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Abstract Two basic approaches to microalgae biomass production are used: one
applies to cultivation in closed or semi-closed vessels — photobioreactors, while the
other involves open reservoirs with direct contact of the microalgal culture with the
environment. The most crucial variable for phototrophic growth is light availability.
The amount of photon energy received by each cell is a combination of several fac-
tors: irradiance intensity, cell density, length of optical path (thickness of culture
layer), rate of mixing as well as cultivation unit design. In practice, this should form
a part of the considerations when designing cultivation systems.

The highest growth rate and productivity have been achieved in cultivation sys-
tems with microalgae layer thickness lower than 50 mm. The advantage of these
thin-layer systems is that high biomass density is reached, which is advantageous
for harvesting and processing. Basically, two thin-layer cultivation systems are
being used that guarantee high areal or volumetric productivity due to high surface-
to-volume ratio: vertical or inclined flat panels, and near-horizontal sloping cas-
cades or raceways. The first type, flat-panel photobioreactors represent closed or
semi-closed systems. In the other system, thin-layer sloping cascades — microalgae
culture is grown on open, inclined-surface platforms that — by some means —
combine the advantages of open systems (direct sun irradiance, easy heat dissipa-
tion, simple cleaning and maintenance, lower construction and biomass costs and
efficient degassing) with positive features of closed systems (operation at high
biomass densities achieving high volumetric productivity). Among the limitations
of these systems, there can be a possibility of contamination by other microalgae
strains which allows growing preferentially fast-growing strains or those cultivated
in selective environments.
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1 Introduction

In microalgal biotechnology, suitable species can be grown as productive strains in
extensive aquacultures (algacultures) facilitating the efficient manipulation of culti-
vation processes. Although many microalgal strains are cultivated worldwide for
different purposes, the bulk of annual biomass production is represented by only a
few species. Algacultures are an ideal platform for the large-scale production of
biomass because they are fast-growing, solar-powered ‘biofactories’ with low
nutrient requirements. Their substantial benefits over plants are based on their short
life cycles and metabolic plasticity that offers the possibility of modifying their
biochemical pathways and cellular composition by varying culture conditions.

Over the last 60 years, microalgal biotechnology has shown a range of applications:
from the traditional extensive biomass production in human and animal nutrition, health
food products, soil conditioning in agriculture, aquaculture colorants, technologies for
waste-water treatment, products for cosmetics, pharmaceuticals, and most recently the
possible production of a ‘third’ generation biofuels. Dense, well-mixed mass culture of
microalgae' (>0.5 g biomass per litre) with sufficient nutrition and gas exchange repre-
sents an artificial system that is a suitable model for a biorefinery.”

1.1 Cultivation Systems

Various cultivation systems and technologies have been developed to grow micro-
algal mass cultures. The choice of a suitable cultivation system and the adjustment
of the cultivation regime must be worked out for each individual microalgal strain
and production purpose. The key problem to solve in a cultivation unit design is
how to use the photon flux at a maximum rate, i.e. how to allow each single micro-
algae cell to get access to an optimum number of photons every time. Two basic
approaches to mass production are used: one applies to cultivation in open reser-
voirs (with direct contact of the microalgal culture with the environment), while
the other involves closed or semi-closed vessels — photobioreactors (PBRs) with no
direct contact between the culture and the atmosphere (for a recent review, see
Zittelli et al. 2013). Large-scale outdoor PBRs for commercial production are

!'The term — microalgae — is used by phycologists pragmatically for oxygenic phototrophic micro-
organisms, which include prokaryotic cyanobacteria and various eukaryotic algae and diatoms; it
has no taxonomic significance.

2 A biorefinery is a facility that integrates equipment and biomass conversion processes to produce
fuels, power, heat, and value-added chemicals from biomass.
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usually designed as modules. There are major operational differences between
open reservoirs and PBRs and, consequently, the growth physiology of the micro-
algae is different between the two systems (Grobbelaar 2009, 2012).

The systems are used for specific purposes and this will determine which cultiva-
tion system is the most suitable since there is no universal all-purpose unit. Crucial
variables are the irradiance intensity, temperature, optical depth, turbulence, light
acclimated state of the organism, nutrient availability and gas exchange (supply of
CO, and O, degassing). From a commercial point of view, the price of the final
product is often an important consideration. At present open reservoirs are the only
feasible culture systems for the production of thousands of tons of biomass as pro-
duction is cheaper than a culture from a closed PBR. Unfortunately, the use of open
ponds is restricted to a relatively small number of microalgal species due to the
limited control of cultivation conditions and contamination. Hence, open systems
are suitable for “robust” microalgal strains (e.g., Chlorella or Scenedesmus) that
grow rapidly, or under very selective conditions (e.g., Spirulina or Dunaliella).

Compared to open systems, photobioreactors have certain advantages: reproduc-
ible cultivation conditions with regard to environmental influences; reduced risk of
contamination; low CO, losses; lower cost of biomass down-stream processing; and
smaller area requirements. On the downside, closed systems are: more difficult to
clean; the construction material might partially decrease sunlight penetration; and
the system must be cooled and degassed effectively since excessive oxygen pro-
duced by the growing cultures can reduce growth. Furthermore, the cost of
construction is about one order of magnitude higher than that of open ponds.

The total ground area (i.e. including the ground area between panels) for the
vertical flat plate PBR is significantly lower than that occupied by an open reservoir
(e.g. raceway or cascade). Finally, the harvested cell density is close to one order of
magnitude higher in the flat plate PBR than that in open ponds or raceways, which
carries economic significance.

From a practical point of view, flat-panel PBRs have one serious disadvantage:
biofouling at higher biomass density, especially of the channels, due to reduced
turbulence in their narrow, rectangularly shaped channels.

1.1.1 Open Outdoor Systems

Open cultivation systems are usually artificial ponds, tanks, raceways (shallow race-
tracks mixed by paddle wheels) and sloping cascades (i.e. inclined-surface platforms).
An overview of open culture systems used for the mass cultivation of microalgae
outdoors has been presented recently (Tredici 2004; Zittelli et al. 2013). Productivity
in these open systems is usually low (~1 g DM m™ day ~!) due to the lack of mixing
and CO, supply. To improve productivity, open systems are mixed by impellers, rotat-
ing arms, paddle wheels, or by a stream of CO,-enriched air supplied into the culture.
The culture depth may vary between 10 and 30 cm. The cultures are usually grown at
a biomass concentration ranging between 0.5 and 1 g L' depending on the culture
depth. Outdoor cultures are considered a photo-limited system as they are operated at
an optimum concentration rather than at a maximum growth rate.
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1.1.2 Closed and Semi-closed Photobioreactors

Compared to open systems closed PBRs are more flexible and can be better opti-
mized according to the biological and physiological characteristics of a selected
microalgal strain. A variety of PBRs (using either natural or artificial illumination)
has been designed consisting of glass or transparent plastic tubes, columns or pan-
els, positioned horizontally or vertically, arranged as serpentine loops, fences, flex-
ible coils, a series of panels or column ‘gardens’; these act as a photostage in which
the microalgal suspension is continuously mixed. Necessary cooling is maintained
by submerging the tubes in a pool of water, by heat exchangers, or by spraying
water onto the PBR surface. In PBRs, a much greater biomass density can be main-
tained than in open systems. At present, panel or tubular PBRs are often mounted in
greenhouses to maintain culture conditions for all-year functioning. Slowly-growing
strains sensitive to contamination are grown in PBRs, e.g. Nannochloropsis,
Haematococcus, Tetraselmis, Phaeodactylum, Skeletonema, Pavlova, Thalassiosira,
Nostoc, Navicula, Isochrysis, Chaetoceros, etc.

Despite the higher biomass yields attainable with PBRs (as compared to open
systems), their high construction and maintenance costs still make them uncompeti-
tive for the industrial production of microalgal biomass. Their use can be foreseen
for the production of high-value bioactive substances, which require the adoption of
sterile conditions.

2 Culture Monitoring and Maintenance

Microalgal mass cultures grown in a cultivation unit should also have its physiologi-
cal status checked operatively in order to optimize photosynthetic activity and
growth. Successful cultivation requires a continuous monitoring of a culture’s phys-
icochemical parameters, namely its pH, temperature, dissolved oxygen concentra-
tion, and nutrient status. One method of observation is to use basic biological
examination under the microscope: in order to detect morphological changes of
cells and contamination by other microorganisms (microalgae, bacteria, fungi and
protozoa). The nutrient status can be followed by monitoring the concentration of
nitrogen, and then using this as a measure for adding proportional amounts of other
nutrients. Sufficient carbon (CO, or bicarbonate) supply is a crucial point as the
ambient CO, concentration is very low (about 0.04 %; v/v) and is the limiting factor
in extensive microalgal mass cultures exposed to high irradiances.
Photobiochemical monitoring methods reflect the general status of the cells’
photosynthetic apparatus and are thus often used to adjust the appropriate cultiva-
tion conditions. Oxygen production and chlorophyll (Chl) fluorescence have been
used as reliable and sensitive techniques to monitor the photosynthetic activity of
various photosynthetic organisms including microalgae (Bradbury and Baker 1984;
Krause and Weis 1984, 1991; Walker 2009; Flameling and Kromkamp 1998; Gilbert
etal. 2000; Figueroa et al. 2003; Wilhelm et al. 2004; Figueroa et al. 2013). Although
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providing analogous information, Chl fluorescence techniques are, as compared
with measurements of O, production, considerably faster, more sensitive and more-
over, can give information on absorbed energy distribution between photochemical
and dissipative (protective) processes and the balance between photosynthetic elec-
tron transport and the Calvin-Benson cycle (Schreiber et al. 1986, 1995; Baker and
Oxborough 2004; Suggett et al. 2011).

Since the 1990s Chl fluorescence measurement has become one of the most com-
mon and useful approaches used for monitoring the physiological status of microal-
gal mass cultures due to its sensitivity, ease of use, as well as its prompt provision
of results (Ting and Owens 1992; Biichel and Wilhelm 1993; Vonshak et al. 1994,
1996; Torzillo et al. 1996, 1998; Baker 2008; Enriquez and Borowitzka 2011;
Masojidek et al. 2011b). One, direct approach is to measure photosynthesis on-line/
in-situ during the diel cycle to monitor the actual situation in a culture. The other
possibility is to measure Chl fluorescence off-line using dark-adapted microalgal
samples taken from a cultivation unit at selected times (Masojidek et al. 2011a).

Chl fluorescence measurements in our experiments showed that changes of some
fluorescence variables can be well correlated with changes of cultivation conditions,
physiological status and growth of a given microalgal culture and/or the suitability
of a selected cultivation system (Torzillo et al. 1996, 1998; Masojidek et al. 2000,
2003, 2009, 2011a; Malapascua et al. 2014). Using pulse-amplitude-modulation
(PAM) technique to carry out saturation pulse analysis of fluorescence quenching
some of the fluorescence variables can be calculated (for recent reviews see Maxwell
and Johnson 2000; Schreiber 2004; Baker 2008; Masojidek et al. 201 1b; Malapascua
et al. 2014). For example the maximum photochemical yield of PSII (Fy/Fy), actual
photochemical yield of PSII, AF'/Fy/ (= [Fy'—F']/Fy’) and the relative electron
transport rate rETR through PSII (the product of multiplication AF’/Fy,’ by the pho-
tosynthetically active radiation Ep,g in the culture) reflect photosynthetic activity
and can be correlated with analogous changes in the daily productivities of cultures
grown under different conditions (Torzillo et al. 1996, 1998; Masojidek et al. 2000,
2011a). Namely, rETR proved to be a simple and reliable parameter to estimate
growth and productivity in both indoor and outdoor mass cultures of microalgae
(Malapascua et al. 2014). The so-called Stern-Volmer non-photochemical quench-
ing NPQ (= [Fy—Fu'l/Fy’) is, in principle, inversely related to photochemistry
(AF'/Fy"). It indicates an increased futile heat dissipation of absorbed energy and is
considered a safety valve protecting PSII reaction centres from damage by excess
irradiance (Bilger and Bjorkman 1990). It has been experimentally proven that a
midday-depression of actual PSII photochemical yield (F,/F,,) of between 20 and
30 % compared to morning values at high-cell density is compatible with well-
performing cultures. A lower or higher depression of F,/F, indicated low-light
acclimated or photoinhibited cultures, respectively (Masojidek et al. 2003, 2011a).

Although the theory is well described at present (Maxwell and Johnson 2000;
Schreiber 2004, Strasser et al. 2004, Baker 2008), the interpretation of Chl fluores-
cence signals may not be straightforward, particularly when dealing with microal-
gae (Schreiber et al. 1995; Strasser et al. 1995, Campbell et al. 1998). Care must be
taken when measuring fluorescence and evaluating data in cyanobacteria. This is
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because the fluorescence emission of phycobilisomes, as well as state transition
effects and PSI fluorescence, can contribute significantly to the total signal, and this
affects the correct determination of certain variables (Ting and Owens 1992; Biichel
and Wilhelm 1993; Schreiber et al. 1995).

Culture growth might be estimated as changes in the optical density (OD) at
750 nm, the dry mass (biomass), or the number of cells. Pigment content is deter-
mined in solvent extracts using spectroscopy or liquid chromatography. Biomass
productivity can be expressed as the areal or volumetric yield per unit time, for
example in [g m~ day~!] or in [g I"! day'].

Basically, two cultivation regimes are used for the growth of microalgal cultures.
In the batch regime, the culture is inoculated and at a certain point of growth it is
harvested. In the continuous regime, the culture is harvested continuously according
to its growth rate and fresh medium is added to replace nutrients. In biotechnologi-
cal practice, semi-continuous or semi-batch regimes are usually adopted, that is,
where a part of the culture is harvested at regular intervals.

3 Biological Principles: Light-Regime, Biomass Density,
Optical Path and the Importance of Time-Scales

The energy needed for the photosynthetic conversion of carbon dioxide into organic
substances is delivered by photons, which come from the sun under natural condi-
tions. Except light, the growth of microalgae biomass is further influenced by physico-
chemical conditions for growth: a suitable temperature and pH, and a sufficient supply
of carbon and nutrients in the growth medium. Since microalgal mass cultures grow
in dense suspensions (as compared with natural populations of phytoplankton), turbu-
lent mixing is critical to expose cells to light and to allow for an efficient mass transfer.
In outdoor cultures, solar photosynthetically-active radiation (PAR) represents a
major growth-limiting factor in well-maintained mass microalgal cultures (where
temperature and nutrients are not limiting). The kinetic reply of microalgal cells to
irradiance intensity is shown in a model of photosynthetic light-response curve
(Fig. 1), provided that the irradiance intensity is the sole growth-limiting factor. At
low, light-limited levels the photosynthetic rate is approximately linearly proportional
to irradiance. At light saturation, the maximum rate of photosynthesis P, is reached.
At irradiance values beyond the plateau region in Fig. 1, the rate of photon absorption
exceeds the rate of electron turnover in the photosynthetic apparatus and it eventually
leads to a decrease of photosynthesis, commonly referred to as photoinhibition. The
ultimate rate limiting processes are the photosynthetic dark reactions (Gordon and
Polle 2007; Richmond 2013; Masojidek et al. 2013).

From a practical point of view, flux requirement in commercial microalgal pho-
tobioreactors is typically ~200-400 pmol photons m= s~! corresponding to the irra-
diance saturating photosynthesis (Egs in Fig. 1) that is only about 10-20 % of the
maximum photosynthetic photon flux density (PPFD) (Gordon and Polle 2007;
Richmond 2013; Masojidek et al. 2013). The requirements for efficient utilization
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Fig. 1 A model of the light-response curve of photosynthesis. Three regions are present in the
curve: light-limited, light-saturated and light inhibited. The intercept in the x-axis Ec designate the
compensation irradiance intensity between dark respiration and photosynthesis; and Eg is an
approximate irradiance level between photosynthesis limitation and saturation. At low, light-
limited, levels the photosynthetic rate is approximately linearly proportional to irradiance. At light
saturation, the maximum rate of photosynthesis P, is reached. By reaching Eg the rate of photon
absorption exceeds the rate of electron turnover in the PSII complex and excess energy is dissi-
pated. Further irradiance increase eventually leads to a light-induced drop of photosynthesis, com-
monly referred as photoinhibition

of high light fluxes in microalgal cultures have been elucidated: the most important
of these are a short light-path combined with a highly turbulent flow at high cell
densities (i.e. >5 g DM L™!) (Hu and Richmond 1996; Hu et al. 1998; Richmond
2003; Grobbelaar 2012).

Since early reports in the 1930s, it has been clear that intermittent (pulsed) light is
an important issue for microalgae growth (Emerson and Arnold 1932). Microalgal
cells may utilize strong light only if it is delivered intermittently, in ‘pulses’. The so
called ‘flashing light’ effect on photosynthesis in Chlorella was studied by Kok (1953).
Later, the effect of L/D cycles was investigated by several research groups (e.g. Laws
et al. 1983; Tennessen et al. 1995; Gordon and Polle 2007; Grobbelaar 2009; Zarmi
et al. 2013). In the 1990s, the introduction of high-intensity LEDs to scientific use
made it possible to measure the effect of intermittent illumination more preciously in
the microsecond range (Matthijs et al. 1996; Nedbal et al. 1996).

In mass microalgal culture it is possible to achieve high photosynthetic yields in
full sunlight when the turbulence and density of cells are adjusted to produce the
proper pattern of light intermittence, i.e. the L/D cycles are sufficiently short in the
order of tens to hundreds of microseconds (10-100 Hz), close to the time scale of
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the rate-limiting dark reactions of photosynthesis. The influence of L/D cycles of
several seconds to tens of seconds does not appear to result in an improvement of
the photosynthetic efficiency (Janssen et al. 2000, 2001, 2003). It was concluded
that the averaged amount of photon energy received by each cell is a combination of
several variables: irradiance intensity, cell population density, length of optical path
(thickness of culture layer), spectral quality, light absorption, and the rate of mixing
(Richmond 2003, 2004, 2013). As shown in Fig. 1, the maximum photochemical
efficiency is achieved in the light-limited region, but maximum rates of photosyn-
thesis are reached in microalgal cultures in which averaged cell irradiances are close
to saturation Eg (and energy losses are still low).

4 Thin-Layer Systems — Layer Thickness, High Surface-to-
Volume Ratio and Biomass Productivity

The averaged irradiance intensity of a microalgal cell is modulated not only by
ambient irradiance, but also by culture density, mixing, culture depth (light path),
light-dark cycle frequency as well as cultivation unit design and spatial setting with
respect to exposure to the sun. In practical terms, this should form part of the con-
siderations when designing cultivation systems.

As discussed above, principally two thin-layer cultivation systems are being used
that guarantee high areal or volumetric productivity due to their high exposed
surface-to-volume ratio (S/V ratio): vertical or inclined flat panels, and sloping race-
ways or cascades. The higher the surface for light incidence and the smaller the
volume for the microalgae culture (S/V ratio), the better the light supply. A crucial
point is the sufficient mixing of microalgal culture to induce fast L/D cycling of
cells in ‘short’ light-path (<50 mm) cultivation systems. For a given system the
culture exhibits the highest photosynthetic efficiency at optimal cell density. The
other aspect concerns the overall photic volume that should comprise ~5-10 % of
optical path (Tredici 2010; Richmond 2013) as the depth the light penetrates into
the culture is a function of cell density. The operation regime — suitable biomass
density, culture layer (optical path), cell movement patterns (averaged light/dark
cycles for cells) and mass exchange — has to be developed to maximise/photo-opti-
mise the use of high photon flux densities reaching the surface of cultivation sys-
tems. In general, the shorter the length of the light-path, the smaller the areal volume
and the higher the volumetric productivity (Richmond and Cheng-Wu 2001).

L/D cycle considerations have indicated that the cell travel time begins to repre-
sent a relevant parameter for enhancement in photosynthetic productivity when the
optical path is reduced to about 10 mm. In such a system, e.g. flat-panel PBR, the
time range of L/D cycles is hundreds of milliseconds, assuming a photic volume of
5 % and a fluid velocity of 30 cm s™! (Richmond 2003). In another experiment, light
penetration was measured in a sloping cascade using a culture with a biomass den-
sity of about 11 g L™!. As the culture depth was about 6 mm, a hydrodynamic model
demonstrated highly turbulent flow allowing rapid L/D cycles (with a frequency of
0.47 s7') in a culture layer (Masojidek et al. 2011a).
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Higher cell density cultures require a higher Reynolds number (an indication of the
extent of turbulence) in order to induce short L/D cycles. Efficient use of strong light
requires high frequency of L/D cycles which in turn facilitates higher biomass produc-
tivity. Applied intermittently to the individual cells in the turbulent culture, high irradi-
ance is diluted by being available in smaller doses to more cells within a given time
span. Thus, the light is used more effectively, compared with light use of cells illumi-
nated continuously at low-density, or in poorly stirred cultures. Therefore the increased
L/D cycle frequency can be considered a form of light dilution (Richmond 2013).

4.1 Closed Systems — Flat-Panel Photobioreactors

The first type of thin-layer systems used for microalgae cultivation, flat-panel PBRs
represent closed or semi-closed systems. They usually consist of vertical or inclined
transparent rectangular vessels with a relatively short light-path of 1-5 cm, made of
firm material, i.e. glass, Plexiglas or polycarbonate in which baffles can be mounted
to create a labyrinth of channels (Fig. 2). The other possibility is to use flat-panels,
3-5 cm thick, made of flexible, polyethylene bags enclosed in a rigid framework. The
flat-panel systems are placed either outdoors or in a greenhouse exploiting sun light.

The height and width of individual panels can be varied. In practice, panels can
be connected to modules of several metres in length with a total volume of hundreds
to thousands litres. The panels are in series or parallel, arranged vertically some
distance apart to avoid self-shading. Flat-panel PBRs are mixed with air (+ CO,)
introduced via a perforated tube at the bottom of panels to create a high degree of
turbulence (air-bubble or air-lift), or the culture is circulated by a pump (for recent
review see Zittelli et al. 2013; Pulz et al. 2013).

Fig. 2 Thin-layer photobioreactors for cultivation of microalgae. (a) Outdoor inclined flat-panel
photobioreactors were arranged in series (Sde Boger campus, J. Blaustein Institutes for Desert
Research, Ben Gurion University, Israel,; courtesy of Prof. Amos Richmond); (b) Vertical-panel
photobioreactors arranged in parallel and mounted in a greenhouse (Institut fiir Getreideverarbeitung,
Potsdam-Rehbriicke, Germany)
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Flat-panel PBRs with high biomass density have been one of the devices to
establish the potential for massive improvements in bioproductivity as biomass
yield and optimum biomass density (OBD) in closed systems is generally much
higher than in open systems. The other advantage is the possibility of growing
some strains sensitive to contamination by other fast-growing microalgae
(Nannochloropsis, Haematococcus, Tetraselmis, Isochrysis, Phaeodactylum,
Skeletonema, Pavlova, Thalassiosira, Nostoc, Chaetoceros, etc.). Experiments in
inclined flat-panel PBRs (30°—60° tilt angle to sun) connected in series (Fig. 2a)
for mass cultivation of fast-growing cyanobacterium Spirulina (Arthrospira) pla-
tensis showed the interrelationship between light path and OBD: the stepwise
decreasing thickness of flat-panel from 104, 52, 26 to 13 mm corresponded to an
increase of OBD from 1.7, 3.1, 8.4 to 15.8 g L~! resulting in the biomass produc-
tivity of 33.6, 38.9, 49.4 to 51.1 g m™* day~!, respectively (Hu et al. 1996a, b).
Naturally, biomass productivity depends on strain physiology and conditions. As
compared to Arthrospira, productivities were much lower for slowly-growing
marine microalga Nannochloropsis sp. which is the eminent producer of PUFA. In
the same flat-panel PBRs with the culture layer thickness stepwise decreasing
from 104, 52, 26 to 13 mm, the corresponding biomass productivities were 5.5,
7.3,9.3 and 12.1 g m~ day™!, respectively (Zou and Richmond 1999) which were
almost an order of magnitude lower than those in Arthrospira.

In laboratory experiments, Arthrospira was grown in flat panels of only 7.5 mm
(1) thick illuminated continuously by 900 pmol photons m= s~! (provided by 1500 W
halogen lamps) which were placed either on one or on both sides). In this case, it
was possible to work with ultra-high biomass densities of about 27 g L' reaching
biomass productivity of about 100 g m= day~! (Hu et al. 1998). From a technical
point of view the scaling up of this system is hardly feasible as the use of very thin
flat-plate panels would be rather difficult for maintenance.

Most of industrial flat-panel PBRs have light-path between 20 and 40 mm which
determines a high surface-to-volume ratio. Several commercial large-scale systems
for microalgae production have been developed working on the principle of flat-
plate panels. In one example, a large-scale flat plate photobioreactor was constructed
employing vertically oriented plastic plates in a greenhouse, in which microalgae
were flowed horizontally in narrow rectangular channels created by baffles (Fig. 2b).
This system was a pioneering project of microalgae-based industrial CO, fixation
from flue gas produced by a lime kiln in Elbigerode (Germany). The productivity of
this 6,000-L system was rather high, in the range of 30-50 g DM biomass m day!
using microalgae strains Chlorella and Scenedesmus (Pulz et al. 2013).

The concept of ‘disposable panels’ for large-scale applications was developed in
the early 2000s by two groups working in Italy (University of Florence) and Israel
(Ben Gurion University). The vertical photobioreactor called ‘Green Wall Panel
(GWP 1)’ consists of 100-litre bags (~4.5x 100 %250 cm; 800 L) made of a polyeth-
ylene foil enclosed in a rigid framework (Fig. 3) (Rodolfi et al. 2009; Zittelli et al.
2013). The GWP I modules (4.5 cmx 1 mx20 m) can be connected, placing them
in a single row or in parallel, 1-m apart to avoid mutual shading. For the outdoor
experiments, air-flow is maintained for culture mixing and CO, is supplied during
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daylight hours keeping pH in the range 7.5-8.0. The cooling is generally provided
by water (even seawater) spraying, or by insertion of cooling loops inside the panels
to prevent the culture overheating. This low-cost, easy-to-operate and low-
contamination system with good scalability has been used to produce various
microalgae (Tetraselmis, Nannochloropsis, Isochrysis, Cylindrotheca) although
biomass densities are in the scale of grams. The GWP PBRs (developed at the
University of Florence and commercialised by Fotosintetica & Microbiologica Srl)
have been successfully used in several large-scale demonstration projects world-
wide to grow microalgae for various purposes. The GPW design has been continu-
ously modified in order to improve functioning and to reduce costs. The most recent
model of these PBRs, GWP III PBRs have east-west orientation, shorter light-path
and adjustable tilt from vertical to inclined position to use sun light effectively and
decrease energy input by integration with photovoltaics.

The technology provided by Subitec GmbH (Germany) enables the cultivation of
microalgae at an industrial scale with an enclosed system based on flat-panel airlift
photobioreactors to produce microalgae biomass as a source of feed, bulk chemicals
and energy — clean biofuels from microalgae (Fig. 3).

A large-scale flat-panel photobioreactor ‘Hanging Gardens’ was developed and
demonstrated by Ecoduna GmbH (Bruck a/L, Austria). One module unit (4.3 m?)
consist of 12 parallel flat panels (3 cmx2 m x6 m) which are placed 15 cm apart in

Fig. 3 Flat-plate photobioreactors for cultivation of microalgae. (a) Outdoor vertical flat-panel
photobioreactor ‘Green Wall Panel’ arranged in a single row or in parallel (developed at the
University of Florence and commercialised by Fotosintetica & Microbiologica Srl., Italy). (b)
Vertical alveolar flat-panel photobioreactors produced by Subitec GmbH were arranged in series
and mounted in a greenhouse at Vattenfall power plant in Senftenberg (Germany)
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Fig. 4 Large-scale
flat-panel photobioreactor
‘Hanging Gardens’
(developed and
demonstrated by Ecoduna
GmbH in Bruck a/L,
Austria). One module unit
consisting (see insert) of
12 closely spaced parallel
panels (3 cmx2 mx6 m)
which are placed 15 cm
apart in a movable frame
that allows tracking of the
sun movements. The
panels are internally
partitioned by vertical
baffles to allow culture
circulation using a gas-lift
effect. The insert shows
details of the arrangements
of the panels in the module

a movable frame that allows tracking the sun movements (Fig. 4). The panels are
internally partitioned by baffles to allow culture circulation as air and CO, are
injected from the bottom to generate a gas-lift effect.

4.2 Open System — Sloping Cascades

The other type of thin-layer systems used for microalgae cultivation represent slop-
ing cascades which are known worldwide as the Treboti’s or Setlik’s type (Setlik
etal. 1967; 1970). In these cultivation units microalgae flow in thin-layer over open,
inclined-surface platforms which — by some means — combine the advantages of
open systems (direct sun irradiance, easy heat derivation, simple cleaning and main-
tenance, lower construction and biomass costs, efficient degassing) with positive
features of closed systems (operation at high biomass densities achieving high volu-
metric productivity). The unique cultivation plant of 900 m? was constructed in
1962-1963 which was one of the first large-scale research facilities for mass micro-
algae production (Fig. 5). Later, in the 1970s as a part of collaborative projects some
thin-layer cascades (TLC) of the Tteboni’s type were also constructed in Bulgaria,
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Fig. 5 Outdoor large-scale cascades for cultivation of microalgae (50 and 900 m?) built in the
1960s. One of the first large-scale research facilities for mass microalgae production was located
on the campus of the Opatovicky mlyn, Institute of Microbiology, Tfeboti (mid 1960s). The units
had a plain glass surface, with a slope of 3 %, framed by a steel structure. The transverse baffles
3.5 cm high and 15 cm apart were fitted on the surface to create intensive turbulence in the micro-
algae layer of about 50 mm

Italy, Poland and Cuba, in order to compare microalgae cultivation under various
climatic conditions (Barto§ 1967; Zahradnik 1967; Vendlova 1969). A large-scale
facility of 900 m? was operated in Rupite, Bulgaria until the 2000s. In mass cultiva-
tions, green microalgae Scenedesmus and Chlorella were mostly used. Recently,
outdoor TLC were used in pilot trials to study the growth of the cyanobacterium
Arthrospira platensis (Torzillo et al., unpublished results) and the freshwater micro-
alga Trachydiscus (Eustigmatophyceae) (Malapascua et al. 2014).

Since the 1960s, the concept of thin-layer has been developed at the Laboratory
of Algal Biotechnology of the Institute of Microbiology at Ttfebori (for review see
Masojidek and Prasil 2010). Originally, the design of microalgae cultivation in a
relatively thin layer (<50 mm) has been based on turbulent flow using corrugated
surfaces, or a plane fitted with transversal baffles (Fig. 5). As compared to open
reservoirs (ponds, raceways) with the depth of suspension in the range of 100-
300 mm where diluted cultures of microalgae (0.5-1 g DM L) are grown under
limited light, poor mixing and gas exchange, the main advantage of TLCs was to
grow well-mixed, thick microalgae culture with a much higher biomass density
(>10 g DM L. Thus, a much lower volume of dense microalgae suspension can be
handled during biomass processing.
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Fig. 6 Outdoor large-scale cascades of 650 m?> with a working volume of 6,500 1 built in the
1990s. Microalgae are grown in a smooth thin-layer of 6-8 mm and the total surface-to-volume
ratio is about 100 m™!

In the 1990s, when the scientific atmosphere in the Czech Republic became more
favourable, microalgae were put back on stage, and another generation of large-
scale (650 m?) outdoor TLCs for microalgae cultivation was built and tested at the
Institute of Microbiology in Trebon (Fig. 6) (Doucha et al. 1993; Livansky et al.
1995; Doucha and Livansky 1995; Grobbelaar et al. 1995). Pilot units of 25-50 m?
of the same principle are also used in several institutions in the country (Institute of
Botany at Ttebon, an agricultural farm at Dublovice, etc.). As compared to the TLCs
used in the 1960-1970s, the second generation of TLCs employs a much thinner
layer of microalgae — less than 10 mm. Instead of densely spaces baffles, plastic
rods with a diameter of 13 mm diameter were placed 1.5 m apart and thus the flow
velocity could be increased to 0.4-0.5 m s~L. It was just a small step to realize that
the inclined-surface system could work best if operated as a smooth inclined surface
(glass plates framed by an angle steel structure) without any baffles where the layer
of microalgae is only 6-8 mm. First and foremost, the cleaning and maintenance of
smooth surface units has been much simpler, as compared with the baffled system.
Another advantage of TLCs was easy heating-up by solar irradiance, but on the
other hand microalgae suspension was also spontaneously cooled by water evapora-
tion avoiding overheating.

The cell layer thickness below 10 mm in combination with high flow speed (0.4—
0.5 m s7!) generates the turbulent flow (Reynolds number of about 4,500) which
prevents cell self-shading. Due to the short optical path, light utilisation is more
efficient and high optimum biomass densities (15-35 g DM L!) can be operated in
semi-continuous regime, enabling cheaper harvesting (Masojidek et al. 2011a,
Masojidek and Torzillo 2014, Doucha and Livansky 2014). These units are charac-
terized by their high ratio of exposed surface to total culture volume (S/V of
~100 m™), which enables high volumetric and areal productivity as compared with
that of open ponds (S/V ~10 m™). The short light path in combination with the high
cell density and intensive turbulence enables cells to be exposed to intermittent light
with short light/dark cycles (10-100 Hz), thus avoiding over-reduction of photosynthetic
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electron carriers (Hu and Richmond 1996; Richmond 2004; Masojidek et al. 2004).
This set-up has allowed achievement of high growth rates, up to biomass concentra-
tion of 40-50 g DM L~!. A 100 m? pilot system was also tested in the Mediterranean
climate where summer productivities were as high as 32 ¢ DM m™ day~! as com-
pared to Central Europe with productivity maxima of about 23 g DM m= day™!
(Doucha and Livansky 2006). Improved construction of the retention tank caused a
significant reduction of the dark phase to about 20 % of total volume; such high
productivities as 50 g DM m~ day~! could be achieved in cascade cultivation units
in summer days, even in temperate climate zones (Masojidek et al. 2011a). These
TLCs have been used for research and biomass production until now.

Recently, thin-layer cascades have been used for the pilot cultivation of various
microalgae strains in several countries: Italy (Torzillo et al. 2010), Spain (Jerez et al.
2014; Thnken et al. 2014), Switzerland (University of Applied Sciences, Ziirich) and
Greece (Doucha and Livansky 2006). A large-scale plant consisting of 2 cascade
raceway modules of 1,500 m? each (total volume of 180,000 L) was installed in
Pataias, Portugal for the BIOFAT project (designed and built by the company A4F
EU). The unit consists of two sloped platforms (declining of 0.5 %), 10 m wide and
75 m long which form a cascade-like system running in opposite directions. This
facility is a hybrid technology between raceway pond and sloping cascade since the
layer thickness is 40 mm, resulting in the S/V ratio of about 15 m™. In this case, the
operating biomass density is about 4 g DM L.

4.2.1 Latest Innovations of TLC Set-Up

TLCs are constructed in a way that the microalgae culture flows from the top to the
bottom over sloping platforms and ends in a retention tank, from where it is pumped
back to the top. The units are made up of five parts: cultivation surface — photostage,
retention tank, pump, CO, supply and aeration, and measurement and control sen-
sors. The module consists of two sloped platforms (divided into lanes separated by
bent edges) where the lower end of the upper platform is connected by a trough to
the beginning of the lower platform, which is declined in the opposite direction
(Fig. 7). The operation cycle starts in a retention tank (degasser) from where the
microalgal suspension is circulated by a pump via a return pipe (riser) to the upper
part of the cultivation area. Then, the suspension flows back into a retention tank
which helps in degassing of excess oxygen produced by the microalgae. Pure CO,
is supplied directly into the microalgal suspension in the riser. Fast flow in a thin
layer suspension shows great importance for growth of microalgae since the aqua-
culture is well mixed with sufficient light and nutrient availability and produced
oxygen is released into the surrounding atmosphere. The culture is circulated over
the surface only during the day; it is kept in a retention tank at night to reduce heat
loss, or during rainfall to avoid dilution by rainwater. After collection in the reten-
tion tank, the culture is mixed by aeration to preserve biological activity. Special
software has been designed to enable automatic control and data acquisition of the
culture parameters in the experimental unit. The culture’s behaviour is monitored by
temperature, pH, dissolved oxygen and Chl fluorescence sensors.
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As compared with the TLC units used in the 1990-2000, the latest generation of
TLCs, model Dahlia designed and constructed in 2012-2013 as a modular system in
the Institute of Microbiology in Tteboi. It has several innovations (see below) to
improve cultivation process and ease of maintenance (Fig. 7). The module has an area
of 90 m? and is made up of two identical platforms where microalgal culture is exposed
to sunlight in a north-south orientation. Compared to previous units made of fragile
glass plates glued to metal frames, the cultivation surface is made of stainless steel
which is easily cleaned and maintained, avoiding any problems with winter damage
and corrosion. The slope of each platform is (independently) vertically adjustable
between 0.5° and 3° which in combination with a variable-flow (20-60 cm s7') using
an open-impeller pump make it possible to set-up suspension layer thickness between
5 and 15 mm. Vertically-adjustable platforms and pumping speed make it possible to
change layer thickness in order to study the optimal conditions for microalgal strains
at varying biomass density. This is advantageous to regulate light supply to the micro-
algae culture according to its physiological demand to maintain optimum irradiance
regime. The shape of the retention tank was designed to minimise the dark volume of
the microalgal suspension which can be as low as 10 %. The S/V ratio can be operated
in the range of 60-180 m™'. Hydraulic properties, suspension distribution and flow
were improved to reduce energy demand and CO, losses.

The cultivation unit is controlled and regulated via sensors to measure photo-
synthetic activity, temperature, dissolved oxygen concentration and pH. Thermo-
regulation of the culture can be partially controlled by a heat exchanger in the trough
and heating cable in the retention tank. The CO, supply is regulated as a pH-stat
according to the demand of the microalgal culture. Easy access to all parts of the
cultivation device is necessary for cleaning and maintenance purposes.

In order to lower the cultivation unit height (maximum height of 1.7 m above
ground) the retention tank is buried of about 0.5 m below ground. The unit is sup-
ported by a lightweight scaffolding structure made of rectangular profiles with ground
anchors which enhances axial and torsional stiffness. All materials used for construc-
tion are biocompatible (PVC, PE, zinc-galvanised parts); the cultivation area is made
of stainless steel. This construction is durable to climate conditions and corrosive

»

Fig.7 (continued) set-up suspension layer thickness between 5 and 15 mm. The lower end of the
upper platform is connected by a trough (8) to the beginning of the lower platform, which is
declined in the opposite direction. The operation cycle starts in a retention tank (2; degasser) from
where the microalgal suspension is circulated by a pump (3) via a riser (6; a return pipe) to the
upper part of the cultivation area where it is distributed by a perforated tube (7; flow direction is
indicated by an arrow). The lower end of the upper platform is connected by a trough (8) to the
beginning of the lower platform, which is inclined in the opposite direction. Then, the suspension
flows back into a retention tank via a screen (10) which helps in degassing of excess oxygen pro-
duced by the microalgae. Pure CO, is supplied directly into the microalgal suspension in the riser
(4). A three-way valve (11) is used for harvesting. Measurement and control sensors (pH, dissolved
oxygen, temperature and liquid-level) are mounted in the degasser and in the connecting trough
(5). The circulation cycle takes about 60—-80 s which can be varied by the pump velocity. The sus-
pension can be harvested via a three-way valve (11). The whole system is controlled by computer
software which enables regulation of the cultivation process and data acquisition
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adjustable

Fig. 7 (Panel a) Outdoor thin-layer cascade, model Dahlia for cultivation of microalgae built in
2013. It has an area of 90 m? and can contain a total volume of 500—1,500 1. The surface-to-total-
volume ratio can be operated in the range between 60 and 180 m™' corresponding to the layer
thickness of suspension between 5 and 15 mm. (Panel b) Schematic diagram of the 90 m? cascade.
The module consists of two identical platforms (1) divided into lanes separated by bent edges made
of stainless steel. They are supported by scaffolding and exposed to sunlight in a north-south ori-
entation. The slope of each platform is adjustable (between 0.5 and 3°; see two-way arrows) which
in combination with a variable-flow maintained by an open-impeller pump make it possible to
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environmental factors for tens of years. The unit was made using standardized parts
as construction modules connected by joints which ease disassembly of the system.
These features make it transportable with a long working life and easy to repair.

This unit for cultivation of microalgae was registered at the Industrial Property
Office of the Czech Republic (patent pending PV 2013-803; utility design CZ
27021U1). The use of this demonstration unit is intended for microalgae production
as food and feed additives, especially enriched in certain bioactive compounds (e.g.
carotenoids, polyunsaturated fatty acids, etc.) or chemical elements (Se, Cr, Fe, Zn),
for biodegradation and waste water treatment or CO, sequestration.

In model trials a culture of Chlorella sorokiniana was grown in an outdoor TLC
of 90 m? (model Dahlia; Fig. 7) during late summer (September). The S/V ratio was
operated between 120-160 m™' and the culture layer thickness was between 5 and
6 mm. The maximum daily irradiance was about 1800 pmol photons m=2 s~! and
usually cultivation temperature rose from about 15-19 °C in the morning to the
midday maximum of 24-29 °C. The growth optimum of this fast growing microalga
is rather broad, between 20 and 40 °C. The dissolved oxygen concentrations were
between 9 and 10 g L™ at the start of the cultivation area rising to 18-32 g L™ (the
variability is caused by ambient irradiance and temperature) before flowing to the
retention tank. The measurement of irradiance intensity close to the surface in the
photic zone by a spherical microsensor (US-SQS/B; H. Walz, Germany) showed the
mean light intensity of about 400 pmol photons m= s~ which is within the usual
upper-limit of saturating irradiance for most microalgae and it guarantees high pro-
ductivity. In one trial the growth of the thinner culture was rather fast since the
culture biomass density increased from the starting point of 2 g L™ to 18 g L™ in
8 days. The starting biomass concentration was about 2 g L~! which was relatively
diluted culture in this thin-layer set-up; it resulted in an initial lag-phase for 2 days
(Fig. 8, curve with open circles). It corresponded to a chlorophyll concentration of
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Fig. 8 Growth curves of the Chlorella sorokiniana culture. Two trials — 8 and 15-day long — were
carried out to measure biomass concentration changes (g L") using the 90-m? cascade (S/V
ratio=120-160 m™") in late summer (September). The starting biomass density was about 2 g L™
(curve with open circles) and about 5.8 g L™! (curve with closed circles), respectively
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50-550 mg L', In the exponential phase (5-15 g L™!) the specific growth rate was
about 0.27 day~'. The diel course of photosynthetic activity of the Chlorella culture
was monitored from 08:00 to 18:00 h as in samples taken from the culture. Maxima
of the relative electron transport rate rETR and the maximum photochemical yield
of PSII, F,/F,, were calculated from rapid light-response curves (using saturation-
pulse analysis of fluorescence quenching) (Fig. 9) as described in Malapascua et al.
(2014). The so-called rapid light-response curve shows the dependency of photo-
synthetic electron transport (fETR) on the irradiance intensity E (Fig. 1; see also
Kromkamp et al. 1998; White and Critchley 1999; Ralph and Gademann 2005) and
provides detailed information on the saturation characteristics of electron transport,
as well as the actual performance of a microalgal culture. The value of rETR,,,, at
midday was about 350, 2.3-times higher than that in the morning which indicated
that the culture was rather active as it responded well to high irradiance. The values
of the Fy/Fy ratio usually range between 0.7 and 0.8 in normal non-stressed green
microalgae (Masojidek et al. 2013). In this case, the morning value of F,/F,, was
0.75 which indicated a ‘healthy’ culture; this variable decreased to 0.6 at 13:00 h,
i.e. by about 20 %. The experiments in closed photobioreactors as well as TLCs
showed that a midday-depression of PSII photochemical yields between 20 and
30 % as compared with maximal morning values is essential for well-performing
cultures (Masojidek et al. 2003, 2011a). A lower or higher depression of
photochemical yields indicated low-light acclimated or photoinhibited cultures,
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Fig. 9 Diel changes in the maximum relative electron transport rate rETR . and the maximum
photochemical yield of PSII, F,/F,, in Chlorella sorokiniana mass culture. The diel course of
photosynthetic activity of the Chlorella culture was monitored from 08:00 to 18:00 h in samples
taken from the culture at exponential phase of growth (see Fig. 7; Day 5). Maxima of the relative
electron transport rate rETR . and the maximum photochemical yield of PSII, F,/F,, were esti-
mated from rapid light-response curves (using saturation-pulse analysis of fluorescence quench-
ing) as described in Malapascua et al. (2014). One typical experiment was taken for presentation
of data in this graph
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respectively. The night temperatures below 20 °C minimized the respiration losses
of biomass to less than 10 %.

In the other trial the starting biomass concentration was about 5.8 g L=! which was
about 3-times denser than the previous one. In this case the lag phase was seen only
during Day 1, but the growth of this culture was slower during the first week as com-
pared with the lower starting biomass density (Fig. 8, curve with closed circles).

TLCs have, however, some advantages, among which the much higher oper-
ating cell concentration, very high daylight productivities, and the possibility to
quickly store the culture at night or in case of unfavourable weather conditions.
These results are important from a biotechnological point of view in order to
optimize the growth of outdoor microalgae mass cultures under varying climatic
conditions.

5 Future Prospects of Thin-Layer Systems

Two principles have to be considered, namely reducing layer thickness and using
vertical extensions in the configuration of cultivation modules. In thin-layer sys-
tems the culture layer usually varies between 10 and 40 mm. Empirically, a fur-
ther reduction of layer thickness seems to be possible and opens a way to higher
cell densities and productivities. An ultrathin-layer system where the microalgae
suspension flows by gravity in a thin vertical coating of 0.5-2 mm between two
plastic foils to assure a uniform and optimal photon supply was patented in 1994
(DE 4411486 CI, 1994) (Pulz et al. 2013). This system uses the adhesion forces
between hydrophilic materials such as foils, plastics, or glass to grow microalgae
culture in a thin flowing layer. Subject to research, various configurations of ultra-
thin layers in the space of a cultivation system are accessible, both for the forma-
tion of static (immobilized) and dynamic (flowing) biofilms. The next improvement
is the use of light-penetrable and gas-permeable materials such as transparent
textile tissues or meshes. These materials allow controlled light and gas supply
(0O,, CO,) within the culture suspension. The ultra-thin layer units with their uni-
form distribution of microalgae in the photostage allow high culture densities and
high productivities.

Recently, a similar principle was used to design the so called ‘accordion’ PBR
which consists of two adjacent transparent sheets, sealed together along to form
thin-layer vessels holding microalgae culture arranged like a ‘pleated sheet’ (US
8709808 B2, 2014 by J.L Cuello & J.W Ley). The PBR includes a support structure
and a base reservoir from which the culture is pumped to the upper edge of the pho-
tobioreactor between the two sheets.

The most recent development patented by IGV GmdH (Nuthetal, Bergholz-
Rehbriicke, Germany) is the so called ‘rain PBR’ where microalgae are grown in
ultrathin-layer (DE 10 2009 027, WO 2010/14154) (Pulz et al. 2013). The key issue
of this approach is that a dynamic biofilm in the form of droplets and films is created
using meshes or grids, distributing the high-cell-density microalgae culture into tiny
fog-to-rain-like droplets in PBR space. While in the present PBR technology, bio-
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mass concentrations of 1-5 g DM L are usually achievable, this system allows
biomass concentrations of 20-40 g DM L. Biomass productivity (footprint based)
80 g DM m~2 day~! can be estimated for this system. Another advantage of the new
system is the predictable reduction of investment costs.
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Abbreviations

Chl chlorophyll

DM dry mass

E irradiance

F,, F, F, minimum, variable and maximum fluorescence in dark-adapted state
F.,FE/,F,/ minimum, steady-state, variable and maximum fluorescence in

light-adapted state
F,/F,, AF'/F,,’  maximum, resp. actual photochemical yield of PSII

GWP green-wall panel

L/D light-dark

LED light-emitting diode

OBD optimum biomass density

OD optical density

PAM pulse-amplitude-modulation

PAR photosynthetically active radiation
PBR photobioreactor

| - maximum rate of photosynthesis
PPFD photosynthetic photon flux density
PSII Photosystem 11

rETR relative electron transport rate through PSII
RLC rapid light-response curve

SIV surface-to-volume ratio

TLC thin-layer cascade
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