Eq. (3) indicates a proportionality), allowing high cell density culture
(Cy> 10 kg-m™3). We also note that increasing the PFD will lead to a
further increase (but with a decrease in thermodynamic yield of photo-
synthetic conversion, as previously discussed). Finally, as areal produc-
tivity is independent of the specific illuminated area (Eq. (2)), we note a
particular feature of PBR technology intensification, namely the possi-
bility of markedly increasing volumetric productivity, while maintain-
ing areal productivity. This was the basis for the design of the
AlgoFilm®© PBR, which aims to offer very high volumetric productivity
at the current limit of performance allowed in this regard, while keeping
maximal conversion of incoming light as permitted by the direct illumi-
nation principle (surface-lit system, without light dilution). We note
that as explained previously, this intensification through the optimiza-
tion of the PBR design has to be combined with a systematic optimiza-
tion of operating and growth parameters, so as to ensure in particular
that the microalgal growth will be limited only by light (“light-limited”
growth conditions). Any limitation other than light-limitation would
impair PBR performance, and some of the benefit of the intensified
PBR design would be lost.

3. Materials and methods
3.1. Experimental set-up

3.1.1. AlgoFilm photobioreactor

So as to generate the thin-film culture necessary to obtain high
values of specific illuminated area and volumetric productivities, the
AlgoFilm© PBR technology is based on the setting-up of microalgal cul-
ture using a falling-film principle. The culture broth is injected at the top
of a tilted surface, flows down it, is collected, pumped back up through a
tube and re-injected at the top, so forming a closed loop (Fig. 2). A glass
plate is placed over the tilted surface, giving a fully closed geometry. A
gas headspace is thus created between the glass and the falling film.
We note that as the microalgal suspension is not in contact with the
glass, the risk of biofilm formation on the optically transparent surface
is avoided.

A peristaltic pump is used to circulate the culture with low shear
stress. Air is injected continuously into the PBR headspace. Because air
is not used here to circulate algae (unlike in airlift systems), a small
flow rate was applied solely to renew the gas phase and avoid oxygen
over-accumulation. This also limited CO, degassing from the cultivation
system. CO, injection was controlled by pH measurement and was
added to air injection (see next section for details).

3.1.2. Description of the experimental set-up

This study describes the first AlgoFilm© prototype, in the form of a
small-size PBR equipped for indoor lab-scale experiments for initial val-
idation in a fully-controlled environment (Fig. 2). The total volume

(liquid phase) of the cultivation system ranged between 0.6 and 0.7 L
depending on operating conditions (see Eq. (4)). This total volume in-
cluded a constant volume of 0.18 L for culture recirculation to the top
of the tilted surface. Because a peristaltic pump was used for this pur-
pose, a part of the culture volume was always unlit. This volume can
usually be neglected. However, given the AlgoFilm© concept, which in-
volves low total culture volume, the ensuing dark fraction was around
fi4 = 20%. The illuminated area of the PBR being 0.3 m?, the design re-
sulted in a culture system with an average specific illuminated area
(a1igne) ranging from 400 to 600 m?-m 3, depending on the culture vol-
ume (see Eq. (4)). The PBR was made of transparent material, except for
the rear side, made of stainless steel (type 316L).

For indoor experiments, the PBR was illuminated by a specially de-
signed panel of light-emitting diodes (LED P4 cool white, Seoul Semi-
Conductor, South Korea). This LED panel was built to light the PBR
surface evenly, with PFD variation controlled by voltage adjustment
using a Labview Virtual Instrument (Labview 7.1, National Instruments,
Texas, USA). The LED panel (collimated light source) was placed hori-
zontally above the PBR (normal incidence). Any day-night cycles in
the range of 0-1500 pmoley,,,-m~2-s~ ! could be simulated. The PFD
was measured using a plane cosine quantum sensor (LI-1400, LI-COR
Biosciences, USA), which measures photosynthetically active radiation
(PAR) in the 400-700 nm waveband received in a 2m solid angle. The
mean PFD received on the PBR front face was determined by averaging
40 different measurement points (i.e. g in Eq. (2)). Light attenuation
across the optical surface was taken into consideration in the models.

Sterile air was injected continuously into the PBR headspace at a
flow rate of 500 mL/min. The pH and temperature were controlled by
a pH/temperature probe (sensor SG 3253, Mettler Toledo, USA) moni-
tored by the acquisition software LabVIEW. When the pH was higher
than the set point, CO, was injected by activating a solenoid valve. The
culture medium temperature was regulated by automatic activation of
an air blower fixed on the rear side.

The PBR was operated in batch, continuous and semi-continuous
modes. In the continuous and semi-continuous modes, a harvesting vol-
ume ranging from 25% to 35% of the total volume per day was applied,
correspond to a residence time 7, of 66 h to 100 h. In constant light, con-
tinuous harvesting was applied (i.e. constant dilution rate of 0.010 and
0.015 h™'). For investigation under simulated day-night cycles, the
PBR was operated in semi-continuous mode with harvesting at the
same time in the day-night cycle (i.e. 17 h).

3.1.3. Definition of irradiation (PFD) conditions

Various irradiation conditions were simulated from the LED panel,
corresponding to typical conditions encountered over a year's operation
at a location in Nantes (France). Hourly variations of irradiation

1400

7 St Summer period
1200 *, § = 500pmole.m™2.571
1000+ "- ]

i
Year-averaged period [
g = 270pmole.m 2,57

Photons Flux gpg
Density g
(umole.m2.s1) gop

400 i Winter period 1 1
q= }20-;.};19 2,5t '1'1
o - . e NS _
0 5 10 15 20 25
Time (hour)

Fig. 3. Typical daytime evolutions of irradiation conditions (i.e. PFD, noted q) applied for
simulated day-night cycles experiments (solide line for year-averaged period; dashdot
line for summer period; dashed line for winter period).
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conditions over a year's exploitation were obtained using Meteonorm
software (Meteonorm, Meteotest, Switzerland) as explained in [12].
This database was then used to define typical illumination conditions.
Three values of PFD were determined, by averaging irradiation values
over the full year (year-averaged irradiation condition), and over Janu-
ary and summer months to represent winter and summer periods re-
spectively. These values were used for the characterization of
AlgoFilm®© PBR performance in constant light. Experiments were then
extended to the case of simulated day-night cycles. Day-night cycles
were generated by averaging, over a given period, each daily variation
obtained from the database. The same periods as for constant light
were considered, namely the months of January (winter day) and July
(summer day), and the full-year (year-averaged day). Corresponding
day-night cycles are given in Fig. 3.

3.2. Hydrodynamics and gas-liquid mass transfer

3.2.1. Liquid film thickness measurement

The operating principle means that the film thickness L, on the tilted
surface is of primary relevance, as it determines the specific illuminated
surface ajighe. In a laminar regime, the film thickness on an inclined plane
obeys the following relation, which highlights the influence of both cul-
ture flow rate and tilt angle on resulting film thickness [22]:

with B = 90 — ¢, ¢ being the inclination angle of the inclined plane, it
and p the culture viscosity and density respectively, I the plane width,
and Qy, the liquid mass flow rate.

Eq. (4) is valid for ideal conditions (laminar regime, undisturbed free
surface, etc.). Other relations are available in the literature, as film thick-
ness can be modified in practice by numerous parameters (small varia-
tions in the flow rate, flow distribution at the top of the slope,
disturbance by the gas phase, uneven supporting surface, etc.). To
check the applicability of this equation in our case, culture thickness in
the falling film was measured for various flow rates and surface tilt
angles.

Culture thickness was measured using the needle contact method.
According to Hewitt [23], the needle contact is one of the most popular

(4)

methods used for measuring liquid film thickness. It consists in measur-
ing the displacement of the needle tip between the top of the slope and
the liquid film surface. The main limitation of this method is possible
hysteresis during the contact between the needle and the film surface.
However, this method was retained (i) because the rear side of the reac-
tor was made of stainless steel, and so techniques based on light absorp-
tion or capacitance (or resistance) were inapplicable [24-28], and (ii)
because the technique had to be mobile to measure the film thickness
over the entire tilted surface; techniques requiring highly accurate
alignments, such as optical fibers [29-31] or fluorescent techniques
[25,32,33] were therefore difficult to apply. For each condition, 15 mea-
surements were made over the whole tilted surface to analyze film
evenness.

3.2.2. Gas-liquid mass transfer measurement

Achieving maximal productivities in PBRs implies avoiding growth
limitation by factors other than light alone. In particular, this means en-
suring a sufficient supply of inorganic carbon, and preventing over-
accumulation of oxygen, which could impair photosynthetic growth.
Gas-liquid mass transfer in the cultivation system is thus relevant, espe-
cially in the case of high biomass productivity, when higher mass trans-
fer performance levels are reached than in normal conditions of use. To
examine this variable, gas-liquid mass transfer was measured using a
de-oxygenation/re-oxygenation method to determine volumetric
mass transfer coefficients (k;a). It consists in removing dissolved oxy-
gen from the liquid phase by injecting gaseous nitrogen (N;), and
then monitoring the increase in dissolved oxygen concentration on
switching back to air injection.

During the re-oxygenation phase, mass balance on dissolved oxygen
yields the following equation:

_dac,

N02 =dr kLa.(CL*—CL)

()

with No, the oxygen mass transfer rate, C; the dissolved oxygen concen-
tration, and C; the dissolved oxygen concentration at equilibrium with
the gas phase. By integrating this equation, assuming time-constant
conditions of mass transfer (i.e. constant k;a over the experiment), the
following equation is obtained, which allows the volumetric mass
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Fig. 4. Example of experimental determination of the volumetric mass transfer coefficient in oxygen k;a. The blue curve represents the time course of the concentration, the green curve the
time course of the term In(G* — (), and the red curve data used for the calculation of k;a. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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transfer coefficient k;a to be calculated from the time course of the dis-
solved oxygen concentration:

(G —=C)

1 %
e —cw)

= —ka-t, (6)

with Cig the initial dissolved oxygen concentration when air is injected.

The gas phase was injected at the bottom of the reactor, i.e. counter
to the liquid flow down the tilted surface. For greater accuracy, only dis-
solved oxygen concentrations between 20% and 80% of the equilibrium
concentration were considered in the calculation [34]. The oxygen-
deoxygenation technique also implies rapidly (ideally instantaneously)
switching the gas phase used for deoxygenation (N,) to the gas phase
composition applied during the oxygenation phase. This condition is
easy to meet in airlift systems where the residence time of the gas
phase is short. For the AlgoFilm®© PBR, because the gas phase volume
is much greater than that of the liquid phase, the glass plate was re-
moved just before the oxygenation phase, allowing the ambient air to
replace the gas phase instantaneously, and was then reinstalled just be-
fore the switch to air injection.

Measurements of volumetric mass transfer coefficient in oxygen k;a
were made in deionized water. Dissolved oxygen concentration was
measured using an oxygen probe (InPro 6800, Mettler Toledo, USA)
connected to a transmitter (M300, Mettler Toledo, USA). This probe
was located at the beginning of the recirculation loop. The gas phase
flow rate was controlled and regulated by a mass flow meter
(Bronkhorst, France).

An example of an experimental result is presented in Fig. 4. The in-
fluence of the operating parameters of the AlgoFilm© PBR such the
gas flow rate, the liquid flow rate, the tilt angle, the gas flow direction
and the total volume of the liquid phase were investigated. As the dis-
solved oxygen concentration at equilibrium varies with the liquid
phase temperature, all the k;a values were expressed relative to the
standard temperature of 20 °C to facilitate comparison of the results
[34]. This was done using the following relation:

kiayo-c = kiar - 1,024%0°T, (7)

Each experiment presented below was carried out in triplicate, and
krayo-c values are averages.

3.3. Microalgal culture

3.3.1. Microalga and culture medium

The strain used for AlgoFilm© validation was C. vulgaris (211/19
SAG). The autotrophic Sueoka medium [35] described by Harris [36]
was used. High volumetric productivity implies adjusting medium com-
position so as to avoid mineral limitation [11,37,38]. In practice, this was
not so easy. Firstly, because of the high nutrient supply requirements,
non-assimilated ions (especially Na™ and Cl~, the two predominant
ones) tended to accumulate in the culture medium and generate a
drift during the PBR operation, with formation of salt crystals. This prob-
lem was solved by replacing NH4Cl and NaHCO3; by NH4HCOs3. Secondly,
nutrient concentration had to be increased (standard medium composi-
tion usually being designed to reach a maximal dry-weight biomass
concentration of around 3-4 kg-m™23). Nutrient concentrations in the
growth medium were then increased to enable high biomass concentra-
tions, as obtained in the AlgoFilm®© PBR. The same procedure as that de-
scribed in [38] was applied, based on monitoring nutrient consumption
by anionic chromatography during a batch culture (see this work for
more details). Consumption were measured for three different biomass
concentrations: 7.6, 16.5 and 30.5 kg-m™>. This allowed determining
the yields of nutrients assimilation into biomass. The results are pre-
sented in Table 1. We note that the high biomass concentrations obtain-
ed significantly reduced uncertainties in the main nutrient assimilation
rates. Hutner's trace elements solution [36] was also added in excess

Table 1
Yields of assimilation of main ions during the biomass synthesis (mass).
Ion % assimilated during the biomass growth (mean =+ SD)
PO;~ 474 + 03
Nom 273 £ 0.1
NHZ 16.53 + 0.2
K* 1.79 £ 0.2
Mg?* 0.54 + 0.01
ca*t 0.08 + 0.01

(0.5 mL for 1 L of culture medium). No visible limitation by trace ele-
ments was observed.

For all cultures in PBR, pH and temperature were controlled at 7.5
(automatic CO, injection) and 25 °C (automatic air draft on the rear
side).

3.3.2. Biomass analyses

3.3.2.1. Biomass dry weight. Depending on the cell concentration,
0.4-10 mL of algal suspension was filtered through a pre-dried pre-
weighed glass fiber filter (Whatman GF/F, 0.7 um). Biomass concentrate
was washed with distilled water to eliminate minerals. The filter was
dried at 110 °C for 24 h, cooled in a dessicator and reweighed. The
final value was the average of three replicates. Biomass concentrations
were used to deduce biomass productivities from residence time value
Tp (ie. volumetric biomass productivity Py = G / 7p).

3.3.2.2. Pigment contents. Culture samples of volume V;, containing 5 to
10 x 10° cells/mL, were centrifuged (13,400 rpm, 10 min, 4 °C). The pel-
let was then suspended in V, mL of methanol and then stored in dark-
ness at 44 °C during 45 to 180 mn to allow complete extraction. The
cell fragments were then separated by centrifuging (13,400 rpm,
10 min, 4 °C) and the optical density of the supernatant containing the
pigments dissolved in acetone was measured with a spectrophotometer
at 480, 652, 665 and 750 nm (Jenway, England or Safas MC2, Monaco).

Three replicates were prepared, and the chlorophyll a, b and photo-
protective carotenoids (PPC) were determined using the following rela-
tionships [39,40]:

Chl—a = [—8.0962 (ODgs, — OD750)~16.5169 (ODggss — OD7s0)]Val "' V; 1,
Cehi_p = [27.4405 (ODgs; — OD75)-12.1688 (ODggs — OD7s0)]Val V771,
Cppc = [4.0 (OD4g0— OD750)]. Va2l "'V, 71,

3.4. Modeling of AlgoFilm®© performance

The engineering parameters of Eq. (1) make possible to calculate the
maximal performance values of a given culture system as a function of
its design, the light received, and the strain cultivated. Such information
is highly valuable for scaling the system, and was used for the initial de-
sign of the AlgoFilm®© PBR. We have, however, to bear in mind that these
relations give maximal productivities, and do not allow the prediction of
PBR performance as a function of operating parameters, such as resi-
dence time (i.e. dilution rate) applied in continuous or semi-
continuous culture. The residence time directly influences biomass con-
centration in the culture system, and thereby light attenuation condi-
tions and resulting biomass productivity. Maximal productivity is thus
achieved for an optimal residence time value (see [41] for details).

To predict PBR performance variation for any value of an operating
parameter (PFD, residence time, etc.), it is necessary to relate light at-
tenuation conditions as affected by biomass concentration to resulting
photosynthetic growth. Such a knowledge model has already been pro-
posed [7,41]. As the engineering parameters in Eq. (1) derived directly
from this knowledge model, the same corpus was also used to predict
AlgoFilm© PBR performance as a function of the various operating
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Fig. 5. Culture thickness on the inclined plane (left: ¢ = 0.62°, Qm = 1543 mL/min; right: ¢ = 0.64°, Qm = 2076 mL/min).

variables applied in the experimental study. This model is summarized
in Appendix A.

4. Results and discussion
4.1. Hydrodynamics and gas-liquid mass transfer characterization

4.1.1. Liquid-film thickness and film homogeneity

One of the main challenges of the AlgoFilm© concept is controlling the
thickness of the culture layer falling freely down the tilted surface. De-
creasing this depth will increase the specific illuminated area of the PBR
and thereby raise the resulting biomass volumetric productivity. This is,
however, not sufficient to ensure high productivities. In microalgae culti-
vation, it has also been demonstrated that full light attenuation must
occur in the culture depth, as only light actually absorbed in the culture
volume is converted by photosynthetic growth [10,12,15,41]. For a very
thin culture depth, here around a few millimeters, achieving full light ab-
sorption is not simple. This difficulty is made worse in our case because of
the difficulty ensuring in practice a perfectly even tilted support surface.
For all these reasons, we retained a minimal limit value of culture thick-
ness on the tilted surface of around 1.0-1.5 mm.

To verify the evenness of the film thickness and compare its mean
value with that predicted theoretically by Eq. (4), the culture thickness
was mapped. Different operating conditions were tested to investigate
the influence of the liquid flow rate and tilt angle of the sloping surface.
Results of culture thickness are given in Fig. 5 for highest and lowest
flow rates. The input of the liquid phase at the top of the inclined
plane corresponds to the point (0; 0). The results show that the local
film thickness was greater in two areas. These correspond to the last
outlet of the distributor at the top of the slope, and the bottom of the
slope. At the top, higher film thicknesses were obtained, explained by
a slightly higher flow rate from the last orifice of the distributor. At
the bottom, the junction between the bottom of the slope and the col-
lector tank forms an angle, increasing the film thickness in this area.

Culture thicknesses obtained from local measurements (needle con-
tact method) were compared with the value obtained from the liquid
volume determination on the inclined surface. This value was deduced
from the total volume introduced into the reactor, minus the recircula-
tion loop volume, which is constant and easily determined from set-up
characteristics (i.e. filled volume). All values are summarized in Table 2.
Because of the less even culture thickness at the bottom of the tilted

Table 2

surface, Table 2 also presents average values for positions higher on
the slope.

Disregarding the lower part of the tilted surface, the average thick-
nesses obtained from local measurements were found to be very close
to those obtained with the volume-based method. Table 2 also gives
the film thickness predicted by the hydrodynamic model (Eq. (4)).
We note that the experimental values are slightly higher than those de-
rived from the model. This can easily be explained by the assumptions
of the model. Even so, the difference remains in the accuracy range of
methods used here. Both experimental and theoretical determinations
of the liquid film thickness can thus be retained. In addition, the exper-
imental method based on the liquid volume on the tilted surface was
found to be a simple way to determine film thickness.

At this stage of the study, although film thickness evenness could be
improved on the overall tilted surface, it was considered satisfactory.
The range of values obtained was 1.3-2.2 mm, in line with our initial de-
sign constraint (minimal depth of culture of around 1.0-1.5 mm).

4.1.2. Gas-liquid mass transfer

All the operating parameters of the AlgoFilm®© PBR that could influ-
ence gas-liquid mass transfer were investigated: liquid flow rate, tilt
angle of the support surface, and gas phase injection.

Regarding the influence of gas phase injection, three flow rates from
100 to 1000 mL/min were applied while keeping constant the other op-
erating conditions, such as the liquid flow rate and the tilt angle of the
reactor, and so the total liquid volume in the reactor (Table 3; trials
2-4). kiaxo-c values were found to be relatively independent of the gas
phase flow rate: a deviation of <8% (confident interval of 95%) was ob-
served on the three k;a,q-c values measured. To check possible influence
of the flow direction of the gas phase, the air input was connected at the
top of the tilted surface so that the gas flow was co-current with the lig-
uid phase flow. No significant influence was observed on k;a,o-c values,
with a difference of <5% compared with the counter-current case
(Table 3; trials 3 and 6). Finally, k;ao-c was also measured without
the transparent glass plate used for culture confinement. In this last con-
figuration, the AlgoFilm© PBR was comparable to an open system con-
figuration. The k;a,q-c values were identical to those obtained with the
glass installed (Table 3; trials 1-4).

All these results finally demonstrate that the gas-liquid mass trans-
fer is not driven by the gas phase injection, but by the interfacial gas-
liquid area on the tilted surface. For the rest of the gas-liquid mass

Experimental and theoretical values of the film thickness L, (experimental accuracy: 0.05 mm; IC95 of the model: 0.07 mm).

o (%) Qp (mL/min) L, (mm) average on 15 areas L, (mm) average on 12 areas L, (mm) ratio V/S L, (mm) model
Trial 1 0.62 1543 1.58 1.46 1.44 134
Trial 2 1.70 1673 1.01 1.02 0.99 0.99
Trial 3 0.64 2076 1.70 1.58 1.53 1.47
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Table 3

Synthesis of experimental results to characterize gas/liquid mass transfer. (a) Trial without the glass plate (equivalent to an open system); (b) co-current air injection.

Trial Gas flow rate Liquid flow rate Inclination of the Liquid Mass transfer Confiance Interfacial Mass transfer Confiance
(n°) Qg (mL/min) Qm (mL/min) inclined surface ¢ volume coefficients k;agec interval 95% exchange area a coefficients k;»q-c interval 95%
@) (mL) (s") (s" (m™) (s (s
1@ 0 1550 0.5 630 1.06-1072 1.30-1073 476 222-107° 3.09-10°°
2 100 1550 0.5 630 1.01-1072 2.37-107* 476 212-107° 8.34-1077
3 500 1550 0.5 630 1.04-1072 6.94-10~4 476 2.18-107° 1.80-10°°
4 1000 1550 0.5 630 1.09-1072 9.87-107* 476 2.28-107° 243-107°
5 500 1550 0.5 1300 5.84-103 3.23-107* 254 2.30-10° 145-107¢
6 500 1550 0.5 630 9.91-1073 7.12-1074 476 2.08-107° 1.83-10°°
7 500 1000 0.5 560 1.05-1072 2.26-1074 536 1.96-107° 7.72-1077
8 500 2000 0.5 660 134-1072 7.72-1074 455 2.96-10° 2.15-10°°
9 500 1550 1.5 472 1.28-102 7.02-107% 636 2.01-107° 1.53-107°

transfer characterization, the gas flow rate was kept at 500 mL/min in
counter-current.

The influence of the liquid phase flow rate on gas-liquid mass trans-
fer was then analyzed. We note that the influence of this parameter is
more complex, because it can affect both gas-liquid mass transfer and
liquid film thickness (Eq. (4)). Assuming a perfectly smooth surface of
the liquid phase on the tilted surface, it is possible to estimate the volu-
metric interfacial exchange area (noted a, m?-m~3) and thus the mass
transfer coefficient k;»q-c (K;az0°c = Ki20°c*a). For each test (Table 3; tri-
als 3, 7 and 8), the mass transfer coefficient k; »9-c was then calculated.

Over the flow rate range tested (1000-2000 mL/min) and in this
configuration (a = 0.5°), the mass transfer coefficient k;>gec (m/s)
was found to depend on the liquid phase flow rate. This is explained
by the fact that the liquid phase flow rate influences volume on the
tilted surface (and so the total volume), and also residence time in
each part of the reactor. The PBR geometry is composed of different sec-
tions each with a different influence on the transfer (the recirculation
loop is confined and unaerated, while the liquid phase on the tilted sur-
face is in contact with the gas phase). The improvement of the transfer
on increasing the liquid phase flow rate can then be explained by a lon-
ger contact time between gas and liquid phases on the tilted surface.
Thus the greater the liquid phase flow rate, the greater the contact
time, and so the more efficient the transfer is. As a direct consequence,
a correlation between k;5¢-c (m/s) and Q,, (mL/min) can then be
proposed:

ki, =9.78-107°.Q,, +8.82-10°° (8)

We note that this empirical relation (Eq. (7)) can be combined with
the hydrodynamic model (Eq. (4)), enabling us to calculate the liquid
flow rate as a function of operating parameters, and therefore the volu-
metric interfacial exchange area a. This enables us to predict k;»g-c
values. However, all the parameters were found to be related. This can
be illustrated by modifying, for example, the tilt angle (Table 3, trials 3
and 9). Difference in k;»q-c values are observed, arising from the change
in the volumetric interfacial exchange area a (a lower liquid volume
being obtained by increasing the tilt angle), but also from a modification
of the residence time in each section of the reactor. With the lowest tilt
angle, residence time on the slope is greater, leading to a higher value of
kizooc.

Finally, the effect of the liquid phase volume, and therefore the vol-
umetric interfacial area of exchange a, was specifically evaluated. The
liquid phase volume was deliberately doubled compared with the nor-
mal use of the reactor (Table 3; trials 3 and 5). The experiment showed
that the k;a5¢-c values were halved. This result validates the above con-
siderations: considering the articular configuration of the AlgoFilm©
PBR, increasing the liquid volume has negligible influence on the mass
transfer coefficient k;q-c. The hydrodynamics remains the same, the ad-
ditional volume of liquid ending up at the bottom of the slope in the col-
lector tank. On the other hand, this directly reduces the specific area. As
a consequence, the kjag-c value is halved.

Whatever the conditions, the gas-liquid mass transfer performance
was finally found to be easy to predict. By combining Eq. (7) to predict
the mass transfer coefficient k;»q-c and Eq. (4) to predict the surface ex-
change area a from operating parameters (i.e. ratio of tilted surface area
to the total culture volume), the volumetric mass transfer coefficient k;a
can be easily deduced (k;a = k;a).

As a final step in this part of the study, we investigated whether
these gas-liquid mass transfer performance levels were sufficient to
avoid oxygen over-accumulation in the culture system, which might
have a negative impact on resulting photosynthetic growth. For that
purpose, the same approach as described in Loubiere et al. [42] for the
design of a PBR for microalgal biomass production in hatcheries was ap-
plied. This is based on the comparison between the oxygen production
during photosynthetic growth, and the oxygen physically transferable
from liquid to gas phases (by desorption). Oxygen production (Po,) is
proportional to growth rate and volumetric productivity Py in steady-
state:

POz = Yo, /xPV 9)

with Yo, / the specific yield of oxygen production Yo, /, = Vo,—x %—UXZ
X X
around 1.5-2 kg of oxygen per kg of biomass).
By keeping the more constraining values (Yo, /= 2, volumetric pro-
X
ductivities in the range of 10 kg-m~2-day ), this would lead to an ox-
ygen production of 20 kg-m~>-day~ .

This value has to be compared with the aeration performance of the
PBR, given by Eq. (5). At steady state, a mass balance for oxygen leads to:
No, = Po, (10)

This enables us to calculate the oxygen concentration in the culture
medium:

YOZ /XPX
CL B kLa

+C; (11)

with (7 the value of dissolved oxygen concentration at equilibrium with
the gas phase (around 7.10™3 kg-m™2 in the case of air).

Using a gas/liquid mass transfer of 1.10~2 s~ (the lowest value ob-
tained), this leads to an oxygen concentration in the culture medium of
(. = 7.5.10~3 kg-m~>. This value is thus very close to that obtained at
equilibrium with air (<10% increase), and we can expect no negative ef-
fect on growth. For example, Torzillo et al. [43] reported no loss of pro-
ductivity with Spirulina platensis for C; at around 20.10~> kg-m~3,
while Marquez et al. [44] observed a loss of productivity for ¢, >
40.10~3 kg-m~3. The design of the AlgoFilm®© PBR, by promoting a
high area-to-volume ratio to obtain high volumetric productivity, also
proved sufficiently efficient for gas-liquid mass transfer to avoid this
possible limitation.
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Fig. 6. Typical biomass growth obtained in the AlgoFilm PBR. Panel 6-a gives biomass concentration time course in batch mode for winter irradiation conditions. Panels 6-b and 6-c give
biomass productivity (square) and corresponding biomass concentration (triangle) in semi-continuous mode for winter (7, = 4.1 days) and year-averaged irradiation (7, = 2.8 days)
conditions respectively. For each irradiation condition, permanent illumination (solid line) and day-night cycle (dashed line) were compared.

4.2. Experimental validation of AlgoFilm®© performance

4.2.1. Cultivation of C. vulgaris in batch mode for constant and day-night
cycles (winter period)

For all the culture experiments, operating conditions were defined
from Eq. (4) so as to obtain an averaged depth of culture on the illumi-
nated surface of around 1.5 mm. This was obtained with a liquid flow

rate Qq, of 1.6 L-min~ ! and a tilt angle ¢ of 0.5° (i.e. the set-up could
be considered as almost horizontal). This gave a specific illuminated
surface area ajigh; = 480 m?-m~2 (here calculated on the overall sys-
tem). This also corresponds to around 2.1 L per m? of illuminated sur-
face. We note that this value illustrates the concept of “volumetric
intensification”. For example, a value of 100 L/m? is obtained for a cul-
ture system of depth 0.1 m.
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Table 4

Summary of daily average biomass productivities and concentration obtained in the AlgoFilm© PBR for the different cases studied (see text for details).

Irradiation PFD (daily average value) Illumination Residence Biomass concentration (kg.m~3) Pigment content (% of dry biomass) Specific rate
condition (umole m—2.s™ 1) condition time (day) of photons
absorption
(umole-g~!
s71)
Experiment Model prediction Experiment Model prediction Model
(harvesting (harvesting (harvesting moment)  prediction
moment) (Harvesting (Day moment) Plan Total
moment) average)

Winter 120 Permanent 41 135 £ 01 11.25 6.8 £ 0.7% 5.78% 7.02 544
Day-night 4.1 127 £ 01 1135 104 5.4 + 0.5% 5.49% 7.63 591
cycle

Year-averaged 270 Permanent 3.8 - 1743 - 4.69% 10.24 7.93

2.8 19.8 + 0.2 1643 6.5 + 0.7% 4.57% 10.84 84
2.1 - 15.15 - 4.39% 11.72 9.07
Day-night 3.8 178 £ 1 15.5 13.81 5 + 0.5% 4.15% 1291 10.00
cycle 2.8 16,5 + 0.3 14.16 12.42 - 3.86% 1435 11.11
2.1 11.7 £ 03 1257 10.86 3.9 4+ 04% 3.45% 1639 12.69
Summer 500 Permanent 3.8 - 23.75 - 3.95% 13.93 10.79
3 - 23.03 - 3.91% 1434 11.1
2.1 - 21.48 - 3.66% 1534 11.87
Day-night 38 189 + 0.3 18.67 16.49 3.9 4+ 04% 2.67% 20.29 15.7
cycle 3 141 £ 04 17.74 15.48 32 4+ 03% 2.41% 21.57 16.7
2.1 - 15.68 13.43 - 2.18% 2488 19.26
Irradiation PFD (daily average value) [llumination Residence Biomass volumetric productivity Biomass areal productivity Model
condition (umole-m~2.s71) condition time (day) (kg-m~—3day™ ") (1073-kgm~2-day ') prediction error
Experiment (day =~ Model (day Experiment (day  Model (day
average) average) average) average)
Winter 120 Permanent 4.1 3.32 £ 0.07 2.75 7.1 £ 0.15 5.52 —17%
Day-night cycle 4.1 3.13 + 0.02 2.54 6.66 + 0.04 5.09 —19%
Year-averaged 270 Permanent 3.8 - 4.6 - 9.23 -
2.8 7.07 + 0.03 591 14.15 + 0.06 11.87 —16%
21 - 7.27 - 14.59 -
Day-night cycle 3.8 46 + 0.1 3.65 9.79 £ 0.21 7.29 —21%
2.8 5.55 4+ 0.03 4.44 11.8 &+ 0.07 8.9 —20%
2.1 5.7 + 0.1 5.17 12.13 £ 0.21 10.38 —9%
Summer 500 Permanent 3.8 - 6.27 - 12.58 -
3 - 7.74 - 15.53 -
2.1 - 10.23 - 20.51 -
Day-night cycle 3.8 54 0.03 434 10.63 + 0.06 8.71 —13%
3 47 + 0.1 5.16 10 + 0.21 10.35 10%
21 - 6.4 - 12.84 -

Fig. 6-a shows results of biomass growth for batch culture in winter
irradiation conditions. Despite the low value of PFD applied (g =
120 umole-m~2-s71), a large biomass concentration increase was
observed. In around 15 days, biomass concentrations higher than

30 kg-m~ > were obtained in constant light. This is of interest, as it
confirms the utility of our concept for culture concentration intensi-
fication. It also validates the culture medium, which was defined so
as to avoid growth limitation up to such high biomass concentration:
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Fig. 7. Daytime time course of biomass concentration and corresponding averaged specific rate of photon absorption obtained in the AlgoFilm PBR run in continuous mode and summer

irradiation conditions.
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no significant growth rate decrease was observed even for the
highest values of biomass concentration.

In a second experiment, the same procedure with constant light was
conducted during the first 200 h, and day-night cycles were then ap-
plied. As shown in Fig. 6-a, this resulted in a decrease in the growth
rate, although the same averaged light energy was received on the
PBR surface over a daily period. This result highlights the influence of
day-night cycles on culture growth. As already discussed in [45], the dy-
namic time course of the day-night cycles resulted in a lower conversion
efficiency compared with constant light. This is explained by the nega-
tive effect of night periods (biomass catabolism) and by the non-linear
photosynthetic response to light, which causes a loss of conversion effi-
ciency with increasing light received. As a result, conversion efficiency
was lower in the middle of the day when values of PFD were higher
than the daily-averaged values. However, we note that even if the
growth rate was lower than in constant light, a significant biomass con-
centration increase was observed up to around 22 kg-m~> (around 20%
lower than in constant light for the same culture duration).

4.2.2. Characterization of biomass productivities in semi-continuous mode
for constant and day-night cycles

Fig. 6-b and c gives results for semi-continuous culture in winter and
year-averaged irradiation conditions. For the first experiment (winter
irradiation condition, constant light), a long-term characterization was
conducted to ensure stability of culture and biomass productivity. The
steady-state was then maintained for 23 days, and no significant devia-
tion was observed, despite the high biomass concentration achieved (in
the range of 13 kg-m™3). In the remaining experiments, steady-state
stability was verified at least for one week of operation.

All the results obtained at steady-state values are summarized in
Table 4. The usual behavior of a PBR running in light-limited mode is ob-
served. For a given irradiation condition, increasing the residence time
leads to an increase in biomass concentration. Except for the summer ir-
radiation condition, which has to be considered separately (see next
section), we note that this resulted in all cases in an increased biomass
productivity, indicating that residence time values applied in our cases
(in the range 2.1-4.1 days) were below optimal values leading to max-
imal biomass productivities (a more thorough explanation is given in
the model section). Another important result is the significant
photoacclimation of C. vulgaris, which presents a large variation in pig-
ment content between experiments. The highest pigment content was
obtained for the lowest averaged PFD value, as obtained for winter irra-
diation conditions (6.8% of total pigment), while summer irradiation
conditions gave the lowest value (3.2%). Comparing constant and day-
night cycles but for the same averaged PFD, we can also observe that
day-night cycles resulted in all cases in lower pigment content. This in-
dicated a higher light stress, as induced by the PFD variation in day-
night cycles. All these observations are consistent when considering re-
sults for a given irradiation condition. When residence time decreases,
biomass concentration decreases, leading to lower light attenuation
conditions and thereby a decrease in pigment content. In summary,
photoacclimation was influenced by PFD, light regimes (i.e. day-night
cycles), and light attenuation conditions. We note that the ability of C.
vulgaris to display strong photoacclimation (i.e. pigment adaptation)
was already observed in [16]. A strong dependency on light conditions,
PFD and also light spectrum was observed by these authors.

Regarding PBR performances, as for the batch culture, day-night cy-
cles resulted in lower growth rates (i.e. productivities), although the av-
eraged light energy remained similar for a given irradiation condition
(i.e. winter, summer or year-averaged). Because of the daily harvesting,
biomass concentration was lower than in batch mode. However, an
effect of process intensification was observed in all cases, with
biomass concentration higher than 10 kg-m~3 (highest value around
20 kg-m™2). This led to volumetric biomass productivities higher than
3 kg-m~3-day~ !, the highest reported experimental values being
7.07 kg-m~3-day~! and 5.7 kg-m~>-day~' for year-averaged

irradiation conditions and constant and day-night cycles respectively.
Those performances were in line with the objective of setting up a
PBR with a high specific illuminated surface area so as to induce high
volumetric productivities. We note that for areal productivity, no signif-
icant increase in performance was observed compared with reported
state-of-the-art values (between 6 and 14.1073 kg-m~2-day~!). This
result is also in line with the initial design procedure, as areal productiv-
ity is not dependent on the specific illuminated surface, and can there-
fore only be increased by increasing the PFD.

The only discrepancy from our initial expectation concerns perfor-
mance achieved for the summer irradiation conditions. Productivities
were found of the same order of magnitude as with year-averaged irra-
diation condition, even though the averaged PFD was increased from
270 to 500 umole-m~2-s™ !, The increase in performance (around
two-fold increase in both volumetric and areal productivities) when
moving from winter (g = 120 umole - m~2 - s~1) to averaged irradiation
conditions (§ = 270 pmole - m~2 - s~1) was not observed. This discrep-
ancy is examined in detail in the next section.

4.2.3. Specific case of summer irradiation conditions

Experiments in summer irradiation conditions resulted in a lower
increase in performance than expected. A detailed investigation was
conducted, and the culture was monitored over the entire day/night
cycle with hourly analysis. The same analysis as that used for the daily
monitoring was used except for biomass concentration, which was esti-
mated through DO;so measurement to reduce the total sampled volume
and not perturb the process operation. Results are given in Fig. 7. We
note that because of the repetition of the same day/night cycles over
time, the time course of parameters presented here were found to be re-
producible over a given day-night period.

This detailed daytime monitoring reveals several features. The
strong relation of culture response to day/night cycle is especially
shown, resulting in a fully dynamic process. Growth occurs throughout
the day, while the night period results in a decrease in biomass concen-
tration of around 7% (1 kg-m™3). We note that this is consistent with [8,
46]. In addition, regarding culture parameters, pH was found to be al-
most constant, but a slight increase in temperature was obtained for a
period of higher irradiation (4 6 °C). This was explained by the very
high irradiation applied (up to 1500 pmole-m~2-s~1). It is clear that
such a deviation in thermal regulation could induce a loss of efficiency.
As shown in the literature, combining strong light and non-ideal tem-
perature has detrimental effects on photosynthetic growth [47-51].
Furthermore, even in optimal temperature conditions, only the wide
variation of irradiation during the day/night cycle has a negative influ-
ence on resulting photosynthetic conversion, as high light intensities
can result in a marked loss of photosynthetic conversion, due for exam-
ple to photoinhibition [19]. These negative effects related to excessive
light are also closely related to light attenuation conditions in the cul-
ture volume [19-21]. It is, however, difficult to analyze accurately the
exact contribution of this factor on the loss of productivity. Firstly,
light attenuation conditions are directly related to incident light, bio-
mass concentration and pigment content. All of these parameters,
which interact, reveal dynamic changes during the experiment. Second-
ly, the AlgoFilm© PBR induces particular light attenuation conditions, as
induced by thin-film culture and high biomass concentration. As a first
attempt to provide a better analysis of these interrelations, modeling
can be useful. This will be the subject of the final section.

4.3. Theoretical analysis of the AlgoFilm© PBR

4.3.1. Comparison with model predictions

The model described in the Appendix A was used to predict perfor-
mance as a function of operating conditions. This model had already
been validated, but only for continuous light and a conventional PBR
working with a biomass concentration of few kg-m™3 [41]. Its first
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Fig. 8. Model prediction of the AlgoFilm PBR performance for the different irradiation conditions (a-summer period; b-winter period; c-year-averaged period). Experimental results are
added (square and solid line for volumetric productivity; triangle and dashed line for biomass concentration).

validation for day-night cycles and high volumetric productivity PBR is
presented here. It is noteworthy that this model has the same theoreti-
cal background as the engineering formulae used for the AlgoFilm© PBR
pre-scaling (Eq. (1)). The only difference is the ability of this model to
predict various operating conditions, including any day-night cycles or
harvesting procedures (residence time, semi-continuous mode). Pig-
ment acclimation to light is also taken into consideration (see
Appendix A for details).

Model predictions are indicated in Table 4. Except for the summer
condition with lowest residence time (the case that led to the most in-
tense light regime, as described in the previous section), model predic-
tion tended to underestimate actual productivities, with a deviation of
around 10-20%. Considering the specific features of the AlgoFilm©
PBR and the wide-ranging conditions of irradiation applied, this devia-
tion can be considered acceptable: in the case of a very thin cultures,
simulation results are very sensitive to design parameters. For example,
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reducing culture depth by only 0.5 mm (roughly the measurement ac-
curacy of this dimension), would increase biomass productivity by
25%. Hence better prediction accuracy cannot be readily envisaged.
We also have to bear in mind that the model is fully predictive, and
does not include any fitting parameter. Hence the achievement of ex-
pected productivities with a deviation of at most 20% compared with
initial prediction can be considered as a very positive result, emphasiz-
ing the utility of the overall model-assisted design approach applied in
this work.

4.3.2. Theoretical analysis of light regimes encountered in AlgoFilm®© during
summer operation

As observed previously, experiments reveal an apparent loss of effi-
ciency for the more drastic summer irradiation conditions investigated
(especially with the lowest residence value T, = 3 days). After the anal-
ysis conducted previously on the daytime time course of culture param-
eters, the model was applied to retrieve complementary data. By
definition, the model allows the calculation of light transfer conditions
in culture volume as a function of operating conditions, such as PFD, bio-
mass concentration and pigment content. This in particular allows the
calculation of the specific rate of photon absorption, which was found
to be relevant to the analysis of photosynthetic response to light [16,
52]. For convenience, only values averaged on the culture volume
((A)) are presented (see Appendix A for details).

Table 4 presents averaged values of the specific rate of photon ab-
sorption for all cases (space averaging on culture volume, and time av-
eraging on full day-night cycles). Because of the AlgoFilm© design,
values were presented for the total culture volume, and also only for
the slope as the important part of the system presenting the highest in-
tensification and contribution in the overall system. The effect of irradi-
ation conditions and residence time is shown. Increasing PFD and
decreasing residence time leads in both cases to an increase in the spe-
cific rate of photon absorption. A 3-fold increase was observed going
from winter to summer. Although less significant, the decrease in resi-
dence time for a given irradiation condition also increased the specific
rate of photon absorption by acting directly on biomass concentration
(around 50% increase for each irradiation condition). This result can
be related to the concomitant increase in biomass productivity. Reduc-
ing biomass concentration and then light attenuation in the culture vol-
ume leads to an increased rate of photon absorption and thereby
productivity. This occurs in all cases, except for the summer condition,
with the lowest residence time. We note that this case also corresponds
to the highest value of specific rate of photon absorption obtained in our
study (around 20 umole-g~'-s~ ! on the slope). This thus supports the
hypothesis of an oversaturation by light, which may have caused a re-
duction of photosynthetic conversion efficiency. This factor was already
discussed in [45] as a generic problem of solar culture operation. The de-
crease in light attenuation condition tends to benefit biomass produc-
tivity, but leads to a progressive increase in photon absorption rate by
the culture, which can induce biological drift if this value is too high (in-
creased dissipation in antennas or photoinhibition). This is especially
the case for solar culture presenting large dynamics in PFD, as for the
summer irradiation conditions. As a result, a compromise has to be
found in light attenuation conditions. However, this implies tight con-
trol of the culture system (i.e. biomass concentration and residence
time), and also a better understanding of the effect of high values of
the rate of photon absorption on the photosynthetic conversion. This
problem is obviously far from trivial. In addition to the complex biolog-
ical mechanisms involved under strong light, in solar culture, the pro-
cess is fully dynamic, and so transient biological conversion
mechanisms are certainly induced. To illustrate this, the time variation
of the specific rate of photon absorption is added in Fig. 7 (using the
same methodology of model-based calculation, see Appendix A for de-
tails). A variation from 0 (night) to>50 umoley,,, g~ !-s~ ! was observed
over a day's operation. This thus corresponds to strong, fast dynamics.
Its exact impact on photosynthetic conversion remains to be elucidated.

4.3.3. Estimation of maximal performance of the AlgoFilm© PBR

To round off this study, we used the model to extend prediction of
AlgoFilm© PBR performance for a larger set of residence times. Because
the model does not consider biological effects of very strong light (e.g.
photoinhibition), our aim was to estimate maximal performance of
the PBR in cases when these effects could be neglected. We also note
that calculations were limited to the Nantes location (France).

Results are given in Fig. 8 for the three irradiation conditions inves-
tigated. These results show that maximal performance levels were not
reached in all cases. Maximal volumetric productivities of 3.5, 5.7 and
8 kg-m~3-day ! could be envisaged for winter, year-averaged and
summer irradiation conditions respectively. In practice, such perfor-
mance would certainly be very difficult or even impossible to achieve,
especially in intense irradiation conditions as discussed above. Howev-
er, they give a good estimate of the potential of the AlgoFilm© PBR. Fu-
ture studies will work to improve operating procedures to bring
performance closer to the limit values.

4.3.4. Discussion of AlgoFilm®© PBR performance for photoautrophic culture
and comparison with heterotrophic production of microalgal biomass
(fermentation)

Microalgae are usually produced in photoautotrophic conditions to
benefit from the intrinsic advantages of photosynthetic growth, namely
light conversion into biomass through CO, and mineral nutrient fixa-
tion. In this regard, the maximal productivity experimentally achieved
in this study was significantly higher than that reported in the literature
for photosynthetic growth (usually around 1-2 kg-m™3-day ! for solar
PBR).

This is then interesting to relate those performances to microalgae
fermentation processes. For example, Behrens [53] compared
phototrophic and fermentation productions. They reported volumetric
productivities of 5.8 kg-m~>-day~ ' for fermentation with biomass con-
centration up to around 70-100 kg-m ™2, These values illustrate the
main utility of producing microalgal biomass through fermentation,
which is to obtain high biomass concentrations and high volumetric
productivities (areal productivity is not meaningful as light is not
used). We also note that because of sterilization constraints, fermenters
also usually operate in batch or fed-batch mode.

To conclude the study, the AlgoFilm© PBR was then described in fol-
lowing sections with regard to the three main features of fermentation
processes, namely biomass concentration, volumetric productivity, and
operating mode. Differences in terms of metabolites to be produced
were deliberately not considered, such information being already avail-
able in the literature and not directly related to the AlgoFilm®© technol-
ogy, but rather to the difference between phototrophic and
heterotrophic growth in general.

Regarding the operating mode and achievable biomass concentra-
tion (the two being closely related), batch culture in fermenters allows
a high biomass concentration in the range 70-120 kg-m~> to be
reached [54]. Such high biomass concentration is explained by the
lack of light limitation, growth being heterotrophic and then limited
by organic substrate or by oxygen availability. High biomass concentra-
tion could be of interest especially for downstream processing, by re-
ducing the requirement for culture dewatering. In the AlgoFilm© PBR,
the maximal biomass concentration achieved was lower (32 kg-m ™3,
see Fig. 6). Higher values can however be expected. In our study, only
the lowest irradiation condition was tested in batch mode (winter)
and the culture was stopped before the stationary phase was obtained.
This was because batch culture mode was not found suitable for a cul-
ture system like AlgoFilm© because of medium formulation difficulties
caused by such high biomass concentration (similar to fermentation,
where fed-batch mode is often preferred to avoid this problem). Contin-
uous (or semi-continuous) mode was thus favored, with the additional
utility of allowing operating conditions to be set to optimize light atten-
uation conditions and thereby biomass productivities, which is known
to be of primary relevance in phototrophic culture. We also note that
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continuous (or semi-continuous) culture in phototrophic growth is
rather simple to implement for robust production even at an industrial
scale, especially when compared with the heterotrophic case because of
lower risk of contamination. Hence continuous or semi-continuous cul-
ture appear to be the most efficient operating modes of the AlgoFilm©
PBR. However, as a consequence, a lower biomass concentration than
in fermentation will be obtained in the harvest in all cases (around
15-20 kg-m~3, see Fig. 8).

Regarding kinetics performance, like for any production process,
productivity is clearly of primary relevance, as it directly defines the
amount of product (i.e. biomass) delivered over a given period of ex-
ploitation. Because of light attenuation in the culture bulk, phototrophic
culture in a PBR is often described as having low volumetric productiv-
ity. Behrens [53], for example, reported a value of 0.4 kg-m™>-day ™~ ' for
phototrophic growth (we note this value is one of order of magnitude
below the productivity obtained in this study for the AlgoFilm© PBR, il-
lustrating the gain achieved with this device). For heterotrophic growth
in fermenters, a wide range of biomass productivities can be found in
the literature, depending on the strain, the optimization effort and the
scale of production (i.e. from flasks to fermenters of a few m?>). As
discussed in [54], volumetric productivity in fermenters is also strongly
influenced by the organic substrate feeding strategy. For example, Wu
and Shi [55] obtained with C. pyrenoidosa a biomass concentration of
116 kg-m~> at an average productivity of 1.02 kg-m~>.h~". Similarly,
Graverholt and Eriksen [56] reported an average productivity of
approximately 0.33 kg-m™3-h™!, and Xu, Miao and Wu [57] a value
of 0.1 kg-m~—3-h~"'. All these values should be expressed on a daily
basis to compare with the AlgoFilm© PBR. A range of productivity
from 2 to 24 kg-m~3-day ! should then be obtained. We note, howev-
er, that although it is logical to express solar production on a daily,
weekly or monthly basis, as culture duration can be several weeks or
months in practice, fermenter production is most often based on
short-term batch culture, typically a few days. We also note that report-
ed productivities only consider production periods, and not process
maintenance periods. However, phototrophic and heterotrophic cul-
tures greatly differ in this regard because of the difference in their oper-
ation, e.g. the need for stricter cleaning-sterilization protocols for
heterotrophic growth, and the difference in culture duration from
a few days in batch mode to several weeks or months in semi-
continuous solar culture. To conclude, effective productivities on

Exposed surface

a long-term operation (e.g. a year) for fermentation and solar pro-
duction processes are difficult to compare. This was also concluded
by [54]. We note that the specific growth rate () is also usually
used in fermentation and so could have been taken for comparison.
However, as already discussed elsewhere [58], this value is not
suitable for phototrophic growth, because of its direct dependence
on light attenuation conditions in the culture bulk. For example, a
maximum growth rate ([nax) can be easily determined during the
fermentation process (the “exponential phase”). However, in
phototrophic growth, as the specific growth rate is the average re-
sult of local growth rate values determined by the field of light ab-
sorption rates (see also Appendix A), such a maximum growth rate,
which is higher by definition than an average value, cannot be ob-
tained after light attenuation has appeared. In practice, this is obvi-
ously always the case because of the strong absorption capability of
microalgal biomass.

Although difficult to compare directly, we note that the AlgoFilm©
PBR presents volumetric productivity in the range of those re-
ported for fermentation. Here we report volumetric productivities of
5.7 kg-m~3-day~! and 7.07 kg-m~3.day~! in day-night cycles
and constant light respectively, with an estimated limit value of
7-8 kg-m~>.day~! (for Nantes location, France). This is similar to
volumetric productivities reported by Behrens [53] after a review
of the industrial production of microalgal biomass through fermen-
tation (i.e. 5.8 kg-m~3-day~!). This highlights the utility of the
AlgoFilm© PBR, which achieved similar performance but in photoau-
totrophic conditions. The use of light obviously clearly induces spe-
cific constraints, e.g. a strong dependence on irradiation conditions,
or a scaling-up of culture processes by surface area rather than vol-
ume. Photoautotrophic growth has however advantages in terms of
(i) metabolites to be produced such as pigments (heterotrophic
growth leads to a significant pigment decrease), and (ii) sustainable
production (fermentation requires 2-3 kg of sugar such as glucose
per kg of microalgal biomass) and (iii) operation. The AlgoFilm©
PBR, like other microalgal culture systems, can indeed be run easily
in continuous or semi-continuous mode, which is not straightfor-
ward for fermentation because of axenic issues.

More generally speaking, the high volumetric productivity obtained
in the AlgoFilm®© PBR also illustrates that with an appropriate intensifi-
cation approach, a significant improvement in PBR performance can be
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Fig. A1. Overview of the general modeling approach used to simulate solar PBR (for details, see [7,12,59]).
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Table A1

Summary of the growth model parameters for Chlorella vulgaris.
Parameter Value Unit
Pm 0.82 _
InaDH, 14 x1073 molyapi,kgx 's™!
Vo x 113 -
7 1.1 x1077 moly, gy -1
My 0.024 kg, C-mol~!
UNADH, o, 1.9 -
Ka 30,000 pmolpkg s~ !
K, 26 pmolpykg ' s~

reached. In this study, we demonstrated that the design of an intensified
PBR geometry for optimal use of light can allow ceiling performance
levels to be closely approached, similar to those encountered with the
fermentation production of microalgal biomass in terms of volumetric
performance.

5. Conclusions

This work presents the model-assisted design of an intensified
photobioreactor, AlgoFilm®©. Our purpose was to produce a device en-
abling very high volumetric performance. Based on engineering formu-
las relating operating and engineering parameters for biomass
productivity prediction, generic rules of PBR performance intensifica-
tion were set. These were then applied to the design of a solar culture
system, integrating the constraints of such use. This resulted in the
setting-up of the AlgoFilm®© PBR, based on the falling-film principle so
as to use very thin culture (around 1.5-2 mm) and provide a high spe-
cific illuminated surface area (around 500 m?-m™ 3, corresponding to
2.1 L per m? of illuminated surface).

A complete experimental characterization was then carried out to
determine the culture depth, and make sure no limitation other than
light occurred, a mandatory condition to control the system and ensure
high productivities. This especially concerned the adaptation of culture
medium for high-biomass concentration, and gas-liquid mass transfer
optimization.

AlgoFilm®© PBR performance was then characterized by culture of C.
vulgaris. Batch, continuous and semi-continuous culture modes were
used, and typical irradiation conditions of a year's operation in Nantes
(France) were applied using a LED panel to simulate constant, and
then fully-controlled day/night cycles. Our results highlight the high
performance of the AlgoFilm© PBR, with volumetric productivities
very close to those expected from the prior theoretical design. The
best measured productivity was 5.7 kg-m~>-day ! (7.07 kg-m~>--
day~! in constant light). This value was significantly higher than
those reported in the literature, and close to those generally obtained
for microalgae production in fermentation processes.

Although already high, these performance levels were still below the
maximal performance that could be expected from this technology. A
detailed investigation was undertaken, using modeling to gain a deeper
insight into the process operation, and especially its transient behavior
in day/night cycles. This work evidenced a broad variation in the specific
rate of photon absorption in summer, which could negatively impact bi-
ological conversion through transient oversaturation of photosynthetic
apparatus. These variations were found to be fully dependent on light
attenuation conditions in the culture volume. With a better control of
these conditions, performance could be further improved, up to a limit
value estimated at 7-8 kg-m™3-day ™! (for Nantes location, France).
However, this calls for a more thorough investigation of the photosyn-
thetic response of a highly intensified PBR working in the dynamic con-
ditions of solar use. This will be the subject of future studies, with the
final aim of defining advanced control strategies dedicated to PBRs
with high volumetric productivities, such as the AlgoFilm© PBR. These
strategies will be transposed to a scaled-up version of the AlgoFilm©

PBR for outdoor culture (100 m?) that is currently under construction
in our facility (AlgoSolis R&D facility).
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Appendix A. Description of the PBR model
A.1. Introduction

Modeling can be used to simulate PBR operation under outdoor solar
irradiation [7,59-63]. This approach provides valuable information, by
relating engineering parameters and operating conditions (i.e. sunlight
conditions) to complex phenomena involved in the process, and in par-
ticular the coupling between light transfer in the culture and photosyn-
thetic growth, as illustrated in Fig. A1. This allows the prediction of
productivities for PBRs run for a whole year, and also the assessment
of the influence of various parameters such as PBR geometry and loca-
tion, harvesting strategy, strains cultivated, and the effects of night
and day cycles. The interested reader can refer to [59] for a complete de-
scription of the solar PBR model and to [7,12,59] for more detailed stud-
ies. As already described elsewhere, this Appendix summarizes the
main features of such a model, and its application for the AlgoFilm©
PBR. It follows the same approach recently applied to simulate PBR inte-
gration in building fagades [64], highlighting the general applicability
and robustness of this knowledge model.

A.2. Model description

As discussed in the main body of this article, culture conditions were
defined to obtain the “light-limited” regime, where only light limits
growth. This makes process productivity solely dependent on light cap-
ture and use in the culture bulk, which have to be modeled and related
to obtain the final integrated model (see Fig. A1).

In our case, light attenuation in the culture volume was modeled
using the two-flux radiative model. In our study, because we used a
LED panel to simulate day-night cycles, normal incidence and collimat-
ed radiation could be assumed. Irradiance field was then given by:

G_ (1 +ajexp[—6(z—L)]—(1—a) exp[6(z—L)] (A1)
q (1 + a)? exp[6L] — (1—c)* exp[—6L]

In these equations, o = , /(Efim) is the linear scattering modulus,

and 6 = aCx(E, + 2bEs) is the two-flux extinction coefficient. These
values are obtained from radiative properties of the cultivated cells,
namely E,, Es and b, which are respectively the mass absorption coeffi-
cient, the mass scattering coefficient, and the back-scattered fraction.
These radiative properties are a function of pigment content, as
discussed in [16]. The determination of the irradiance field enabled us
to calculate light absorbed by biomass as represented by the specific
rate of photon absorption A, which is the combination of light received
(irradiance G) and ability of the cells to absorb light (absorption coeffi-
cient E,):

A=EG (A2)

Determining light absorption rates makes it possible to determine
the corresponding photosynthetic growth rate in the culture volume.
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The following kinetic relation already used for C. vulgaris in [16,64] was
used:

- JnabH Ky }
- A— _INADH;
Jo, {005 %2 UnapH,—o, K+ A
_ Kan =5, Jnapw, Kr
- {pM K + Ad) oA UNADH, -0, K+ A (A3)

where p = py Kfﬁ is the energy yield for photon conversion of maxi-

mum value py (demonstrated as roughly equal to 0.8, Table 1), $02 is
the molar quantum yield for the Z-scheme of photosynthesis as deduced
from the structured stoichiometric equations, K, is the half saturation
constant for photosynthesis, Jyaph, is specific rate of cofactor regenera-
tion on the respiratory chain, here linked to oxygen consumption by the
stoichiometric coefficient Unaph,-o, (the stoichiometric coefficient of co-
factor regeneration on the respiratory chain), K; is the half saturation
constant describing the inhibition of respiration in light.

As a direct result of the light distribution inside the culture, the ki-
netic relation (Eq. (A3)) is of the local type. This implies calculating
the corresponding mean value by averaging over the total culture vol-
ume Vg:

Uo,) :Vinvfuozdv (Ad)

Once UO) is known, the mean volumetric biomass growth rate (ry)
can be deduced directly as:

(Jo,)Cx Mx
Vo, -x

(rx) = (AS)

where My is C-molar mass of the biomass and vo, — x is the stoichiomet-
ric coefficient of oxygen production.

The determination of the mean growth rate allows the mass balance
equation, here for biomass, to be solved [59,65,66]. For a continuous sys-
tem, assuming perfectly mixed conditions, this equation is:

e

Cx
ar - (rx)— ==,

Tp

(A6)

where T, is the residence time resulting from the liquid flow rate of the
feed and harvesting strategy.
If the culture system is run in continuous mode with constant light, a

steady-state can be achieved (dd% =0 and then (rx) = %). However, in

the case of variable PFD as in sunlight conditions, the irradiance field in-
side the culture bulk and the resulting local and mean volumetric
growth rates vary continuously, and so steady-state cannot be assumed
in Eq. (A6). This implies solving the transient form of the mass balance
equation (using for example the ode23tb routine in Matlab software).
If same day-night cycles are reproduced over time, a periodic regime
is then achieved (i.e. same daytime course of biomass concentration
over a 24 h period). Only such results are presented in this study (appli-
cation of reproducible day-night cycles from a LED panel).

Finally, after determining the time course of biomass concentration,

Cx

we can now calculate the corresponding biomass productivity (P, = ﬁ)‘

A.3. Adaptation of the model to the AlgoFilm© PBR

Because light attenuation (Eq. (A1)) and related growth rates
(Eq. (A3)) are a function of culture depth, it was found necessary to di-
vide the overall volume V of the AlgoFilm© PBR into different sub-
volumes. Three different sub-volumes were considered: the inclined
plane (i.e. noted ip), the transparent tube (i.e. noted tt), and the remain-
ing culture volume including collector, distributor and pump (i.e. noted
rp). In the conditions investigated, the total culture volume Vi was

0.625 L, distributed as follows V;, = 0.45 L, Vi = 0.035 L and V;, =
0.14 L.

The volumetric biomass growth rate (rx ) on the overall culture vol-
ume was then obtained from Eq. (A7) and used in Eq. (A6) for biomass
concentration prediction:

() = (re)y, = Vip(rx)ip + Vtté/r:>n + Vi) (A7)

For illuminated volume (i.e. inclined surface and transparent tube),
volumetric biomass growth rates for each sub-volume were obtained
from the light-limited growth model described in the previous section,
by considering in Eq. (A1) corresponding average culture depths
(0.0015 m and 0.004 m for inclined plane and transparent tube respec-
tively). We note that transparent tube was considered here as a slab of
equivalent depth, so as to avoid having to make a complex numerical
resolution of radiative transfer in cylindrical geometries (as described
in [18]). Given the small volume of the transparent tube (5% of the
total volume), the influence of this assumption was found to be
negligible.

Finally, because the AlgoFilm© PBR presented a non-illuminated
part (V;, = 0.14 L, leading to a design dark fraction fy of around 22%),
it was necessary to add a catabolism activity as encountered when
microalgae are unlit (Haark= (rx)rp/Cx=0.02 h™').

All the parameters used in our work are given in Table A1 and are de-
rived from [16] and [64]. All radiative properties (E,, E, b) of C. vulgaris
were spectrally averaged over the PAR and the complete database for
various pigment contents can be found in supplementary materials in
[16]. They were used to simulate photoacclimation by applying the fol-
lowing empirical equations, obtained for C. vulgaris following the same
procedure described in [41]:

%of Total Pigment = —0.003 - A + 0.0314 forA<22 pumol;,,,g ™' s7!
%of Total Pigment = —0.0002 - A + 0.0207 forA>22 pmol,,,g ' s~

(A8)

In Egs. (1)-(3), the constant K was deduced from Table A1, using
K = K, Ea (these engineering formulas used irradiance G as a reference
value, whereas the growth model is based on the specific rate of photon
absorption A, see Eq. (A2)).
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