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26.1 INTRODUCTION

Photosynthetic microorganisms such as microalgae and cyanobacteria (named for conve-
nience “microalgae” in what follows, except when cited) have a high potential in biofuel pro-
duction. Their main advantages are: solar production with higher surface productivities than
plants, simultaneous consumption of inorganic carbon, allowing a null carbon balance exploi-
tation, and possible production in closed systems, offering several advantages including an
intensified, controlled production with very low environmental impact (no fertilizer is
released and water can be reused). The high biodiversity of microalgae means that a variety
of energy-rich substances can be produced, such as hydrogen by water photolysis, lipids for
biodiesel, or biokerosene production, and sugars for biomass fermentation (methane) or gas-
ification [1–8]. However, using microalgae for biofuels introduces several constraints, in par-
ticular, the need to set upmass-scale, cost-effective, and sustainable plant. This last constraint
implies, for example, achieving a positive energy balance, which is not straightforward con-
sidering the different steps required to obtain usable biofuel (production, harvesting, and
downstream processing of biomass into biofuel). Mass-scale production of microalgae has
proved feasible for several decades, but in domains other than biofuel production [9]. Signif-
icant research and development efforts are still needed to define an integrated, efficient
rproduction system meeting the specific constraints of the energy market.

This chapter is devoted to a key step in using algae for energy production purposes,
namely the biomass production system. A specific technology is required. Microalgae culti-
vation possesses features common to bioreactors in general, such as thermal regulation,
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nutrient feeding procedures, pH regulation, and mixing for heat and mass transfer enhance-
ment. However, a light supply is necessary for photosynthetic growth, with several conse-
quences, in particular, the need for a dedicated cultivation system emphasizing large
illuminated areas. Unlike other more classical bioprocesses where mixing tanks display stan-
dard geometries, cultivation systems for microalgae are characterized by a broad diversity,
ranging from open ponds (open systems) to photobioreactor technology (closed systems).
A detailed description of existing geometries can be found in the literature [10–13]. This chap-
ter will present only a brief overview. Photobioreactor technology will be highlighted as it
offers several advantages of special interest to biofuel production. However, as is well-
known, it also leads tomore complex and costly processes, and is difficult to scale up formass
production on large land areas. Engineering breakthroughs are thus still needed before
suitable systems can be set up. Recent scientific work has brought new insights into how
such systems might be achieved, especially by clarifying the parameters governing
photobioreactor productivities and establishing engineering bases to optimize and intensify
them. These aspects will be presented here in the specific context of solar production. The case
of production of oil-enriched microalgae for biodiesel application will also be considered.

26.2 BASIC CONCEPTS OF PHOTOBIOREACTOR ENGINEERING

26.2.1 General Description

Photosynthetic growth in standard autotrophic conditions is based on the assimilation,
under illumination of inorganic carbon and mineral nutrients dissolved in the medium.
The cultivation of photosynthetic microorganisms will thus require:

– A light supply (solar or artificial source, with an appropriate light spectrum in the
photosynthetic active radiation (PAR) range, usually 0.4–0.7μm),

– An inorganic carbon source (such as dissolved CO2),
– Mineral nutrients (major nutrients such as N, S, P sources and micronutrients as Mg, Ca,

Mn, Cu, Fe, etc.),
– Set culture conditions (pH, temperature).

Growth medium composition depends on the species cultivated. For a given species, min-
eral requirements can be ascertained using various methods, for example, direct measure-
ment of their consumption, or elemental composition analysis. This is easy for major
nutrients (a detailed explanation can be found in Pruvost et al. [14]), but can be very difficult
formicronutrients, whichmay require specific analytical methods (see Cogne et al. [15]). Min-
eral requirements can be expressed in the form of a stoichiometric equation that can be used to
prevent mineral limitation by adapting nutrient concentration as a function of biomass con-
centration achieved in the cultivation system [16]. Below are two examples for the fresh water
species Chlamydomonas reinhardtii (Eq. 26.1) and Neochloris oleoabundans (Eq. 26.2):

CO2 +0:593H2O+ 0:176NH+
4 +0:007SO2 

4 + 0:018PO3 
4 !

CH1:781O0:437N0:176S0:007P0:018 + 0:108H+ +1:127O2

(26.1)
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CO2 + 0:751H2O+0:148NO3
 +0:014SO4

2 +0:012PO4
3 +0:212H+!

CH1:715O0:427N0:148S0:014P0:012 + 1:437O2

(26.2)

As for any biological production, a stoichiometric equation is useful for converting bio-
mass growth rates into substrate or product rates, for example, to determine nutrient require-
ments (especially in terms of nitrogen, phosphorus, and sulfur sources for photosynthetic
microorganisms). Eqs. (26.1) and (26.2) show, for example, the high biological requirement
for CO2, opening perspectives for CO2 biological valorization by microalgae [17].

As an acid, CO2 has a direct influence on pH. Its uptake leads to a progressive but signif-
icant basification of the medium [18]. Eqs. (26.1) and (26.2) also emphasize the difference due
to the nitrogen source (ammonium for Chlamydomonas reinhardtii vs. nitrate for Neochloris
oleoabundans). Oxygen release, for example, differs by 25%–30%. In addition, ammonium con-
sumption tends to lower the pH (H+ release), while nitrate consumption tends to raise it (H+

consumption). Special attention must therefore be paid to the nitrogen source when pH reg-
ulation is applied. In any case, pH will be affected by growth, with a significant influence of
the carbon uptake due to its high consumption during photosynthetic growth. pH regulation
will then be necessary to maintain an optimal value during cultivation (especially in the case
of high volumetric productivities involving high nutrient consumption).

Most of the problems described previously (design of the medium composition, influence
of biological uptake on physical, and chemical characteristics of the medium) are common to
all classical bioprocesses. Light energy supply, however, is highly specific. Unlike dissolved
nutrients, which can be assumed to be homogeneous inwell-mixed conditions, light energy is
heterogeneously distributed in the culture due to absorption and scattering by cells, indepen-
dently of the mixing conditions (Fig. 26.1). As light is the principal energy source of photo-
synthesis, this simple fact makesmicroalgae cultivation systems different from other classical
bioprocesses: specific approaches are thus needed for the design, optimization, and control of
the cultivation system. Photosynthetic activity (P) is directly related to the light received. This
is usually represented as the light response curve as given in Fig. 26.1. This curve is charac-
terized by a progressive saturation of photosynthesis with fluence rate G up to a fluence rate
of saturation Gs. For higher fluence rates, photoinhibition phenomena can occur with a neg-
ative influence on growth [19]. We also note that a threshold value of fluence rate is needed to
obtain positive growth. This value is termed fluence rate of compensation GC (corresponding
to the “compensation point of photosynthesis”). In cultivation systems, this nonlinear, com-
plex response of photosynthesis has to be considered in combination with the light attenua-
tion conditions. In extreme cases of high light illumination and high light attenuation (high
biomass concentration), cells in different physiological states will cooccur: some may be
photoinhibited (close to the light source) and some will receive no light (deep in the culture).
Ideally, the control of the system would require taking all these processes into account, a far
from trivial task.

26.2.2 Characterization of the Incident PFD

The light energy received by the cultivation system is represented by the hemispherical
incident light flux density q, or photon flux density (PFD) as it is commonly termed in
microalgae studies. For any light source, the PFD has to be expressed in the range of
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photosynthetic active radiation (PAR), in most cases in the 0.4–0.7μm bandwidth. For
example, thewhole solar spectrum at ground level covers the range 0.26–3μm. The PAR range
thus corresponds to almost 43% of the full solar energy spectrum.

As light is converted inside the culture volume, it is also necessary to add to PFD determi-
nation a rigorous treatment of radiative transfer inside the culture. This enables us, for exam-
ple, to couple the resulting field of fluence rate with photosynthetic conversion of the algal
suspension to simulate light-limited growth. However, this determination requires certain
information. In addition to the PFD value, light source positioning with respect to the optical
transparent surface of the cultivation system is important, as light penetration inside a turbid
medium is affected by the incident polar angle θ of the radiation on the illuminated surface
(Fig. 26.2). Ideally, beam and diffuse components of radiation should be considered sepa-
rately. By definition, the direction of a beam of radiation, which represents direct radiation
received from the light source, will define the incident polar angle θ with the illuminated
surface. By contrast, diffuse radiation cannot be defined by a single incident angle but has
an angular distribution over the illuminated surface (on a 2π solid angle for a plane). We note
that isotropic angular distribution is usually assumed, although an anisotropic distribution
should ideally be considered because of the dependency of radiative transfer inside the
culture volume on the angular nature of incident diffuse PFD. Both the incident angle and
the degree of collimation of the light flux can be difficult to characterize. However, in most

FIG. 26.1 Relation between light attenuation and photosynthetic growth in microalgal cultivation systems.
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artificial light cultivation systems, normal incidence is usually chosen as the most effective
way to transfer light into the culture volume (less reflection on optical surfaces and better
light penetration in the culture bulk). The PFD can also, in most cases, be assumed to be
quasi-collimated (so we can consider the PFD as beam radiation only). However, these
characteristics cannot be assumed in solar technology. The sun’s displacement makes the
incident angle time-dependent and so nonnormal incidence conditions will be encountered.
Sunlight can also present a large proportion of diffuse radiation due to scattering through the
atmosphere or by reflection from various surfaces, such as the ground. A detailed description
of the respective consequences of neglecting incidence angle and direct/diffuse distribution
effects in solar cultivation systems was recently published [20]. It was shown that each
assumption led to an overestimation of 10%–20% in biomass productivity. When the two
assumptions were combined (the simplest case of radiative transfer representation),
an overestimation of up to 50% was obtained, emphasizing the relevance of an accurate
consideration of the incident angle and direct/diffuse distribution in the radiative transfer
modeling when applied to the solar case.

The PFD can be measured using a cosine quantum sensor (LI-190-SA, LI-COR, Lincoln,
NE) with multi-point measurements to obtain an average over the illuminated surface
[21–23]. The accuracy will closely depend on the average procedure, especially if the PFD
is unevenly distributed. Actinometry could also be used for accurate characterization, as this
is sensitive to all photons absorbed in the reaction volume. A detailed example of the exper-
imental procedure in artificial light can be found in Pottier et al. [23]. In the case of sunlight,
measurement is obviously also possible, but mathematical relations are also available to de-
termine radiation conditions on a collecting surface as a function of the Earth’s location, year
period, and surface geometry [24]. An example was recently given by Sierra et al. [25] for a
solar photobioreactor. Some commercial software packages integrating solar models are also
available (METEONORM 6.0 software, www.meteonorm.com). These allow easy determina-
tion of irradiation conditions on a given surface. Such an approach is thus of particular inter-
est in the case of solar production and was applied by author in several works [20, 26, 27].
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FIG. 26.2 Solar radiation on a microalgal cultivation system: incident angle and diffuse-beam radiations (left),
evolution of solar sky path during the year (right).
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26.2.3 Light Attenuation in the Culture Bulk

Owing to absorption and scattering by cells, light distribution in microalgae cultures is
highly heterogeneous. This light distribution directly influences the light received by cells
(termed the fluence rate G) and thus process efficiency. Light attenuation in a given cultiva-
tion system geometry depends on the optical properties and concentration of cells. Optical
properties can be determined either experimentally or theoretically [23, 28, 29].

For a given culture, the field of fluence rate can be obtained experimentally using an under-
water spherical sensor (US-SQS/A, Heinz Walz, LI-COR, Effeltrich, Germany). Such a quan-
tum sensor measures the light from all incoming directions (4π solid angle) in the PAR and
has a small diameter (3mm) allowing the fluence rate to be measured [23]. However, as any
modification in cell concentration will modify light attenuation, this is of little interest. Radia-
tive transfer models are to be preferred, of which further details are given in the next section.

26.3 MODELING OF MICROALGAE CULTIVATION SYSTEMS

26.3.1 Mass Balance

The mass balance relates concentration in the cultivation system to kinetic rates of biolog-
ical production (biomass, O2) or consumption (nutrients, CO2) and system input and output.
For a continuous system assuming perfectly mixed conditions, the biomass concentration Cx

is then given by [30–32]

dCx

dt
¼ rxh i 

Cx

τ
¼ rxh i DCx (26.3)

with Cx the biomass concentration, <rx> the mean biomass volumetric growth rate in the
system, and τ the residence time resulting from the liquid flow rate of the feed (freshmedium)
(with τ¼1/D, where D is the dilution rate).

26.3.2 Kinetic Modeling of Photosynthetic Growth

Solving Eq. (26.3) involves determining themean volumetric growth rate<rx>. This rate is
linked to all possible limitations that can occur in the cultivation system. As will be shown
later, light-limited conditions allow the best productivity to be obtained and they will be
retained here as an example. With appropriate kinetic relations, other limitations can be con-
sidered (growth limitation by inorganic carbon or mineral nutrient concentration, tempera-
ture influence, etc.). The interested reader can refer to Fouchard et al. [33], where both light
and nutrient limitations were modeled in the particular case of sulfur deprivation, which
leads to starch accumulation and hydrogen production by Chlamydomonas reinhardtii.

There are numerous kinetic models linking photosynthetic microorganism growth to the
light received [34, 35]. For example, the following equations were applied for the cyanobac-
terium Arthrospira platensis [36] (Eq. 26.4) and the microalga Neochloris oleoabundans [32]
(Eq. 26.5), respectively:

rx¼ ρφA¼ ρM
K

K +G
φEaGCx (26.4)
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rx¼ ρφA μs Cx ¼ ρM
K

K +G
φEaGCx μsCx (26.5)

where G is the fluence rate, ρM the maximum energy yield for photon conversion, the mass
quantum yield for the Z-scheme of photosynthesis, K the half saturation constant for photo-
synthesis, Ea the mass absorption coefficient, and μs a specific respiration rate.

Both equations link the photosynthetic growth rate to the local specific rate of photons ab-
sorption and so to the local value of fluence rate G inside the culture bulk (A¼EaG). As a pro-
karyotic cell, with therefore, a common electron carrier chain for photosynthesis and
respiration, Arthrospira platensis displays negligible respiration in light [37]. This is not the
case for microalgae, growth in light being the result of the biomass increase caused by
photosynthesis in chloroplasts (anabolism) and its partial degradation by respiration in
mitochondria (catabolism). It is thus necessary to introduce a catabolism respiration term,
expressed here as a function of a constant specific respiration rate μs. This formulation is cer-
tainly oversimplified, as chloroplast and mitochondrial activities are not independent [38]. It
was, however, shown to be sufficient in the case of Neochloris oleoabundans and could be
retained in a first assumption at least for algae presenting a low respiration activity in light.
For more information, the interested reader can refer to literature [39].

26.3.3 Radiative Transfer Modeling

Light attenuation conditions can be represented using radiative transfer models. Several
examples can be found in the literature [40–44]. These models introduce assumptions in
the radiative transfer equation, the solution of which requires complex numerical tools
and long calculation times. However, several cultivation systems come under the so-called
one-dimensional hypothesis, where light attenuation occurs mainly along a single direction
perpendicular to the illuminated surface, termed the depth of culture z (like a rectangular
photobioreactor illuminated on one or both sides, cylindrical or spherical geometry with ra-
dial illumination). In this case, simple radiative models can be applied with relative accuracy.
The simplest one is the Lambert–Beer law, but because of the scattering generated by cells, its
use for microalgae is not recommended, especially when working in full light attenuation
conditions [23, 35, 45–47]. The two-flux model offers a useful compromise, often giving a suf-
ficiently accurate prediction of the radiation field in the context of photosynthetic microor-
ganism cultivation [23, 36, 40, 48] with analytical solutions that facilitate further coupling
with kinetic growth models. If geometries do not allow the one-dimensional hypothesis to
be applied, numerical approaches will be required, entailing a significant computational
effort [28].

An example of an analytical solution for the determination of the field of fluence rate is
given below using the two-flux model. This example is given here for the solar case taking
into account nonnormal incidence (thus introducing the incident angle θ) with a separate treat-
ment of the direct and diffuse parts of the radiation [26]. The PFD q is thus divided into q// and
q\(q¼q//+q\),the direct and diffuse parts of the PFD respectively. The solution can be easily
adapted for collimated radiation (diffuse radiation is then null) and normal incidence (θ¼0).
They are expressed here in Cartesian coordinates. For other geometries such as cylindrical
ones, solutions can be adapted from works of Loubiere et al. [49] and Takache et al. [50].
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We also note that with an increase in the computational effort, the field of fluence rate can
be solved spectrally, taking into account the spectral distributions of PFD and of optical prop-
erties of photosynthetic microorganisms. This has already been applied for artificial light
(see again Pottier et al. [23] and Farges et al. [51]).

The field of fluence rate for collimated radiation is given by.

Gcol

q==
¼

2

cosθ

1 + αð Þexp  δcol z Lð Þ½ + 1 αð Þexp δcol z Lð Þ½ +

1 + αð Þ2 exp δcolL½ + 1 αð Þ2 exp  δcolL½ +
(26.6)

with δcol¼
αCX

cosθ Ea + 2bEsð Þ the two-flux collimated extinction coefficient and α¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi

Ea

Ea2bEsð Þ

q

the

linear scattering modulus. Ea and Es are, respectively, the mean (spectrally averaged over
the PAR) mass absorption and scattering coefficients for the cultivated photosynthetic micro-
organism, b the backward scattering fraction, and Cx the biomass concentration in the culture
medium.

For diffuse radiation, the following equation is obtained.

Gdif

q\
¼ 4

1 + αð Þexp  δdif z Lð Þ½ + 1 αð Þexp δdif z Lð Þ½ +

1 + αð Þ2 exp δdifL½ + 1 αð Þ2 exp  δdifL½ +
(26.7)

with δdif¼2αCx(Ea+2bEs) the two-flux diffuse extinction coefficient.
The total fluence rate (representing the amount of light impinging on algae) is finally given

by simply summing the collimated and diffuse components.

G zð Þ¼Gcol zð Þ+Gdif zð Þ (26.8)

Eqs. (26.6) and (26.7) show that penetrations of collimated and diffuse radiation inside the
culture volume are markedly different. This will be especially important in solar conditions
where the diffuse component of the radiation is nonnegligible. We also note the influence of
the incident angle θ on the collimated part with a decrease in light penetration with the in-
crease in the incident angle (the diffuse radiation is here assumed to have an isotropic angular
distribution on the illuminated surface). Like the degree of collimation of the radiation, this
will influence cultivation system efficiency. An example of light attenuation profile is given in
Fig. 26.3. Both collimated and diffuse radiations contribute to the resulting fluence rate field
(for a more detailed description see again Pruvost et al. [20]).

26.3.4 The Specific Rate of Photon Absorption and the Working Illuminated
Fraction γ

The fluence rate distribution allows determining two significant parameters to be deter-
mined: the specific rate of photon absorption notedA (here expressed per unit of biomass, i.e.,
in μmolhν s

 1 kg 1) and the illuminated fraction γ (dimensionless).
Surprisingly, even though the rate of photon absorption has been found beneficial in nu-

merous studies devoted to photoreaction, it is rarely used in microalgal culture [52]. A is
obtained by the product of local fluence rate G and microalgae mass absorption coefficient
Ea (see previously). This value has been demonstrated as useful in photoreactor or PBR
modeling [39, 53, 54], to relate light absorption conditions to (biological) reactions. The rate
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of photon absorption represents the light effectively absorbed by the cells, which is a combi-
nation of light received (irradiance G) and the ability of the cells to absorb light (absorption
coefficient Ea). As light absorption by cells depends of their pigment content, which is highly
variable, rate of photon absorptionwas found as amore representative quantity to relate light
effect on both kinetics and cells regulation mechanisms (than considering the fluence rate
value alone). We can cite here Soulies et al. [55] who investigated the influence of specific
lighting conditions such as a change in light spectrum or incident angle. Introducing specific
rate of photon absorptionAwas found useful to relate these conditions to growth kinetics and
thus make it possible to capture the respective influences of absorption rates and growth of
red andwhite lights and nonnormal incident angles. Those authors also reportedmarked pig-
ment acclimation in the studied strain (i.e., Chlorella vulgaris) which tended to compensate
the fast decrease in available light with culture depth (in the case of red light) but also
nonnormal incident angle. The rate of photon absorption was found to help efficiently rep-
resent all effects andwas then proven as a value of interest inmicroalgal culture optimization.
Note that another example will be given later for lipids production.

The illuminated fraction γ was also introduced as a simple parameter to optimize light
attenuation conditions in microalgal culture systems [1, 36, 56, 57]. Schematically, the culture
bulk can be delimited into two zones, an illuminated zone and a dark zone (Fig.26.3).
Partitioning is obtained by the compensation fluence rate value Gc corresponding to the
minimum value of radiant energy required to obtain a positive photosynthetic growth rate.
For example, compensation fluence rates Gc¼1.5μmol m 2 s 1 [36] and Gc¼10μmolm 2 s 1

[50] were found for Arthrospira platensis and Chlamydomonas reinhardtii, respectively. The
illuminated fraction γ is then given by the depth of the culture zc where the fluence rate of
compensation G(zc)¼Gc is obtained (Fig. 26.3).

In the case of cultivation systems with one-dimensional light attenuation, we have.

γ¼
Vi

Vr
¼
zc
L

(26.9)

Normalized

fluence rate

(G/q Gcol/q,

Gdif/q)

Gdif/q)

Gcol/q

G/q

1.5

IIIuminated volume Dark volume

1

0.5

0
0 0.2 0.4

Normalized depth of  culture z/L

g = z(Gc)/L
0.6 0.8 1

FIG. 26.3 Example of fluence rate field in bulk culture (solar radiation, full light absorption).
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where Vi and Vr are the illuminated and total culture volumes, respectively.
Values of γ below 1 indicate that all the available light for photosynthesis received is

absorbed by the culture. Conversely, when the illuminated fraction is >1, some of the light
is transmitted (kinetic regime). This value has been shown to directly influence the perfor-
mance of any light-limited biomass production [36, 50]. Because it does not allow full absorp-
tion of the light captured, the kinetic regime always leads to a loss of efficiency (γ> l). Full
light absorption is thus to be preferred (γ , l), with, however, a negative influence of the dark
zone for microorganisms presenting respiration in light, such as microalgae (see below).

26.3.5 Biomass Productivity Determination

BiomassproductivityPx isusuallyexpressed in termsofvolumetricproductivity(kgm 3 h 1).
In the context ofmass scale production, surface productivity (Sx, kg m 2 h 1) is also a useful var-
iable to extrapolate to land area production. It has also been shown thatmaximal performance of
a cultivation system (in light-limited conditions) when expressed on a surface basis is indepen-
dent of the cultivation system design [32, 48]. Both volumetric and surface productivities
are linked in the following relation:

SX ¼
PXVr

Slight
¼

PX

alight
(26.10)

This equation introduces the specific illuminated surface alight, which represents the illu-
minated surface (Slight) to volume (Vr) ratio of the cultivation system.

In continuous mode, the biomass volumetric productivity Px is obtained for a given resi-
dence time τ (or dilution rate D¼1/τ) by measuring the biomass concentration Cx inside the
cultivation system.

Px¼D:CX ¼
CX

τ
(26.11)

We note that in the case of a steady state continuous production (dCx/dt¼0), the biomass
volumetric productivity is equal to the mean biomass volumetric growth rate in the cultiva-
tion system (Px¼<rx>).

For a batch culture, the mean biomass volumetric productivity can be estimated from the
culture duration tc before harvesting.

PX ¼
CX CX0

tc
(26.12)

where CX0 is the initial biomass concentration.
Biomass productivity can be obtained experimentally by direct measurement of the bio-

mass concentration [50], or theoretically by solving Eq. (26.3) (here in light-limited conditions)
in combination with an appropriate formulation of kinetic growth (Eqs. 26.4 and 26.5) and
radiative transfer in the culture bulk (Eqs. 26.6–26.8). This involves integrating the volumetric
growth rate rx over the reactor volume, because the heterogeneous distribution of the fluence
rate field makes growth rate a local value. This integration enables us to determine the mean
volumetric growth rate <rx> to solve Eq. (26.3).
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rxh i¼
1

Vr

ððð

Vr

rxdV (26.13)

For a cultivation system with one-dimensional light attenuation, this consists in a simple
integration along the depth of culture z.

rxh i¼
1

L

ðL

0

rx:dz (26.14)

where L is the photobioreactor depth.
For a given species (characterized by its optical properties and kinetic growth parameters),

biomass productivity will be a function of cultivation system engineering (especially
the depth of culture) and operating parameters such as the dilution rate D (or residence
time τ) or incident PFD. As a result, biomass productivity is difficult to predict in a simple
manner. This makes the theoretical approach of prime relevance to predicting productivity
evolution as a function of these key parameters and thus to photobioreactor optimization.

26.4 PRODUCTIVITY OF MICROALGAL CULTIVATION SYSTEMS

26.4.1 Main Limiting Parameters Affecting Productivity

Assuming that culture conditions (pH and temperature) are kept optimal, light, carbon,
and mineral nutrient supplies are the main variables liable to limit photosynthetic growth
and thereby reduce the productivity of cultivation systems (assuming there are no predatory
contaminations). As discussed below, nutrient and CO2 limitations can be avoided, but not
light limitation, because of light attenuation in culture and of the high light requirement for
photosynthesis. This simple but important observation is central to the optimization of
microalgal cultivation systems. One major consequence will be the need to develop specific
geometries maximizing light supply to the culture.

26.4.2 Nutrient and Carbon Source Limitation

To preventmineral limitation, the growthmediummust contain all the necessary nutrients
(macro and micro) in sufficient quantities and must therefore, be adjusted according to the
biomass concentration planned. Stoichiometric Eqs. (26.1) and (26.2) can be used for this pur-
pose, or more simply, concentration monitoring during cultivation. The reader can also refer
to studies in which themethod has been applied to various species [14, 32]. In specific cases, it
would also be of interest to apply mineral limitation to induce specific metabolic responses,
such as lipid accumulation (nitrogen source deprivation) or hydrogen production (sulfur
deprivation). Stoichiometric equations can obviously be used for this purpose (e.g., the inter-
ested reader can see Pruvost et al. [32]).

As the inorganic carbon source comes ideally from CO2 dissolved in the culture medium,
preventing carbon limitation is more problematic. It depends on the gas–liquid mass transfer
rate and the dissolved carbon concentration obtained. CO2 dissolution also affects the pH
value (acidification), which in turn influences the amount and form of dissolved carbon
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obtained (CO2, HCO3
 or CO3

2 ). As stated above, nutrient consumption can also interact with
pH evolution. Keeping an optimal pH value for growth, while averting limitation by the car-
bon source may thus not be trivial. However, in most cases, simple CO2 bubbling is usually
found to suffice in the first instance for both pH regulation (acidification) and carbon feeding.
In specific cases however, such as when using an ammonium source (the consumption of
which also leads to acidification), this could be more difficult. The dissolved carbon concen-
tration can always be monitored experimentally to forestall limitation [1].

26.4.3 Achieving Maximal Productivities

The growth of photosynthetic microorganisms depends on various parameters. Culture
conditions (pH and temperature) can be kept optimal by appropriate regulation, although
at large scale and in external solar conditions this can be very difficult (see later for the case
of temperature). Chemical nutrients (inorganic dissolved carbon and mineral nutrients) can
be supplied, while avoiding limiting or toxic concentrations. If all parameters are kept at their
optimal value and nutrients are given in adequate quantities, light-limited conditions where
light alone limits growth will be achieved. By definition, this will allow maximal biomass
performance.

As recently discussed and clarified elsewhere, the light-limited regime is not sufficient to
obtain maximal biomass productivities. This implies additionally controlling the radiative
transfer conditions inside the culture, as represented by the γ parameter [32, 36, 50]. If the
biomass concentration is too low, some of the light is transmitted through the culture (low
absorption, favoring the “kinetic” regime). Conversely, if the biomass is too high, a dark zone
appears deep in the culture (favoring the light-limitation regime). A distinctionmust bemade
here between eukaryotic (microalgae) and prokaryotic (cyanobacteria) cells. In the case of
cyanobacteria cultivation, having common electron carrier chains and no short-time respira-
tion in the dark [37], a dark zone will be sufficient (γ , l) to guarantee maximal productivity
[36, 48]. For eukaryotic cells presenting respiration in the light (microalgae), a dark zone in the
culture volume where respiration is predominant will result in a loss of productivity due to
biomass catabolism. Maximal productivity will then require the γ fraction to meet the exact
condition γ¼ l (the “luminostat” regime), corresponding to a full absorption of the light re-
ceived but without a dark zone in the culture volume [50].

In practice, maintaining an optimal value of the γ parameter is not easy, especially in the
case of microalgae (which implies meeting the condition γ¼1). Some illustrations are given
below for both batch and continuous productionmodes. Because it does not allow full absorp-
tion of the light captured, the kinetic regime always leads to a loss of efficiency (γ> l). This
regime is, however, usually encountered at the beginning of a batch production run
(Fig. 26.4). Because of the biomass growth, attenuation conditions will continuously evolve
and the γ value will progressively decrease down to a value below 1. For prokaryotic cells
(Fig. 26.4, left), as soon as full absorption is obtained, the maximal value of the mean volu-
metric growth rate will be achieved and then remain constant (until a large dark zone is
formed, inducing a shift in the cell metabolism). For eukaryotic cells, the γ¼1 condition,
and so the maximal value of the mean volumetric growth rate will only be transitorily satis-
fied (mean volumetric growth rate being represented by the slope of Cx(t), see Eq. 26.3).
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The increase in the dark volume will then progressively lower the mean volumetric growth
rate (Fig. 26.4, right).

In continuous mode, light attenuation conditions can be controlled by modifying the dilu-
tion rate to adjust biomass concentration in the system. For cyanobacteria (Fig. 26.5), therewill
be an optimal range of biomass concentrations tomeet the condition γ , l. For microalgae, the
γ ¼1 condition will require an optimal biomass concentration (Cx opt) corresponding exactly
to the occurrence of the physical limitation by light, with all light absorbed but no dark zone
(as shown in Takache et al. [50], a deviation of the γ value in the range γ¼1-15% could be
tolerated).

Whichever the production mode (continuous or batch), the control of the illuminated frac-
tion in light limited-conditions (with γ , l for cyanobacteria and γ¼1-15% for microalgae)
will enable us to obtain maximum biomass productivity of the cultivation system in light-
limited conditions (volume and surface). If radiative transfer conditions are known (using
a radiative transfer model, as already described) then the optimal biomass concentration

FIG. 26.4 Typical evolution of biomass concentration during a batch cultivation of cyanobacteria (left) and
microalgae (right) (light-limited conditions).

FIG. 26.5 Typical evolution of biomass volumetric productivity (left) and biomass concentration (right) as a func-
tion of the dilution rate for both cyanobacteria and microalgae (continuous production in light-limited conditions).
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can be sought theoretically. But experimental determination is also possible simply by
varying the dilution rate and measuring corresponding biomass concentration and
productivity [50].

26.5 ENGINEERING PARAMETERS GOVERNING
PHOTOBIOREACTOR PRODUCTIVITY

26.5.1 Optimization of the Light Supply

It is well established that cultivation of photosynthetic microorganisms is highly depen-
dent on the light supply, especially in light-limitation conditions. The light supply can be in-
creased either by increasing the PFD or by increasing the specific illuminated surface alight
(illuminated surface to culture volume ratio). Working in light-limited conditions with full
light absorption is again important when increasing the PFD. The mutual shading of cells,
in combination with adequate mixing conditions, will largely prevent photoinhibition
effects [12]. This enables us to work up to very high PFD (1000μmol m 2 s 1 and above,
see Ref. [50]) significantly higher than the maximum value that can be supported in dilute
culture, as usually represented by the fluence rate of saturation GS (usually in the range
200–500μmol m 2 s 1).

The relation between biomass productivities and PFD was recently introduced by Cornet
and Dussap [36], who proposed a simple relation. This relation was determined for cultiva-
tion systems working in light-limited conditions meeting the condition γ¼1 (luminostat re-
gime) and for geometries coming under the one-dimensional hypothesis (flat panel
geometries, open ponds, and cylindrical and tubular photobioreactors with radial illumina-
tion). This relation has since been validated on a large number of photobioreactor geometries
and species, including microalgae and cyanobacteria [32, 36, 50].

The equation for calculating maximal biomass volumetric productivity in light-limited
conditions is.

Pxmax ¼< rX>max ¼ ρMφ
2α

1 + α
alightK ln 1 +

q

K

h i

(26.15)

All the parameters can be determined predictively for any species or cultivation systems
geometry (for details, see Cornet and Dussap [36]). The parameters ρm, φ, K, and α (linear

scatteringmodulus α¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Ea= Ea + 2bEsð Þ
p

) are species dependent. The specific illuminated sur-
face alight and the PFD q are engineering parameters.

Due to the progressive saturation of photosynthesis with respect to light received, increas-
ing the PFD increases volumetric productivity, but with a progressive decrease in the yield of
light conversion into biomass. This results in a logarithmic relation between the productivity
and the PFD. Biomass volumetric productivity is by contrast found to increase proportionally
with the specific illuminated surface alight, emphasizing the utility of maximizing illuminated
surface with respect to culture volume. For example, for Cartesian geometries (this includes
flat panel photobioreactors and also open ponds), the alight value is directly related to the
depth of culture Lz by the simple relation alight¼Slight/Vr¼1/Lz. Very high volumetric pro-
ductivities will thus be obtained for technologies with very short light paths. Depths of
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culture are usually in the range of 0.1m (with depths up to 0.5m for open ponds), but values
below 0.01m can be also encountered. Considering Eq. (26.15), biomass volumetric produc-
tivity will then be increased 100-fold. In practice however, very narrow light paths induce
specific constraints, such as difficulty maintaining adequate heat and mass transfer condi-
tions, or possible biofilm formation.

Eq. (26.15) can also be expressed in terms of maximum surface biomass productivity.

< Sx>max ¼
rxmaxh i

alight
¼ ρMφ

2α

1 + α
K ln 1 +

q

K

h i

(26.16)

We observe that surface productivity is independent of the specific illuminated surface.
This is also an important conclusion. As the specific illuminated surface is fully dependent
on cultivation system geometry, surface productivity is useful for comparing efficiencies
of different cultivation systems. More interestingly, it emphasizes the fact that volumetric
productivity can be increased while keeping surface productivity constant (assuming that
the system remains in light-limited conditions). This conclusion is of particular interest in
the context of solar production of biomass for energy production uses, where surface produc-
tivity is crucial and so has to be kept maximal.

26.5.2 Influence of Mixing Conditions

Except for immobilized cells (not discussed here), culturemixingwill be necessary not only
for mass (nutrients, gas–liquid transfer) and heat transfers (temperature homogenization) but
also to prevent sedimentation and biofilm formation [44, 58, 59]. In addition to these classical
features of any bioreactor, mixing conditions also result in what are known as light–dark
(L/D) cycle effects widely described in the literature [9, 21, 31, 60, 61]. Cells moving in the
heterogeneous radiation field experience a particular history with respect to the light they
absorb, composed of variations from high fluence rate level (in the vicinity of the light source)
to low or quasi-null values (deep in the culture) if biomass concentration is high (Fig. 26.6).

The exact effects on the resulting growth remain to be researched. Photosynthetic conver-
sion is indeed a dynamic process, and the fluctuating light history induced by flow can
modify instantaneous conversion rates of absorbed light. However, it is very difficult to

FIG. 26.6 Example of cell displacement along the light gradient (left) and corresponding light/dark cycles (right).
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investigate those effects experimentally in cultivation systems, because of various mixing
effects, such as transfer enhancement (positive effect) or shear-stress generation (negative
effect). Separating the coupling between the flow field and the light use from other possible
mixing effects is difficult to achieve experimentally [62]. In addition, L/D cycle effects are
fully dependent on the light regime, and thus on cycle frequencies and magnitudes. In cul-
tivation systems such values are rarely known, cell historywith respect to light resulting from
both flow and radiative fields, each determination being a problem on its own. Some exam-
ples can be found in the literature on the characterization of light regimes in photobioreactors.
Firstly, cells trajectories are determined by using either a schematic representation of the flow
[63, 64, 64a], by experimental measurement with radiative particle tracking [63, 64b], or by a
Lagrangian simulation [44]. Light regime is next obtained by introducing the light attenuation
model. As shown in Pruvost et al. [31], attention must, however, be paid to the formulation of
the coupling. Mixing can influence the spatial distribution of particles participating in radi-
ative transfer, resulting in a modification of the radiation field [52]. The calculation method
for the radiative transfer has thus to be modified to take into account the effect of mixing con-
ditions. An over-simplified formulation (as usually produced), where cell trajectories and ra-
diative transfer are solved independently, results in a false representation of light availability
in the reactor. This can lead for example to a significant overestimation of the L/D cycle
effects [31].

In addition to the difficulty in accurately determining L/D cycle regimes experienced by
flowing cells, the corresponding biological response still remains to be clarified. It is difficult
to measure and the results depend on the species and the light fluctuation magnitude and
frequencies applied [21, 65]. To characterize the effect of given mixing conditions on the
system efficiency, an appropriatemodel has also to be formulated and then be associatedwith
the L/D cycle prediction. Some attempts can be found in literature [63, 64, 66–71] but a
research effort is still needed to develop robust and generalizable dynamic models able to
represent effects of the wide range of L/D cycles encountered in microalgal cultivation
system.

More vigorous mixing conditions may also have a negative effect due to the resulting
hydrodynamic shear stress. Numerous species are shear stress-sensitive, with various re-
sponses, ranging frommodified cell response (secretion of exopolysaccharides) to cell impair-
ment and death [72]. A compromise has thus to be found when mixing rate is increased [73].
However, again, very few quantitative data are available, and mixing conditions, despite
their influence on cultivation systems, are usually managed empirically.

In conclusion, although many studies have shown the relevance of mixing conditions,
knowledge is still insufficient and useful engineering rules have yet to be found to determine
optimal conditions for a given species and cultivation system. Hydrodynamic conditions
have indeed several impacts that have in fine to be related. For example, fast L/D cycles with
frequencies higher than 1Hz are known to have a positive effect. Such frequencies can be
reached in specifically designed cultivation devices [61, 74]. However, this improvement will
also increase energy consumption and induce shear stress. Ideally, each effect has thus to be
taken into account for global optimization. But this requires a significant research effort to set
up the appropriate theoretical framework necessary for systematic optimization. Actually,
only general rules can be currently used to guide mixing conditions in microalgae cultivation
systems. Their general objectives will be to prevent cell sedimentation, guarantee medium
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homogenization (temperature, pH, nutrients), promote L/D cycles by generating cell dis-
placement along the light gradient, and keep shear stress below cell fragility thresholds.

26.5.3 Inducing Nutrient Limitation to Produce Oil-Enriched Microalgae

Some oleaginous species can accumulate large amount of intracellular lipids, and espe-
cially neutral lipids such as triacylglycerols (TAGs) that can be converted to biodiesel via a
simple transesterification reaction [74a, 74b]. Due to their significant metabolic flexibility,
it is also possible to stimulate the intracellular accumulation of TAG inmicroalgae by varying
the culture conditions. For example, nutrient stress such as nitrogen deficiency can trigger the
accumulation of large amounts of neutral lipids in the form of TAGs [6, 53, 74b, 75].

The nitrogen starvation of N. oculata cultures can be achieved by two methods. Sudden
starvation consists of two steps: first, microalgae are grown in nitrogen-replete conditions.
Then, they are transferred into a nitrogen-free medium. Progressive starvation consists of
initially adding a small amount of nitrogen to the culture medium in the form of nitrate,
for example. After inoculating the PBR, themicroalgae grow andmultiply until they consume
all the nitrates in the medium and the culture medium becomes deprived of nitrogen. Both
protocols were extensively studied in Van Vooren et al. [75]. For large-scale culture, only the
progressive starvation protocols seem feasible. Biomass from a culture system in nutrient
replete conditions can be used, for example, to inoculate a second system operating in batch
mode where nitrogen consumption during initial growth initiates starvation promptly.
However, this resulted in a fully dynamic process, as several linked key-parameters will pre-
sent time evolutions (biomass and nitrogen concentrations and also pigment contents that are
highly impacted by nitrogen deprivation). In solar culture, this should remain challenging
because of the additional effect of diurnal cycles [76].

Furthermore, Kandilian et al. [77] have shown the direct relation of the specific rate of
photon absorptionwith lipid accumulation in the condition of nitrogen starvation. This quan-
tity was found relevant to relate the decrease the pigment content, thus altering light absorp-
tion by cells. The authors found that a given value of specific rate of photon absorption Awas
necessary to trigger TAG over-accumulation and the TAG synthesis rate was also strongly
related to A. This result should then be considered for the development of optimized
procedure for TAG-enriched microalgae production in outdoor solar conditions.

26.6 EXISTING TECHNOLOGY

26.6.1 Microalgae Culture Systems

Unlike other more classical bioprocesses where mixing tanks essentially have standard
geometries, microalgal cultivation is characterized by a broad diversity 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 [10–13]. The inter-
ested reader can also refer to two recent author’s reviews [78, 79]. Following sections will give
the main features of outdoor microalgal culture.
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26.6.2 Specific Features of Solar Cultivation Systems

Microalgal cultivation systems can use artificial or natural (sun) light sources. Obviously,
for practical, economic, and environmental reasons, natural sunlight is to be preferred for
mass-scale production of biomass for energy production purposes. This case will be
explored here.

Whatever the technology (open or closed technologies), optimal operating in real outdoor
conditions is challenging. This especially concerns (i) culture contamination issues, (ii) the
optimization of the light conversion by the culture to achieve maximal performances of
the system, and (iii) the difficulty to maintain optimal growth conditions such as temperature
of culture [9, 20, 27, 80].

Regarding light conversion optimization, solar production adds a degree of complexity to
the optimization and control of the cultivation system, compared with the artificial illumina-
tion case. The process is fully dynamic and driven by an uncontrolled input: the solar incident
flux. Sunlight is highly variable in time (day-night cycles, season, and clouds) and space
(Earth location, orientation of the cultivation system with respect to the sun path, shading
by surrounding buildings, trees or others cultivation systems, etc.). All these features already
affect more classical solar processes such as photovoltaic panels, solar thermal concentrated
conversion or photocatalysis [24]. Microalgae production involves in addition specific fea-
tures such as the need to keep growth conditions in an acceptable range (thermal regulation
will thus be of prime relevance), or the complex biological response to light (e.g., saturation or
photoinhibition effects) and dark (biomass catabolism at night). Unlike processes based only
on surface conversion (e.g., photovoltaic panels), optimizing the amount of light collected on
themicroalgal cultivation system surface is thus not sufficient. Light conversion by photosyn-
thetic microorganisms occurs within the culture bulk: the transfer of the collected light flux
inside the bulk has thus to be taken into account. As a consequence, as for any light-driven
process, cultivation systemswill be highly dependent on the light collected on the illuminated
surface, but light transfer conditions and thus productivity will be also influenced by the var-
iation of incident angle or direct/diffuse distribution of sunlight flux density. All these
aspects formed the subject of different author’s papers [20, 26, 27] introducing a generic
model to represent light-limited growth in solar photobioreactors (based on the theoretical
framework presented in previous sections, drawn from many years of investigation in arti-
ficial light systems). The model was associated in particular with a solar database to predict
surface productivity as a function of the system location or its ability to intercept solar radi-
ation (e.g., as influenced by system inclination or season).

One main consequence of working in solar conditions is the dynamic regime imposed by
radiation variations (e.g., day-night cycle). Transient behavior is obtained as a result of a com-
plex interaction between physical (light) and biological (growth) kinetics, with a specific role
of night, which induces biomass catabolism. The marked, steep changes in radiation condi-
tions during the day hinder the overall optimization of the process. Whereas in artificial light
the PFD can be kept constant allowing an optimized biomass concentration to obtainmaximal
performance from the cultivation system, in sunlight, nonideal illumination conditions pre-
vail most of the time due to the low growth rate of algae: at noon, biomass concentration will
not increase sufficiently fast to ensure full absorption of impinging light and at the beginning
and end of day, dark zones will appear in the culture bulk [27]. All these features are
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characterized by the illuminated fraction, which always varies in solar conditions (Fig. 26.7).
Control strategies can be devised to optimize light use during day-night cycles, such as with
the harvesting procedure to optimize biomass concentration in the system and thus in the
illuminated fraction for given period of the day. However, the high variability of sunlight
makes this very difficult (besides day-night cycles, weather conditions have also to be
allowed for) and the species cultivated will also greatly influence the strategy (especially
when cultivating eukaryotic microorganisms that are sensitive to dark zones). The growth
kinetics of biomass being also slow compared with the rapid variations in incident sunlight
intensity, a luminostat regime cannot be reached. At best, a compromise needs to be found to
determine the conditions approaching this ideal set point for most of the day. Whatever the
case, light attenuation within the culture is not easy to determine. To do so, light transfer
modeling is essential [26, 39, 45, 47, 56, 81, 82]. Furthermore, it can be associated with kinetics
models of photosynthetic growth for a complete representation of the cultivation system char-
acterized by its biomass concentration and biomass productivity. The reader is referred to the
following studies for further information [36, 48, 57, 81].

Similar conclusions can be drawn for other growth parameter, such as temperature. Some
50% of the energy content of solar radiation lies in the infrared spectrum (higher than PAR
wavelengths). Solar technology, and especially closed systems, thus tends toward
overheating (or evaporation of water in open systems) under high light flux (depending ob-
viously on the ambient conditions). An example is given in Fig. 26.8 for a flat panel
photobioreactor operated without thermal regulation in the South of France in the month
of July (unpublished results). A temperature of 340K is reached here (67°C), obviously incom-
patiblewith amicroalgal cultivation. The control of temperature is thus a further challenge for
mass-scale production, especially in the case of an energy-production end use. The energy
balance of the process being of prime relevance, energy consumption for thermal regulation
has thus to beminimized and kept in an acceptable range (at least below the energy recovered
in biofuel). This implies appropriate engineering of the system but, again, the problem is not
trivial, the thermal behavior (depending on the light flux) directly influencing the biomass
growth (the appropriate temperature window is strongly dependent on species cultivated
but typically in the 10–30°C range).
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FIG. 26.7 Typical day-night variation of
biomass concentration (circles added on
lines) and illuminated fraction (dashed line)
in a surface-lightened photobioreactor
during a summer day. The normalized
PFD (solid line) is also given.
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As a major issue of solar microalgal cultivation, temperature and thermal regulation of
microalgal culture systems has been widely investigated, and the interested reader can refer
to literature for more details [83–87]. Various solutions are available for heating or cooling
microalgal culture systems depending on their design, size, and location. Water cooling
and/or heating by spraying on the outside photobioreactor surfaces or by direct immersion
in a pool are often used [87]. In temperate regions, cultivation systems can also be placed in
greenhouses. This can be used for either open [88] or closed culture systems [89].

26.6.3 Toward Systematic Solar Culture Optimization

As discussed earlier, numerous features can impair outdoor microalgal production, from
mineral or carbon limitation to nonideal temperature or pH control, non-optimized
harvesting strategies, contamination, and more. There is a clear need to pursue with efforts
to develop tools for solar cultivation optimization in terms of performances and culture
robustness.

However, because of the rise of microalgal industry in the last few years (and research ef-
fort on microalgae-based biofuel production), several tools and models are nowadays avail-
able to deeply investigate effects of solar culture conditions. This includes outdoor research
facilities (such as AlgoSolis facility, www.algosolis.com), lab-scale fully controlled
photobioreactor simulating outdoor conditions, and theoretical models [90–92].

Combining modeling to experimental approaches reveals especially relevant. Whatever
the operating parameter (light, temperature, pH, etc.), mathematical modeling of the solar
production case is indeed certainly at least as important as technological development. For
example, modeling enables to simulate various technologies and designs. We can cite
here thermal modeling as an example [85, 93–95]. Once validated, this allows optimizing
through simulations culture systems engineering and operation, and also opens the pos-
sibility to set advanced-control algorithms for optimal thermal regulation strategies (same

FIG. 26.8 Typical thermal behavior of a flat panel system during a sunny day in France (Perpignan, July 2010). To
emphasize the overheating, the system was operated without thermal regulation (water solution and black dye).
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applies for light conversion through light attenuation optimization). Biofuel production
will certainly aim at operation throughout the entire year. Hence advanced control strat-
egies or engineering optimization procedures are crucial to having systems operate
close to their maximal performance. The utility of this approach has already been demon-
strated for artificially lightened photobioreactors [96]. An adequate theoretical framework
for the solar case remains to be developed. It is currently the subject of a major research
effort.

26.6.4 Surface and Volumetrically Lightened Systems

Light energy can be supplied in two general ways, by direct illumination of the cultiva-
tion system (surface-lightened systems) or by inserting light sources inside the culture vol-
ume (volumetrically lightened systems). Most cultivation systems belong to the simpler
surface-lightened group [9, 11]. A wide variety of geometries are encountered, from open
ponds to tubular or flat panel photobioreactors. An extensive literature can thus be found on
these systems, showing that all of them have advantages and limits as regards control of
culture conditions, culture confinement, resulting hydrodynamics conditions, ease of
upscaling, construction cost, etc. However, whatever the concept, light supply and its
use by the culture will always govern the productivity of the cultivation system, so that
PFD and the specific illuminated surface will be the main engineering parameters. In solar
conditions, the PFD is defined by the ability of the system to collect light. As for any solar
processes, various positioning options are found, with systems positioned horizontally
[97–99], vertically [100–102], or in few cases tilted [103, 104]. Maximizing light interception
is not trivial, however. It naturally depends on the system location on the Earth and on the
day or year period. For example, horizontal systems are best suited to locations close to the
Equator (latitude 0 degree). For higher latitudes, it will be necessary to increase the titled
angle to maximize light collection (roughly speaking, the best inclination angle for a given
position on the Earth is equal to the latitude of the location). Although maximizing light
intercepted must be a basic principle of any microalgal cultivation system (as for any solar
process), other constraints have also to be considered. For example, using the airlift princi-
ple for mixing will preclude horizontal geometries, and shading will have to be considered
when arranging vertical or tilted systems on a given land area. Again, optimizing a solar
cultivation system thus proves more complex than for other classical solar processes, such
as photovoltaic panels, where light intercepted is the only parameter (of a given panel
technology).

Volumetrically lightened systems lead to more complex technologies, but allow a further
optimization of the light use in the culture. Firstly, insertion of light sources in the culture
bulk guarantees a maximal use of emitted photons. For surface-lightened systems, and es-
pecially for artificially lightened systems, it is very difficult to collimate all the emitted light
onto the optical surface of a photobioreactor. Secondly and more interestingly, internal
lighting allows light to be diluted. As discussed previously, increasing light leads to higher
volumetric productivity, but with a progressive decrease in the conversion yield, due to
photosynthesis saturation. By diluting light received in the culture volume, a high yield
can be maintained. This is of particular interest for solar use and energy production
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applications. In this case, solar light is collected on a given surface (using, e.g., a parabolic
device) and then transmitted to the culture (using, e.g., optical fibers). Because of the high
PFD usual in solar conditions, a significant increase in surface productivity can be obtained.
Furthermore, the dilution principle can be combinedwith a solar-tracking system, giving an
additional possibility of optimization by maximizing light intercepted during the sun’s
travel [105]. By combining these advantages in systems with high specific illuminated sur-
faces, the most efficient system of light conversion into biomass can be obtained, with both
high volumetric and surface productivities. A full description of such a principle has been
described by Cornet [48] with a volumetrically lightened PBR based on the “DiCoFluV”
concept (more details are given in next sections). Theoretically, such technology allows
the highest biomass productivities permitted with algae. The author presents maximal pro-
ductivities that could be achieved for both surface and volumetrically lightened systems,
assuming ideal sunlight conditions when located at the Equator. For surface-lightened sys-
tems (fixed horizontal photobioreactor), a mean daily ideal value of the PFD around
1000μmolm 2 s 1was harnessed, leading to a surface biomass productivity of 100 t ha 1 y 1

with an exergetic yield of the photobioreactor of 6%. For volumetrically lightened systems
with a sun-tracking system (“DiCoFluV” concept), the daily averaged PFD was increased
to 1400μmol m 2 s 1 (same equatorial location). In combination with the dilution principle,
a surface biomass productivity of 400 t ha 1 y 1was obtained, corresponding to amaximum
energy yield of the photobioreactor of 17%. Because all the calculations were conducted
here for an ideal case (solar radiation, growth kinetics, photobioreactor design, and light
use), this corresponds to the upper limit of productivity that may be achieved on the
Earth with photosynthetic microorganisms.

Volumetrically illuminated PBRs hold great promise, but there are still rare few examples
in the literature [41, 48, 106–108],mainly due to the technological complexity involved and the
difficulty scaling up PBR systems to large surface areas. Further technological developments
are still needed.

26.6.5 Open systems and Photobioreactors

Several recent reviews on existing technologies for microalgal production can be found in
the literature and only the main aspects will be given here.

Thecheapest systemsthatcanbeeasilyextendedtodaytoa largescaleareopensystems.These
systems have been used for many decades at an industrial scale, but for applications other than
biofuels [9]. Technologically, such systems could, however, be used for that purpose. The two
main groups of open systems are natural ponds and raceways. The main difference between
them is in themixing regime. Open ponds are unmixed (except naturally, e.g., by wind), unlike
raceways,wherepaddlewheels areused to circulate the culture ina loopconfiguration.Thebest
productivities are obtained in these last systems. The main limitations of open systems are
inherent to their operating principle. Owing to the direct contact with the atmosphere, there
is a high risk of biological contamination (other microalgae species, bacteria, predators, etc.).
Only resistant species can thus be long-term cultivated in such systems. Because there is a
large interfacebetween thecultureand theatmosphere, their control isalsodifficult, forexample,
to maintain optimal temperature (although open systems are less subject to overheating than
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closed systems). In addition, the gas–liquid equilibrium with the rather low atmospheric
CO2 contentgenerally results ina limitingconcentrationofdissolvedcarbon, insufficient tomeet
the needs of photosynthetic microorganisms in the case of intensive production. A carbon
supply can be added (CO2 or carbonate), but a significant part of thiswill inevitably be degassed
into the atmosphere, making carbon limitation difficult to prevent entirely.

The raceway system is certainly the most widespread technology for large-scale culture
and it has gained currency as amature cultivation system [98, 109, 110]. Raceway technologies
are effectively easy to scale-up and cheap to build. Different materials can be used, from clay
to PVC [111]. Over the last few years, optimizations have been proposed, such as using com-
putational fluid dynamics to optimize mixing with a paddlewheel design [112–115] to max-
imize biomass productivity and light distribution in the culture volume and reduce power
consumption [116]. Raceways technology appears nowadays clearly as a reference for out-
doormass-scale production. However, as for any open culture system, it suffers from intrinsic
limitations, such as the risk of biological contamination. It is then well-adapted to producing
extremophile or resistant species. On the other hand, if the goal of the system is to produce
sensitive microorganisms, then a closed system (PBR) is needed.

Closed geometries reduce risks of external contamination and a better control of culture
conditions is obtained. The higher partial pressure allowed in the gas phase will also prevent
carbon limitation. All these advantageswill allow the light-limitation condition to be obtained
and as already discussed, productivity will then be limited only by the solar energy entering
the cultivation system and by its use either by direct illumination or by diluting light in the
culture bulk. However, closed geometries suffer from several limitations and also inherent to
their operating principles. Culture confinement increases the risk of biofilm formation, leads
to oxygen accumulation in the culture (toxic effects), and overheating can occur (especially in
solar conditions due to the large amount of infrared light collected). Unlike open systems
where the only way to prevent external contamination or carbon limitation is to close the sys-
tems (working then with photobioreactor technology), the limits of closed geometries can be
at least partly overcome by appropriate engineering of photobioreactors (e.g., by adapting
mixing conditions to increase heat and gas–liquid mass transfer or to prevent biofilm forma-
tion). However, this most often also results in increased cost and complexity. As the
photobioreactor is the only system that allows maximal productivity to be obtained (by
working in light-limited conditions), great efforts are currently being made to develop
new technology devoted to mass scale production.

The literature counts an array of reports and publications on the various PBR technologies
available [11, 13, 32, 79, 87, 100, 117, 118]. PBR technologies are characterized by a wide di-
versity including tubular, cylindrical, and flat-panel systems. This diversity of PBR designs is
the result of various attempts to optimize light capture while satisfying other practical con-
straints related to (i) engineering design, including system integration, scale of production,
materials selection, and project costs, and (ii) system operation factors such as CO2 bubbling,
oxygen removals, temperature and pH regulation, nutrient delivery, etc.

Nowadays, current mass scale production comesmainly from extensive open systems that
are easier to build and operate, that is, open ponds or raceway systems. However, it may well
be that in the near future a suitable closed technology will be devised that meets the criteria
for mass-scale intensified production of photosynthetic microorganisms.
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Fig. 26.9 (top) gives a rough estimate of the maximal surface productivity that could be
achieved with the different technologies (all for an ideal case, as defined by Cornet [48]).
The lower surface productivity of open systems is assumed here, considering the lower control
of culture conditions and effect of carbon limitation, with raceways presenting higher produc-
tivities than open ponds due to the mixing optimization they permit. Higher surface produc-
tivities are obtained with volumetrically lightened photobioreactors allowing light dilution in
the culture bulk to prevent from adverse effects of photosynthesis saturation to light, as encoun-
tered in surface-lightened photobioreactors having thus lower surface productivity. Fig. 26.9
(bottom) gives an overview of volumetric productivity of microalgal cultivation systems that
is highly linked to their specific illuminated surface and thus culture depth. Raceway depths
are usually about 0.2m, while photobioreactor depths can be as low as a few centimeters or
even less. Using Eq. (26.15) and considering also that open systems are usually submitted to
other limitations than light, the volumetric productivity of photobioreactor can be thus higher
by two orders ofmagnitude. As already discussed, surface productivity is relevant for its direct
impact on land areas required for a given production. Volumetric productivitywould have also
a decisive impact on the global biofuel production process. Increasing volumetric productivity
will indeed allow high biomass concentration and thus lower harvesting cost and will also
lower the culture volume to be managed and so energy consumption for mixing. All these as-
pects will contribute to a positive energy balance at the overall process level. Considering in
addition that only closed systems allow carbon limitation to be prevented when working at
high biomass volumetric productivity, thus leading to a higher surface productivity than in
open systems, photobioreactors clearly offer the highest potential. Maximal areal productivity
can be sought while increasing volumetric productivity. Limits are here mainly in engineering
aspects making the development of specific cultivation systems for mass-scale production of
algae at an acceptable cost as one of the main current challenges to the global use of photosyn-
thetic microorganisms for energy production.

Volumetrically lightened photobioreactors

with light dilution principle

Surface-lightened photobioreactors

(direct illumination)

Raceways

1

10–4 10–3 10–2 10–1 1

10 30

Biomass surface productivity (t ha–1 y –1)

Biomass volumetric productivity (kg h–1
 m–3)

Open systems

100
70 200

With light dilution
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Without light dilution

principle (direct

illumination)

400 1000

Open ponds

Higher plant

(average productivity in europe)

Estimate of  the thermodynamic limit of

photosynthetic conversion

Photobioreactors
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FIG. 26.9 Estimate of the maximal surface (top) and volumetric (bottom) productivities that could be achieved
with different microalgal cultivation systems.
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26.6.6 Interest of Photobioreactor Intensification for Biofuel Production:
The AlgoFilm Concept

As shown previously, the setting of generic engineering formula allows relating engineer-
ing parameters to resulting culture systems performances [volumetric and surface productiv-
ities, Eq. (26.15) and (26.16), respectively]. This enables developing rational approaches
for process intensification. Such an approach was recently proposed by authors for the
development of a solar technology named AlgoFilm [119].

The underlying concept is to increase both specific illuminated surface (by decreasing the
culture depth, i.e., alight¼Slight/VR¼1/L for a flat panel) and PFD to increase volumetric pro-
ductivity (or biomass concentration, the two being linked). More specifically, working in a
thin-film (typically alight>100m 1, L<0.01m) compared to usual geometries (alight around
20m 1 for a PBR of depth 0.05m, 0.3m 1 for raceway of depth 0.3m) allows increasing by
two orders of magnitude volumetric productivity. This makes it possible to work in high-cell-
density culture (Cx>10kg m 3) leading to the advent of high-volumetric productivity PBRs
(HVP-PBR). Note too that increasing the PFD will lead to a further increase in biomass pro-
ductivity (but with a decrease in thermodynamic yield of photosynthetic conversion, as pre-
viously discussed). As surface productivity is independent of specific illuminated surface
(Eq. 26.16), a specific feature 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 which aims to pro-
pose 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 system, without light dilution). AlgoFilm PBR was based on
the falling-film principle so as to obtain very thin culture (around 1.5–2mm) and provide
a high specific illuminated surface area (around 500m 1, corresponding to 2.1Lm 2 of illu-
minated surface). This allows achieving a biomass productivity of 5.7kg m 3 day 1, higher
than value reported in literature (usually around 1–2kg m 3 day 1 for solar PBR). This value
was similar to those generally found for microalgal production in heterotrophic processes
(5.8kg m 3 day 1, [120]).

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 consumption in several processes is directly linked to culture
volume (pumping, mixing, temperature control, harvesting, etc.). Increasing volumetric pro-
ductivity can thus drastically reduce energy needs for a given operation. This holds primary
relevance in biofuel production for example, where both surface and volumetric productiv-
ities can be increased by appropriately engineering PBRs. Note that the AlgoSolis R&D
facility (www.algosolis.com) recently integrated the AlgoFilm technology as a platform for
research projects in microalgal liquid biofuel production (biodiesel, biokerosene).

26.7 CONCLUSIONS AND PERSPECTIVES

While promising, the biofuel production from microalgae remains a major challenge. This
implies to raise several obstacles, particularly related to the need to produce at large scale and
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in a sustainable way a microalgal biomass that can be converted into biofuel. This involves a
joined effort both in biology (choice of effective and robust species, optimization and control
of their culture at large-scale …), and in bioprocess engineering (culture systems, down-
stream processing, and final conversion in biofuels).

As shown in this chapter, production alone remains a major bottleneck (downstream
processing that has not been addressed in this chapter is also a major issue). The choice of
culture technology influences key criteria, like biomass productivity (biomass produced
per unit of land area) but also the energy consumption that can lead to a negative energy bal-
ance on its own (due to thermal regulation, ormixing). However, themain challenges are now
identified and based on robust engineering approaches, innovative technologies like intensi-
fied photobioreactors and advanced control software can now be devised for an optimal solar
production ofmicroalgae. Research efforts have to be pursued and should focus on the closely
connected areas of microalgal biology, engineering design, and control.
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