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Abstract

Unlike other more classical bioprocesses for heterotrophic growth (typically yeasts and
bacteria) where mixing tanks have standard geometries, microalgal culture has no sin-
gle standard geometry. The main reason is the need for a light supply, which (1) has
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spurred various technologies designed to maximize light use and (2) greatly increases
process complexity, as light is a complex parameter to handle. However, in-depth and
long-term modeling efforts have now yielded engineering tools to design, optimize,
and control photobioreactors in a predictive and rational way.

Here we discuss the parameters to consider when designing and operating microalgal
cultivation systems and how appropriate engineering rules can support optimal system
design and operation. Once the practical and economic constraints of the final application
have been appropriately factored in, it becomes possible to set a rational design of effective
technologies. This is illustrated later in this chapter in examples of successful developments,
some of which are commercially available via AlgoSource Technologies. The examples cho-
sen serve to highlight the many applications of photobioreactors from lab-scale fundamen-
tal studies to large solar industrial production, and to illustrate how a handful of
engineering rules frame the various photobioreactor design options (artificial light or nat-
ural sunlight, external or internal lighting, high-cell-density culture, and more).

1. INTRODUCTION

Photosynthetic growth in standard autotrophic conditions is based on
the assimilation, under illumination, of inorganic carbon and mineral nutri-
ents dissolved in the medium. The cultivation of photosynthetic microor-
ganisms thus requires:

— alight source (solar or artificial, with an appropriate light spectrum in the
photosynthetically active radiation (PAR) range, typically 0.4—0.7 pm),

— an inorganic carbon source (such as dissolved CO,),

— mineral nutrients (major nutrients such as N, S, P sources; micronutrients
like Mg, Ca, Mn, Cu, or Fe; etc.),

— set culture conditions (pH, temperature).

Ideally, the culture system has to enable optimal control of growth condi-

tions, but it also has to meet the many and varied practical and economic tied

to different microalgae applications, from small-scale lab production to

mass-scale solar culture.

Generally speaking, microalgae cultivation shares many features with
bioreactors in general, such as thermal regulation, nutrient feeding proce-
dures, pH regulation, and mixing to enhance heat and mass transfers. How-
ever, the fact that photosynthetic growth needs a light supply has
repercussions all the way from culture system design to effective operation
(as detailed later in this chapter). An immediate observation is that, unlike
other more classical bioprocesses where mixing tanks essentially have stan-
dard geometries, microalgal cultivation is characterized by a broad diversity
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of systems, ranging from open ponds (open systems) to photobioreactor
(PBR) technologies (closed systems).

Detailed descriptions of existing geometries can be found in the literature
(Carvalho et al, 2006; Lehr and Posten, 2009; Richmond, 2004b; Ugwu
et al, 2008). The aim here is not to exhaustively review the difterent culture
systems but to describe how system design and optimal operation can be
encompassed in a robust and rational engineering approach. This will be
illustrated by a handful of examples illustrating how factoring in the practical
and economic constraints of the final application during the engineering
phase ultimately results in very different technology designs from the same
rational engineering tools. The focus will be on PBR technology as it offers
the greatest potential in terms of optimization.

2. PBR ENGINEERING AND SCALING RULES

2.1 Main Parameters Affecting PBR Biomass Productivity
2.1.1 Engineering Parameters
Bioprocess design starts with identifying engineering parameters affecting
process efficiency. This was the purpose of a research effort aiming to
establish models able to represent microalgal biomass productivity in var-
ious PBR designs. The effort focused on addressing how to represent the
influence of light supply on its use for photosynthetic growth in bulk cul-
ture (see later for a detailed example of a modeling approach that proved
valid in several conditions). The work of Cornet and Dussap (2009) laid the
foundations, as they developed an in-depth modeling approach for setting
simple engineering rules able to predict maximal biomass productivities in
cultivation systems. As maximal productivities are achieved when light
only limits growth, engineering parameters related to light use were clar-
ified. This was first published for constant artificial illumination conditions
and then extended to the case of solar use by introducing specific features
such as effect of the incident angle 6 and the diffuse-direct distribution of
solar radiation on resulting conversion in the cultivation system (Pruvost
and Cornet, 2012). These relations give maximal surface (Sx ;. and
volumetric (Px ., productivities:

—_— _ 2a |xgK 221
Sx max = (1 —ﬂi)PMfﬂxm [T In [1 + E}

o = (1)
+(1—x4)cosOK In [1 + Kcis@”
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with

Slight  ———

ght __

-, — SXmax alight (2)
R

PXmax = SXmax

where — denotes a time averaging, ie, quantities averaged over a given period

of exploitation. Averaging is typically applied in solar conditions due to the

variation in irradiation conditions, leading to average performances on rep-
resentative periods of exploitation (ie, 24 h, month, season, year, etc.).
The parameters of Eq. (1) can be split into three groups:

— Parameters related to the cultivated species: mean mass quantum yield
@'y, half-saturation constant for photosynthesis K, and linear scattering
modulus a related to the microorganism’s radiative properties (see
Table 1 for an example of parameters for Chlorella vulgaris).

— Parameters related to the operating conditions: incident angle 6, total col-
lected photon flux density (ie, PFD) g, and corresponding diftuse fraction
X4 (here averaged over the period of exploitation).

— Parameters related to PBR geometry: specific illuminated area ajjgp, given
by ratio of PBR illuminated area to total culture volume, design dark vol-
ume fraction fq which represents any volume fraction of the PBR not lit
by incident PFD (eg, nonlit mixing tank).

Table 1 Examples of Growth Model Parameters for Chlorella vulgaris (Values Are Given
for Growth on Ammonia as N-Source)

Parameter Value Unit

M 0.8 —
JNADH, 1.8x 107 molnapm, kgx's ™!
V0,-X 1.13

Po, 1.1x107 molo, pmol, !
Dy 2.34x107 kg, pmol, !
Mx 0.024 kg C-mol™"
UNADH, -0, 2 -

K4 30,000 IJrnollwkg_1 57!
K 110 pmol,, m s~
Ky 150 Iytrnolhykg_1 571
A 1500 pmol,, kg™ 's7!
Ea 270 n12 kg_1

Es 2780 m? kg71

b 0.002 —
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For a given species, parameters affecting PBR productivity are design-
specific illuminated area ajgp,, design dark fraction of the reactor f3, and
ability of the PBR to collect light (characterized by incident PFD g and
related incident angle @ and diffuse fraction X4). All these parameters are
tied to light supply. Light collected by the PBR is obviously a function
of its location and weather conditions.

These engineering formulae can be simplified, especially in the case of
artificial light. In artificial light, the light source is often set to provide normal
incidence (cos@ = 1), as this also corresponds to a maximization of the light
provided to the culture. It is also common practice to apply quasi-collimated
light (x4 = 0) as obtained from LED panels (ie, without combination to dif-
fuse plate). This leads to the following simplified formula:

- 2a q
Sx max = (1 — ov—K 1 |:1+_:| 3
X (I —fa)pmPx o K In |1+ 3)
with
S N _ 2a q
Px max = tighe(1 —fd)PM%(mK In [1 + E} 4)

Obviously, these formulae only provide maximal performances which,
as explained later, can only be achieved if other conditions are fulfilled, espe-
cially in actual culture system operating. It also assumes that light alone limits
growth, assuming all other biological needs (nutrients, dissolved carbon) and
operating conditions (pH, temperature) are controlled at optimal values
(Cornet, 2010; Pruvost and Cornet, 2012; Takache et al, 2010). In practice,
this could prove a big challenge (especially in mass-scale outdoor produc-
tion, see later), but the relations that can be easily used (ie, analytic formulae)
already give highly valuable information in the preliminary engineering
phase.

These relations also underline the relevant engineering parameters affect-
ing PBR productivity, ie, specific illuminated area gy, engineering dark
fraction f3, and light collected g. Note that dark fraction must not be con-
fused with dark volume which results from light attenuation in the culture
volume due to light absorption by photosynthetic cells (see later). This
reflects to unlit fractions of the culture system, resulting from the design
itself, and is typically obtained when adding a dark tank in the hydraulic loop
for cooling or pH regulation purposes for example, or when a non-
illuminated airlift vertical tube is introduced for culture mixing and circu-
lation. To maximize PBR performance, the design dark fraction should
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be minimized down to negligible or null values, but this condition is not
always met in practice.

Fig. 1 shows the influence of these engineering parameters on maximal
productivities as predicted by these relations, here for the case of C. vulgaris
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Figure 1 Influence of the illuminated surface to volume ratio (gjignt) on PBR productiv-
ities. A direct influence on volumetric productivity is shown (two orders of magnitude of
variation). Surface productivity is found independent of this engineering parameter.
PFD (qg,) reveals to have a positive effect on both values. Influence of the design dark
volume fraction of the PBR (f) is also illustrated. Panel (A) is the best design case, namely
without design dark volume fraction (fy=0), and panel (B) is for a PBR design presenting
20% of its total volume in the dark (fy=0.2). Results are given for C. vulgaris, and all
values correspond to maximal performances (ie, as obtained in continuous cultivation,
light-limited conditions, luminostat “y=1" regime).
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cultivation. In addition to the ideal condition of no dark fraction in the cul-

tivation system (fy =0, Fig. 1A), a typical dark fraction value of 20% was also

considered (f3=0.2, Fig. 1B). The figures illustrate the main guiding rules of

PBR engineering:

— Specific illuminated surface aj;gp, has a huge influence on volumetric pro-
ductivity (two orders of magnitude are covered here) but no influence on
surface productivity. Indeed, it is well known that productivity, when
expressed per unit surface area and under light limitation, is independent
of PBR depth as it is only dependent on the light collected in light-
limited growth conditions, which is defined by the PBR collecting surface
and not its volume (Cornet, 2010; Lee et al, 2014).

— PFD gis a relevant parameter as it has a positive effect on both surface 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, geographical location, and positioning, as shown in numerous
works (Acién Fernandez et al, 2001; Chen et al, 2006; Chini Zittelli et al,
2000; Doucha and Livansky, 2006; Molina et al, 2001; Oswald, 1988;
Pruvost, 2011; Pruvost and Cornet, 2012; Pruvost et al, 2012;
Richmond and Cheng-Wu, 2001).

— The design dark volume fraction fj has a highly negative influence on
both surface and volumetric productivities. This is especially the case
for microalgae presenting significant respiration activity in the dark.
The dark volume fraction is not only a nonproducing volume but also
contributes negatively to the overall PBR performance due to biomass
catabolism in this nonilluminated volume. As a result, a dark volume frac-
tion of 20% can decrease PBR productivities by a factor of 2 for C.
vulgaris. Note that dark volume is usually introduced in design practice
for microalgal cultivation units (ie, mixing tank in the cultivation loop
of a tubular system, nonilluminated volume of an airlift PBR, etc.).

Results of Fig. 1 also show that due to the progressive saturation of photo-

synthetic conversion (as represented by parameter K, which is species

dependent), an increase of PFD received on the cultivation system will
increase productivity (as shown in Fig. 1) but will also decrease the thermo-
dynamic efficiency of the process (ie, yield of conversion of light energy into
biomass). This is shown in Fig. 1 by the values of surface productivities
obtained for different PFDs. Increasing the PFD from 400 to

800 pmol,m ™ ?s™" (a 2-fold increase) leads to an increase in surface pro-

ductivity from 30 to 52 gm™ > day~ ' (a 1.7-fold increase).

This highlights the importance of the light dilution principle, as obtained
from insertion of light sources inside the culture volume (leading to what are
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dubbed “volumetrically lightened” systems; see Cornet, 2010), wherein the
surface illuminating the culture becomes higher than the surface directly
exposed to the light source (light capture surface; see Fig. 2). This results
in light dilution which increases light conversion yield by photosynthesis.
When expressed per unit of light capture surface, biomass productivity is
higher with volumetrically lightened systems than surface-lightened systems,
but these technologies carry several drawbacks, including higher technolog-
ical complexity (need for optical capture devices), which can inflate costs,
and the fact that efficiency hinges on proper design. The main challenges
are to deliver a light flux at the required value for optimal photosynthetic
conversion by the culture, and the need to engineer an optical capture
device that minimizes loss of light energy when transmitting light from cap-
ture to culture. Diluting light also entails a trade-oft with volumetric pro-
ductivity (le, biomass concentration) and will thus have to be
compensated to a certain extent by an increase of specific illuminated sur-
face. This leads to specific technologies such as the DiCoFluV concept,
which will be detailed further (Cornet, 2010). Despite the challenges of set-
ting these culture systems, the effort can pay oft, especially in the case of solar
production, where biomass productivity per unit of land area (ie, capture
surface) could be a relevant factor.

2.1.2 Operating Parameters

Light, carbon and mineral nutrient supply, temperature, and pH are the
main variables liable to limit photosynthetic growth and thus reduce the pro-
ductivity of cultivation systems (assuming there is no predatory contamina-
tion). Except for light, these parameters can be controlled and set at optimal
or near-optimal values with appropriate engineering and operating proce-
dures. This is where PBRs, as a closed geometry, have a critical advantage,
although even here the engineering of the culture system, eg, thermal reg-
ulation or carbon supply, still proves highly influential.

2.1.2.1 Thermal Regulation

Like in any biological process, temperature directly influences photosynthe-
sis and microorganism growth. Particularly under solar illumination,
closed-system PBRss tend to overheat whereas open-system PBRs can suffer
evaporation of water under strong incident irradiance, explained by culture
confinement and the strongly exoenergetic photosynthetic growth
(Carvalho et al, 2011; Hindersin et al, 2013; Torzillo et al, 1996;
Wilhelm and Selmar, 2011). In fact, thermodynamic efficiency over the
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PAR region of systems working with low light typical of artificial illumina-
tion (100-300 pmol, m ™ >s ') is generally below 5% (Cornet, 2010) and
decreases to 2% under large solar irradiance (>500 pmol,, g s '). As a
result, around 95% of the captured light is converted into heat by biochem-
ical reactions and dissipation in light-collecting antennas. In fact, under out-
door conditions, around 50% of the energy in the solar radiation is contained
in the near- and mid-infrared above 750 nm and directly participates
in heating up the culture (Goetz et al, 2011; Hindersin, 2013; Hindersin
et al, 2013, 2014).

Thermal regulation of PBRs has been widely investigated as a major issue
of solar microalgal cultivation (Borowitzka, 1999; Grobbelaar, 2008;
Hindersin et al, 2013, 2014). Unfortunately, without proper thermoregula-
tion, temperatures lethal to living microorganisms can easily be reached
inside the solar PBR, illustrating why PBR cooling is a usually a major engi-
neering issue. In winter in temperate climates, excessively low temperatures
can result in loss of biomass growth and productivity, so heating the culture
can be beneficial (Hindersin, 2013). The appropriate temperature window is
strongly dependent on species cultivated but typically in the 10-30°C range.

Various solutions are available for heating or cooling PBRs depending
on PBR technology, size, and location. Water cooling and/or heating by
spraying on the outside PBR surfaces or by direct PBR immersion in a pool
are often used (Borowitzka, 1999). In temperate regions, cultivation systems
can also be placed in greenhouses. Although efficient, these methods can
increase the build and operating costs and negatively impact environmental
footprint through excessive energy and water use.

Although technical solutions exist, PBR temperature control remains a
challenge under solar conditions, especially if the design brief'is for a cost-
effective solution offering low-energy consumption and year-round opera-
tion which may need both cooling and heating. The engineering of the
cultivation system is also relevant. Goetz et al (2011) experimentally and
theoretically investigated the effect of various flat-panel PBR designs and
found a decrease of up to one order of magnitude in PBR energy consump-
tion depending on configuration. IR filtering, for example, was found to be
especially effective at reducing culture overheat. More recently, research
efforts have investigated the integration of PBR technology in building
fagades. This integration ofters various benefits in terms of thermal manage-
ment of both PBRs and buildings. Energy exchanges between the building
and the PBRs can be designed so as to cool or warm each subsystem. For
example, PBRs can filter sunlight in summer to reduce the thermal load
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on the building. In winter, excess thermal energy in the cultivation system
can be used to warm the building. Note also that the added thermal mass of
the building can be used to facilitate PBR thermal regulation regardless of
season.

Overall, PBR thermal regulation depends on location, time of year, and
strain cultivated. Cooling and/or heating requirements have to be estimated
(usually in the range 50-200 W/m?) and the associated thermal solutions
should be defined and integrated well upstream in system design. For cli-
mates with large variations in outdoor temperature and solar irradiation over
the course of a year, it could be beneficial to cultivate difterent species with
optimal growths at different temperatures (Hindersin, 2013), which could
significantly decrease energy needs over the period of exploitation.

2.1.2.2 Carbon and Mineral Nutrient Requirements

Assuming the growth medium of the strain is known, growth limitation by
mineral nutrients can easily be avoided. The growth medium has to contain
all the necessary (macro and micro) nutrients in sufficient quantities and must
therefore be adjusted according to the biomass concentration planned. Stoi-
chiometric growth equations can be used for this purpose or, more simply,
concentrations can be monitored during cultivation. In specific cases, it
would also be of interest to apply mineral limitation to induce specific met-
abolic responses, such as lipid accumulation (N source deprivation) or
hydrogen production (sulfur deprivation). This is where combining mass
balances on the cultivation system with stoichiometric growth equations
1s useful. Interested readers can refer to studies in which the method has been
applied to various species (Degrenne et al, 2011b; Pruvost, 2011; Pruvost
et al, 2009).

The inorganic carbon source should ideally be CO, dissolved in the cul-
ture medium, which makes preventing growth limitation by the carbon
source more problematic. This depends on dissolved carbon concentration
and thus on the gas-liquid mass transfer rate in the PBR. CO, dissolution
also affects pH value (acidification), which in turn influences the amount
and form of dissolved carbon obtained (CO,, HCO;~, or CO327). Nutrient
consumption can also interact with pH evolution (especially nitrogen source
due to its significant consumption). Keeping an optimal pH value for growth
while averting limitation by the carbon source may thus prove challenging.
In most cases, simple CO, bubbling is found to suffice in the first instance for
both pH regulation (acidification) and carbon feeding, but specific cases,
such as when using an ammonium source (the consumption of which also
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leads to acidification), could present a more difficult challenge. Dissolved
carbon concentration can always be monitored experimentally to forestall
limitation (Degrenne et al, 2010; Le Gouic, 2013).

2.1.2.3 pH Control

Photoautotrophic microorganisms are cultivated in an aqueous solution in
which the inorganic carbonaceous substrate is supplied through the dissolu-
tion of CO, gas in water or through the speciation of carbonates from the
culture media. In most cases, the CO, is supplied in the form of fine bubbles.
In water, the CO, gas forms other species such as dissolved carbon dioxide
(COz,q), carbonic acid (H2CO37), bicarbonate (HCO37), and carbonate
(CO3%7), whose sum is termed TIC (total inorganic carbon). Many species
of microalgae have developed mechanisms that enable both CO,,q and
HCOj3™ to support photosynthesis, but CO,,g is still required. It is obtained
by splitting the bicarbonate inside the cell HCO3™ <> COy,q + OH7), a
reaction that releases hydroxyl ions, causing the increase in pH. The ratio
of CO5,q to HCO;™ depends closely on pH, as bicarbonate is the dominant
species in solutions of pH >6.3, and the conversion of HCO;™ to COy,q is
very fast. Thus, when CO,, is removed from the medium, pH will increase.
Microalgal cultivation often entails pH control by means of CO, gas bub-
bled into the reactor. This fresh supply of CO, will shift the equilibrium by
lowering the pH. Ifrim et al (2014) proposed a global photoautotrophic
growth model in which a radiative transfer model, a biological model,
and a thermodynamic model are coupled. This model can accurately predict
the dynamics of pH evolution.

2.1.2.4 Transfer Phenomena

Fluid dynamics in PBRSs is import on several fronts. Although many studies
have shown the relevance of mixing conditions in microalgal cultivation sys-
tems, there is still insufficient knowledge to provide engineering rules for
their systematic optimization. Hydrodynamic conditions can have several
outcomes, some of which are common to other bioprocesses (hydrody-
namic shear stress, mass and heat transfer enhancement, cell sedimentation,
and biofilm formation) while others are specific to microalgal cultivation sys-
tems, and especially for light—dark (L/D) cycle eftects. L/D cycles result
from cell displacement in the heterogeneous radiation field, such that cells
experience a specific history with respect to the light they absorb, composed
of variations from high irradiance level (in the vicinity of the light source) to
low or quasi-nil values (deep in the culture) if biomass concentration is high.
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As widely described in the literature (Janssen et al, 2000; Perner-Nochta and
Posten, 2007; Pruvost et al, 2008; Richmond, 2004a; Rosello Sastre et al,
2007), this dynamic fluctuating regime can influence photosynthetic growth
and thereby process efficiency. Note, however, that hydrodynamic time-
scales are several orders of magnitude greater than photosynthesis timescales,
so the effects of L/D cycles due to hydrodynamics can in most cases be con-
sidered negligible (Pruvost et al, 2008), which is not the case for the presence
of dark zones, as shown later (Section 3).

PBRs are generally considered perfect mixing systems, with homoge-
nized nutrient concentrations and uniform biomass concentrations. An
important point is to reduce the energy consumption for mixing by
maintaining efficient mixing, which is contingent on the type of PBR.
Numerical simulations could be one way to optimize flow configuration
and mixing, including characterization of light regimes in cultivation sys-
tems by a Lagrangian simulation (Pruvost et al, 2002a, 2002b). CFD can
be used to gain an in-depth understanding of the hydrodynamics/flow pat-
tern in the PBRs and usefully inform scale-up. For bubble-flow PBRs, most
published simulations have used two-phase models (air and water) and
employed the Eulerian—Eulerian mixture model (Bitog et al, 2011). To
increase radial mixing in flat-panel airlift systems, static mixers can be used
(Subitec PBR) to direct the flow toward the light source (Bergmann et al,
2013). For stirred PBRs, the choice of impeller type is important (Pruvost
et al, 2000). If species cultivated are not stress sensitive, the more efficient
flow circulation and mixing impeller could be used. If not the case, a com-
promise must be found based on the strain’s sensitivity to shear stress.
Numerical simulation of the flow system can offer the ability to design a
raceway before construction, saving considerable cost and time. Moreover,
the impacts of various parameters, such as culture media depth, temperature,
flow speeds, baffles, could be investigated to optimize operating conditions
(James et al., 2013).

CO, mass transfer is one of the more important transfer phenomena
issues in PBRs. COs is the usual carbon source for photosynthetic culture
of microalgae and is generally supplied by continuous or intermittent gas
injection. As the carbon is consumed, oxygen is ultimately produced by
photolysis of water and released into the culture medium, where it can
be removed by gas stripping. Volumetric gas—liquid mass transfer, k., is
related to power input per volume due to aeration (Acién et al., 2012;
Chisti, 1989). The volumetric gas—liquid mass transfers for oxygen and
for CO, are related to their diffusion coefficients in the culture media.
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2.1.2.5 Residence Time and Light Attenuation Conditions

Biomass concentration has a critical influence as it directly impacts light
attenuation regime in the culture volume. It can be controlled via the
harvesting strategy. When operated in batch mode, the harvesting strategy
consists of defining culture growth duration. For practical reasons, many
mass-scale solar PBRs are operated either in batch mode with biomass
harvesting at the end of the culture or in semi-continuous mode with spot
harvesting of part of the culture and replacement by fresh growth medium.
This means biomass concentration and thus light attenuation conditions
evolve with time. In continuous mode, a steady state is achieved only if
all operating parameters are maintained constant with time. This condition
can be met in permanent illumination conditions (artificial light). The PBR
is then operated with a constant permanent value of the residence time 7 (or
dilution rate D=1/7), leading to a steady state with constant biomass con-
centration and light attenuation conditions.

Fig. 3A shows the strong relation between harvesting strategy (here
defined by the residence time value), biomass concentration, light attenua-
tion regime (here represented by the illuminated fraction y; see Section 3.4),
and resulting biomass productivity, as illustrated in the case of continuous
culture. On one hand, if biomass concentration is too low (ie, low residence
time), part of the incoming photons is not absorbed and is instead transmit-
ted through the culture. This results in a loss of biomass productivity. In
addition, light received per cell is high and may lead to further decreases
in productivity due to increased photosynthetic dissipation. It may also
induce cell photoacclimation resulting in a decrease in algal pigment
content, leading to a higher light penetration with then further increase
of the light received per cell. The system consequently becomes highly
unstable, usually resulting in culture washout. Such low light attenuation
conditions should thus be avoided in microalgal cultivation, especially for
high PFDs typically larger than 200 pmol, m >s ™"

On the other hand, if biomass concentration is too high (ie, high resi-
dence time), a dark zone appears inside the culture. This dark zone is the
direct consequence of light extinction by cells in suspension, whose effect
can be positive in high-illumination conditions by reducing photoinhibition
effects and thus increasing process stability (Carvalho et al, 2011; Grima et al,
1999; Richmond, 2004b). Note that for microorganisms like eukaryotic
microalgae that show respiration activity under illumination, a dark zone
in the culture volume promotes respiration, resulting in a loss of biomass
productivity. Therefore, achieving the maximum biomass productivity in
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Figure 3 Evolution of biomass concentration (A), biomass productivity (B), and photon
absorption rate (C) as a function of the residence time applied to the cultivation system.
This illustrates the strong relation between all variables in microalgal cultivation system,
as explained by the direct effect on light attenuation conditions. The example is here
given for C. vulgaris. (D) The relation between biomass productivity and photon absorp-
tion rate.

this case requires the exact condition of complete absorption of the incident
light (Takache et al, 2010) but without a dark zone in the culture volume.
This condition is often referred to as luminostat mode. Note that it should
not be confused with turbidostat mode, which refers to a turbidity-based
regulation of a continuous culture. This condition has also been introduced
as the “y=1" condition, y denoting the ratio between illuminated volume
and total cultivation system volume (see Section 3.4). For microorganisms
with negligible respiration activity under illumination, such as prokaryotic
cyanobacteria cells, fulfilling the condition of complete light absorption
(y <1) will be enough to reach maximum biomass productivity.

2.1.2.6 Specific Rate of Photon Absorption A

Another way to represent the strong correlation between light attenuation
conditions and the associated biomass productivity is to calculate the specific
rate of photon absorption, noted A (here expressed per unit of biomass, ie, in
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pmol,,, s~ ' kg™ !). Surprisingly, even though this value has been found ben-
eficial in numerous studies devoted to photoreaction, it is rarely used in
microalgal culture (Cassano et al, 1995). A is obtained by integrating the
product of spectral values of local irradiance G, (see Section 3.4) and micro-
algae mass absorption coefficient Ea, (see Section 3.5) on the PAR region
(Aiba, 1982; Cassano et al, 1995; Kandilian et al, 2013):

A J Eay Gyda 5)
PAR

This value have been demonstrated as useful in photoreactor or PBR
modeling (Dauchet, 2012; Kandilian et al, 2014; Pruvost and Cornet,
2012), to relate light absorption conditions to (biological) reactions. The rate
of photon absorption represents the light effectively absorbed by the cells,
which is a combination of light received (irradiance G) and the ability of
the cells to absorb light (absorption coetficient Ea). As light absorption by
cells depends of their pigment content, which is highly variable, rate of pho-
ton absorption was found more representative (both for kinetic modeling
and cells regulation mechanisms) than considering the irradiance value
alone.

Kandilian et al (2013) have shown the direct relation of the specific rate
of photon absorption with lipid accumulation in the condition of nitrogen
starvation, which is known to trigger lipid reserve (ie, TAG) accumulation
but also to strongly decrease pigment content, thus altering light absorption
by cells. The authors found that a given value of specific rate of photon
absorption A was necessary to trigger TAG overaccumulation, and also that
TAG synthesis rate was strongly related to A.

More recently, Soulies et al (accepted) investigated the influence of spe-
cific lighting conditions such as a change in light spectrum or incident angle.
Introducing specific rate of photon absorption A was again found useful to
relate these conditions to growth kinetics and thus make it possible to cap-
ture the respective influences of absorption rates and growth of red and
white lights and non-normal incident angles. A key finding here was that
white light decreases the negative effect of dark volumes. In contrast to
red light, whose wavelengths were almost uniformly and rapidly absorbed
in the culture volume, a part of the white light spectrum (ie, green light)
was found to penetrate deeper in the culture volume meaning that at similar
biomass concentration, white light showed a higher rate of absorption in the
culture depth than red light. The net result was that this tended to decrease
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the expected positive effect of red light on biomass productivity. Those
authors also reported marked pigment acclimation in the studied strain
(ie, C. vulgaris) which tended to compensate the fast decrease in available
light with culture depth (in the case of red light) but also non-normal inci-
dent angle. The rate of photon absorption was found to help efficiently rep-
resent all effects, and was then proven as a value of interest in microalgal
culture optimization.

Generally speaking, introducing specific rate of photon absorption A
could find applications for any case where light absorption rates are poten-
tially relevant. This could be in the optimization of light attenuation con-
ditions for achieving maximal biomass productivity, but also in solar
operations where light conditions tend to be oversaturating, leading to pos-
sible photoinhibition. These features are introduced in a typical example
given in Fig. 3B. Increasing biomass concentration in the cultivation system
will decrease the rate of photon absorption due to stronger light attenuation,
thus resulting in smaller irradiance G. As a result, peak biomass productivity
will be obtained at an optimal photon absorption rate value. For the case
simulated in Fig. 3, this optimal value is typically situated around 15—
20 pmol,, g~ 's™! (Fig. 3B). Note that this representation is consistent with
the condition of luminostat regime (y = 1), and both approaches can be used
to maximize the biomass productivity of any cultivation system.

3. MODELING PBRs
3.1 Introduction

The previous engineering rules (Eq. 1) make it possible to calculate the max-
imal performances of a given culture system as a function of design, light
received, and cultivated strain. Such information is highly valuable for scal-
ing the system as a function of operational constraints, ie, objective of bio-
mass production, algae farming resources available (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 allied capital and operational costs (ie, CAPEX and OPEX).
Bear in mind that these relations give theoretical maximal productivities
whereas, in practice, productivities will be lower for many reasons: nonideal
culture conditions (temperature or pH, dissolved carbon or medium, con-
tamination), the strong influence of daytime culture conditions variation on
growth kinetics (ie, weather conditions, day—night cycles), partial shading by
other units or surrounding buildings or trees, nonoptimized harvesting
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strategies, and poor control of the irradiation field leading, for example, to
photoinhibition phenomena.

The following section provides a knowledge model able to predict what
is called “light-limited growth” (Pruvost and Cornet, 2012; Takache et al,
2012) where biomass production rate is only a function of light received (no
mineral limitations, optimal pH, and temperature values). As discussed pre-
viously, appropriate engineering and operation of the cultivation system
could make it possible to attain light-limited growth, but as culture systems
can be limited by several other parameters, then quantitative information
like biomass productivity will obviously be overpredicted. In some cases,
this will be acceptable, as modeling is generally used to give a first estimation
of process operation. In other cases, the model will have to be consolidated
by adding equations related to effects of relevant parameters. However, as
light will always influence growth (even in the case of severe limitation, like
for nitrogen deprivation; see Kandilian et al, 2014), the model described in
the following section will be able to serve as a basis for further model devel-
opment work.

By definition, a light-limited growth model is able to couple light atten-
uation conditions to photosynthetic growth rate. This can prove invaluable
when looking to further optimize the cultivation system, as it allows an in-
depth understanding of this coupling which governs the culture response.
More practically, it also serves to determine information of primary relevance
like time course of biomass concentration (or biomass productivity) as a func-
tion of microalgal cultivation systems design and operating parameters. The
interested reader is invited to refer to Pruvost et al (2011a) for a fuller descrip-
tion of the solar PBR model and to further work by Pruvost et al (Pruvost and
Cornet, 2012; Pruvost et al, 2011a, 2011b, 2012) for more detailed investi-
gations. This model is the culmination of years of development and has
proved efficient in several settings including artificial and sunlight conditions
(Cornet and Dussap, 2009; Pruvost et al, 2011a, 2012, 2015; Takache et al,
2012) to the scaling and optimization of PBRs of various shapes (Cornet,
2010; Loubiere et al, 2011), biomass optimization of different microalga
and cyanobacteria strains (Cornet and Albiol, 2000; Cornet et al, 1992b,
1998, 2003; Farges et al, 2009; Pruvost et al, 2011b; Takache et al, 2010).

3.2 Overview of Light-Limited Growth Modeling in a PBR

Takache et al (2012) introduced a generic model for light-limited growth in
PBRs. This model was recently slightly revised to take into account the
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specific rate of photon absorption A in place of irradiance G which was
found more relevant for coupling light absorption influence to photosyn-
thetic growth response. Specific rate of photon absorption A (Eq. 5) repre-
sents the light effectively absorbed by cells, which is the combination of light
received (irradiance G) and ability of the cells to absorb light (absorption
coetficient Eay).

The light-limited growth model is based on the coupling between a
kinetic photosynthetic growth model and a radiative transfer model to rep-
resent light attenuation in a PBR volume as a function of parameters affect-
ing light transfer, ie, biomass concentration, microalgae radiative properties,
and light emission characteristics (spectrum, PFD, incident angle). The cou-
pling between radiative and kinetic growth models makes it possible to cal-
culate the resulting mean volumetric biomass production rate (rx) and then
biomass concentration and productivity. An overview of the model is given
in Fig. 4. The following section gives details for each subpart of the model.

3.3 Kinetic Growth Model

In light-limited conditions, the kinetic growth model is able to relate the
heterogeneous light radiation field in the PBR to local photosynthetic
growth rate. Photosynthetic growth can be expressed first from the local
specific rate of oxygen production or consumption Jo,, considered here
at the scale of intracellular organelles, close to the primary photosynthetic
and respiration events. When considering oxygen evolution/consumption,
it is useful to introduce the compensation point of photosynthesis Ac
(Cornet and Dussap, 2009; Cornet et al, 1992a; Takache et al, 2010). By
definition, values of specific rate of photon absorption higher than Ac are
necessary for a net positive photosynthetic growth (strictly, a net oxygen
evolution rate). Values below the compensation point of photosynthesis
have different effects depending on whether the cells are eukaryotic (micro-
algae) or prokaryotic (cyanobacteria). As cyanobacteria have their respira-
tion inhibited by light, then for short-residence-time exposure to dark
(Gonzalez de la Vara and Gomez-Lojero, 1986; Myers and Kratz, 1955),
we can assume a nil oxygen evolution rate for irradiances below the Ac
value. For eukaryotic microalgae, photosynthesis and respiration operate
separately in chloroplasts and mitochondria. Hence microalgae, unlike cya-
nobacteria, present respiration both in the dark and in light. Oxygen con-
sumption rates will thus be obtained for values below the compensation
point of photosynthesis.
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The kinetic response needs to be related to the heterogeneous light dis-
tribution in cultivation systems, represented here by the specific rate of pho-
ton absorption A (umol,, s~ kg~ '). As previously explained, Eq. (6) on the
inhibition of respiration by light was proposed for cyanobacteria by Cornet
and Dussap (2009):

_ K _

where H(A — Ac) is the Heaviside function (H(A—Ac) =0if A <Ac and

K
HA-Ac)=1ifA>Ac), p =PMTA is the energetic yield for photon

conversion of maximum value py; (demonstrated as roughly equal to 0.8;
Table 1), @, = vo,—xPy is the molar quantum yield for the Z-scheme
of photosynthesis as deduced from the structured stoichiometric equations
(see Cornet et al, 1998; Pruvost and Cornet, 2012), and K is the half-satu-
ration constant for photosynthesis depending on the microorganism
considered.

Takache et al (2012) completed this formulation for the specific case of
microalgae with an additional term (right-hand term in Eq. 6) to consider
respiration activity in light (Takache et al, 2012), which was to be found
especially necessary if a dark zone appears in the culture volume due to
the significant contribution of respiration to resulting growth in the whole
PBR. By introducing the specific rate of photon absorption A in place of
irradiance G, as explained earlier, Eq. (7) can thus be used for microalgae:

— INADH, K, }
0, = |PP 0,A— — X
Jo: [ © OnaADH,—0, Kt A
~1p Ka a _ Jnabh, y K.
M Ky + A 0: UNADH, -0, K.+ A

(7)

where Jnapn, 1s specific rate of cofactor regeneration on the respiratory
chain, here linked to oxygen consumption by the stoichiometric coefficient
UNADIH,—0, (the stoichiometric coefficient of cofactor regeneration on the
respiratory chain). Note that the effect, well known to physiologists, of
the radiation field on the respiratory activity term was taken into account
as an adaptive process of cell energetics (Cogne et al, 2011; Cournac
et al, 2002; Peltier and Thibault, 1985). The decrease in respiration activity
with respect to light was modeled here by an irradiance-dependent relation
in a preliminary approach by simply introducing an inhibition term with a
constant K, describing the decreased respiration in light. We stress that this
parameter is entirely determined by the knowledge of the compensation
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point of photosynthesis Ac (Jo,(Ac) = 0) when the specific respiration rate
INADH, 18 known (roughly equal to 14 x 1073 molnapn, kg)}1 s~ with Ac in
the range 1500-3000 pmol,, kg™ 's™" for eukaryotic cells and 200—
500 pmol,, kg™ 's™! for prokaryotic cells).

As a direct result of the light distribution inside the culture, the kinetic
relation (Eq. 6 for cyanobacteria or Eq. 7 for microalgae) is of the local type.
This implies calculating the corresponding mean value by averaging over the
total culture volume Vy:

(Jo,) ZLJ” Jo,dV )

'n
'R
For a cultivation system with Cartesian one-dimensional light attenua-
tion (such as flat-panel PBRs), this consists of a simple integration along
the depth of culture z:

1 z=L
<J02> ZZJ‘VOJOZdZG 9)

where L is reactor depth. Once ( Jo,) is known, the mean volumetric bio-
mass growth rate (rx) can be deduced directly as:

(Jo,) CxMx
VO,-X

(rx) = (10)
where My is C-molar mass of the biomass and vp,_x 1s the stoichiometric
coefficient of oxygen production (see Table 1 for an example of parameters
set). Hence the mass balance equations (Eqs. 5 or 6) can be solved for any
light-limited growth operating conditions.

Finally, once the mean volumetric growth rate is known, the resolution
of the mass balance equation for biomass can serve to calculate biomass con-
centration and productivity as a function of operating parameter (lighting
conditions and dilution rate D—or residence time 7, = 1/ D—resulting from
the liquid flow rate of the feed):

Cx

dCyx
TR (rx) T (11)

3.4 Modeling of Radiative Transfer

Solving Eq. (6) or (7) entails determining the field of the specific rate of pho-
ton absorption A, which is obtained from radiative transfer modeling. This
modeling is highly dependent on cultivation system geometry and can range
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from simple one-dimensional (Cornet, 2010; Pottier et al, 2005) to complex
three-dimensional PBR geometries (Dauchet et al, 2013; Lee et al, 2014).
Luckily, most cultivation systems present light attenuation along only one
main direction (ie, the depth of culture z), which makes it possible to apply
a hypothesis of one light attenuation direction and thus apply a simplified
model like the two-flux model that has already proved efficient in several
studies (Cornet et al, 1995, 1998; Lee et al, 2014; Takache et al, 2012).

A tull description can be found in Pottier et al (2005) and Pruvost et al
(2011a) for the more general case of solar irradiation (direct and diftuse radi-
ation, non-normal incidence angle). A typical solution is given below as a
function of the incident angle 6 to take into account the general case of
oblique irradiation with any incident light spectrum (cos =1 in the usual
case of normal incidence):

Gi_ 2 (1+a;)exp[—6:(z— L) — (1 —a;) exp[6,(z — L)]
@ cosO  (1+a) exp|8;L] — (1 —a;) exp[—6,L]

(12)

where ¢; is PFD measured perpendicular to the illuminated surface,

Eaﬁ

o) = _—
4 (Ea/l + ZngS/l)

is the spectral linear scattering modulus (also see

C
Table 1 for PAR -averaged values), and §; = a_;; (Ea, + 2b, Esy) is the spec-
cos

tral two-flux extinction coefficient, where Ea, and Es, are spectral values of
mass absorption and mass scattering coefticients, respectively, for the cul-
tured photosynthetic microorganism, and b, is the back-scattered fraction.
As described elsewhere (Pottier et al, 2005; Soulies et al, submitted),
Eq. (12) can be simplified for a spectrally averaged resolution to reduce
the calculation effort.

Once the light attenuation profile is known, the illuminated fraction y
can be obtained (Cornet et al, 1994; Takache et al, 2010). The illuminated
fraction y is given by the depth of culture z. where the value of specific rate
of photon absorption for compensation A(z.) =Ac is obtained, with Ac
being the minimum value required to obtain net positive photosynthetic
growth ( Jo, =0 for A= Ac in Eq. 6). In the case of cultivation systems with
one-dimensional light attenuation, we obtain:

o I/light _=c
V; L

(13)

Ay value below 1 indicates that all light available for a net photosynthetic
growth is absorbed by the culture. Conversely, when the illuminated
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fraction is greater than 1 (a hypothetical representation because at maximum
Viighe = V), some of the light is transmitted.

3.5 Determination of Radiative Properties

The radiative transfer calculation implies determining spectral radiative
properties of microalgal suspension (Ea,, Es;, b;). Despite obvious relevance
to PBR modeling (and engineering), these properties remain tricky to deter-
mine as there are still only a handful of studies proposing robust determina-
tions. Determining these properties is effectively far from a trivial task.
Future developments should solve this problem by providing engineers with
approaches that are easier to apply in practice.

As things stand, there are two approaches. Radiative properties can be
determined experimentally from measurements with aspectrophotometer
equipped with an integrated sphere. This method was proposed by Pilon
et al and has already been applied on several species (Berberoglu et al,
2008; Kandilian et al, 2013; Pilon et al, 2011). Alternatively, radiative prop-
erties can be determined from theory (see Dauchet et al, 2015 for a revised
description). However, the input parameters are the pigment contents and
the size distributions of the cells, which have to be determined experimen-
tally. For example, it was shown that C. vulgaris and Chlamydomonas rein-
hardtii could be assimilated to spherical equivalent particles with an
average radius of 2 pm. Size distribution was found to be log-normal with
astandard deviation of 1.218 pm for C. vulgaris and 1.17 pm for C. reinhardtii
(Pottier et al, 2005).

3.6 Solar PBR Modeling

Modeling is especially useful to solar culture as it can relate the complex phe-
nomena involved in these conditions, such as time variations in sunlight in
terms of intensity, beam-diffuse radiation partitioning, or collimated angle
onto the PBR surface, and their effects on radiative transfer in the culture
volume and the resulting photosynthetic conversion and biomass growth.
Several recent studies have modeled solar PBR operation in attempts to
optimize productivities as a function of PBR design, location, and/or
cultivated species (Pruvost et al, 2011a, 2012; Quinn et al, 2011; Slegers
et al, 2011, 2013a, 2013b). In general, current models mainly aim to relate
sunlight conditions obtained from meteorological databases to growth
kinetics in order to predict PBR performances (Pruvost et al, 2011a;
Quinn et al, 2011; Slegers et al, 2011). These models can provide valuable
predictions of productivity for PBRs operated during an entire year. They
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can also assess the influence of various parameters, such as PBR location,
harvesting strategy, strains cultivated, and the effects of night and day cycles.
However, they may be regarded as oversimplified given the complexity and
numbers of different parameters affecting PBR operation and productivity
in outdoor conditions. As discussed earlier, numerous features can impair
bioprocess production, from mineral or carbon limitation to nonideal tem-
perature or pH control, nonoptimized harvesting strategies, contamination,
and more. There is a clear need to pursue with efforts to develop a set of
robust tools for solar cultivation optimization to achieve better accuracy
and extend their applicability to other solar PBR-related challenges. For
example, Slegers et al (2013a) integrated a thermal model able to predict
the time-course evolution of culture temperature under solar conditions
and assess its influence on growth. Temperature was found to strongly influ-
ence growth rate and the resulting biomass productivity.

For the so-called light-limited regime where only light limits growth, the
model can be adapted to solar case. The main modifications compared to
artificial light reside in the consideration of sunlight characteristics (non-
normal incidence, direct and diffuse light) in radiative transfer calculation
and the need to introduce a time resolution due to the time-changing
irradiation conditions, with day and night periods requiring special consid-
eration. This model is already described elsewhere (Pruvost and Cornet,
2012; Pruvost et al, 2011a, 2012, 2015), so only the main features are
reported here. Note that all these features were proved relevant in the
predictions of solar PBR performances.

The example in this section applies to cultivation systems presenting a flat
illuminated surface (ponds, rectangular PBR, etc.). The one-dimensional
and azimuth-independence assumptions can then be used to describe the
irradiance field in the culture bulk, making it possible to apply the two-flux
radiative model with its corresponding analytical solutions (Pottier et al,
2005). Application to the solar case implies factoring in non-normal inci-
dence (thus introducing the incident angle 8) with a separate treatment of
the direct and diffuse components of the radiation due to their difference
in angular distribution over the PBR surface (Pruvost et al, 2011a). Total
hemispherical incident light flux density (or PFD, see next section) g is
divided into direct ¢,, and diftuse gn components (q =q,+ qm). Total irra-
diance (representing the amount of light received in the culture bulk) is
given by summing the resulting contribution of collimated and diftuse
radiation:

G(2) = Geol(2) + Gair (2) (14)
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where G, is the irradiance field for collimated radiation, as given by:

Geot(2) 2 (1+a)exp[—beoi(z—L)] — (1 —a)exp[Seoi(z — L)]

= 15
3, 0 (rafeplall-(-afeploal
and Gy;f the irradiance field for diffuse radiation:
Gair(2) _4 (1+a)exp[—bar(z— L) — (1 —a) exp [6air (2 — L)] (16)
gn (1+ (:t)2 exp [Sair L] — (1 — a)2 exp [—dq4irL]
. aCx
In these equations, 8o = 79(154 + 2bEs) and 84if = 2aCy(Ea + 2bEs)
cos

are the two-flux collimated and diffuse extinction coefficients, respectively.

Determining the irradiance field makes it possible to determine the
corresponding local photosynthetic growth rate in the culture volume.
The same kinetic relations (Eq. 6 or 7) can be applied here, making it pos-
sible to calculate mass volumetric biomass growth rate (rx) (Eq. 11). The
only restriction is that Eqgs. (6) and (7) are valid insofar as the culture is
illuminated (ie, during daytime). At night, long dark periods of several hours
trigger a switch to respiratory metabolism which results in biomass catabo-
lism (Le Borgne and Pruvost, 2013; Ogbonna and Tanaka, 1996). This bio-
mass catabolism is species dependent and differs strongly between eukaryotic
(microalgae) and prokaryotic (cyanobacteria) cells. For Arthrospira platensis
and C. reinhardtii, values of (rx)/ Cx=pu=0.001 and 0.004 h™', respectively,
were recorded at their optimal growth temperature, ie, 308K for A. platensis
and 293K for C. reinhardtii (Cornet, 1992; Le Borgne, 2011).

Finally, the determination of the mean growth rate allows the mass bal-
ance equation, here for biomass, to be solved (Eq. 11). The variable PFD in
sunlight conditions means that the irradiance field inside the culture bulk and
the resulting local and mean volumetric growth rates vary continuously, and
hence steady state cannot be assumed in Eq. (11). This implies solving the
transient form of the mass balance equation. Once the time course of biomass
concentration has been determined, the corresponding biomass productivity
can be calculated, as well as surface productivity Ps (g m™ > day”~ ') which isa
useful variable to extrapolate to land-area production (Eq. 2).

4. OPTIMIZATION OF PBR OPERATION
4.1 Understanding Light-Limited Growth

In practice, the control of culture conditions such as pH and temperature can
prove challenging, especially in outdoor conditions (Borowitzka, 1999;
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Grobbelaar, 2008; Richmond, 2004a; Torzillo et al, 1996). These challenges
can, however, be overcome with adequate engineering and control of the
cultivation system. As technical solutions are highly dependent on culture
system technology, these aspects will not be discussed in detail here. The
main point is that if all cultivation conditions are kept at optimal values
and nutrients are provided in adequate amounts, then light-limited condi-
tions should eventually occur, which is crucial given that the light-limited
regime has several major features.

The first consequence of light-limited conditions achievement is that, by
definition, the culture is not subject to any further limitation other than light
use. Thus, maximum biomass productivity can be achieved and is deter-
mined by the amount of light provided and its use by the culture
(Pruvost, 2011; Pruvost and Cornet, 2012; Pruvost et al, 2011b, 2012;
Takache et al, 2010). Any limitation other than light limitation would result
in further decreases of biomass productivity, whereas maximizing the PFD
received on the culture system increases its productivity. Note that this
remains valid in the case of high PFD leading to photoinhibition of the pho-
tosynthetic apparatus (PFD grossly greater than 400 pmol,,m™2s™'). Spe-
cial attention should be paid to light attenuation conditions to avoid or at
least greatly reduce photoinhibition phenomena by operating the PBR to
achieve complete light extinction in the culture, as described in detail in
the next section.

A second important consequence is that in the light-limited regime, con-
trolling the incident light and its effect on the process equates to controlling
aggregate cultivation system performance. This is the so-called physical lim-
itation in chemical engineering, where the process is limited by one param-
eter which, if controlled, enables control of the entire process. This feature is
essential to the efficient design and operation of photobiological cultivation
systems. The role of light in the rational design of microalgal cultivation sys-
tems has been touched on earlier and will be explored in greater depth later
in this chapter by actual examples of technologies. Implications in terms of
operation are discussed later.

4.2 Optimizing Light Attenuation Conditions for Maximal
Biomass Productivities in PBRs

Although a necessary condition, the light-limited regime alone is not suffi-

cient to obtain maximal biomass productivities, which also hinge on con-

trolling radiative transfer conditions inside the culture (Cornet and
Dussap, 2009; Pruvost, 2011; Takache et al, 2010). As already discussed,


jaypr
Rectangle 


if biomass concentration is too low, some of the light gets transmitted
through the culture, and if biomass concentration is too high, a dark zone
appears deep in the culture. For eukaryotic cells like microalgae that dem-
onstrate respiration in light, a dark zone in the culture volume where respi-
ration 1s predominant will result in a loss of productivity due to respiratory
activity. Maximal productivity will then require the specific condition of full
absorption of all light received but without a dark zone in the culture
volume—in other words the [uminostat regime (Pruvost and Cornet,
2012; Takache et al, 2010). As a result, unlike processes based solely on sur-
face conversion (eg, photovoltaic panels), optimizing the amount of light
collected on the microalgal cultivation system surface is still not sufficient.
As light conversion by photosynthetic microorganisms occurs within the
culture bulk, transfer of the collected light flux inside the bulk has to be taken
into account.

Light attenuation conditions can be controlled by adjusting biomass con-
centration in the cultivation system (see Section 2.1.2.5), which can be done
in continuous mode by modifying the residence time 7, applied to the sys-
tem (or dilution rate D=1/7,,). In practice, maintaining optimal light atten-
uation conditions is no easy task, especially in the case of solar production
which adds a degree of complexity to the optimization and control of the
cultivation system compared to artificial illumination. The process is fully
dynamic and driven by an uncontrolled input, ie, solar incident flux. Under
sunlight, biomass growth rate is insufficient to compensate for the rapid
changes in sunlight intensity. Consequently, light attenuation conditions
that are fixed by biomass concentration are never optimal. A compromise
has to be found on the conditions thus applied, for example, by defining
a residence value that will maximize biomass productivity over the period
of operation by acting on biomass concentration time course and the related
light attenuation conditions.

4.2.1 The Role of Light Attenuation Conditions in Culture Stability

Although a dark volume has an impact on respiration activity (see next), high
light attenuation conditions are also well known to have a positive effect on
culture stability (Carvalho et al, 2011; Grima et al, 1999; Hindersin et al,
2013; Richmond, 2004b; Torzillo et al, 1996). Light transmission also cor-
responds to a high light received per cell (ie, high specific absorption rates,
see Section 2.1.2.5), which could induce culture drift by oversaturation
of the photosynthetic chain (Grima et al, 1996; Hindersin et al, 2013;
Wu and Merchuk, 2001). Note also that this generally also results in
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photoacclimation and a decrease of pigment content (Zonneveld, 1998),
which in turn increases light penetration in the culture depth, and thus
the light received per cell, thereby increasing culture drift. In practice,
the culture will become highly unstable when transmission occurs, especially
if PFD is higher than 200 pmol,,m s~ ". A typical result is given in Fig. 5,
which depicts a C. vulgaris culture in a lab-scale PBR. The same PFD is
applied in all experiments, and only light attenuation conditions are modi-
fied through changing biomass concentration by adjusting residence time. In
the light transmission conditions, pigment content decreased as a result of a
higher specific photon energy absorption rate. This decrease was especially
visible for chlorophylls, where it results in a higher carotenoids-to-
chlorophylls ratio (as shown by the yellow (light gray in the print version)
color of the culture). In practice, it also generally marks the appearance of
biofilm, despite the lower biomass concentration obtained, leading to a pro-
gressive culture drift up to potential washout.

For the operator, a general rule will be to promote full-light attenuation
conditions. Note that this condition will be difficult to fulfill in some cases,
such as in species presenting low pigment content (such as strains with small
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Figure 5 Effects of light attenuation conditions on culture stability and biomass produc-
tivity. For low residence time, low biomass concentration results in light transmission
and high rate of photon absorption (ie, high light received per cell) inducing possible
culture drift. For high residence time, the dark volume then generated can have a neg-
ative effect on biomass productivity due to the promotion of respiration activity, but
also results in more stable culture because of a lower rates of photon absorption
(ie, lower light received per cell).
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antennas; Berberoglu et al, 2008) due to their lower absorption, or in solar
conditions due to the time-course changes in light attenuation conditions, as
we will see later.

4.2.2 Microalgae vs Cyanobacteria

If the biomass is too high, a dark zone appears in the culture. Here is an
important distinction to make between eukaryotic (microalgae) and pro-
karyotic (cyanobacteria) cells. In cyanobacteria cultivation, as the cells have
common electron carrier chains and no short-time respiration in the dark
(Gonzalez de la Vara and Gomez-Lojero, 1986), a dark zone will be suffi-
cient (y <1) to guarantee maximal productivity (Cornet, 2010; Cornet and
Dussap, 2009). For eukaryotic cells presenting respiration in light (micro-
algae), a dark zone in the culture volume where respiration is predominant
will result in a loss of productivity due to biomass catabolism. Achieving
maximal productivity will thus be contingent on the y fraction meeting
the exact condition y =1 (the “luminostat” regime), corresponding to full
absorption of all light received but without a dark zone in the culture
volume (Takache et al, 2010).

In practice, maintaining an optimal value of the y parameter is not easy,
especially with microalgae (where the condition y =1 has to be met). Some
illustrations are given below for both batch and continuous production
modes. Because the regime does not allow full absorption of the light cap-
tured, light transmission always leads to a loss of efficiency, in addition to
possible culture drift due to an excess of light received per cell, as discussed
earlier (y >1). This regime is, however, usually encountered at the begin-
ning of a batch production run (Fig. 6A). Biomass growth means that the
light attenuation conditions will continuously evolve and the y value will
progressively decrease down to a value below 1. For prokaryotic cells, as
soon as full absorption is obtained, the maximal value of the mean volumet-
ric growth rate will be achieved and then remain constant (until a large dark
zone is formed, inducing another possible shift in cell metabolism). For
eukaryotic cells, the condition y =1, and thus the maximal value of the mean
volumetric growth rate (rx) will only be transitorily satisfied (mean volu-
metric growth rate being represented by the slope of Cx(f), see Eq. 11 with
1/7,=0). The increase in the dark volume will then progressively decrease
the mean volumetric growth rate.

In continuous mode, light attenuation conditions can be controlled by
moditying the dilution rate to adjust the in-system biomass concentration.
For cyanobacteria (Fig. 6B), there will be an optimal range of biomass
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Figure 6 Typical evolution of biomass concentration during a batch cultivation of cya-
nobacteria and microalgae in light-limited conditions (A). Biomass productivity and con-
centration in continuous mode are given in (B).

concentrations to meet the condition y < 1. For microalgae, the y =1 con-
dition will require an optimal biomass concentration (C3") corresponding
precisely to the condition of full-light absorption but no dark zone (as shown
in Takache et al, 2010, a deviation of the y value in the range y =1415% is
tolerable in practice).

Whichever production mode (continuous or batch) is used, the control of
light attenuation conditions, represented here by the illuminated fraction
(with y <1 for cyanobacteria and y =1 £ 15% for microalgae), makes it pos-
sible to obtain the maximum biomass productivity of the cultivation system
in light-limited conditions (volume and surface). If radiative transfer condi-
tions are known (using a radiative transfer model, as already described), then
the optimal biomass concentration can be determined theoretically, or else
experimentally simply by varying the residence time and measuring
corresponding biomass concentration and productivity (Takache etal, 2010).

4.3 Optimizing Light Attenuation in Solar Cultivation

Outdoor conditions and the use of sunlight as primary energy source pose
several challenges to the engineering design and control of outdoor
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cultivation systems. Sunlight is characterized by a wide, rapid, and uncon-
trolled variation in irradiation conditions. On a single day, the PFDs
received onto a cultivation system surface can range from null (night) to
potentially damaging levels for the photosynthetic chain of growing cells
(high PEDs typically larger than 1000 pmol m ™2 s~ ', which are commonly
encountered in most locations on Earth in summer). Strong light attenuation
in the PBR is in this case known to have a positive effect as it decreases the
amount of light energy received per cell along the depth of the PBR
(Carvalho et al, 2011; Hindersin et al, 2013; Torzillo et al, 1996).

The amount of direct and diffuse solar incident irradiance as well as the
strongly time-dependent incident PFD and the associated incident angle
have also been found to significantly dictate process efficiencies (Pruvost
et al, 2011a, 2012). Consequently, although the luminostat regime is the
ideal case leading to maximum biomass productivity, it cannot be
maintained under solar conditions due to how much faster light varies with
time than biomass concentration (Hindersin et al, 2013; Pruvost et al, 201 1a,
2012). The net result is that there is a design and operation compromise to be
found.

In continuous or semi-continuous PBRs, this can be achieved by defin-
ing, for example, a residence time that maximizes yearly biomass productiv-
ity through control over the temporal evolution of the biomass
concentration and light attenuation in the PBR. Modeling can prove
invaluable here by simulating PBR operation over a whole-year period as
a function of various key parameters such as (1) PBR location, design, incli-
nation, and orientation; (2) PBR operating parameters (harvesting strategy
for instance); and (3) species cultivated.

Fig. 7 gives examples of yearly biomass productivities as a function of
residence time applied on the cultivation system (see Pruvost et al, 2015
for details). As was the case for continuous light, an optimal value exists,
but it corresponds to the value that gives the maximal productivity over a
given time period. Simply optimizing the residence time in the cultivation
system is not enough to maintain the ideal luminostat regime condition
(r=1) because the illumination conditions vary so much faster than the
kinetics of photosynthetic growth. The optimal residence time can only
be regarded as the best compromise to maximize productivity on a given
cultivation period (a full year period here). The immediate consequence
is that it will result in large variation of light attenuation conditions with time
in the cultivation system.

Obviously, the residence time value can be optimized all along the year.
In winter, for example, increasing the residence time can prove beneficial for
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Figure 7 Yearly average areal productivity of an inclined flat-panel PBR (45 degree) as a
function of the residence time applied on the cultivation system operated in continuous
mode (Nantes locations, France). Values are given for the microalga C. vulgaris and for
the cyanobacteria A. platensis, illustrating the narrower range of residence time to max-
imize productivity for eukaryotic cells as explained by their sensitivity to dark volumes
induced by too high values of residence time values.

microalgae due to their lower growth, which means longer residence times
for this specific period can have positive impacts on net biomass productiv-
ity. Modeling is again valuable here, as it can be used to calculate biomass
productivity for any residence time value and to define an optimal year-long
residence time course. Looking at the C. vulgaris growth presented in Fig. 7,
ideally, higher wvalues should have been applied in winter (up to
7,=2.3 days), and lower values applied in summer (down to 7, =0.8 day).

Fig. 7 also compares biomass productivities between microalgae (ie,
C. vulgaris) and cyanobacteria (ie, A. platensis). The same type of evolution
is achieved for both species at low residence times (rapid decrease of surface
productivity toward culture washout for low residence time values, ie, high
dilution rate), but C. vulgaris showed significantly different productivity
at high residence time values whereas A. platensis showed little impact.
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As a consequence, maximum values of surface productivities for C. vulgaris
were only found for a narrow range of residence times. This important dif-
ference between the two microorganisms is explained by the negative influ-
ence of dark volume on microalgae growth kinetics. High residence times
result in higher biomass concentrations and light attenuation conditions. As
already observed in continuous light conditions, the impact is negligible for
cyanobacteria but not for microalgae due to their respiration activity in the
dark. This result has important practical implications: a harvesting strategy
that maximizes biomass productivity is fairly easy to find for cyanobacteria
(tp < Tgpt) but very difficult to find for the microalga C. vulgaris.

Another important issue resides in the light regimes obtained in the cul-
ture volume when operated in solar conditions. Once the residence time is
defined, the year-long time course of biomass concentration can be calcu-
lated and thus the corresponding time evolutions of light attenuation con-
ditions. Variations in incident irradiation mean that a wide range of light
attenuation conditions can be encountered inside the culture volume over
the course of a day, which can aftect process stability, as described in Pruvost
et al (2015, in press). As shown in Section 2.1.2.5, harvesting strategy (ie,
residence time) will directly affect these light regimes. For example, promot-
ing a higher residence time will increase biomass concentration and light
attenuation (ie, decreasing photon absorption rates). This could reveal ben-
eficial for periods where oversaturating light is encountered, such as at noon
in summer. However, as increasing light attenuation conditions could also
result in a decrease in biomass productivity, particularly with species that
show significant respiration activity under illumination, then it will almost
certainly be necessary to find a trade-off between process productivity, sta-
bility, and robustness. Here again, models can help. Modeling combined
with in-depth investigations of the effect of oversaturating light on culture
stability could serve as a foundation to advanced control strategies able to
maintain the appropriate trade-off between biomass productivity maximiza-
tion and robust culture operation, which is currently a big challenge for opti-
mal solar culture system operation.

5. DEVELOPMENT OF COMMERCIAL TECHNOLOGIES
BASED ON PBR ENGINEERING RULES

5.1 Introduction

There is a wide variety of PBR technologies available, including tubular,
cylindrical, and flat-panel systems (some examples are given in Fig. 2). This
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diversity of PBR designs is the result of various attempts to optimize light cap-
ture while satisfying other practical constraints related to (1) engineering
design, including system integration, scale of production, materials selection,
and project costs; and (2) system operation factors such as CO, bubbling, oxy-
gen removals, temperature and pH regulation, nutrient delivery. The litera-
ture counts an array of reports and publications on the various PBR
technologies available (Borowitzka, 1999; Carvalho et al, 2006; Grima
et al, 1999; Morweiser et al, 2010; Pruvost, 2011; Pulz, 2001; Ugwu et al,
2008), all of which have advantages and limitations in terms of control of cul-
ture conditions, culture confinement, hydrodynamic conditions, scalability,
construction cost, biomass productivity, and energy efficiency. Regardless
of the PBR concept employed, the goal is to provide sufficient control of
the culture conditions to make the process only limited by the amount of light
supplied and the photosynthetic process in the culture (ie, the “light-limited”
regime presented in Section 3.1). PFD incident onto the PBR surface and
PFD locally available inside the culture are major parameters. Although max-
imizing light intercepted is an obvious consideration of any microalgal culti-
vation system (as with any light-driven process), there are other constraints to
also consider. For example, using the airlift method for mixing will preclude
horizontal geometries. Shading needs to be accounted for when arranging
vertical or tilted solar systems on a given land area. As a result, what charac-
terizes microalgae culture more than any other bioprocess is the wide range of
constraints involved, from light use optimization to cost of production, which
ultimately makes an optimal culture technology impossible to define. These
features have fueled the idea that the development of microalgal culture sys-
tems is more or less empirical. Nevertheless, as seen earlier in this chapter,
there are several engineering tools now available, making it possible to pro-
pose rational and robust methods for the design of optimal geometries taking
into account the application constraints. This is illustrated in the following sec-
tions by specific examples of PBR developments. The examples come from a
community of groups that now share the same engineering tools (ie, as tools
described here). Some of these examples are still promising lab-scale proto-
types, while others are industrial units commercialized by French company
AlgoSource Technology (www.algosource.com).

5.2 Artificial Light Culture Systems

5.2.1 Lab-Scale Technologies

Lab-scale technologies are very useful for fundamental studies as well as in
investigations for parameter-setting process models or operating protocols
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for cultivation system scaling and optimization. The main constraint in the
lab-scale design is to achieve well-controlled conditions, with the appropri-
ate scale of production to allow sufficient sampling during the experiment
(usually leading to around 1 L of culture volume). Note that the setting
of experiments in well-controlled conditions is a general constraint of any
kind of biological study. This is usually achievable in simpler systems, such
as flasks (ie, studies on bacteria and yeasts for example), but in studies on pho-
tosynthetic microorganisms, the strong influence of light supply and espe-
cially light attenuation conditions makes it difficult to use flask-type
systems for well-defined lab-scale investigations. At best, PFD received
on the flask surface can be defined as an operating parameter. However,
as seen many times above, growth rate is not only a function of PFD but
also of light attenuation conditions, which are nigh impossible to determine
in flask systems (3D geometries). Ideally, for investigations on photosyn-
thetic microorganisms, engineers should opt for geometries enabling to
control (and ideally, determine) light attenuation in the culture volume.
Lab-scale systems should then be required to fulfill this condition for accu-
rate and representative results. Note that this consideration applies not only
to bioprocess investigations (ie, PBR optimization) but also to fundamental
biology investigations where photosynthesis and thus light absorbed is a rel-
evant factor (ie, most studies devoted to photosynthetic microorganisms).

5.2.1.1 The Torus-Shaped PBR

The torus-shaped PBR is a typical example of a microalgal culture system
designed for lab-scale experiments requiring firm control of culture condi-
tions (Fig. 2). The main characteristic is its torus shape, as the culture is cir-
culated by the rotation of a marine impeller. The combination of the
impeller and the loop configuration of the torus geometry allows good
mixing without dead volume while keeping shear stress in a reasonable range
(Pruvost et al, 2006). The light-supplying device (LED panel) is placed in
front of the PBR. The plane front surface and the square-sectioned torus
channel mean that the PBR presents no curved surfaces perpendicular to
the light source. This prevents optical distortion along the light emission
direction, which enables easy calculation of light transfer, as light attenuation
occurs along only one main direction, and leads to the so-called one-
dimensional hypothesis. This configuration makes it possible to accurately
determine light attenuation conditions (using Eq. 12 for example) and then
local rate of photon absorption (Eq. 5), which can be related to photosyn-
thetic growth (Eq. 7) or averaged over the culture volume to investigate its
role as a process parameter (Kandilian et al, 2014).


jaypr
Rectangle 


The torus-shaped PBR has been used for several studies in recent years,
both to model and optimize microalgal biomass productivity (Takache et al,
2010, 2012) and to investigate the coupling between hydrodynamics and
photosynthetic conversion (the “light/dark cycles eftect”; Takache et al,
2015). As it employs mechanical mixing, the torus-shaped PBR was also
found valuable for studies requiring accurate gas analysis. When combined
with online gas analysis, the obtained setup was able to yield kinetics infor-
mation on culture evolution as a function of culture conditions, which was
impossible or at least less accurate with air injection-mixed technologies (ie,
airlift PBR) due to gas dilution with the gas-flow carrier. A typical example
is the investigations on H, production from C. reinhardtii (Fouchard et al,
2008), where online monitoring of gas released and consumed (O,, CO,,
H,) combined with biotic-phase (total biomass and biomass composition
in sugars, proteins, lipids, pigments) and abiotic-phase (carbon and mineral
compound consumption) measurements made it possible to determine the
effects of sulfur deprivation to induce anoxic conditions and starch accumu-
lation and subsequently H, production by microalgae. This work enabled a
kinetic model to be set that, when combined with the highly controllable
conditions of the torus-shaped PBR, led to the development of an opti-
mized H, production protocol (Degrenne et al, 2008, 2010, 2011a,
2011b; Fouchard et al, 2005, 2009). This setup was recently extended to
the investigation of CO, fixation by microalgae (Le Gouic, 2013). Another
example of the use of the torus-shaped PBR can be found in Martzolff et al
(2012). The good mixing performance, and especially the plug-flow behav-
ior encountered in the torus loop, was used for isotopic nonstationary 13C-
metabolic flux analysis. This enabled the characterization of the kinetics of
13C-labeling incorporation, which helped to define the biochemical reac-
tion network of C. reinhardtii (Cogne et al, 2011).

All those examples illustrate the large interest of using lab-scale PBR pre-
senting a high control of culture conditions for fundamental studies, which
encircles in-depth investigations of microalgae metabolism and physiology,
and the setting and optimization of culture protocol for applications of
interest.

5.2.1.2 Efficient Overproducing Screening System—Photobioreactor

A cultivation system specially adapted to screening microalgae in reliable
conditions was recently developed (Fig. 2). This system, named efficient
overproducing screening system—photobioreactor (EOSS-PBR), was used
to evaluate cell growth and productivity to compare strain performances
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or characterize the effects of specific culture conditions on a given strain cul-
ture. It consists of six small-scale PBRs (bubble columns) operated in par-
allel. Each tube has a volume V,=30mL and an illuminated area
St =0.008 m>. The EOSS-PBR was fully automated in terms of medium
injection and biomass harvesting to allow semi-continuous cultivation with
the ability to set different feeding or harvesting sequences in each tube.
EOSS-PBR enables both batch and semi-continuous cultivation. Semi-
continuous cultivation was found relevant for allowing strains to progres-
sively adapt to the growth conditions of PBR cultivation. For example, after
receiving strains from collections, it was necessary to wait for several weeks
before reaching a stable biomass production, indicating progressive adapta-
tion of the cultivated strain to the conditions applied. The same behavior was
observed when comparing various growth media on a given strain. As a
result, this simple and easy-to-use system was found useful for adapting
strains to PBR growth conditions to compare algae performances in reliable
conditions. Examples of its use can be found in Taleb et al (2015).

5.3 Industrial Technologies

5.3.1 Introduction

The state of art in industrial-scale technologies (Carvalho et al, 2006; Janssen
etal, 2003) covers a broad gamut of geometrical configurations, led by pneu-
matically agitated vertical column reactors, tubular reactors, and flat-panel
reactors. The main reason for this diversity is that there is still no ideal
starting geometry for microalgal culture systems, as illustrated here with
two examples of artificial light PBRs designed by researchers and marketed
by AlgoSource for difterent practical applications.

5.3.2 Multimodule External-Loop Airlift PBR for Hatcheries

The first culture system was designed for continuous microalgal production
in mollusk hatcheries. The context of mollusk hatcheries poses two main
constraints on PBR design. First, the microalgae commonly cultivated for
mollusks are usually stress-sensitive species, such as Isochrysis affinis galbana,
Chaetoceros  calcitrans, — Thalassiosira  pseudonana, — Skeletonema  marinoi’
(Borowitzka, 1997). Second, microalgal production in hatcheries is mainly
performed by batch cultures in systems consisting of vertical aerated column
reactors. Their major drawbacks are only partial control of biomass quality
and quantity, low productivity, contamination, manpower intensiveness
(frequent handling and cleaning operations), and biofouling. To improve
this situation, the PBR project brief was to enable continuous production
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adjustable to hatchery requirements, in a closed and artificially lit system,
with the simplest possible design to minimize manufacturing cost, price,
and floorspace; to be robust (marine atmosphere); and easy to clean. To
respond to these constraints, the PBR consisted of a succession of elemen-
tary modules, each composed of two transparent vertical interconnected
columns. Liquid-phase circulation was performed pneumatically, ie, by
gas injectors placed at the column bottom and uniformly dispatched across
the whole PBR. Each elementary module can thus be seen as an external-
loop airlift PBR, except that the outlet of the downcomer is connected to
the adjacent module. In addition, as already used in annular PBRs (Muller-
Feuga etal, 2003a, 2003b; Pruvost et al, 2002a) and torus PBRs (Pottier et al,
2005; Takache et al, 2010), a swirling motion was generated (tangential
inlets) in order to minimize biofilm formation on the walls while keeping
shear stress within a reasonable range. As a result, a PBR technology adapted
to the specific case of microalgal production in mollusk hatcheries was pro-
posed. The major utility of this design was not only to enable easy contin-
uous microalgal culture in a closed, artificially illuminated system but also to
offer volume modularity without scale-up/down calculations. Indeed, the
illumination device was designed so as to conserve the same illuminated spe-
cific surface (ratio of illuminated surface to culture volume) whatever the
number of modules, implying that, for a given incident flux and a fixed dilu-
tion rate, volumetric productivity remains identical for either a mono-
module or multimodule PBR. Consequently, the number of elementary
modules is only dictated by the microalgal production required. A complete
description of the design procedure can be found in Loubiere et al (2009).

5.3.3 Two-Side Illluminated Flat-Panel Airlift PBR

The culture system described earlier is based on cylindrical tubes, which
makes it difficult to calculate radiative transfer in the culture volume, which
has to be solved numerically (Lee et al, 2014). As already described, the
“one-dimensional hypothesis” where light attenuation occurs along only
one main direction serves to obtain analytical relations to represent the light
attenuation field (as with the two-flux model, Eq. 12). This enables accurate
and easy determination of light attenuation conditions for any operating
conditions and thus greater system control. Based on this statement,
researchers designed a specific PBR. Like the multimodule external-loop
airlift PBR, this system is of industrial size (130 L), but the unit is a flat panel
with front illumination so as to respond to the one-dimensional hypothesis.
It is also illuminated on both sides to increase specific illuminated area
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(atighe=18.2 m_1). The culture is pneumatically agitated. To allow steam
sterilization, the PBR is made of 316L-grade stainless steel and runs in con-
tinuous culture mode with full regulation of growth parameters such as pH
and temperature. This technology has proven especially suitable for cases
where biomass production necessitated well-controlled conditions. An
example of its use for optimized lipid production can be found in Pruvost
et al (2011b). This technology is currently used in the AlgoSolis R&D facil-
ity to continuously produce microalgal biomass of constant quality (axenic
conditions) so as to inoculate large outdoor culture systems (such as enclosed
raceways, see next).

5.4 Solar Technologies

5.4.1 Surface and Volumetrically Lighted Systems

Light can be supplied in two general ways: by directly lighting the culture
system or by distributing light sources inside the culture volume. Next,
there are either surface-illuminated systems or volumetrically illuminated
systems. Most cultivation systems fall in the simpler surface-illuminated cat-
egory (Carvalho et al, 2006; Morweiser et al, 2010; Richmond, 2004a;
Ugwu et al, 2008). As with any other solar process, various positioning
options have been considered, including systems positioned horizontally
(Acién Fernandez et al, 2001; Molina et al, 2001; Oswald, 1988), vertically
(Chini Zittelli et al, 2000, 2006; Pulz, 2001), and even tilted (Doucha and
Livansky, 2006; Lee and Low, 1991; Richmond and Cheng-Wu, 2001).
However, maximizing the incident solar radiation flux is no easy task.
For a start, it depends on longitude and latitude of system location and on
the day of the year. For example, horizontal systems are best suited for
locations close to the equator (latitude O degree). For higher latitudes, it
is necessary to tilt the exposed system surface to maximize the amount of
light collected. Roughly speaking, the optimum inclination angle with
respect to the Earth’s surface to maximize light capture over the year on
a fixed PBR corresponds to the latitude of the PBR location (Duffie and
Beckman, 2006; Hu et al, 1996; Pruvost et al, 2012; Richmond and
Cheng-Wu, 2001). Inclination angle can also be adjusted as a function of
time to optimize light capture. Flat panels equipped with sun-tracking sys-
tems were tested by Hindersin et al (2013), and the method not only max-
imized light capture during the day but also prevented excessive incident
irradiation on the systems around noon by temporarily setting the illumi-
nated surface of the PBR perpendicular to the sun’s collimated irradiation.
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Volumetrically illuminated systems require more complex technologies
than surface-illuminated systems, but they do enable optimization of light
delivery and use in the culture. First, inserting light sources in the volume
of the culture guarantees maximal use of the collected or emitted photons.
Second, and more interestingly, internal lighting allows light to be
“diluted.” As discussed earlier, increasing PFD leads to higher volumetric
productivity but also a progressive decrease in conversion yield due to pho-
tosynthesis saturation. By diluting the light incident on the system’s surface
into the volume of the culture, a larger yield can be maintained. This is of
particular interest in outdoor PBRs exposed to sunlight. In this case, the
solar radiation incident on a given surface is collected using a parabolic solar
collector for example, and is then delivered to the culture in a controlled
manner, using optical fibers (Cornet, 2010; Csogor et al, 2001) or light
guides (Pilon et al, 2011) for example. The characteristically high PFD of
solar conditions means surface productivity can be increased. Note that
the optical connection between the light collection device and the light
delivery system needs to be carefully designed as it can be a source of major
optical losses. Furthermore, light dilution can be combined with a solar
tracking system, offering an added possibility of optimization by maximizing
light intercepted as the sun travels in the sky (Hindersin et al, 2013). A full
description of such a principle has been described by Cornet (2010) with a
volumetrically lightened PBR. based on the “DiCoFluV” concept (more
details are given in next sections). Volumetrically illuminated PBRs hold
great promise, but there are still rare few examples in the literature
(Cornet, 2010; Csogor et al, 2001; Hsieh and Wu, 2009; Ogbonna et al,
1996; Zijffers et al, 2008), mainly due to the technological complexity
involved and the difficulty scaling up PBR systems to large surface areas.

5.4.2 Examples of Surface-Lightened PBRs
5.4.2.1 Covered Raceway

The raceway is a horizontal planar cultivation system that has gained cur-
rency as a mature cultivation system (Becker, 1994; Oswald, 1962, 1988).
Raceway technologies are eftectively easy to scale-up and cheap to build.
Different materials can be used, from clay to PVC (Ben-Amotz, 2008).
Over the last few years, optimizations have been proposed, such as using
computational fluid dynamics to optimize mixing with a paddlewheel
design (Chiaramonti et al, 2013; Hadiyanto et al, 2013; Hreiz et al,
2014; Liffman et al, 2013), to maximize biomass productivity and light
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distribution in the culture volume, and to reduce power consumption
(Lundquist et al, 2010).

Like for any open system, raceway technologies are well adapted to pro-
ducing extremophile microalgae like the cyanobacteria A. platensis which is
able to grow under high pH and high-temperature conditions (reducing the
risk of bacterial contaminations). On the other hand, if the goal of the system
is to produce sensitive microorganisms, then a closed system is needed.
AlgoSource recently developed an enclosed raceway (Fig. 2). Covering a
raceway system allows to control internal growth conditions for better pro-
ductivity. It also enables control of the gas phase, such as reducing CO,
desorption, making this technology suitable for flue gas treatment applica-
tions. An covered raceway technology was recently implemented at
AlgoSolis R&D facility for this purpose.

5.4.2.2 AlgoFilm Technologies
Fig. 1 illustrates the utility of increasing both specific illuminated surface (or
decreasing the culture depth, ie, ajigh = Siighe/ VR = 1/L for a flat panel) and
PFD to increase volumetric productivity (or biomass concentration, the two
being linked). This introduces the basic concepts of PBR intensification.
More specifically, the interest of working in a thin film (ajgp. > 100 m
L<0.01 m) is clearly demonstrated here: compared to usual geometries
(atighe around 20 m~ ' for a PBR of depth 0.05 m, 0.3 m~ ! for raceway of
depth 0.3 m), two orders of magnitude can be gained on volumetric
productivity, making it possible to work in high-cell-density culture
(Cx>10 kg m ) leading to the advent of high volumetric productivity
PBR (HVP-PBR). Note also that increasing the PFD will lead to a further
increase in biomass productivity (but with a decrease in thermodynamic
yield of photosynthetic conversion, as previously discussed). As surface pro-
ductivity is independent of specific illuminated surface (Eq. 2), a specific fea-
ture of PBR technology is the possibility of drastically increasing volumetric
productivity while maintaining surface productivity. This was the basic
statement behind the design of AlgoFilm© technology (Fig. 2) which aims
to propose very high volumetric productivity (HVP-PBR) at the current
performance ceiling while keeping the maximal conversion of incoming
light permitted by the direct illumination principle (surface-lightened sys-
tem, without light dilution).

The direct advantage of intensifying volumetric productivity is that it
reduces the system size needed to achieve a given production requirement.
In the general framework of a global industrial exploitation, energy
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consumption in several processes is directly linked to culture volume
(pumping, mixing, temperature control, harvesting, etc.). Increasing volu-
metric productivity can thus drastically reduce energy needs for a given
operation. This holds primary relevance in biofuel production for example,
where both surface and volumetric productivities can be increased by appro-
priately engineering PBRs. For example, the prototype presented in Fig. 2
has a depth of around 0.002 m which corresponds to aj;gn. =500 m~ ! (or2L
of culture per m). For a given PED of 200 pmol,,m >s~ ' (corresponding
roughly to the yearly averaged value of irradiation in Paris, France), a vol-
umetric productivity Py around 3.3 kg m > day~ ' could be obtained with a
surface productivity of 14 gm™ > day . A PBR of higher depth could pro-
vide the same maximal surface productivity but with substantial volumetric
productivity (0.04kgm™> day™' for a PBR of 0.15m depth, ie,
Alighe = 0.07 m~ ' or 150 L of culture per m3). Note that the AlgoSolis
R&D facility recently integrated the AlgoFilm technology as a platform
for research projects in microalgal liquid biofuel production (biodiesel,
biokerosene).

5.4.3 Example of a Volume-Lightened PBR
5.4.3.1 Introduction

Internal illumination is often discussed as a way to improve the productivity
of PBRs. However, although the concept appears simple, the design of an
efficient system is far from trivial. An inappropriate design can lead to lower
productivities than easier-to-build surface-lightened systems. The optical
device used for light collection and its transmission to the culture is a critical
factor. Even with an optimized optical device, the arrangement and sizing of
the light guides used to diftuse light to the culture have to respect some keys
parameters, which were identified and fixed by Cornet (2010). An example
is given here with cylindrical light guides.

The main parameters in this case are distance between light guides d;,
light-guide diameter d;, and volume fraction of the light guides inside the
total reactor volume ¢&. For example, Cornet (2010) defined an optimal spa-
tial distribution &, = 0.2267 for cylindrical structures (see later). In addi-
tion, as ideal transmission cannot be obtained from optical devices, two
energetic transmission yields have to be considered. The first concerns
the transmission efficiency from the light-collecting surface to all inlet sec-
tions of the light guides 7, while the second depends on how efficiently the
light guides transport and deliver light from the inlet section to the lateral
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surface (#;). In these conditions, the light flux delivered to the culture (¢y) is
defined by Eq. (17):

_ i (17)
92 =MNoM ‘1282

where S is the light-collecting surface and ) S, is the outlet surface of light

guides.

Once the light flux received by the culture is known, theoretical maximal
performances of volume-lightened PBRs can be determined, using Eq. (2)
presented earlier (using the light flux ¢, effectively received by the culture
instead of the collected light flux, ). An example given here to emphasize
the difficulty of designing an efficient technology is for A. platensis (Cornet
and Dussap, 2009) with irradiation conditions obtained in Paris, France
(year-averaged PFD). Some favorable assumptions were also retained:

— Ideal transmission efficiencies (7o =#; =1, which means light transmis-
sion from light source to the culture is equal to 1). In practice, any optical
device will introduce a loss of transmitted light, and so the collecting sur-
face S, has to be increased accordingly.

— Both direct and diffuse components of the solar radiation are transmitted
into the culture volume (qsunlighe = q T qn)-

— Optimal spatial distribution &, of light guides in the culture volume.

— No biomass loss during the night.

To illustrate the impact of the light-guide characteristics, an example is given

here for a system having a light-collecting surface S, equal to the total foot-

print surface of the cultivation system. Three values were fixed for the diam-
eter and height of the light guides, ie, 0.5, 1,2 mand 3, 7, 10 m, respectively.

In these conditions, surface productivities obtained from Eq. (2) ranged from

28 to 48 t/(ha year), while volumetric productivities ranged from 0.5 to

1.8 kg/(m” year). Note that the maximal volumetric and surface productiv-

ities are not obtained in the same geometric configurations, which illustrates

the difficulty of co-optimizing both the surface and volumetric productivities
of volume-lightened PBR. This is roughly explained by the positive effect of
the light dilution principle on surface productivity, which conversely
decreases volumetric productivity (Fig. 1). The maximal surface productivity
reached in volume-lightened PBRs is almost twofold higher than in surface-
lightened PBRs (enclosed raceways and AlgoFilm© technologies). Around

25 t/(ha year) would be achieved in surface-lightened PBRs using the same

simulation conditions. However, the maximal volumetric productivity is
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one order of magnitude higher in enclosed raceways (depth of 15 cm,
Py =17 kg/(m” year)) and almost three orders of magnitude higher using
the AlgoFilm technology (mean depth of 2 mm, Py = 1200 kg/(m” year)).

Various designs can be easily simulated based on engineering equations
(Eq. 2). Solar concentration devices can be excluded to keep the technology
simple. In practice, this can be achieved by simply immersing optical devices
for light dilution in the culture volume, in which case the collecting
surface will then be equal to the total footprint surface multiplied by &,
The surface productivities of volume-lightened PBRs then range from
9 to 12 t/(ha year), while volumetric productivities range from 0.15 to
0.50 kg/(m” year). Light dilution and the absence of solar concentration
then mean that the PFD (¢,) received by photosynthetic microorganisms
is very low, close to the compensation point of microalgae (Ac in the range
of 1-3 pmol,, g~ ' s7"), which leads to very low biomass concentration and
volumetric productivity. This clearly demonstrates that volume-lightened
PBRs must integrate solar collectors to make the technology viable and effi-
cient in practice. This is the concept of DiCoFluV, which is presented in
next section.

5.4.3.2 The DiCoFluV PBR

The DiCoFluV concept (Cornet, 2010) is based on internal volumetric illu-
mination of the culture medium with the optimized light dilution principle.
To compensate for the decrease in volumetric productivity due to light dilu-
tion, light guides are arranged to provide a very high value of specific illu-
minated surface (ajgpn > 300 m™ ") obtained from the use of thin optical fibers
with lateral diffusion of light (diameter typically of few millimeters). The
high internal illuminating surface then obtained makes it necessary to intro-
duce a preliminary stage of solar concentration to keep sufficient light enter-
ing the culture system. By applying engineering rules for optimal light
dilution, this principle enables engineers to work with classical volume bio-
reactor technologies and to operate very close to the thermodynamic opti-
mum for the solar-to-biomass conversion process, using low incident light
fluxes by dilution of the actual full outdoor sunlight.

The development of the corresponding technology requires several
stages. First, the conception of the layout for the optical fibers with lateral
diffusion of light used inside the culture volume has to be optimized (pro-
viding light and diluting the incident solar flux captured outdoor with a high
illuminated specific area). This can be achieved by using the constructal
approach (leading to the &, value given in the previous section; Bejan,
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2000; Bejan and Lorente, 2012) or, in the future, by analyzing the geometric
sensitivities provided by an integral Monte Carlo formulation of the kinetic
coupling with radiative transfer (Dauchet et al, 2013). The concept also
imposes working with a low PFD at the surface of the fibers to achieve high
thermodynamic efficiency (around 15% in the PAR). This requires models
of light transfer for simple one-dimensional (Cornet, 2010) or complex
three-dimensional PBR  geometries (Dauchet et al, 2013; Lee et al,
2014). Second, the optimum solar capture area needs to be determined.
As explained earlier, this makes it necessary to consider the transmission effi-
ciencies of optical devices used for solar concentration and light transport in
light guides up to delivery to the culture, but also to use kinetic models cou-
pling the local light absorption rate A with biomass growth rates to predict
the productivities achieved by the PBR as a function of irradiation condi-
tions encountered over a period of exploitation.

This approach was recently adopted to build a DiCoFluV PBR with a
total volume of 30L and a capture surface using 25 Fresnel lenses
(Fig. 2). The optimal light dilution factor of the incident PFD (full sunlight)
was found to be relatively constant for any location on Earth. Nevertheless,
the concept was clearly demonstrated as more interesting in locations with
strong direct illumination. Relatively good volumetric biomass productiv-
ities are made possible by the large illuminated surface g, of roughly
350 m® m~ > compensating for the low incident diluted PFD, ensuring high
thermodynamic efficiency of solar energy conversion, ie, a lower footprint
for this technology. Note that this technology is mainly conceived as an
optimal surface biomass productivity concept capable of a fivefold increase
in surface productivity (by unit footprint) in solar conditions compared to
conventional direct illumination systems (considering losses in the light
transmission chain). This corresponds to the maximum thermodynamic effi-
ciency of photosynthesis. Actual system performance depends on the optical
efficiency of the capture/concentration/filtration/distribution of light inside
the culture vessel. On the demonstrator represented in Fig. 2, transmission
efficiency reaches 30% and can probably be further increased to 50%.
Another important advantage of this technology is that the complete spec-
trum of the sun can be used postconcentration by splitting visible and infra-
red radiation and converting the infrared to provide the necessary
mechanical work to the PBR (pumps, mixing, and so on). This is a crucial
point that is generally omitted in most PBR efficiency calculations. With this
kind of technology, it could be possible to provide high-value biomass at a
thermodynamic efficiency reaching 15% (defined on the whole incident
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solar spectrum), ie, with the same efficiency as current industrial photovol-
taic devices producing only electricity.

6. CONCLUSION

This chapter discussed the parameters to consider when designing and
operating microalgal cultivation systems and how a robust and rational engi-
neering approach can support optimal system design and operation. In-
depth and long-term modeling efforts have produced engineering rules
and formulae to design, optimize, and control PBRs in a predictive and
rational way. This was illustrated here by giving examples of recent publi-
shed PBR developments for both artificial light sources and sunlight and for
various purposes from lab-scale fundamental research to industrial exploita-
tion. It was shown that factoring practical and economic constraints of the
final application into the engineering phase culminates in very different
technologies despite sharing the same rational engineering tools at the out-
set. This emphasizes how microalgal cultivation systems, unlike more clas-
sical bioprocesses for heterotrophic growth (ie, yeast, bacteria, etc.) that can
work with stand-geometry mixing tanks, have no standard geometry to
work to, mainly because light supply has such a big influence on process per-
formances that various technologies have emerged in a battle to maximize
light use. However, with appropriate consideration of all the constraints,
as illustrated here, it is possible to set a rational design of effective technol-
ogies, which is obviously of primary interest for microalgae-based industries.
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