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Abstract: Twenty years of Italian outdoor investigations on closed photobioreactors are discussed in this review. Many
photobioreactor designs have been projected; some have been built, tested and patented. The Italian research approach
from tubular (single tube and traditional loop) to flat and column and again to tubular photobioreactors (coil and loops)
has improved microalgal yield. It increased from 25.0 gm™2d™" in 1986 (using a traditional loop set down on the ground) to
47.7 gm™d" in 2003, when results of a new tubular undulating row photobioreactor (TURP) were reported. This very high
TURP productivity was attributed to a light dilution growth-strategy using Arthrospira platensis; the photic ratio (Ry)

ranged from 3 to 6.

INTRODUCTION

From the 1950's on, many cultural systems have been
designed and patented for the growing of photosynthetic
microorganisms. At first, the aims of the researchers were to
produce different types of biomass for the production of feed
and food [1]. From these goals, applied technology first
evolved towards open systems (ponds). They were cheap and
required very simple technological assistance. The aims of
the researchers changed as practical applications advanced.
The main objective of microalgal biotechnology became the
production of natural substances (antioxidants, bioactive
molecules, polysaccharides, polymers, natural dyes and lip-
ids etc.). Some chemicals that are extracted from microor-
ganisms are often light dependent. Therefore, some chemical
products can be obtained only through the photosynthetic
process. The production of these natural products requires
new and innovative types of technology such as closed sys-
tems that are able to control all physical and chemical pa-
rameters and to warrant high quality products. Biomasses
achieved inside closed systems are free from any external
contaminants. Since the 1980's, intensive algal technology
has begun to develop in closed systems, both in tubular pho-
tobioreactors [2-17] and in flat panel photobioreactors [18-
27]. Moreover, many airlift photobioreactors have been pro-
posed for microalgal growth [28-32]. In 1995, a special in-
stance of a column photobioreactor provided of some trans-
parent plastic plates (horizontally situated in the cylinder and
parallel to the bottom of the reactor) has been proposed to
grow outdoors green algae as Scenedesmus and Chlorococ-
cum [33]. This innovative photobioreactor was investigated
again to use geothermal fluids and energy for mass microal-
gal cultivation as absorber tower [34, 35]. Recently, a pecu-
liar new dome shaped photobioreactor, using aeration for
mixing, has been investigated [36]. During the last few
years, photobioreactor technology has been more and more
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similar to that of 'fermentors'. The variety of bioprocesses is
tremendous and many different designs of bioreactors have
been developed to meet the different needs [37]. New tech-
nologies are necessary to dilute solar radiation and/or to im-
prove light distribution in the culture thickness [38, 39]. One
possible solution has been the use of optical fibers: when
placed inside bioreactors they transmit visible solar rays that
are condensed by fresnel lenses [19, 40]. For optical engi-
neers to design light-redistributing plates with uniform radia-
tion across the entire surface, the optical fibers were con-
nected to the plates at the sides of a rectangular airlift biore-
actor [41]. In 2003, for cultivation of microalgae under su-
pra-high irradiance, a closed photobioreactor using collectors
concentrating solar irradiance (linear Fresnel lenses) into the
cultivation system has been proposed [42]. Finally, an inno-
vative L-shape photobioreactor was investigated outdoors for
single cell protein production; the pilot-scale photobioreactor
used a scraper to mix Euglena culture a flow gas emitted
from an industrial heater containing carbon dioxide, nitrogen
oxide and sulphur oxide sources [43]. The new technologies
are very sophisticated but more expensive than the tradi-
tional ones. They can be especially useful when microalgae,
cyanobacteria, and photosynthetic bacteria are grown to pro-
duce pharmaceutical products. The creation of valuable
pharmaceutical molecules and biotechnical energy consid-
erations and are not usually relevant cost factors in economic
analysis [44]. Some closed-systems such as polyethylene
bags, fibreglass cylinders, flat plate reactors, and vertical
columns [45-47] have been developed to cultivate marine
microalgae (e.g. Isochrysis, Nannochloropsis, Chaetoceros
etc.) as feed for fish, crustaceans and larval or juvenile stages
of bivalves. In these closed systems, an air-sparger system
must be placed at the bottom of the photobioreactor to allow
for the mixing of the cultures and to avoid any dissolved
oxygen build-up. Photobioreactors have been studied also to
develop life support in space [48, 49]. In 2005, a technologi-
cally advanced photobioreactor, used for the growth and
maintenance of a large number of microalgal strains was
presented [50]. Finally some photobioreactors that use im-
mobilized cells have been proposed in waste purification
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[51, 52]. Over the years, many bioreactor designs have been
proposed. However only those that deal with biomass pro-
duction have been optimized [2, 6-8, 20, 21, 27, 53-55]. Pe-
culiar substance syntheses such as those involving polysac-
charides [3, 56, 57]; B-carotene [58-61]; lutein [62]; polyun-
saturated fatty acids (PUFA) [63-68]; vitamins [69]; and/or
biohydrogen [70] have not been taken into consideration for
many years. In 2001, clean energy production (hydrogen)
together with natural compounds (pigments and polymers)
were able to be produced by purple bacteria cells (Rhodos-
pirillaceae) grown inside an underwater tubular photobiore-
actor [71]. The aim of this review is to present the evolution
of closed outdoor bioreactor systems in Italy since 1986.
Designs and investigations by Italian researchers (under in-
tensive conditions and controlling physical and chemical
parameters) are described. An intensive approach consisting
of cultivating mono-strains of photoautotrophic microorgan-
isms in photobioreactors is more desirable than extensive
ones that are largely uncontrollable with regard to production
stability [72].

TUBULAR PHOTOBOREACTORS

Tubular photobioreactors are the oldest closed systems.
They can be divided into the following categories: loop tubu-
lar photobioreactors; manifold tubular photobioreactors; coil
photobioreactors and single tube photobioreactors.

Loop Tubular Photobioreactors

A study on the production of Spirulina biomass using
outdoor culture in a tubular photobioreactor was presented in
1986 [73]. At first this apparatus was made up of flexible
polyethylene transparent tubes (14cm diameter and 0.3mm-
wall thickness), which were eventually replaced by Plexiglas
tubes (13cm internal diameter (i.d.) and 4mm wall thick-
ness). The first photobioreactors consisted of several tubes
placed side by side on a white polyethylene sheet: they were
joined by polyvinyl chloride (PVC) U-bends to obtain a
loop. A diaphragm pump system raised the culture to a feed-
ing tank that contained a siphon and allowed for intermittent
discharges of the culture into the photobioreactor. At inter-
vals of 4.0 min an average culture volume of 350 I was dis-
charged into the loop at a speed of 0.26 ms”'. The maximal
length of the loop was 500 m and the volume was of 8.0 m’.
The culture temperature and partial oxygen pressure were
monitored: pH was maintained between 9.4 and 9.8 by CO,
addition. To avoid excessive culture temperature, three cool-
ing systems were tested: shading tubes with dark-colored
plastic sheets, the overlapping of two or three tubes and the
cooling of the culture by spraying water on the surface of the
tubes. This last one provided the best solution. Two biomass
concentrations were tested (0.6 and 1.2 gl'). In general the
Spirulina culture grown at the low biomass concentration
was more productive than the other was. Moreover a short
loop of 250 m gave higher yields (about 25 gm™d™ in July)
than the longer one (500 m). In 1987, another tubular photo-
bioreactor (150m in length with a 7.4cm internal diameter)
was investigated: about 23 gm?d’ of Spirulina biomass
yield was achieved [74].

Multi-System Photobioreactors

An outdoor-tubular multi-system equipped with instru-
mentation to control physical and chemical parameters was
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first described in [75]. This multi-system was composed of
eight photobioreactors and four control cabins. It was built
and assembled by Carlo Erba Instrumentation, Milan, (Italy)
thanks to the financial resourcefulness of Prof. Gino Floren-
zano. Each single reactor consisted of a loop (20m long)
made up of ten Pyrex glass tubes (i.d. = 4.85 cm, length 2.0
m) held together by PVC bend connections. The loop was
placed horizontally in a stainless steel basin that contained
thermostat-controlled demineralized water. A PVC pump,
that used variable mechanical speeds, let the culture flow
into the loop. At the end of the loop, the culture flowed into
acylindrical vessel. The speed of the culture could be changed
from 0.2 to 0.5 ms™' and the total culture volume was 50 1. In
1986, this photobioreactor was tested using Spirulina platen-
sis (strain M2) that had been grown with one of two different
nitrogen sources (ammonia or nitrate). Under batch growth
conditions, biomass dry weight (DW) accumulation, nitrogen
uptake and lipid and carbohydrate biosyntheses were inves-
tigated; the major fatty acid Spirulina content was also in-
vestigated [75]. During the 1990's some investigations were
carried out using this type of photobioreactor [76, 77]. The
effect of temperature on yield and night biomass losses in
Spirulina platensis were studied at a culture temperature of
35 °C. The authors quoted a dayli%ht biomass output rate of
0.52 g(DW)I''d" and 0.45 g(DW)I"'d" over a 24 hour period.
Productivity decreased to about 14% when Spirulina was
grown at 25 °C. In 1994, Spirulina photo-inhibition using the
chlorophyll fluorescence technique was carried out [78].
During the same year, studies on the growth, physiology and
nitrogenase activity of a nitrogen fixing cyanobacterium
(Nodularia harveyana) took place [79]. In 1995, the chemi-
cal composition of Nodularia harveyana biomass was inves-
tigated and a yield of 13.2 g(DW)m™d" was reported [80].
Transient thermal analyses used to estimate solar radiation
and to predict the Spirulina culture temperature within a rea-
sonable degree of accuracy were carried out [81]. In this
study, the authors achieved an average biomass yield of 23.7
g(DW)m™d™", which corresponded to a volumetric productiv-
ity of 0.47 g(DW)I''d"". In 1996 and 1998, experiments were
carried out on light and oxygen stress in Spirulina platensis
that had been grown at 35 °C [82, 83]. The authors reported
a net biomass output rate of 0.52 £ 0.20 g(DW)l’ld'1 when
the oxygen concentration within the Spirulina culture was
20.8 + 1.8 mgl". In 1999, studies on the changes in chloro-
phyll fluorescence quenching and the xanthophyll cycle in
both Scenedesmus and Chlorella microalgae were under-
taken [84]. The authors quoted biomass yields of 27.5
g(DW)m'zd'1 and 21.5 g(DW)rn'zd'1 respectively in Scene-
desmus quadricauda and Chlorella sorokiniana. In 2000,
investigations on chlorophyll florescence quenching and the
pigment composition of the green alga Chlorococcum sp.
that had been grown under nitrogen deficiency were reported
[85]: no data on productivity have yet been reported.

Two-Plane Photobioreactor

A two-plane tubular photobioreactor was tested in [6]; it
was 245m long and made of Plexiglas tubes (i.d. = 2.6 cm,
wall thickness = 2.0 mm). The reactor volume was 145 I: it
covered an area of 7.8 m”. The culture was recycled in two
different ways. One consisted of two airlift systems (one for
each plane) and the other of two peristaltic pumps (one for
each plane). The highest net productivity (27.8 g(DW)m’zd'l)
was reached when the photobioreactor was operated using
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the airlift system and solar radiation was 25.4 MJm™d"'. Pho-
tosynthetic efficiency was 6.6% [6].

Curved Tubular Photobioreactor

In 1995, a new tubular photobioreactor was patented
(Italian patent number: FI95A93) [86]. The curved tubular
photobioreactor (CTP) was 67m long with a working volume
of 40 I: it was tested outdoors. It consisted of 128 Plexiglas
tubes that are 0.3m long (i.d. = 2.6 cm, and a wall thickness
= 2.0 mm). These were connected by 127 glass U-bends so
as to create a two-plane single loop (Fig. 1).

Fig. (1). Curved tubular photobioreactor (CTP) used outdoors to
investigate productivity of Arthrospira platensis (ex Spirulina)
grown from laminar to turbulent flow. (a) Global view of CTP: b, ¢
details of CTP. The cultures were grown at an average biomass
concentration of 10 gl™ dry weight.

Fig. (2). Traditional loop photobioreactor used outdoors to investi-
gate Arthrospira productivity grown from laminar to turbulent flow.
(a) Global view of the loop; (b) pump system; (c) an Arthrospira
platensis trichome.
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The CTP was tested using Spirulina platensis that had
been grown at a very high cell concentration of 10.0 g(DW)I"!
[9]. A peristaltic pump recycled the culture: the recycling
speed ranged from 0.18 to 0.97 ms™. At the optimal speed of
0.75 ms™ the highest net productivity (1.19 g(DW)I"'d" cor-
responding to 23.8 g(DW)m™d™") was achieved. Productivity
decreased when the speed of the culture was lower or higher
than the optimal velocity [9]. The effect of a convective flow
on Spirulina productivity was also investigated. Productivity
was compared with a typical loop photobioreactor (Fig. 2).
The Spirulina yield was always lower in the traditional loop
than that obtained in the CTP.

Tubular Undulating Row Photobioreactor

Since 1995 a new tubular photobioreactor design (an
evolution of Italian patent no. FI95SA93) has been studied.
Originally, it was built and tested near Florence (Scandicci),
Italy. The tubular undulating row photobioreactor (TURP)
was characterized by five rows, each of which is 1.0m long
and 0.22m high. Each row was made of a PVC flexible
transparent tube 22.0m long (i.d. = 1.0 cm and the wall
thickness = 2.0 mm). The tubes were arranged in a sinusoidal
shape (Fig. 3). The culture entered through the lowest tubes
and came out of the top tubes of the rows, where a Plexiglas
chamber of the airlift system raises the culture up to a degas-
ser. Five down-flow PVC tubes connected the degasser with
the lowest tubes of each row; compressed air was injected
into the Plexiglas chamber by a perforated tube that is level
with the tube unions. This allowed for the circulation of the
culture through the TURP. Other details concerning the de-
sign of the TURP can be found in the literature [38, 39]. Two
types of TURPs were tested: one covered a surface area of
1.0 m* (TURP-51) and the other, 0.5 m> (TURP-10r). Per-
formance of the two regarding both hydrodynamic aspects
and Arthrospira growth are still being investigated. Culture
lamination and the creation of vertical reactor configurations
allowed for obtaining solar light dilution [39].

=

Tubular undulating
row photobioreactors
(TURPS) with airfift
systems to recycle the
culture and to strip the
{ oxygenproduced by
photosynthesis_

Fig. (3). Tubular undulating row photobioreactors (TURPs) equipped
with airlift systems to recycle the culture and to strip the oxygen
produced by photosynthesis. (a, ¢) Front view; (b) side view.

The whirling of the culture was investigated in [38]. The
shear factor values, as a function of the Reynolds number,
were obtained experimentally in a 22m long PVC straight
tube with an internal diameter of 10 mm. In the TURP-10r,
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in the rows that were facing east-west, net Arthrospira pro-
ductivity was 34.4 + 1.2 g(DW)m™d™; it was achieved when
solar radiation was 24.26 + 1.53 MIm™d™" [38]. A study on
light dilution strategy of solar radiation through culture
lamination and the photic ratio (R¢) in this reactor type was
carried out in [39]. The light intensity intercepted by a verti-
cal flat surface on a typical summer day was reported using
south-north facing, and east-west facing: the values were
compared with that intercepted by a horizontal flat surface.
A very high net Arthrospira productivity of 47.7 g(DW)m™>d"
" had been attained when the reactor was operated at a daily
dilution rate of 0.3 d™' [39]. In 2005, using the same reactor
type, the rheological behavior of the Arthrospira culture us-
ing low to high cell concentrations (from 2.0 to 20.5 gl'l)
[87] was investigated. A study on the hydrodynamic aspects
of the Arthrospira culture was carried out and the rheologi-
cal behavior of Zarrouk's medium was compared with tap
water. The power consumed (P.) in a single row for Ar-
throspira culture recycling at different generalized Reynolds
numbers was reported. It was demonstrated that power con-
sumption increases as a function of both cell concentration
and the generalized Reynolds number. The energy require-
ment for recycling algal culture in tubes (i.e. with the TURPs
working at a generalized Reynolds number of 2345) was
investigated. The power consumed at the cell concentration
of 2.0 gl was only 7.8% of the maximum power (Pp,y); at a
cell concentration of 8.0 gl'l. P, was about 80% P, and at a
cell concentration of 11.1 gl'l, the P, was 100% P . [87].

Anoxic Underwater Tubular Photobioreactor

An underwater tubular photobioreactor (UwTP) (Fig. 4),
used to grow photosynthetic bacteria under anaerobic growth
conditions, was investigated [71]. It was similar to the one
described in the literature [75]. However, in 2001, the reactor
was tested for the first time under anoxic conditions: Rhodo-
pseudomonas palustris growth was studied outdoors. Ex-
periments were carried out for six months to investigate pho-
tosynthetic efficiency, daily pigment fluctuations, poly-B-
hydroxybutyrate (PHB) and carbohydrate syntheses in the
light. Moreover, it was demonstrated that PHB and the car-
bohydrates were partially consumed in the dark. The achiev-
able biomass output rate using the system, which had been
operating at optimal cell concentration (1.0 gl™) was deter-
mined from low to high solar radiation (5.07 + 3.0 to 23.09 +
2.4 MIm™d™). In summer, when solar radiation reached the
maximum value, the highest yield obtained in the UwTP was
64.1 = 9.8 g(DW)reactor'd". On the contrary, the highest
photosynthetic efficiency of 7.6% was achieved in winter.
Recently, another study was carried out using this anoxic
photobioreactor to investigate the growth kinetics of Rhodo-
pseudomonas palustris [88]. In summer photosynthetic effi-
ciency changes in changing daylight were also investigated.
Remarkable changes in photosynthetic efficiency values
were attained. under natural and forced light/dark cycles, the
photosynthetic efficiency trends were always oscillatory with
the exception of that achieved at a low biomass concentra-
tion (0.65 gI™"). The lowest photosynthetic efficiency (2.4%)
was achieved at noon and the highest (11.2%) at sunset.

Manifold Tubular Photobioreactors

In 1998, a nearly horizontal tubular reactor (manifold
tubular photobioreactor) was investigated [10]. The photo-
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bioreactor consisted of five 6.0m long Plexiglas tubes (i.d. =
3.4 cm; wall thickness = 0.3 cm). The tubes were connected
at the bottom and at the top by tubular Plexiglas manifolds.
The photobioreactor was placed on a wooden framework
facing south and tilted to form a 5° horizontal angle. In
summer, the volumetric productivity of Arthrospira achieved
in this reactor was of 1.26 + 0.05 g(DW)I"'d"" and the photo-
synthetic efficiency was 5.6 + 0.2%. In 1998, a nearly hori-
zontal tubular photobioreactor (installed in Hawaii) with a
slop of between 6-12% was tested for hydrogen production
[89]. The reactor consisted of eight 20m long tubes con-
nected at the bottom to a manifold (including an airlift sys-
tem to recycle the culture) and at the top to a degasser. Some
other manifold tubular photobioreactors of different flexible
plastic-tube dimensions and lengths (i.d. = 0.043m/6.4m,
11.0m and 44.0m) have been used to produce eicosapen-
taenoic acid using Nannochloropsis sp. The highest Nan-
nochloropsis biomass output rate of 0.60 + 0.23 g(DW)I"'d"!
was achieved [67].

Fig. (4). (a) Underwater tubular photobioreactor (UwTP); (b) pump
system for culture recycling; (c) global view of plant.

Coil Tubular Photobioreactors

A helical bubble reactor was investigated outdoors in
[10]. The coil tubular photobioreactor was made up of three
49m long PVC tubes. The tubes had a 3.0cm internal diame-
ter, and were rolled around a metallic vertical structure (1.1m
diameter). The highest ends of the tubes were connected to a
degasser. The culture flowed down through a single pipe
from the degasser. Air was injected at the bottom of each
tube to allow for the mixing of the culture, to strip the oxy-
gen produced by cyanobacterial (4rthrospira) growth and to
prevent bio fouling. The bubbles flowed up to the degasser
before escaping from the culture. Culture cooling was
achieved by water spraying. This reactor had a total volume
of 120 1. With this system, Arthrospira productivity of 0.9
g(DW)I'd" was achieved. The authors reported a photosyn-
thetic efficiency of 6.6%. In 1996, Inalco S.p.A. near Flor-
ence, Italy built another coil tubular photobioreactor with a
total volume of about 3000 1. No data on this coil have so far
been reported [90]. A new closed coil photobioreactor (CCP)
that had an incorporated mandrel to control culture tempera-
ture was designed and patented in 1995 (Fig. 5) (Italian pat-
ent number: FI95A92) [91]. The configuration was chosen to
avoid random mixing of the culture (due to a turbulent flow)
and to guarantee a regular mixing pattern that is generated
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during fluid recycling by a secondary flow in a curved tube
[92]. It was made up of two flexible 40m long PVC tubes
(i.d. = 1.0 cm, wall thickness = 2.0 mm) rolled around the
mandrel with a diameter of 4.8 cm to create a CCP of 6.0m
in length. Recycling of the culture was carried out using ei-
ther a peristaltic pump or an airlift system. When Ar-
throspira was grown under batch conditions and recycled
with the pump system, a very high cell concentration was
achieved (16.4 g(DW)I™) [92]. Some hydrodynamic aspects
such as the required power for culture recycling inside the
CCP and the reactor cycle time as a function of Dean num-
ber were investigated. When the pump recycled the culture, a
very high Dean number was achieved (D, = 3950). The Dean
number decreased in a remarkable way when the pump was
replaced with the airlift system (D, = 1800). Using the airlift
system, under semi-continuous Arthrospira growth, a photo-
synthetic efficiency of 7.4% was achieved. The gross bio-
mass output rate was 2.85 g(DW)I"d™"; the net reduced to
232+ 0.11 g(DW)I''d" . When the pump was used to recy-
cle the culture the biomass output rate decreased: the gross
was 2.61 g(DW)I''d"; the net was 1.79 g(DW)I"'d". The
authors attributed the better performance attained using the
airlift system to a low concentration of oxygen build up
within the culture (< 20 mgl") and the lack of cell damage.
Both experiments were carried out on an average starting cell
concentration of 4.0 gl”'. There are some advantages when
using the new reactor (CCP) as regards outdoor microalgal
growth. One is the regulation of the culture temperature. It is
possible to warm the culture during the first lighted hours of
the morning (when culture temperature is below optimal)
and cool the culture temperature during the day, when it
could reach too high values. It limits oxygen buildup within
the culture and avoids mechanical cell damage, verified
when using the pump [92]. Moreover, the multi-airlift sys-
tem is very cheap to run.

Fig. (5). Close coil photobioreactor (CCP) incorporating a mandrel
to control culture temperature. (a) CCP equipped with a pump sys-
tem for culture recycling; (b,c,d) CCP equipped with an airlift sys-
tem for culture recycling.

Single Tube Photobioreactors

In 1986, a single-tube wide-diameter photobioreactor
(STPwp) was tested under anoxic conditions to grow Rhodo-
pseudomonas palustris [93]. An average productivity of 43
g(DW)m™d™" (calculated on the basis of the occupied area)
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was reported by the authors. The reactor consisted of a
Plexiglas tube 10.0m long (i.d. = 0.4 m) with a working vol-
ume of 1.25 m®. The STPyp was immerged in a water bath
(Fig. 6). The culture in this reactor was mixed by an internal
system, formed by two ring-shaped brushes, with three
spokes each, connected to a rigid plastic pipe. The internal
system was moved by a wire rope connected to a spool
which had both take-up and delivery functions. A motor po-
sitioned on the top of the reactor moved the spool. A rope
sheave was positioned opposite the spool. Its perpendicular
axis of rotation was locked at the top and at the bottom of the
reactor. Two switching devices positioned at both extremi-
ties of the photobioreactor (backwards and forwards) at-
tained traction of the ring-shaped brushes. A complete cycle
of the ring-shaped brush traction consisted of going back-
wards and forwards. The culture mixing was discontinuous:
there were intervals of 15 minutes (controlled by a timer).
Three cycles for each mix input were imposed. The aims of
this mixing system were to mix the culture and to clean up
the wall of the bioreactor.

Fig. (6). Single tube photobioreactor of wide diameter (STPyp)
equipped with an internal system to mix the culture. The reactor
consists of a Plexiglas tube 10.0m long (i.d. = 0.4 m) with a work-
ing volume of 1.25 m’.

In 1996, another single tube reactor (S0mm external dia-
meter; 1.5mm wall thickness and 6.2m long) was tested [94].
The tube was placed on a platform facing south and tilted to
form a horizontal angle of 10°. Arthrospira cells were grown
inside this oxygenic reactor type. The culture was mixed by
compressed air injection at the bottom of the tube. In July,
1996, the highest productivity achieved in this single tube
reactor was 1.05 £ 0.14 g(DW)I'd”".

VERTICAL OR INCLINED FLAT PANELS

In 1990, several vertical alveolar panel (VAP) reactors,
with a surface area of 0.5 - 2.2 m?, were constructed from
1.6cm thick Plexiglas alveolar sheets [21] (Fig. 7). VAPs
were filled with a culture suspension leaving a space of 4.0 -
5.0 cm from the top of the panel: culture thickness was 1.25
cm. The photobioreactors were placed facing south with an
inclination of 25° (angle subtended with the horizontal); the
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inclination was changed monthly in order to maximize the
amount of radiant energy received by the reactor surface.
Both the mixing of the cultures and the stripping of oxygen
produced by the photosynthetic process were achieved by
bubbling compressed air at the bottom of the reactors at a
mean flow rate of 0.5 to 1.0 I lyyue . The culture pH was
controlled by the addition of CO, (from a cylinder) to the
airflow. In winter, culture temperature was maintained at 30
+ 1.5 °C during the daytime. At night, it was 20 + 1.5 °C.
During the summer, the night culture temperature was not
regulated. In September, (solar radiation = 16.6 MJm™d™")
the highest gross Spirulina productivity was 23.9 g(DW)m’
d": its net value was reduced to 15.8 g(DW)m *d™". During
the summer (solar radiation = 23.0 MIm™“d") Anabaena
azollae was cultured inside the VAP. The highest gross Ana-
baena azollae productivity was 16.0 g(DW)m™d", which
was reduced to a net value of 11.0 g(DW)m™d™" [21].

Fig. (7). Alveolar panel bioreactor design built to investigate Spi-
rulina platensis growth outdoors. (a) Front view; (b) side view.

In 1992, different airflow rates in relation to productivity
were investigated. Gross Spirulina productivity achieved in
the VAP was 30.2 g(DW)m™d", while the net dropped to
23.5 g(DW)m™d™". To obtain these results, the reactor was
operated with a maximum airflow rate of 1.21 1 Leutture | [95].
The highest net average Spirulina productivity was 24.0
g(DW)m™d" with the VAP [96]. In 1998 results concerning
a near-horizontal flat panel were reported [10]. The system
consisted of a rectangular chamber (6.05m long; 0.2m wide
and 0.025m thick) divided longitudinally into five inner
channels. Experiments were carried out with Arthrospira
platensis (strain M2). The authors reported a daily reactor
productivity of 31.61 + 1.74 g(DW)R'd™. Since the reactor
cross-sectional area was 1.3 m’, the Arthrospira biomass
gield calculated on the basis of this area was 24.3 g(DW)m’

d'. In 2004, a green wall reactor was patented [97]. The
reactor design consisted of flexible transparent plastic film
contained in a rigid metal framework so as to form a rela-
tively thin vertical panel. The biggest reactor module ex-
perimented on outdoors (volume = 640 1) was 1.0m high,
10.0m long and 5.0cm wide. The photobioreactor was tested
to cultivate several microalgae used in aquaculture. Produc-
tivity ranged from 0.15 to 1.0 g(DW)I"'d™" [98].

Pietro Carlozzi

VERTICAL COLUMNS

In 2002, a vertical annular reactor was developed at the
University of Florence, Italy to produce Nannochloropsis
biomass for hatchery feed. It was made up of two 2.0m high
Plexiglas cylinders. A cylinder with a narrower diameter was
placed inside a wider one. Both were closed at the bottom
thus obtaining an annular chamber. In 2003, some results
using this reactor shape were published [99]. Two vertical
annular reactors with different outer diameters (50 cm and 91
cm) were investigated. The smaller reactor had a volume of
120 1, a culture thickness of 4.5 cm and an illuminated sur-
face area of 5.3 m”. The larger one had a volume of 140 1, a
culture thickness of 3.0 cm and an illuminated surface area
of 9.3 m®. Culture mixing, pH regulation and gas-exchanges
were obtained by injecting a mixture of air and CO, at vari-
ous points at the bottom of the annular chamber. Under arti-
ficial illumination with a metal halide lamp the highest pro-
ductivity (34.0 g(DW)reactor'24h™) was achieved in the
reactor with the 91 cm outer diameter; under natural light (in
May). Productivity was 34.1 g(DW)reactor'24h”. During
combined illumination under green house conditions (400
metal halide lamps for the internal annular surface and natu-
ral illumination on the annular external surface) reactor pro-
ductivity increased to 48.3 g(DW)reactor'24h™ . Similar re-
sults were also reported in [100]. More recently outdoor ex-
periments were carried out by Tredici's group [101]. Ter-
raselmis suecica growth was investigated in annular columns
for both productivity and photosynthetic efficiency. Isolated
column productivity was compared with a simulated full-
scale column (arranged in the triangular way) [101]. There
were no significant differences between the average produc-
tivity of the two arrangements (0.49 gI'd" and 0.46 gl'd”
respectively). Moreover, on sunny days (average solar radia-
tion of 23.0 MJm™d™) the photosynthetic efficiency that had
been determined for the whole experimental period was
9.1% and area productivity was 38.7 gm™~d™".

CONCLUSIONS

This review focuses on twenty years of Italian research
and technological advances on closed photobioreactors that
are used to grow photosynthetic microorganisms. Light de-
pendent microorganisms are utilized to produce a great vari-
ety of metabolites: natural dyes; vitamins; antioxidants; PU-
FAs; polysaccharides; and some new bioactive molecules for
the pharmaceutical and cosmetic industries. Photosynthetic
microbic biomasses are also used to obtain human food and
animal feed (aquaculture). Many photobioreactor shapes
have been evaluated experimentally: each one has some pe-
culiarity. The curved tubular photobioreactor is better than
the traditional loop type to increase biomass output rate [9].
The two-plane photobioreactor produces higher biomass
yield than does the single-plane photobioreactor [6]. The
coiled reactor types are good for realising the right exposi-
tion of cells to a light dark cycle thanks to the curvature ra-
dius of the coil and the good surface-to-volume ratio [8, 92].
Airlift and/or bubble column photobioreactors are adequate
systems to grow microalgae. Unfortunately, their main draw-
back is the limitation of the availability of light. They are
also limited as regards large-scale systems: poor light
penetration is a serious problem, when cells grow in high-
density cultures [102]. A solution to overcome this drawback
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is the employment of optical fibers. The absorber tower [35],
the L-shape [43] and the dome [36] photobioreactors are
quite interesting for their new configurations. However, fur-
ther studies are needed to better understand the conditions
for their best performances. Flat panels are another photo-
bioreactor group. They require compressed air, injected at
the bottom of the panel, to mix the culture and to remove
oxygen produced by the photosynthetic process. Flat panels
together with annular columns and airlift photobioreactor
types allow for 'soft' culture mixing to grow microalgal spe-
cies, which are very sensitive to high-shear (e.g. Dunaliella,
Hematococcus, Porphyridium). Many studies have also been
carried out on the effects of culture agitation, airflow rate,
bubble dimensions and gas entrance velocity at the sparger
[11, 103-105]. Tubular photobioreactors have been the most
studied systems during the twenty-year Italian experience in
the field. The performance of this reactor type has improved
a great deal. The yield has increased from 25.0 gm™d™ ob-
tained in 1986, using the traditional loop placed on the
ground [73], to 47.7 gm™d”" when a new tubular undulating
row photobioreactor was tested [39]. This very high produc-
tivity (1.9 times higher than the first value reported in 1986)
has been attributed to the possibility of the TURP to dilute
solar radiation. The TURP design has allowed for culture
lamination, and a high surface-volume ratio (400 m” - The
highest value reported in Italy). Dilution of solar radiation is
very important for the growing of microalgae, outdoors. Cul-
ture lamination permits an increase in the surface-to-volume
ratio: this is a desirable characteristic if one is to reach an
efficient utilisation of solar radiation for biomass production
[39]. Our high biomass yield may have been attained thanks
to the culture lamination strategy (Fig. 8). In Fig. (8) the re-
lationship between culture lamination and the surface-to-
volume ratio (S/V) concept is explained graphically. A thin
flat panel is an optimal example of 'culture' lamina. A reactor
arrangement in thin layers can produce very high photo-
bioreactor performance levels. In Fig. (8), letters B, C, D,
and E are examples of a growing trend in reactor lamination.
The thickness of the reactor layers has changed from 0.1 m
in (B) to 0.01 m in (E). The illuminated surface-to-volume
ratio (Sy/V) has increased from 5.0 m’ in (A) [in a non-
laminated reactor (A)] to 23 m™ in (B) and from 43 m™ in
(C) to 83 m™ in (D) and 203 m™ in (E). Tubular row photo-
bioreactors, flat panels and, annular columns, which are pan-
els that have been arranged in a cylindrical shape, are able to
achieve both a high surface-to-volume ratio and high photic
ratio (Ry) values. Ry is the relationship between the illumi-
nated surface (S;;) and the occupied surface (S,..) of the pho-
tobioreactor [38]:

R¢ = Sin/Soce (D

when the occupied surface of the reactor-system contains
two or more thin culture layers (panels or loop rows) the
equation is the following:

R¢=SinR/Scc 2
where nR is the number of rows and/or panels [39].

When the occupied surface of the reactor-system contains
two or more columns or other photobioreactor shapes, the
equation is the following:

Rf = Siu'HPBRS/Socc (3)
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where nPBRs is the number of columns or other photobiore-
actor shapes. We achieved the highest biomass yield using
the tubular undulating row photobioreactor. This reactor of-
fers many advantages when compared with other photo-
bioreactors. We can control the liquid flow rate with high
precision and induce secondary circulation in a cross-section
of the curved tube. We can control the light-dark cycle fre-
quency by a sine wave motion of the algal culture and im-
prove the light distribution in the culture thus leading to bet-
ter light utilisation. We can manage the photic ratio by the
spacing or closing of the rows [38, 39].
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Fig. (8). Culture lamination concept. (A) A non-laminated reactor;
(B), (C), (D) and (E) are examples of growing reactor lamination,
where the thickness of the reactor layers changes from 0.1 m in (B)
till 0.01 m in (E). The volume of the reactors is the following: V =
1.0 m® in (A)and V=0.5 m’ in B, C, D, E. In order to calculate V
values, the wall thickness of each layer was considered to be infini-
tesimal.

Higher productivity than that achieved in Italy has been
reported in Malaya [7] and in Israel [24, 25]. In 2006,
Tredici's group approached a productivity level of 39.0 gm’
! by growing Tetraselmis suecica in annular columns
[101]. That result was possible thanks to the relatively high
photic ratio (Ry = 3.65) realised with a simulation of a full-
scale column (68 columns-100m™). Personal calculations
were carried out using the data quoted by Tredici's group in
[101], which were inserted in Eq. 3. Algal production sys-
tems need to be further improved in order to become com-
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petitive and more economically feasible. Future research
should focus on the improvement of production systems and
on the genetic modification of existing strains [106]. Scaled-
up models of small scale TURPs [38, 39] could be used to
increase chemical and biomass production. The row configu-
ration of this type of photobioreactor permits dilution of so-
lar radiation, which is very important if the light over-
saturation point is to be avoided. Microalgal cells should be
kept under low light intensity during natural bright illumina-
tion. A big photobioreactor plant (700 m’) installed in Ger-
many consists of vertically arranged horizontal running glass
tubes (rows), which produce significant quantities of Chlo-
rella biomass (130-150 t(DW)year'l) [106, 107].
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