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Abstract: Since the 1950s, microalgae have been grown commercially in man-made cultivation units
and used for biomass production as a source of food and feed supplements, pharmaceuticals, cosmet-
ics and lately biofuels, as well as a means for wastewater treatment and mitigation of atmospheric
CO2 build-up. In this work, photosynthesis and growth affecting variables—light intensity, pH,
CO2/O2 exchange, nutrient supply, culture turbulence, light/dark cell cycling, biomass density and
culture depth (light path)—are reviewed as concerns in microalgae mass cultures. Various photo-
synthesis monitoring techniques were employed to study photosynthetic performance to optimize
the growth of microalgae strains in outdoor cultivation units. The most operative and reliable tech-
niques appeared to be fast-response ones based on chlorophyll fluorescence and oxygen production
monitoring, which provide analogous results.

Keywords: microalgae; photosynthesis; mass culture; photobioreactor (PBR); thin-layer cascade;
chlorophyll (Chl) fluorescence; oxygen evolution

1. Microalgae

Phytoplankton/microalgae are major global contributors to primary productivity,
assimilating about half of all carbon dioxide converted annually into organic matter [1].
Microalgae (in applied phycology this term refers to prokaryotic cyanobacteria and eu-
karyotic algae with a cell size of about 2–50 µm) belong to some of the fastest-growing
photosynthetic microorganisms. For about 70 years they have been grown commercially
in man-made cultivation units and used as food and feed supplements, pharmaceuticals,
cosmetics and lately biofuels, as well as for wastewater treatment and mitigation of atmo-
spheric CO2 build-up [2,3]. These microorganisms produce a spectrum of bioproducts—
polysaccharides, proteins, lipids, pigments, antioxidants, vitamins, bioactive compounds
and many others [4]. Industrial cultivation of microalgae has developed considerably since
the 1990s [2,5–11]. Current commercial culturing units range from tens of thousands litres
in photobioreactors (PBRs) to billions of liters in open ponds [12,13].

Microalgae have several advantages compared to macroalgae and higher plants [14]:

• Possibility of mass cultivation in various environments when necessary variables for
their growth are provided;

• A small quantity of microalgae is enough for production scale-up;
• Microalgae cell doubling time is short (when compared to other photosynthesizing organisms);
• Fast growth and minimal nutrient requirements;
• Can grow in wastewater;
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• Can produce secondary metabolites under various stress conditions;
• Can be modified for enhanced lipid and carbohydrate production;
• Easy to extract biological compounds from microalgae;
• One-time investment for long-time production of microalgae.

Numerous systems and technologies have been designed and used for phototrophic
cultivation of microalgae mass cultures, using either natural or artificial light [3,12,13]. The
use of an appropriate culturing system and the set-up of the growth regime must be worked
out individually for each strain. In any cultivation system, several basic variables have to
be considered: illumination, mixing (circulation) and gas exchange (O2 stripping/supply
of CO2) (Figure 1). In microalgae biotechnology two basic systems are used in microalgae
mass production: one being open reservoirs (with direct contact of the culture with the
environment), which usually covers a large area, while the other represents closed trans-
parent vessels, PBRs, with natural or artificial illumination where the culture has no direct
contact with the atmosphere. Generally, biomass production from open-system cultures is
cheaper when compared to PBRs, but open ponds are used for a limited number of robust
microalgae strains. The production in open ponds with a high culture depth (10–30 cm)
results in a low volumetric density and productivity [15]. On the other hand, high biomass
concentrations (>20 g DW L−1) can be achieved in thin-layer systems [16–18], being among
the highest attainable in large-scale microalgae production systems. From a commercial
point of view, the value of the final product is often crucial. It is important to analyze the
variables affecting culturing of a selected strain and consider possible pros and cons for a
particular cultivation system.

Figure 1. A schematic diagram of microalgae cultivation (and biomass processing) showing variables
affecting the growth of microalgae. They are grown in a cultivation unit using an aqueous mineral
medium and are exposed to light. However, a minimum biomass concentration corresponding to
about 10 g per square meter (~0.2 g Chl m−2) is recommended to avoid photo-stress. The operation
variables—irradiance, pH, CO2 supply, dissolved O2 concentration, turbulence, photosynthetic
activity, biomass density—have to be monitored and maintained to optimize the growth of the
culture. During processing, the biomass is separated from the medium, disintegrated and dried
for use as, e.g., food or feed additive, or as a source of bioactive compounds in pharmacology
and cosmetics, or most recently for the production of biofuels, etc. (modified from Masojídek
and Torzillo [3]).
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2. The Process of Photosynthesis

Oxygenic photosynthesis is an exclusive process of light used as a source of energy for
production of organic matter by photoautotrophs. The process emerged in cyanobac-
teria at least 2.5 billion years ago. Carbohydrate production is based on the simple
equation of oxygenic photosynthesis, which shows all the necessary requirements of
this biological process:

CO2 + 2 H2O + 8 − 10 photons = [CH2O] + H2O + O2 + waste heat (1)

Virtually all life on Earth depends directly or indirectly on this process as a source of
organic matter and energy for its metabolism and growth. Oxygenic photosynthesis (with
two photosystems functioning in series) is expressed as a redox reaction driven by light
energy (collected by Chl), in which CO2 and water are converted to carbohydrates and
oxygen molecules are released (Equation (1)). This process can be divided into two phases,
the so-called light reactions and dark reactions (Figure 2) [19]. In the light reactions, which
are carried out on photosynthetic membranes, the light energy is converted to chemical
energy providing a biochemical reductant NADPH2 and a high-energy compound ATP.
In the dark phase, which takes place in the stroma, NADPH2 and ATP are utilised in the
biochemical reduction of CO2 to carbohydrates.

2.1. The Light Reactions

The main role of the light reactions is to supply NADPH2 and ATP for the assimilation
of inorganic carbon. The light energy is trapped via two photo-reactions carried out by two
pigment–protein systems, Photosystem I (PS I) and II (PS II). The photosystems work in
series being connected by a chain of electron carriers that is usually pictured in a so-called
‘Z’ scheme [20].

Figure 2. Major products of the light and dark reactions of photosynthesis. The process of oxygenic
photosynthesis is divided into two stages, the so-called light reactions and dark reactions. The light
reactions include photobiochemical processes—light absorption, water splitting, transfer of excitons
through two photosystems in series (PSII and I), and electron and proton translocation resulting
in the production of NADPH2, ATP, and O2. The other phase, the dark reactions that occur in the
stroma, represents the reduction of carbon dioxide and the synthesis of carbohydrates using the
NADPH2 and ATP produced in the light reactions (modified from Masojídek et al. [21]).

Upon illumination, two electrons are extracted from water (oxidation; O2 is evolved)
and transferred through a chain of electron carriers to produce one molecule of NADPH2.
Simultaneously, protons are transported from an external space (stroma) into the intra-
thylakoid space (lumen) forming a pH gradient. According to Mitchel’s chemiosmotic
hypothesis, the gradient drives ATP synthesis, which is catalysed by the protein complex
called ATPase or ATP synthase [22]. Theoretically, the evolution of one oxygen molecule
requires the extraction of four electrons from two water molecules. Since two photons are
needed to transfer one electron through the photosynthetic electron-transport chain, the
minimum quantum requirement is 8 photons per oxygen. According to Equation (1), the
evolution of one molecule of oxygen is equivalent to the assimilation of one molecule of
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CO2 (and the minimum number of photons is eight). However, a ratio of photon/carbon
of about 9 or 10 was calculated under low light conditions [23]. The quantum requirement
increases according to the macromolecular composition of the produced biomass. The
metabolic costs of protein and lipid biosynthesis increase in comparison to carbohydrate.
Wilhelm and Torsten [24] reported that in the case of biomass rich in protein or lipids the
real quantum requirement can rise up to 28–29.

2.2. The Dark Reactions

The reduction of carbon dioxide happens in the dark reactions involving the NADPH2
and ATP produced in the light phase of photosynthesis. The reaction can be expressed as:

2 NADPH2 + 3 ATP
enzymes

CO2 + 4 H+ + 4 e− ————————-→ (CH2O) + H2O
(2)

One molecule of CO2 is fixed using two molecules of NADPH2 and three molecules
of ATP (i.e., an energy of 52 kJ, about 12.5 kcal). Concerning the quantum efficiency of CO2
fixation, a minimum of eight quanta of absorbed light is required for each CO2 molecule
of fixed or O2 evolved [1,21]. The quantum requirement changes with the composition of
the biomass [24].

The carbon fixation reactions were worked out by Calvin and Benson in the 1940s
and early 1950s (Nobel Prize in 1961). The conversion of CO2 to carbohydrates (or other
compounds) occurs via four distinct reaction steps (Figure 3) in the so-called Calvin–Benson
cycle (photosynthetic carbon reduction cycle: (i) Carboxylation—a step in which CO2 is
combined with the 5-carbon ribulose bisphosphate (Ribulose-bis-P) in order to form two
molecules of phosphoglycerate (Glycerate-P). This reaction is catalysed by the enzyme ribu-
lose bisphosphate carboxylase/oxygenase (Rubisco); (ii) In the Reduction step, Glycerate-P
is converted to 3-carbon products (Triose-P) in two partial reactions—the phosphorylation
of Glycerate-P by ATP (energetic compound) to form diphosphoglycerate (Glycerate-bis-P)
followed by the reduction of Glycerate-bis-P to Phosphoglyceraldehyde (Glyceraldehyde-P)
by NADPH2; (iii) Regeneration step—ribulose phosphate (Ribulose-P) is regenerated for
another CO2 fixation in a series of reactions combining 3-, 4-, 5-, 6- and 7-carbon phospho-
rylated sugars (not explicitly shown in the diagram); and (iv) the Production phase, where
primary end-products of photosynthesis, carbohydrates, are synthesized.

Figure 3. A scheme of the carbon fixation reactions in photosynthesis—the Calvin–Benson cycle. The
fixation of CO2 to the level of carbohydrates occurs in four phases: (i) Carboxylation, (ii) Reduction,
(iii) Regeneration (iv) and Production (figure adapted from [25,26]). A more detailed description of
individual steps is in the text.
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Rubisco plays the main role in the photosynthetic carbon reduction cycle as the
enzyme which catalyzes carboxylation of ribulose 1,5-bisphosphate to two molecules of
phosphoglycerate (step I). Thus, Rubisco is the key enzyme involved in primary production
on Earth [1].

Ribulose-bis-P + CO2 → 6-C intermediate→ 2 × phosphoglycerate (3)

All microalgae (including cyanobacteria) rely on the enzyme Rubisco acting in photo-
synthetic carbon reduction, the so-called Calvin–Benson cycle for assimilation of inorganic
carbon to organic matter.

Photorespiration is a competing process to carboxylation in which the organic carbon
is converted into CO2 without any metabolic gain. In this process, Rubisco functions
as an oxygenase, catalyzing the reaction of ribulose 1,5-bisphosphate with O2 to form
phosphoglycolate. Then, glycolate is dephosphorylated and converted, in several steps, to
serine, ammonia and CO2 [26].

Ribulose-bis-P + O2 → 5-C intermediate→ Phosphoglycerate + Phosphoglycolate (4)

Photorespiration depends on the relative concentrations of O2 and CO2; whereas a
high O2/CO2 ratio (i.e., high concentration of O2 and low concentration of CO2) stimulates
photorespiration, a low O2/CO2 ratio favors carboxylation. Rubisco shows low affinity
to CO2 as its Km (half-saturation) is roughly equal to the level of CO2 in air. Thus, un-
der high irradiance, high O2 levels and reduced CO2 in microalgae culture, the reaction
equilibrium is shifted towards photorespiration. Photosynthetic organisms differ signifi-
cantly in their rates of photorespiration: in some species it may be as high as 50% of net
photosynthesis [26].

To achieve optimal yields in microalgae mass cultures, it is necessary to minimize
the effects of photorespiration. This can be managed by effective O2 stripping and by
CO2 enrichment. Therefore, to reduce photorespiration in microalgae mass cultures, it is
desirable to maintain a low ratio O2/CO2 in the PBR.

A knowledge of photosynthesis is essential for microalgae biotechnology as the biolog-
ical limitations—light absorption, photochemistry, carboxylation and metabolic conversion
of primary products into the macromolecules—has be considered [24].

Some oxygen-consuming processes such as photorespiration and chlororespiration
are closely associated with photosynthesis [1]. This is also valid for the Mehler reaction
in microalgae in which oxygen is reduced to H2O2 [26–28]. It involves light-dependent
PSI driven O2 uptake in chloroplasts when the rate of CO2 fixation is limited and the
NADPH2/NADP ratio is high. In PSI, a significant part of the reductant is oxidized to form
H2O2. In the presence of catalase, it undergoes rapid dismutation to H2O and O2. Under
active photosynthesis, O2 production exceeds its consumption.

The processes of respiration—often termed “dark respiration”—are not directly as-
sociated with photosynthesis or the photosynthetic apparatus, but are denoted as “mito-
chondrial respiration”, although they also function in the light and their rates are indirectly
influenced by irradiance. Broadly speaking, “dark” respiratory rates can be 10–15% of
gross photosynthetic rates, though variation between species might be quite large [1]. The
respiration rate is important as it significantly reduces the net biomass production. Higher
temperatures experienced by microalgae cultures at night usually increase respiratory rates,
which result in a greater loss of biomass [27,29]. The rate of respiration at night is also
modulated by irradiance levels experienced during the day as high daytime irradiances
increase respiration in the microalgae cultures at night [30]. The biomass loss at night has
been predominantly ascribed to carbohydrate consumption. High irradiances can also
increase dark respiration during the day [31].
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3. Variables Affecting Photosynthesis and Growth of Microalgae Cultures

In nature, there exist a number of temporal photosynthetic responses that occur in
phytoplankton cells. ‘Short time scale’ responses are considered to be the physiological and
biochemical responses within the life span of an individual organism, which are generally
called acclimations. These responses are usually related to temporal variations in irradiance,
temperature, and nutrient availability [32]. In contrast, ‘long time scale’ responses are
referred ecological and evolutionary adaptations of photosynthetic organisms through
selection of phenotypic traits.

Cultured microalgae are exposed to a variety of changes in environmental conditions,
but they are qualitatively very different from phytoplankton populations. Outdoor mass
cultures are grown in constructed units and controlled conditions. Biotechnological pro-
duction, generally, requires well-defined conditions, but the maintenance of large-scale
cultures under outdoor conditions of variable irradiance, temperature, rainfall and other
influences presents challenges which are not experienced in the controlled conditions of
small-scale laboratory cultures [14,33]. These changes take place in two different timescales.
One is the diurnal and seasonal cycle, which causes mostly variation in irradiance intensity
and temperature in the day/night cycle. It also varies according to the climatic conditions
and geographical location in which the microalgae cultures are grown. In dense microalgae
cultures used in microalgae biotechnology, the other, much faster cell cycling is imposed by
culture turbulence in the culture layer, which mainly results in an intermittent light–dark
regime alternating in seconds or milliseconds as compared to the hours or months for
diurnal and seasonal cycles [34].

The necessary cultivation requirements for the growth of microalgae mass cultures
are shown in Figure 1. Almost all commercial-scale microalgae production takes place out-
doors, exposing the microalgae to diurnal changes in environmental conditions, explicitly
irradiation and temperature. Since microalgae mass cultures grow in dense suspensions,
sufficient mixing is essential in order to expose cells to light equally [35,36]. The operation
regime—suitable biomass density, culture layer (optical path), cell movement patterns
(averaged light/dark cycles for cells) and gas exchange (namely CO2 supply and oxygen
stripping as well as cultivation unit design and spatial setting with respect to exposure to
the sun)—has to be developed to maximise/photo-optimise the use of high photon flux
densities reaching the surface of cultivation systems. In practical terms, this should form
part of the considerations when designing cultivation systems.

Detailed reviews of the biology, physiology and management of large-scale outdoor
cultures can be found elsewhere (for review see [2,11,14,34,37]).

3.1. Light

The quantity and quality of light available are the main factors limiting the produc-
tivity of microalgae mass cultures outdoors [6,35,38]. However, the impact of irradiance
on productivity is rather complex due to the interaction with other environmental vari-
ables. The average amount of photon energy received by each cell is a combination of
several factors: photon flux density, cell density, culture layer, light spectrum and the rate
of mixing as well as type of cultivation unit and orientation to the light and the rate of
mixing [10,17,18,35,39,40]. The suitable cell irradiance for photosynthesis can be estimated
from the photosynthesis vs. irradiance (P-I) curve (Figure 4).

In any cultivation unit we have to find an optimum biomass density (g DW L−1) or
optimum areal density (g DW m−2) in which productivity reaches a maximum value. If
the cell density is low, the productivity is decreased as the cells are photo-stressed; on
the contrary, the productivity starts to decline in denser culture because of increased cell
self-shading as the light availability for individual cells is reduced. Obviously, the greater
the culture depth, the lower the optimal biomass concentration. Empirically, the optimal
areal density of about 60 g m−2 of dry weight was found, corresponding to a biomass
concentration of about 0.6 g L−1 for a pond (10 cm culture depth), while it is about 6 g L−1

for a thin-layer cascade of 1 cm layer thickness [2,17]. For tubular PBRs, the biomass
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concentration depends on their diameter and usually ranges between the values indicated
for ponds and cascades.

Another important experience is that microalgae photosynthetic apparatus can utilize
strong light efficiently only when it is delivered intermittently in ‘pulses’. Early reports in
the 1930s showed that intermittent (pulsed) light is an important condition for microalgae
growth [41]. Later, the so called ‘flashing light’ effect on photosynthesis was described
in Chlorella in by Kok [42] as the enhancement of photosynthesis was observed when
microalgae cells were exposed to flashing lights of various frequencies and dark/light
duration ratios. A crucial point is that the fast turbulence of microalgae culture induces
rapid light/dark (L/D) cycling of cells [35,43]. Later, the influence of intermittent light on
microalgae cultures was investigated by several research groups [8,44–47]. In the 1990s,
the introduction of high-intensity LEDs as a light source for microalgae research allowed
more precise measurements of the intermittent light effect in the millisecond range [48,49].

3.1.1. Photosynthetically Active Radiation

Microalgae (as higher plants) can use only the photosynthetically active radiation
(PAR; 400–700 nm) for photosynthesis, with the red (600–680 nm) and blue (420–470 nm)
range being the most effective. The exact spectrum requirements of microalgae cells depend
on the particular pigment composition of their light-harvesting antennae [50]. Therefore, it
may be possible to use only part of the available daylight solar spectrum for microalgae
growth; the rest of the available spectrum might be used to generate electricity using solar
panels placed above the culture [51–53]. If artificial lighting is used, then it becomes a
major energy consumer. As LEDs have a higher efficiency, they have become frequent
light sources for indoor PBRs rather than fluorescent lamps, thus reducing the power
requirements for artificial light sources [54,55]. For both natural and artificial light sources,
the spectral requirements of the microalgae, and not just the total light energy, is important.

3.1.2. Changing Antenna Size

One possible way to increase the productivity of microalgae cultures is to reduce
the size of the light-harvesting antennae and thus lessen the photosynthetic inefficiency
associated with the dissipation of excess light absorbed by surface layers of microalgae
cultures [54,55]. Strains with a reduced antenna size absorb less light per cell and thus
they should be able to tolerate higher irradiances and, moreover, light can penetrate to
deeper layers of cells. This approach represents the synthetic variation of the natural photo-
adaptive responses of high plant and microalgae in which pigments are re-organized in
response to changing light conditions. This was suggested by Benemann [56–59], showing
that reduced pigment content resulted in dense laboratory cultures with higher photo-
synthetic activity. Cells with a reduced pigment content, mutants with a smaller antenna
size or transgenic microalgae with reduced antenna confirmed that this concept works
at the laboratory scale size [60–66]. However, results in outdoor cultivation units are still
ambiguous. A Chlorella mutant with truncated antennae was prepared by UV mutagenesis,
which showed a 30% higher biomass productivity compared to the wild-type when grown
in small-scale outdoor PBRs [60]. On the other hand, the performance of four antenna
mutants of Chlamydomonas reinhardtii was compared with a wild type (WT) strain in an
LED-illuminated PBR under continuous culture [61]. The highest productivities found in
the mutated strains were similar to that of the wild-type. Moreover, the mutants exhibited
a high sensitivity to abrupt shifts in irradiance, indicating a higher sensitivity to photo-
damage. Microalgae strains with a reduced antenna size may suffer lesser photoinhibition
at high light intensity, particularly when cell density is low, a situation that frequently
occurs at the start of the cultures outdoors. However, as the culture become denser, and
thus the available light is reduced, the productivity of the reduced antenna size strain is
overhauled by WTs [62]. Similar results were also obtained outdoor in thin-layer cascades
comparing two Chlorella strains with different antenna sizes [63]. Thus, a strain with the
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reduced antenna size is not sufficient to guarantee higher biomass productivity in mass
outdoor culture.

Figure 4. An illustration of a photosynthetic light-response curve, i.e., the dependency of the rate of
photosynthesis on irradiance. The α-slope shows the maximum efficiency of photosynthesis (PE).
The intersect between the α-slope and maximum rate of photosynthesis Pmax indicates the light
saturation (IK); surplus light energy over saturation is dissipated. At supra-optimum irradiance, the
photosynthetic rate declines (dotted part of the light-response curve); this phenomenon is usually
called down-regulation or photoinhibition (modified from Masojídek et al. [67]).

Such mutants may also result in impaired photoprotection induced by antenna al-
terations and/or other undesirable side effects of genetic modifications such as increased
respiration that reduces the benefit of the reduced light absorption in the truncated antenna
cells [60]. In the protection of the microalgae strain with truncated antenna, again reactive
oxygen species (ROS) may not be as effective due to a lesser ability to dissipate excess
excitation energy via a non-photochemical quenching (NPQ) process [25].

Therefore, in these studies, an important variable that needs to be considered, other
than the reduced PSII antenna size, is the ratio of Pmax/Respiration, which should not be
significantly affected [14]. Interestingly, a strain of Chlorella vulgaris g120 characterized
by low Chl content per cell and a small antenna [64,65] showed a high respiration rate
performing much better than the strain Chlamydomonas reinhardtii commonly used for
photobiological hydrogen production [66].

3.1.3. Photochemical Efficiency

The P-I curve describes the relationship between irradiance intensity and the rate of
photosynthesis (Figure 4). This curve is used in microalgae physiology to characterize the
light-acclimation status of microalgae cells [34]. The light-saturation point IK reflects the
actual light-acclimation status of the cells. The maximum photochemical efficiency (PE) is
estimated on the basis of the α-slope of the P-I curve. The maximum α value is reached in
the light-limited region, while the maximum rate of photochemistry, Pmax is achieved in
microalgae cultures in which averaged cell irradiance is around the saturation IK (where
energy losses are still low) (Figure 4; e.g., [34,67]). The α-slope, IK as well as Pmax, can
change over several hours due to photoacclimation and/or unfavorable temperature and
CO2 limitation. Thus, the photosynthetic rate cannot be directly used as a basis to relate
light intensity to growth rate as it also includes the metabolic costs.

The term “maximum photochemical efficiency” (PE; Figure 4) has been widely dis-
cussed in the literature [68], expressing the amount of energy stored in the biomass with
respect to that absorbed; in photosynthesis research, PE is understood to be the num-
ber of absorbed photons necessary to produce one oxygen molecule (the portion of light
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energy converted into chemical energy). Since the ratio of the incoming to absorbed
quanta depends on many variables (Chl content, absorption cross-section, light spec-
trum, etc.), the α-slope cannot be used as a direct measure of PE and is suitable only for
comparative reasons [24,69,70].

Starting from the curve plateau, when the power of absorbed light energy exceeds
the capacity of the dark reaction, the energy is dissipated by photoprotective mechanisms
generally as heat (Figure 4). The non-photochemical dissipation is principally antiparallel
to photochemistry. Any condition that slows down the dark reactions will cause the
light-generated reductants to not be used. In mass microalgae cultures it happens, for
example under low temperatures or nutrient deficiency, especially under limited CO2
supply; it causes down-regulation or photoinhibition of photosynthesis. The physiological
consequences of photoinhibition are a reduction in the efficiency of photochemistry and
the carbon assimilation capacity (Pmax). The former is due to the damage to PSII reaction
centers, which can be repaired only over several hours [71,72]. The irradiance intensity
needed to overexcite the photosynthetic apparatus is different from species to species and
also depends on the light acclimation status of the culture [73].

The ambient irradiance (maxima of about 2000 µmol photons m−2 s−1) available for
photosynthetic antennae represents a much higher intensity than that required to saturate
photosynthesis. The measurement of light intensity close to the surface in the photic layer in
healthy, growing microalgae cultures showed a mean light intensity of about 200–400 µmol
photons m−2 s−1, which is the usual optimum of saturating irradiance for most strains and
it guarantees a high productivity [17].

From a biotechnological point of view, the irradiance saturating photosynthesis (IK in
Figure 4) required in commercial microalgae PBRs is only about 10 to 20% of the maximum
photosynthetically active irradiance (PAR) [46,67,74]. In other words, the light regime for
an optimal growth should be adjusted to this irradiance level, otherwise as much as 90%
of the photons captured by the cells is uselessly emitted as heat. The prerequisites for
efficient use of high irradiance intensities in microalgae cultures have been clarified: the
most important are a short light-path combined with a highly turbulent flow at high cell
densities (i.e., >5 g DW L−1) [10,39,75].

Photochemical efficiency (photon to carbohydrate) in Equation (1) [2] gives only the
energy demand to produce simple 3-carbon products (carbohydrates) from CO2 and water.
However, cellular growth requires biomass containing not only sugars but also lipids
and proteins, macromolecules that are more reduced than sugars. Thus, any increase
in the protein or lipid content in a cell is inevitably linked with higher photon/carbon
(P/C) values [24]. The minimum P/C values can be achieved only under low light; the
photon-use efficiency drops down under saturating light intensities (Figure 4). Not all
electrons from water-splitting are used for carboxylation. Alternative electron cycling is
important for nitrogen and sulphur assimilation. Like in higher plants, alternative electron
cycling around PSI is an important regulatory mechanism to prevent the cells from being
photo-damaged by reactive oxygen species (Mehler reaction) [26].

The theoretical maximum of PE is about 10%, a value that could never be achieved in a
microalgae culture as cultivation variables (such as cell irradiance, temperature, predation,
technical failure, nutrition, etc.) come into play. In outdoor microalgae mass cultures,
photosaturation has been believed to be the main factor suppressing the efficiency; photoin-
hibition, respiration and reflection are also relevant. Thus, considering the partial reactions,
a more realistic figure of photosynthetic efficiency (photon energy converted into biomass
energy) of about 4.5% for microalgae and C3 plants can be found (e.g., [67,76,77]).

3.2. Temperature

Besides light, temperature is the most critical variable to rule the microalgae culture.
Due to seasonal and diurnal fluctuations, temperature represents one of the important
biological limitations for outdoor mass production of microalgae. The temperature plays
the significant role played in productivity as well as costs related to the PBR cooling. It



Processes 2021, 9, 820 10 of 34

is a weighty variable for strain selection in outdoor cultivation [14]. Harvesting at the
suitable moment of the day can significantly contribute to the biomass value. Nonetheless,
in order to optimize production, we have to consider the balance between the productivity
of biomass and the content of a valuable compound.

Certain microalgae strains tolerate a wide range of temperatures between 15 and 40 ◦C
(e.g., Chlorella), while Eustigmatophyceae (e.g., Nannochloropsis) usually require a much
narrower range (20 ◦C to 28 ◦C). Some psychrophilic strains (e.g., Monoraphidium) grow
well in mass cultures, even at lower temperatures between 5 and 15 ◦C. Nevertheless, the
majority of freshwater microalgae have an optimum temperature range between 25 and
35 ◦C [3,78]. When they grow at an optimum temperature, the available light is used more
effectively by microalgae and they are less prone to photoinhibition [14,79].

A narrow gap between optimal and lethal temperature can indicate that a strain
is sensitive to heat stress, while a wide range may indicate that another strain is able
to acclimate to high temperatures. Temperature tolerance of microalgae is large below
the optimal value but usually smaller above the optimum temperature [80]. Long-term
adaptation strategies to temperature increases have shown that some species are able to
adapt to supra-optimal temperature.

Whereas photochemical reactions proceed at rates more or less independent of tem-
perature, the rates of enzyme-mediated dark reactions decrease at lower temperatures [81].
Thus, the exposure of microalgae to sub-optimal temperatures may result in absorbing
more light energy than can be utilized by the photosynthetic apparatus through carbon
fixation and some mechanisms must be mobilized to maintain the energy balance. It was
shown by Chl fluorescence measurements that low temperature conditions cause increased
reduction of the PSII complex and the redox state of the quinone acceptors may act as
a signal to trigger acclimation processes [82]. Possible mechanisms may include: (a) al-
terations in light harvesting and primary photochemistry to reduce light energy input;
(b) increased rates of cyclic or pseudocyclic electron transport to spend energy (Mehler
reaction); (c) higher rates of photorespiration, or (d) increased activity of the Calvin–Benson
cycle. These processes are described in more detail later in this article.

Any temperature extremes strongly affect carbon fixation in the Calvin–Benson cycle
as it mostly involves biochemical (enzymatic) reactions [14]. The night-time temperature
is essential as it affects the respiration rate of the microalgae. A temperature decrease
during the night (within the physiological range) slows down biomass loss due to lower
respiration [17,27]. A decrease to sub-optimal temperatures can be used to modify lipid
composition towards unsaturated fatty acids. For example, changes in biomass composition
have been documented in oleaginous species such as Nannochloropsis [83,84]. Increased
content of eicosapentaenoid acid (EPA) was found in the microalgae cultures grown at
the sub-optimal temperature, reaching up to 27% of the total fatty acids. Supra-optimal
temperature also modifies the redox status of PSII acceptors and decreases the rate of
photosynthetic electron transport through both photosystems [85].

Valuable information on low temperature adaptation was gained studying Chlamy-
domonas strains. Contrary to the model green microalga Chlamydomonas reinhardtii, the
psychrophilic Chlamydomonas nivalis can grow well at low temperatures maintaining a
normal level of photosynthetic activity due to the reduced light-harvesting ability and
the enhanced cyclic electron transport around PSI, which limits the photodamage to the
photosynthetic apparatus [86]. Furthermore, the protective processes—increased cyclic elec-
tron transport rate, carotenoid content and antioxidant enzyme activities against reactive
oxygen species (ROS)—reduce photooxidative damage to the cell.

The culture temperature balance can also be strongly affected by the culture system.
For example, in closed PBRs, due to the greenhouse effect, the rise in culture temperature
in the morning is much faster than that in open ponds [87]. It can easily exceed the
physiological optimum and employing a cooling system may become mandatory and
significantly increase biomass cost. Outdoor cultures in open units are naturally cooled by
evaporation [17]. The importance of exploitation of various strains adapted to different
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temperatures in various periods of the year can be useful to extend the cultivation season.
This strategy has been successfully used in Spirulina (now Arthrospira) cultures at Earthrise
Farm in California, USA [88].

3.3. Dissolved Oxygen

The essential product of photosynthesis is oxygen. However, the photosynthetic
electron transport represents the major source of ROS generating singlet oxygen, hydrogen
peroxide and superoxide radical [89]. The generation of ROS is enhanced when the
photosynthetic apparatus absorbs excess light or under conditions where CO2 or NADP is
limited [90,91]. ROS were shown to play an important role in signal transduction [92,93];
a basal level of ROS is vital for the functions of living cells [94]. It was found that ROS
triggers the accumulation of carotenoids in Dunaliella [95] and also amplifies expression of
carotenoid biosynthesis-related genes in Haematococcus pluvialis under stress conditions [96].

Microalgae, especially in dense mass cultures, can generate high dissolved concen-
trations of O2. Though the oxygen evolution is sometimes overlooked in large-scale
microalgae cultures, high concentrations of dissolved oxygen (DO) concentrations in out-
door cultures occurring especially under high irradiance at midday in outdoor cultures can
result in photoinhibition and photorespiration, which initiate a reduction in photosynthetic
activity and growth. In open ponds, the build-up of DO concentrations several times over
air saturation are frequently observed during the day, which usually inhibit the growth of
many microalgae [97]. The maintenance of DO levels below this concentration requires
degassing or culture mixing. In closed tubular PBRs, the DO concentration can increase
even quicker while the CO2 concentration decreases due to photosynthetic activity as the
culture flows through the photostage (of the PBR; O2 has to be stripped from the medium
in the degasser [98]). High DO concentrations during the day might have a significant
impact due to potential inhibition of photosynthesis and growth [99]. An increase in
DO concentration may cause photorespiration, which can significantly reduce produc-
tivity [100]. Photorespiration results in the light stimulated oxidation of the products of
photosynthesis to CO2, which is run by the oxygenase activity of Rubisco [26,101,102].
At high O2 and low CO2 concentrations, Rubisco catalyzes the conversion of ribulose-l,5-
bisphosphate to 3-phosphoglyceric acid and 2-phosphoglycolate (Section 2.2) [102,103].
At high [O2]/[CO2] ratios, the Mehler reaction can also be activated, especially at high
irradiances and sub-optimal low temperatures [104].

In outdoor culture, the synergism of various environmental constraints is quite fre-
quent. This interplay has often been studied in our experiments. The combination of a low
temperature and high irradiance can frequently occur at the beginning of the cultivation
season, when the ambient temperature drops greatly below the optimum, but the irradiance
is high to drive massive photosynthesis. Indeed, it is common that light intensity can rise
within 1 or 2 h, while the increase in temperature is a much slower process. In Monodus
cultures, even a relatively short exposure to suboptimal morning temperatures induced
photoinhibitory damage [105]. The culture heated in the early morning showed a significant
increase in productivity of about 60% compared to the non-heated culture. The synergism
of sub-optimal temperature and/or high DO concentrations (200–400% saturation) with ex-
cess irradiance can cause a decrease in photosynthetic activity and growth [63,97,105–107].
It happens when the rise in light intensity is much faster than the rise in temperature, with
a delay of hours, or the build-up of DO concentration due to high photosynthetic activity
is enormous in a culture unit. Such de-synchronization between these two important
environmental variables can down-regulate photosynthesis and reduce the growth rate of
outdoor cultures. In this case, photoinhibition may be induced at relatively moderate light
intensity due to the exposure to suboptimal temperatures or high DO concentration.

The exposure of microalgae cultures to unfavourable conditions—combining sev-
eral constraints—can induce the accumulation of some valuable products which can be
used in biotechnological production. For example, Chlorophyta (e.g., Chlorella) possess
the ability to synthesize larger amounts of protective or storage compounds (carotenoids,
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polysaccharides and lipids) under stress conditions, e.g., under high irradiance with
nutrient deficiency [108]. The high content of β-carotene makes Dunaliella attractive to
biotechnologists for large-scale production in high-salinity under high solar radiation
(>30 ◦C) [109]. The accumulation of astaxanthin is induced in Haematococcus cells under
stress conditions (nutrient deficiency, salinity, and high temperatures, in combination
with high irradiance) [110]. Microalgae can synthesize unsaturated fatty acids under low
temperatures; nutrient deprivation and high irradiance promote accumulation of PUFAs
(e.g., EPA in Nannochloropsis) [111].

3.4. Culture Turbulence

Following inoculation of a culture, the cells are subjected to a transition from high
light, acclimating to low irradiance as the culture density increases. This condition causes
the change in cell pigmentation with a consequent reduction of light penetration reducing
productivity. The increased turbulence should reduce the level of dark acclimation by
preventing the increase in cell pigmentation [14]. Efficient mixing of the microalgae
culture causes rapid circulation of cells between the dark and illuminated zones of the
cultivation units that can increase both the photosynthetic activity and productivity. As
already mentioned, the growth of a microalgae culture is also partly modulated not only
by incoming light intensity, cell density, culture depth and frequency of mixing, but also by
the frequency of light–dark (L/D) cycling of cells [17,40,54,58]. Thus, in ‘short’ light-path
(<50 mm) cultivation systems we can induce fast L/D cycling of cells. High frequency of
the L/D cycles, close to the turnover of the photosynthetic apparatus, facilitates an increase
in biomass productivity. If the individual cells are exposed to intermittent irradiance due
to the L/D cycles, light is diluted and it is available in smaller doses to more cells within a
certain time period [37]; thus light energy can be used more efficiently when compared
with the cells illuminated in poorly stirred cultures.

Light attenuation in dense microalgae cultures is partitioning the culture to several
zones with two extremes: a highly illuminated external microalgae layer in which cells
are exposed to light irradiance higher than that required for saturation, and a bottom
one where cells are in darkness. The light is reduced exponentially through the culture
according to the Lambert–Beer law. In well-mixed dense cultures in cultivation units,
microalgae are exposed to a highly fluctuating light field. Although the decrease of
irradiance is continuous to the culture depth, several zones can be described in a dense
microalgae culture exposed outdoors to direct solar irradiance [77]: (i) The surface layers
in which irradiance is excessive and down-regulation of photosynthesis appears; (ii) the
light saturated zone where culture irradiance is saturating and the high photosynthetic rate
(Pmax) is reached; (iii) the light limited zone with maximum light use efficiency; (iv) the
dark zone where the irradiance is below the photosynthesis compensation point and only
respiration takes place. The three upper zones, in which light is sufficient to activate
photosynthesis, represent the photic volume (depth of light penetration). Besides, the light
penetration in the culture varies with wavelength as green light, badly absorbed by Chls,
penetrates better than blue or red light [74].

A question has arisen concerning the potential enhancement of productivity due to
the increased mixing rate of a culture. When cultivation conditions, such as temperature,
nutrition and others, are satisfied, then culture turbulence can create an optimal light/dark
regime for the cells to increase the biomass culture yield [14]. Mixing rate affects produc-
tivity in different ways: (i) it prevents cell sedimentation; (ii) the cells travel through an
optical gradient of culture depth with different quantity and quality of the light (iii) it
increases mass transfer preventing the build-up of DO gradients in the culture as a result
of photosynthesis.

However, the assessment of the effect of mixing on culture productivity is rather
complex, making it difficult to separate the contribution of the different factors influenced
by mixing, particularly in mass cultures where it is more difficult to separate the effect
of single environmental factors. The degree of culture mixing is potentially limited by
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two factors: (i) the shear sensitivity of the microalgae cells and (ii) the cost of the energy
provided for the mixing. Some species of microalgae with a thin cell wall, or those with
flagella, are shear stress sensitive (e.g., Dunaliella) [14].

In mass microalgae cultures, high photosynthetic yields can be achieved in full sun-
light once the turbulence and density of the culture are adjusted to proper light intermit-
tence, i.e., the L/D cycling of cells is adequately short (in the order of tens to hundreds
of microseconds), close to the time scale of the rate-limiting processes of photosynthe-
sis [17,18,47,112]. While flash frequencies of 60 Hz are beyond engineering possibility,
flash frequencies close to 1 Hz seems to be attainable in thin-layer cultures and small tube
diameter PBRs [8,9].

3.5. Inorganic Carbon

Aquatic photosynthetic organisms fix about 50% of the 109 metric tons of carbon
annually assimilated into organic matter [113]. Of this, the major part of inorganic carbon
is fixed by phytoplankton in the open ocean, although locally the primary productivity
in freshwater water bodies can be high on an aerial basis [1]. Whereas terrestrial plants
generally utilize CO2 from the atmosphere, aquatic phototrophs acquire inorganic carbon
from water where much of the available dissolved inorganic carbon (DIC) is available as
bicarbonate (HCO3

−) rather than as CO2. At present, commercial production of microalgae
biomass is about 4 × 104 metric tons per year, i.e., about 2 × 104 metric tons of carbon is
fixed annually (V. Verdelho, personal communication).

Since microalgae are generally found in aquatic habitats, inorganic carbon exists as
CO2, HCO3

− and CO3
2−. In microalgae mass cultures, the addition of an inorganic carbon,

either as CO2 or HCO3
−, is needed to enhance productivity [114]. Carbon dioxide serves

as the main carbon source; in mass cultures it is usually added on the basis of a pH-stat
system. Due to low ambient CO2 concentration (i.e., at present it is about 0.04%; v/v), it is
common practice to add pure CO2 to large-scale cultures to improve biomass yields. Thus,
microalgae cultures become C-limited over time if the carbon supply is not sufficient. The
addition of CO2 to the culture creates a buffering system with water that can be described
as follows:

pK1 pK2
CO2 + H2O/H2CO3 ↔ HCO3

− + H+ ↔ CO2
− + 2 H+ (5)

The dissociation constants of the inorganic carbon system at 25 ◦C in freshwater are:
pK1 = 6.35 and pK2 = 10.33 [113]. The majority of species take up both CO2 and HCO3

−,
where a pH value of between 7 and 8 is optimal [115]. To optimize the yield of the CO2
supply, it is recommended to operate on-demand injection of CO2 at a pH close to the
limiting value for photosynthesis to maximize the utilization while minimizing losses by
decarbonisation [13]. In outdoor trials, using thin-layer cascades, CO2 was supplied on the
basis of pH measurements to keep the value of about 8 [97].

The CO2 compensation point is often determined using pH-drift experiments (i.e., when
microalgae activity is stopped at a certain pH where there is insufficient available CO2
and HCO3

− [100]). The addition of CO2 to a culture therefore not only serves as a source
of carbon, but it also stabilizes the pH, and ensures that more carbon is available to the
microalgae cells in the form of CO2 and HCO3

−. Most microalgae can take up both CO2
and HCO3

−, but there are a few species which can only uptake either CO2 or HCO3
− [116].

Diffusional transport of inorganic compounds into the microalgae cells happens via molec-
ular diffusion if culture turbulence is sufficient [100]. Since photosynthetic carbon fixation
in the culture cannot be easily monitored by infrared gas analysis, special electrodes are
used to measure the partial pressure of carbon dioxide (pCO2) in solutions. The principle
is based on the relationship between pH, and the concentration of CO2 and bicarbonate in
the solution:

KS = [HCO3] × [H+]/[CO2] (6)
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Subsequently, the Equation (7) was elaborated semi-empirically to correlate pH and
CO2 partial pressure [100]. The logarithm of pCO2 in suspension decreased with the
increasing pH following the formula:

log pCO2 = 11.679 − 1.46 × pH (7)

The increase in O2 concentration due to photosynthetic activity is generally accompa-
nied by a decline in the CO2 concentration measured as the increase in pH (CO2 uptake).
A thorough analysis of CO2 and O2 gas exchange was carried out in Chlorella cultures in
thin-layer cascades [100,117]. Since the ambient concentration of CO2 in the atmosphere is
low (currently about 400 ppm; pCO2 ~ 0.04 kPa), mass microalgae cultures mostly depend
on the addition of gaseous CO2 or solid bicarbonate to the culture. The adequate supply of
inorganic carbon to phototrophic cultures is extremely important, as almost all large-scale
microalgae cultures are CO2 limited. The design of the CO2 supply system is very impor-
tant in order to maximize the utilization, but minimize the CO2 release to the atmosphere
in order to minimize losses. Mass outdoor cultures require the CO2 partial pressure in the
suspension to be at least tenfold higher than that in the atmosphere [100]. Pure COß is
supplied on the basis of a pH-stat adjusting the pH value to about 8–8.5, which is sufficient
for growth. If calculated according to the formula (7), there is still about 1–0.2 vol% of CO2
dissolved in the culture (5–25 times more than in the atmosphere), which is sufficient for
good microalgae growth.

The effect of CO2 concentrations on microalgae growth have focused on concentrations
lower than 0.5% CO2, as would be expected in the current, or in future environments with
increased atmospheric CO2 concentrations [118,119]. However, if the microalgae cultures
are to be used for CO2 bioremediation, it is desirable that the organisms have the ability to
grow using sources with a high CO2 content (5–10% CO2). It should not be a problem for
robust strains, as 5–10% v/v represents a pH of about 7.5–7.3 (see Equation (7)).

3.6. Nutrition

In microalgae cultures maintained close to the optimum biomass density, supplied
nutrient amounts are essential to optimize productivity. Thus, the assay and optimisation
of the nutrient requirements is essential for large-scale biomass production. Microalgae are
capable of various kinds of trophy (nourishment), but basically operate two major forms of
nutrition, namely autotrophy (photoautotrophy) and heterotrophy, of which the former is
used mostly outdoors [120]. Phototrophic microalgae obtain the energy for reduction of
CO2 through the absorption of light, while heterotrophic microalgae obtain their carbon
and energy supply from organic compounds. Since nutrients represent a significant part of
the cost of the microalgae production, a good knowledge of the nutrient requirements for
each microalgae strain is essential in large-scale production [36].

In addition to carbon as the major biomass element, microalgae also require a supply
of other macronutrients, namely nitrogen and phosphorus to maintain growth [14]. The
average element composition of freshwater microalgae biomass normalized to carbon is
about C:N:P = 100:13:1 [121], although the N content in particular may vary according
to the environmental conditions and nutrient status (e.g., [122,123]). Nitrogen is another
important macronutrient required for microalgae growth, which is usually supplied to
the media as nitrate, ammonium or urea [14,124]. Phosphorus is usually added in the
form of phosphate salts, although using wastewater, P may also be available in the form of
polyphosphate and organic P-containing compounds [125]. Other inorganic micronutrients
and trace elements found in microalgae are: K, Mg, Ca, S, Fe, Cu, Mn, Zn, Mo, Na, Co, V,
Si, Se, Cr, Cd, Cl, B, I [126]. The content of these micronutrients is more variable depending
on the taxonomical group, environment and cultivation conditions [127].

The most important microelements are those used in redox reactions (e.g., Fe, Mn, Cu),
acid-base catalysis (e.g., Zn, Ni), transfer and storage of information (e.g., K, Ca) and in
structural cross-linking (e.g., S and Si) [128]. Iron is an important element of cytochromes,
ferredoxin or Fe-S proteins to maintain electron transport chains [120,129]. Fe limitation of
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phytoplankton has been found in the oceans [130]. Microalgae also require a range of other
trace elements. For example, Mn is an important part of the oxygen-evolving complex,
plastocyanin contains Cu, Se is the major biological of selenocystein or selenomethionin,
while, for example, Zn, Mo, Co, V, Ni, Se and Cd are cofactors of some enzymes of the
photosynthetic machinery [128]. The need to supply these trace elements depends, in part,
on the composition of the water source used for culturing.

For long-term, semi-continuous or continuous cultivation, the nutrient supply has to
be regularly reloaded to maintain high productivities. The biochemical composition of mi-
croalgae biomass can be manipulated by the concentration and form the supplied nutrients.

3.7. Cell Density and Culture Depth

Since light represents the most important substrate controlling productivity, cell
density of the culture has a significant impact on the light availability for the cells. In
order to achieve the best growth, light intensity has to be balanced with the cell density
and culture layer (i.e., the unit depth). In dense cultures, the irradiance decreases rapidly
from the surface, deeper into the culture; thus, cells in deeper layers may actually stay
in the dark [18,77]. For given culture conditions, a certain value of cell density will exist,
at which the individual cells will be exposed to the optimal irradiance regime. At this
optimal cell density (OCD; g DW L−1), the highest photosynthetic efficiency should be
reached, and found as the highest yield of biomass production per illuminated area [35].
Thus, OCD is defined as the cell concentration which results in the highest production
of biomass and/or desired compound. In other words, the OCD facilitates the most
efficient use of the irradiance received by the culture in a cultivation unit. Studies on L/D
cycles have indicated that the cell turbulence is a relevant variable for the enhancement of
photosynthetic productivity. In short light-path systems (<10 mm), e.g., flat-panel PBRs or
thin-layer cascades, the time period of the L/D cycles can be hundreds of milliseconds [39].

A textbook example of this can be seen in low-depth units such as sloping cascades
where dense, high-productivity cultures can be maintained due to high turbulence of
thin-layer culture, first proposed by Šetlík and co-workers [131]. The latest generation of
these units has a culture depth of about 6 mm with a culture area inclined at 0.5% [18]. A
hydrodynamic model showed that fast flow (about 0.5 m s−1) causes turbulence, which
induces rapid L/D cycling of cells (with a frequency of 0.47 s−1) [17]. In these trials, the
optimum areal density (for maximal productivity) was 40–80 g DW m−2 and the culture
grew well up to a biomass concentration of 300 g DW m−2, i.e., about 50 g DW L−1 [17].
Such high biomass densities and a daylight productivity up to 55 g DW m−2 day−1 are
most likely caused by the short L/D cell cycling frequency of about 2 Hz (0.5 s−1), which
these cultures experience [18].

Principally, thin-layer cultivation systems ensure high areal or volumetric productivity
as they have a high exposed surface-to-volume ratio (S/V ratio). The other aspect is that
the overall photic volume should comprise ~5 to 10% of the optical path [74,77] as the
light penetration depth depends on cell density. Generally, a thinner culture layer means a
smaller areal volume, which induces a higher volumetric productivity [132].

3.8. Cultivation Unit Design and Culture Productivity

The geometry of the culture system used for microalgae growth represents a crucial
technical parameter affecting the productivity. Indeed, microalgae are currently produced
in a wide variety of culturing units including open raceway ponds with a typical culture
depth between 10 and 30 cm mixed by paddle wheels, tubular PBRs made of transparent
tubes with an internal diameter typically between 4 and 10 cm, vertical flat-panel PBRs
with an optical path ranging between 1–20 cm, or thin-layer cascades in which the culture
depth is lower than 1 cm [18,133]. Table 1 shows the advantages and disadvantages of open
and closed systems, which have been extensively discussed in recent reviews [13,134,135].
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Table 1. Comparison of advantages and disadvantages of basic types of cultivation units which are
used for microalgae production (modified from [136]).

Variable Photobioreactor Raceway Pond Thin-Layer Cascade

Space required Moderate High High
Weather/climate dependence Low High High

Evaporation loss Low High High
CO2 losses Moderate High High

Light use efficiency High Low High
Maintenance Difficult Easy Easy

Contamination risk Low High High
Biomass quality Reproducible Variable Variable

Biomass productivity High Low High
Construction cost High Low Low

Ponds and cascades are open cultivation units in which the culture is in direct contact
with the environment, while PBRs are closed systems in which the contact with the envi-
ronment is limited. Open systems are strongly dependent on the weather/climate, have
increased risk of microbial contamination, high CO2 losses and require higher areas com-
pared to closed systems. Yet the cost of construction is about one order of magnitude lower
than that of closed systems [137,138]. Raceway systems are used commercially worldwide
including the United States, Thailand, China, Chile, and Israel to produce microalgae for
relatively high-value applications related to human consumption [13]. The open raceway
pond is currently the most frequently used and cheapest cultivation system for commercial
production of microalgae. Cost investment for these open systems range from 130,000 to
370,000 Euro ha−1 at 100-ha scale [137,139] while the investment costs of tubular PBRs of
about 500,000 Euro ha−1 were reported [139].

In general, the decision of using a certain type of cultivation unit strongly depends on
a cultivated strain and desired product. Typically, closed systems are used for microalgae
strains susceptible to contamination by other strains, such as Haematococcus pluvialis, or
strains requiring a strict control of temperature (such as marine Phaeodactylum tricornutum)
used for the production of lipids and aquaculture purposes. Open systems are usually
used for the production of fast-growing microalgae or in selective condition (e.g., Chlorella
or Spirulina). A higher productivity is expected in thin-layer cascades and closed systems
characterized by shorter light paths. An important parameter that has to be considered
while comparing the performance of different culture systems is the light conversion
efficiency (LCE) into biomass. Higher LCE means a reduced biomass production cost. A
comparison of four outdoor pilot-scale PBRs under the same climatic conditions using
the same strain was carried out by de Vree et al. [140] The LCE values ranged between
2.2–4.2% in vertical systems (vertical flat-panel and vertical tubular PBRs) while it was
found between 1.5 and 1.8% in horizontal tubular PBRs. The lowest values, less than 1%,
were obtained in raceway ponds. These differences can be explained by the way the light
approaches the surface of a cultivation unit, and by temperature profile. Vertical PBRs take
advantage of a high ratio between the illuminated area of the PBR and the ground area
occupied [141]. This type of PBR intercepts sunlight at large angles and thus “dilutes” light
compared to horizontal PBRs, thus being expected to be more efficient than horizontal
ones in terms of solar-energy utilization [140,142]. However, it must be pointed out that,
notwithstanding these advancements in the PBR design, the theoretical LCE (10%) is still
far from being obtained (see Section 3.1 Light).

The supply of pure carbon dioxide can constitute up to 30% of the overall microalgae
production cost [36]. When flue gases are used instead of pure CO2 to decrease the
production costs, the sustainability of the entire process is increased [13]. Thus, the usage of
alternative nutrient sources is an important step towards a more ecological and economical
microalgae cultivation. By the utilization of wastewater as a nutrient source, the production
costs can be reduced to under 5 Euro kg−1 [143].
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3.9. Altering Cultivation Conditions to Modulate Biomass Composition

Only about 10 microalgae strains are grown commercially in mass cultures to produce
biomass containing certain bioactive compounds for specific applications. Microalgae
strains are chosen as they can be cultured on a large scale and their biomass composition
can be ‘manipulated’ by cultivation conditions for production of desired compounds.
However, only a limited number of cultivation variables can be manipulated practically
and cost-effectively, in large-scale cultures [14].

The three classes of cellular macromolecules—proteins, carbohydrates and lipids—
contain up to 90% of the cellular carbon. Using Fourier Transform Infrared Spectroscopy
(FTIR), carbon allocation analysis can be performed, which allows the quantification of the
relative amounts of major biomass components [144]. The relative amounts of these three
groups varies among species and also depends on growth conditions.

The organic compounds of the cell can be generally classified as either primary or sec-
ondary metabolites. Primary metabolites are directly participating in cell growth, normally
performing an intrinsic physiological function. Secondary metabolites are not essential for
the normal functioning of the cell, but may have an auxiliary (protecting) role in cells under
particular conditions. They are usually related to primary metabolites as, for example,
some carotenoids may be the same but serve another physiological function. Most of the
valuable microalgae compounds, such as β-carotene, astaxanthin or triacylglycerols, are
the secondary metabolites produced by microalgae under nutrient limitation. A common
feature of these compounds is that they are accumulated by the cells under growth-limiting
conditions (often called ‘stressed’ cultures, usually using the synergism effect of nutrient
limitation, extreme temperature and high irradiance). Various cultivation strategies have
been employed, or proposed, to produce these desired metabolites in cultures. A crucial
point is how to distinguish the proper moment to harvest the biomass enriched in these
compounds using fast-response monitoring techniques. Several attempts have been made
to correlate changes in photosynthetic activity and metabolite production [40,145]. In
freshwater, Chlorella cultures treated under nutrient deficiency (distilled H2O) physiologi-
cal stress became evident when Chl fluorescence variables rETR, FV/FM and NPQ were
substantially modified, which indicated the onset of neutral lipid synthesis [145]. Similar
data were found when laboratory cultures of the microalga Chlorella fusca were subjected to
nitrogen and sulphur limitation inducing lipid and/or starch accumulation [146]. The nu-
trient deficiency became evident when photosynthetic activity was substantially reduced,
which was seen as a decline of rETR counteracted by a rise of NPQ. These changes indicated
the point of lipid accumulation (while the starch content was decreased). A substantial
development of NPQ indicated that the culture still possessed an effective photoprotective
ability to dissipate excess light energy under mild early nutrient deficiency stress [147].

3.10. Microalgae Biomass with Added Value

In the past six decades, there have been numerous attempts by researchers and com-
panies to commercialize microalgae biomass production, primarily as food supplements
due to its potential to enhance nutritional value, as probiotics (life-enhancing agents) or
so-called functional foods (which, in addition to the basic nutritional function, support
health). Microalgae biomass is also widely used as a feed supplement for farm and domes-
tic animals (poultry, ruminants, pigs, ornamental fish and birds) and aquaculture (mollusc,
crustacean and fish larvae in hatcheries) to improve the quality of products, vitality, health
resistance and color (e.g., [3]).

The recent annual market is 30–40 thousand tons of microalgae biomass (dry weight),
but only some technologies are established and sustainable, others are still under develop-
ment for commercial use (Table 2).
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Table 2. The current industrial-scale biotechnology applications of the most exploited microalgae
(modified from [3]).

Product and Application Status Microalga

Health food, food and feed supplements Established Arthrospira (Spirulina), Chlorella
β-Carotene Established Dunaliella
Astaxanthin Established Haematococcus

Live food and feed supplements to
aquaculture Established

Chlorella, Nannochloropsis,
Isochrysis, Chaetoceros, Pavlova,

Tetraselmis, Skeletonema, etc.
PUFAs Established Phaeodactylum, Nannochloropsis

Xanthophylls (lutein, zeaxanthin) Developing Scenedesmus, Chlorella
Polysaccharides Developing Porphyridium

Oils, biofuels Developing Botryococcus, Nannochloropsis,
Phaeodactylum, etc.

Biopharmaceuticals Developing Nostoc, Cylindrospermum,
Anabaena

Biostimulants, biopesticides Developing Chlorella, Scenedesmus, Nostoc

4. Genetic Improvement of Photosynthetic Reactions

Enhanced knowledge about the genes and proteins involved in the photosynthetic
machinery and acclimation of microalgae would improve our understanding of their
acclimation pathways, and enable the genetic improvement of stress-tolerant strains [89].
Genetic manipulation approaches can generate strains with desirable commercial traits, by
either expressing new biosynthetic pathways or enhancing the yield of a product of interest
already present in a given strain. Bioengineering attempts to reduce the light absorption as
a larger population of cells can contribute to overall productivity, was showed in the model
microalga Chlamydomonas reinhardtii as mutants with truncated light-harvesting antenna
were obtained by random mutagenesis [54,57]. The mutant tla1 showed a significant
reduction of Chl content per cell and a smaller functional antenna size than that of WT.
Mutants with a reduced antenna size were also obtained in Nannochloropsis gaditana and
Chlorella sorokiniana by random mutagenesis and phenotypic selection; the strains showed
higher photosynthetic efficiency than WT and improved photoresistance in both lab-scale
and pilot-scale PBRs [60,148]. Nevertheless, it is not yet clear if such engineered strains
with both modulated antenna size to improve light penetration and enhanced resistance to
excess light, can be optimized for mass culture towards higher biomass productivity and
stress resistance [149]. An alternative approach represents bioprospecting, particularly in
extreme environments, which might provide such strains with improved resistance, which
exhibits high productivity and the robustness of growth (for example Chlorella ohadii, a
strain isolated found in the Sinai desert [150]).

The rate-limiting step of the Calvin–Benson cycle is the fixation of inorganic carbon
catalysed by Rubisco, as the complex has a low turnover rate and a low substrate specificity.
Moreover, it also shows affinity for O2, which leads to futile reactions (in the Section 2.2 of
this article). The construction of microalgae strains with improved carboxylation activity
would be crucial for higher efficiency of solar energy conversion [25]. The combination of
mutations of different isoforms might be a way to obtain Rubisco with the improved Vmax
of carboxylation catalysis [151]. Rubisco-improved variants were obtained by site-directed
mutagenesis, targeting either the gene (Rubisco large subunit) or the subunit that interacts
with Rubisco activase [152,153]. Besides Rubisco, other enzymes of the Calvin–Benson
cycle and accessory proteins have been targeted, e.g., sedoheptulose 1,7-bisphosphatase
from Chlamydomonas reinhardtii has been successfully over-expressed in Dunaliella bardawii,
resulting in a significant enhancement of photosynthetic efficiency [154]. A strong rise in
the photosynthetic productivity of Synechocystis was obtained by over-expressing Rubisco,
sedoheptulose1,7-biphosphatase, fructose-bisphosphate aldolase and trans-ketolase [155].

The triose phosphate produced by photosynthesis represents the main metabolic
pathway of the microalgae cell; therefore, the improvement potentially results in increased
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production of lipids, proteins and other high value compounds. The major research target
is the engineering of strains for a significant increase of total lipid accumulation, and/or
the optimization of fatty acid chain-length profiles by targeting single or multiple genes
involved in the lipid biosynthesis or by down-regulating competing pathways [156,157].
Saturated and mono-unsaturated C14–C20 fatty acids from microalgae are exploited for
renewable liquid biofuel production, while the engineering biosynthesis of polyunsaturated
fatty acids (PUFAs), important components of the human diet, might become a viable
option in the market of high-value food additives [158].

Regarding the endogenous isoprenoids, carotenoids represent commercially success-
ful products from microalgae: β-carotene from Dunaliella salina and astaxanthin from
Haematococcus pluvialis are high-price products mainly used in aquaculture, and as food
coloring agents and nutraceuticals (Table 2) [159]. In Haematococcus pluvialis, the endoge-
nous phytoene desaturase was modified by site-directed mutagenesis, enhancing both the
resistance to the herbicide norflurazon and the astaxanthin productivity [160]. Significant
enhancements in carotenoid productivity were obtained by modification of the astaxanthin
synthesis pathway—either over-expressing the β-carotene ketolase, or by expressing the
endogenous phytoene desaturase in the chloroplast [161,162].

5. Photosynthesis Monitoring

Successful cultivation requires constant monitoring to maintain a favorable cultivation
regime in microalgae cultures, namely physico-chemical variables, such as pH, temperature,
DO concentration, and nutrient levels, but most importantly monitoring photosynthetic
performance. Any irregularity in photosynthesis can signal changes which may indicate
early symptoms of stress; thus, counteraction may be taken to prevent culture failure.
The classical method for culture control is direct sensual (appearance, color, smell) or
microscopic examination in order to follow physiological and structural changes and
contamination of the culture. The presence of ‘invaders’ (other microalgae strains, protozoa,
bacteria or fungi) usually indicates that the culture has not been in favorable conditions for
growth. Such contaminations are frequently one of the more serious problems in large-scale
microalgae cultivations.

Finding fast and robust techniques to evaluate variations in microalgae activity has
been one of the major tasks for the effective monitoring of pilot and large-scale cultivation
units. Various biophysical and biochemical monitoring methods have been used to adjust
growth conditions for the production of biomass, or certain valuable compounds. The
primary symptoms of adverse growth conditions can be detected as an inhibition of photo-
synthetic activity of a microalgae culture which subsequently slows down its growth and
productivity. Changes in dissolved O2 concentrations, or CO2 consumption (if operated at
regulated pH by its addition) and Chl fluorescence have been used for monitoring microal-
gae culture, as they provide primary information on culture photosynthetic performance
and consequently are reflected in culture growth [14,70].

One direct approach to monitoring microalgae cultures is to follow the photosyn-
thetic activity, such as oxygen production or Chl fluorescence measurement on-line/in-
situ tracking of the actual situation. The other method is to assess the culture state
ex-situ using microalgae samples withdrawn from a cultivation unit. Some variables,
such as photosynthetic oxygen production, or PSII photochemical yield and electron
transport rate (measured by oximeters and fluorimeters), have been used to correlate
photosynthetic activity and growth. At present, techniques and protocols have been elabo-
rated for microalgae culture monitoring to optimize their growth in various cultivation
systems [70,78,106,163–166].
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5.1. Measurement of Photosynthetic Carbon Fixation

As photosynthetic carbon assimilation in microalgae culture cannot be easily fol-
lowed by infrared gas analysis, some special electrodes have been used to measure the
partial pressure of carbon dioxide (pCO2) in solutions. The principle is based on the
correlation between pH, and the concentration of CO2 and bicarbonate in the solution
(KS = [HCO3

−] × [H+]/[CO2]).
The technique of 14C radiolabelling has been used to study the carbon assimilation

rate in photosynthesis. The culture of microalgae is exposed to 14C labelled compounds for
a certain time and then the amount of 14C incorporated in to the biomass is assayed using
a scintillation counter. This technique is often employed in phytoplankton studies [167],
but it is not used much in microalgae mass cultivations.

5.2. Measurements of Photosynthetic Oxygen Evolution

For regular measurements of photosynthetic oxygen production and DO concen-
tration in microalgae cultures, polarographic oxygen sensors (based on the Clark-type
electrode) are usually used [168]. Optical oxygen sensors have also been developed for
DO measurement in gaseous and liquid phases (e.g., by Mettler Toledo) that are based on
fluorescence quenching, utilizing the interaction between a fluorescing chromophore and
oxygen molecules. Although not widely used, these sensors have a sensitivity comparable
to Clark-type electrodes and can be used in-situ. These sensors have shown a few advan-
tages compared to polarographic sensors, namely they have no need for polarization, no
consumption of oxygen, stability against electrical and thermal disturbances, and high
storage and mechanical stability.

Photosynthetic oxygen production can also be measured by mass spectrometry using
nuclear isotopes (18O) and measuring their distribution [169]. Using 16O2 and 18O2 isotopes,
the net photosynthesis and respiration can be distinguished.

Recently, a photo-respirometry technique for quantifying the rates of the main metabolic
processes in microalgae-bacteria consortia has been developed and tested [170]. When
studying microalgae-bacteria consortia, for example whether wastewater used as a nutrient
source, it is beneficial to distinguish between the contribution to oxygen balance by both
groups. Distinguishing between heterotrophic and nitrifying activity in microalgae cultures
can be done using the oxygen production/consumption rates. The proposed protocol is
based on the application of dark and light periods to the microalgae-bacteria consortia
using different substrates when measuring the rate of oxygen production. The methodol-
ogy allows us to distinguish between the metabolisms of the three main populations: the
microalgae, the heterotrophic bacteria and the nitrifying bacteria. Firstly, samples of the
microalgae cultures were taken and subjected to nutrient starvation to remove the organic
matter and the ammonium present in the medium. Subsequently, the samples are placed
inside the jacketed flask and the variation in dissolved oxygen over time was measured
during four light–dark periods of 4 min when the variation in dissolved oxygen over time
was measured and registered. This allowed us to distinguish between microalgae and
heterotrophic and nitrifying activity using the oxygen production/consumption rates.

5.3. Chlorophyll Fluorescence Monitoring

Since the 1990s, traditional measuring methods used in microalgae biotechnology
were supplemented by biophysical techniques, namely Chl fluorescence measurements,
which give fast and more complex information about the physiology and ‘health’ of the
mass cultures (Figure 5) [106,171–174]. This approach was qualitatively different from
physiological methods, upgrading it to a molecular level.
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Figure 5. In-situ Chl fluorescence measurements in microalgae cultures using various PAM fluo-
rimeters. (A) Tubular indoor PBR with Haematococcus, Institute of Physical Biology, University of
South Bohemia, Nové Hrady, Czech Republic; (B) tubular outdoor PBR with Arthrospira, Institute
of Ecosystem Studies, CNR, Sesto Fiorentino, Italy; (C) outdoor thin-layer cascade with Chlorella,
and (D) outdoor thin-layer raceway pond with Monoraphidium, both in Centre Algatech, Institute
of Microbiology, Třeboň, Czech Republic. The fiber optics of the fluorimeter were placed on the
wall of a PBR tube (panels (A,B), or were submerged directly in the culture using solar irradiance as
actinic light (panel (C)). Sensors of dissolved oxygen concentration, temperature, irradiance and Chl
fluorescence were submerged in the culture side by side to measure data in parallel (D).

Chl fluorescence measurements have become one of the most useful and frequently
used approaches to monitor microalgae mass cultures for their fast response and sensitivity
as well as a wide choice of fluorimeters that are easily used in-situ with provision for nu-
merous variables [70,105,106,166,171,173,175–178]. These measurements directly indicate
the functioning of photobiochemical processes in the photosynthetic apparatus, namely in
the PSII complex, which is a key regulatory point of light-driven processes. At present, it is
relatively easy to evaluate data, but care must always be taken to select sensible variables
and elucidation of their changes. This is particularly important when working with outdoor
mass cultures, where growth variables, such as irradiance, temperature, and other adverse
factors can occur side by side. In this case, Chl fluorescence represents a good tool which
allows rapid monitoring of physiological status of microalgae cultures. Nevertheless, Chl
fluorescence techniques used to measure photosynthetic performance under certain condi-
tions need to be compared with some other measurements: for example, oxygen production
as a complementary technique that can even distinguish photosynthetic and respiratory
rates [70,168]. Both Chl fluorescence techniques and oxygen production assays have often
been combined to optimize growth regimes as well as to assess the influence of adverse
environmental conditions—temperature extremes, high dissolved oxygen concentration
and high irradiance—and their synergism on microalgae growth [17,70,145,166,173,179].
Chl fluorescence compared with measurements of O2 production and/or CO2 uptake
provides analogous information, but the former techniques are considerably quicker, more
sensitive and moreover show energy distribution photochemical and non-photochemical
(heat dissipation) processes (for a review see [70,166,178]).
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Basically, two Chl fluorescence techniques have been utilized for photosynthesis
monitoring in microalgae mass cultures at present: rapid fluorescence induction kinetics
and the saturating pulse analysis of fluorescence quenching, i.e., pulse-amplitude mod-
ulation (PAM) techniques (for recent reviews see [180–185]). While the fast fluorescence
induction kinetics provides information on the redox status of the photosynthetic electron
transport chain, the PAM-technique presents information on the absorbed energy distribu-
tion between the energy distribution between the photochemical and non-photochemical
processes in photosynthesis. The fast Chl fluorescence induction kinetics (also called the
Kautsky curve) of all oxygenic photosynthetic organisms is characterized by a polypha-
sic rise measured in the time range between 50 µs to about 1 s when the signal rises
rapidly from the origin (F0 = O) to the highest peak (P = FM) via two infections, J and
I [186,187]. The current understanding of the OJIP transient rise is that it reflects the
filling-up (i.e., reduction) of the electron acceptor pool of PSII [181]. After exposure to
light the rapid O-J rise (2–5 ms) in fluorescence represents the photochemical phase, and
reflects the accumulation of the reduced ‘primary’ acceptor of PSII, QA

− (gradual clos-
ing of open the reaction centre of PSII). The second inflection I occurs some 30–50 ms
after illumination and it is thought to reflect different redox states, e.g., QA QB

2− or
QA
− QB

2− [188,189]. The dip after the J inflection reflects the movement of electrons from
one quencher to the next (e.g., QA → QB). An important variable that is frequently used in
graphical presentations of fluorescence induction data is the variable fluorescence at time
t, Vt = (Ft−0)/(FM − F0) (Table 4 (reviewed in [190]). The rise of fluorescence from J to the
peak P (200–500 ms) reflects the thermal phase influenced by the two-step reduction of QB
(QB → QB

− → QB
2−) and the heterogeneity in the reduction of the PQ pool. The peak P

shows that the PQ pool becomes fully reduced (equivalent to maximum fluorescence yield
FM; fully closed reaction centre). Fast fluorescence induction curves can be normalized on
both F0 and FM to better illustrate the reduction status of the J (Vj) and I (Vi) transients [183].
Due to the complex nature of the numerous interactions influencing the Chl fluorescence
induction kinetics, however, it has been generally agreed which particular phase reflects
the individual photosynthetic processes [181,187,189,190].

The PAM technique has been a considerable step forward as it has made it easy to
estimate photosynthetic activity in-situ in microalgae cultures under actinic (ambient) irradi-
ance [191]. Chl fluorescence measurements illustrate that alterations in some fluorescence vari-
ables correlate well with changes in cultivation conditions, physiological status and growth
of a microalgae cultures in a selected cultivation system [17,70,78,106,173,176,184,185]. Sev-
eral basic variables can be estimated in microalgae cultures by using the PAM technique
(Table 3). The maximum quantum yield FV/FM, calculated as (FM − F0)/FM, is considered
a measure of the maximum photochemical PSII efficiency, an estimate of the physiological
status. The variables F0, FV and FM reflect the minimum, variable and maximum fluores-
cence yields, respectively, measured in the ‘relaxed’, dark-adapted culture. It is important
to mention that measurement of FV/FM in cyanobacteria is quite complex and strongly
depends on the culture status and conditions. In these microorganisms, respiratory path-
ways interconnect with electron flow in the photosynthetic membrane and both electron
pathways share the plastoquinone pool [192]. Due to higher ratios of PSI/PSII reaction
centers and increased fluorescence from phycobilisomes in cyanobacteria, the F0 (constant
fluorescence yield in the dark) values are increased [193]. Cyanobacteria have higher
levels of F0 and lower levels of FM (maximum fluorescence yield) when using standard
fluorescence measuring protocols for green microalgae and plants. When the quantum
yield of PSII FV/FM is calculated as FV/FM = (FM − F0)/FM, then the values give lower
quantum yields in cyanobacteria when compared to green microalgae. The effective, or
actual quantum yield YII or ∆F′/FM

′ = (FM
′ − F′)/FM

′) reflects the acclimation of pho-
tosystem II (PSII) when the culture is exposed to light as it depends on the actual redox
state of the PSII electron carriers. This variable can be used as a measure of photosynthetic
performance (and growth) [179,194]. The variables FM

′ and F′ show the maximum and
steady state fluorescence yield, respectively measured in the light-adapted sample.
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Table 3. Basic variables calculated from saturating pulse analysis of Chl fluorescence quenching
when measuring [3,147,166,182]: F0, FV, FM—minimum, variable and maximum fluorescence yield
in the dark-adapted state; F′, FV

′, FM
′—steady-state, variable and maximum fluorescence in the light-

adapted state; EPAR—photosynthetically active irradiance intensity; a* is the Chl-specific absorption
cross-sections and fPSII is the fraction of absorbed quanta by PSII [196].

Variable Symbol Formula

Maximum photochemical yield of PSII FV/FM FV/FM = (FM − F0)/FM
Actual photochemical yield YII or ∆F′/FM

′ YII = (FM
′ − F′)/FM

′

Relative electron transport rate through PSII rETR rETR = YII × EPAR
Electron transport rate (correlated to

absorption cross section) ETR ETR = YII × EPAR × a* ×
fPSII

Stern–Volmer coefficient of
non-photochemical quenching NPQ NPQ = (FM − FM

′)/FM
′

Table 4. Selected variables calculated from the time-course of fast fluorescence induction curves. F0,
FJ, FI and FP—fluorescence yields measured at O-step (0.05 ms), J-step (~2 ms), I-step (~20 ms) and
P-step (200–400 ms) of fluorescence induction curve (modified and compiled from [166,189,195]).

Variable Symbol Formula

Fluorescence yield at J-step VJ VJ = (FJ − F0)/(FM − F0)
Fluorescence yield at I-step VI VI = (FJ − F0)/(FM − F0)

In outdoor trials, PSII photochemical yields (FV/FM or ∆F′/FM
′) should decrease by

20–30% at midday as compared with morning values; this is typical for well-performing
microalgae cultures [17,70,184]. A lower or higher decline may indicate that the culture is
either low-light acclimated or photo-stressed. The decrease in temperature below 20 ◦C
during the night time is beneficial as it can minimize the biomass loss due to respiration to
below 10%. It is important from a biotechnological point of view when culturing outdoor
mass cultures that everything is optimized for varying climatic conditions.

Chl fluorescence measurements in microalgae cultures in-situ show that diurnal varia-
tions of the relative PSII electron transport can be correlated with simultaneous changes
in the daily productivities of the cultures grown under various conditions [17,173,176].
The relative electron transport rate through PSII, rETR (Table 2; calculated as YII × irra-
diance in the culture) recorded in-situ have also shown to be one of simple and reliable
variables for estimation of the photosynthetic performance of outdoor microalgae mass
cultures [17,70,173]. The non-photochemical quenching NPQ calculated according to the
so-called Stern–Volmer formalism [=(FM − FM

′)/FM
′] is inversely related to the actual pho-

tochemical yield (YII or ∆F′/FM
′). An increased NPQ (indicating dissipation of absorbed

energy, mostly as heat) is considered as a protection mechanism of PSII reaction centres
against damage by excess irradiance [197]. Semi-empirically, NPQ has been solved into
two components—Y(NPQ) and Y(NO), which quantify regulated (∆pH- and xanthophyll-
regulated quenching in the light-harvesting antennae) and non-regulated (due to energy
trapped in closed PSII reaction centres) thermal dissipation processes, respectively [147]. If
summarized YII + Y(NPQ) + Y(NO) should equal 1.

NPQ arises from a number of processes in the thylakoid membranes, and several major
components of NPQ can be identified based on the kinetic curves of the relaxation of PSII
fluorescence [198]. The fastest component of NPQ, immediately triggered upon exposure
to light, is the energy-dependent quenching (qE). State transitions represent changes in the
relative antenna sizes of photosystems [47]; however, although this fluorescence decline
(called qT) has been included in NPQ, an additional quenching component, that rises
and relaxes at a longer time scale called qZ, is found in some eukaryotic microalgae
and plants [199,200]. The response is dependent on a low lumenal pH and requires Chl-
xanthophyll-binding proteins. Under high-light conditions, lumen acidification triggers the
so-called xanthophyll cycle, which involves the xanthophylls violaxanthin and zeaxanthin,
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and consists of a light-dependent, rapid and reversible de-epoxidation of violaxanthin
to zeaxanthin [199,201]. The NPQ mechanism is highly relevant for the maintenance
of the photosynthetic efficiency, which contributes to acclimation to the different light
environments. The relative contribution of each of the NPQ components changes between
organisms and irradiances: qE activates based on sudden increases in light intensity, while
ST responds to changes in the light spectrum under low light conditions [25].

Simple and fast procedures (manuals) for microalgae biotechnologists have been
worked out based on Chl fluorescence measurements for monitoring photosynthetic
performance (and physiological changes) of microalgae cultures in order to optimize
growth [70,106,166]. Nevertheless, though the interpretation of fluorescence data has
been well elaborated, the elucidation of fluorescence signals in various microalgae groups
may not be as straightforward [70,166,181,182,195,202,203]. Recently, a quick, one-day test
based on photosynthetic measurements was elaborated for preliminary optimization of
growth regime in microalgae cultures [78]. Three techniques—measurements of oxygen
production, saturating pulse analysis of fluorescence quenching, and fast fluorescence
induction kinetics—are used to estimate the preliminary growth regime, which should
correspond to a high growth rate.

In order to control an outdoor microalgae culture, on-line monitoring is desirable
to follow the culture health and detect any deviation from the usual behaviour. It is im-
portant to find suitable monitoring techniques and variables (markers) which correlate
with growth in order to optimize biomass productivity. In one series of trials, the Chlorella
R-117 culture was grown in an outdoor thin-layer cascade at an optimal cell density (about
6 g DW L−1) exposed to about 1800 µmol photons m−2 s−1 at 25 to 30 ◦C, which are rather
favorable conditions for this culture [70]. Photosynthetic activity in-situ was monitored
by following oxygen production (by the Clark-type electrode) and the actual PSII photo-
chemical yield (by a PAM fluorimeter). If the culture was exposed to a CO2 shortage, a
continuous pH increase was accompanied by an immediate decrease in the actual photo-
chemical yield ∆F′/FM

′ that indicated an inhibition of electron transport through the PSII
complex. The course of ∆F′/FM

′ was matched by a simultaneous decrease in the gradi-
ent of dissolved oxygen concentration (∆DO concentration; measured as the difference
of dissolved oxygen concentration between the upper and lower ends of the cultivation
surface). At pH 8.4, the CO2 partial pressure is about 0.2 kPa, which is insufficient for
the fast-growing Chlorella mass cultures [100] and thus photosynthetic oxygen production
and the photochemical yield considerably dropped (∆DO decrease from 13 to 2 mg L−1

and ∆F′/FM
′ from 0.55 to 0.33). Then, after 30 min, the supply of CO2 was restored, the

immediate recovery of photosynthetic activity was observed within minutes as a simulta-
neous increase of ∆F′/FM

′ and ∆DO (Figure 12 in Malapascua et al. [70]). This experiment
clearly illustrated that measurement of photochemical yield by Chl fluorescence and oxy-
gen production can alternate/substitute for the monitoring of photosynthetic activity of
the outdoor mass culture.

In our recent trials, culture variables—ambient irradiance and temperature—were
monitored in parallel with photosynthetic activity in the culture of the psychrophilic
microalga Monoraphidium (Chlorophyceae) grown in an outdoor thin-layer raceway pond
(Figure 6). The culture was inoculated with a starting biomass density of 0.4 g DW L−1,
suitable for a thin-layer raceway pond with a culture depth between 1.5 and 2.5 cm. It grew
relatively well as the specific growth rate µ was about 0.23 day−1. In these experiments,
photosynthetic activity was measured as O2 production (estimated as DO saturation)
and rETR in-situ in the culture using a submerged oxygen sensor, fiber optics and a
fluorimeter light sensor (rETR calculated as irradiance intensity multiplied by ∆F′/FM

′

in the photic zone). On days 1–3, maximum ambient irradiance in the greenhouse was
between 144–380 µmol photons m−2 s−1 depending on if we worked under overcast or
clear skies in November–December (Figure 7A). The greenhouse was heated to keep the
culture temperature between 10–20 ◦C (Figure 7C). The culture revealed midday maxima
of 110–120% O2 saturation and rETR between 4–25, corresponding to the irradiance inside
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the culture of about 10–30 µmol photons m−2 s−1 (Figure 7G). At night the temperature
was between 12–15 ◦C, which resulted in the value of O2 saturation between 75 and 80%
due to respiration. Starting on day 5, the ambient irradiance maxima at midday reached
between 570–640 µmol photons m−2 s−1. The increased ambient light caused an increase
in the inside-culture irradiance between 100–180 µmol photons m−2 s−1 at midday, which
logically induced an increase in the photosynthetic activity corresponding to the rETR
value between 50–77 and 120–145% of O2 saturation in the culture (Figure 7B,F,G). One
important point to note was the correlation between the increased culture temperature
during the night and the corresponding rate of respiration. On days 7–8, when the weather
was fair with high sunshine, the heating during the night was switched off (t = 7–10 ◦C)
and weak illumination (about 20 µmol photons m−2 s−1) was used. The O2 saturation was
similar to that found in the air, showing that respiration was suppressed. In these trials,
a very good correlation was found between the course and range of individual variables,
i.e., ambient irradiance, irradiance inside the culture (in the photic layer), temperature,
dissolved O2 concentration (oxygen production and respiration), actual photochemical
yield ∆F′/FM

′, rETR and NPQ measured by Chl fluorescence in the photic layer (i.e., depth
of light penetration) in the microalgae culture volume. This is an important finding to
select and validate suitable monitoring techniques and important variables—markers for
management of large-scale outdoor units.

Figure 6. Thin-layer raceway pond used for the cultivation of Monoraphidium. The unit of 5 m2

with a working volume of 100 litres was placed in a polycarbonate greenhouse to protect against
un-favourable weather conditions and cross-contamination (Centre Algatech Třeboň). Temperature
control was maintained by heaters and fans to keep a suitable cultivation regime. The culture layer
thickness in the unit was between 15–25 mm and flow velocity about 0.2 m s−1 managed by a
paddle wheel [15].
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Figure 7. Diurnal changes of growth conditions and photosynthetic activity in the Monoraphidium culture (class Chloro-
phyceae) grown during an 8-day trial in an outdoor thin-layer raceway pond (November–December 2020). (A) Ambient
irradiance intensity in the greenhouse; (B) irradiance intensity in the culture measured in the middle of the photic zone
(the depth of light penetration); (C) culture temperature; (D) actual photochemical yield ∆F′/FM

′ (E) non-photochemical
quenching NPQ; (F) electron transport rate ETR rETR = ∆F′/FM

′ × PAR estimated in the middle of the photic zone;
(G) dissolved oxygen concentration in the culture; (E) relative electron transport rate.

6. Conclusions

In microalgae cultivation, we make an effort to manipulate growth conditions in
order to suit culture requirements. In this article, major variables affecting photosynthesis
of microalgae mass cultures have been reviewed. There are a number of impacts which
influence microalgae growth in large-scale facilities. These are irradiance, temperature, dis-
solved oxygen concentration, CO2 supply, nutrition, culture turbulence, contamination and
construction of cultivation unit. Effective cultivation must involve continuous monitoring
of photosynthesis and physiology performance to maintain suitable cultivation conditions.
Any ‘abnormality’ indicates changes in the culture that may show early symptoms of stress;
thus, counteraction may be taken to prevent culture stress, or even death.

Methods and protocols have been developed to monitor outdoor mass cultures of
selected strains so as to optimize their growth in specific cultivation systems. Finding fast
and robust techniques to evaluate variations in microalgae activity has been one of the main
tasks for the successful management of large-scale cultivation units. Changes in oxygen
production, CO2 consumption and/or Chl fluorescence have been mostly used, which
give primary and prompt information on culture photosynthetic activity and consequently
reflect the growth. Contamination of the culture may be an overlooked problem in mass
culture, particularly for species growing in non-selective media. Therefore, it is important
to develop rapid and reliable techniques for monitoring alien species, particularly insidious
are Chytrid fungi, which can have devastating effects on culture growth and thus the
necessity to replace the culture and a rise in production costs. One direct approach to
culture monitoring is to follow photosynthesis variation in-situ during the diurnal cycle and
thus obtain the information about the actual situation in the culture. The other possibility
is to measure ex-situ using microalgae samples withdrawn from a cultivation unit. For
some variables, like photosynthetic oxygen production, the photochemical quantum yield
of PSII and the electron transport rate (measured using oximeters and fluorimeters) have
been found to directly reflect photosynthetic activity and growth.
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