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Abstract

This paper presents the characterization of a flat panel photobioreactor (0.07 m wide, 1.5 m height and 2.5 m length) for the production of
microalgae. Several factors are considered. The orientation was studied first resulting east/west the most favourable because the total solar radiation
intercepted was maximum, increasing 5% with regard to horizontal placement, and the exposure resulted to be the most homogeneous over the
year. Then, gas holdup, mass transfer, mixing and heat transfer were studied as a function of the aeration rate. This is a key operating variable
because it determines the power supply, which governs the fluid-dynamics of the system and subsequently influences other transport phenomena.
The gas holdup and mass transfer coefficient found were consistent with referenced values for bubble columns observed in tubular photobioreactor.
A power supply of 53 W/m? promoted a mass transfer rate high enough to avoid the excessive accumulation of dissolved oxygen in this flat
panel photobioreactor. This is similar to the 40 W/m?® necessary in bubble columns and much lower than the 2000-3000 W/m? required in tubular
photobioreactors. However, this power supply is in the order of magnitude of 100 W/m?, which has been reported to damage some microalgal cells,
whereas no damage has been referenced in tubular photobioreactors. Even at low power supplies the mixing time was shorter than 200 s, longer
than the 60 s measured for bubble columns, but quite faster than the typical values found for tubular photobioreactors (1-10h). With regard to
heat transfer, global coefficients were determined for the internal heat exchanger and for the external surface of the photobioreactor. The observed
behaviour was similar to that referenced for bubble columns, although the values of heat transfer coefficients measured were lower than in bubble
columns. The heat transfer coefficient of the internal heat exchanger (over 500 W/m? K) was much higher than the coefficient of the external surface
of the reactor (30 W/m? K). Internal heat exchangers are therefore useful to control the temperature of the culture in this type of photobioreactor. The
major disadvantage of this reactor is the potential high stress damage associated with aeration. The main advantages are the low power consumption
(53 W/m?) and the high mass transfer capacity (0.007 1/s). The characterization carried out allows improving the design and establishing the proper
operating conditions for the production of microalgae using this type of photobioreactor.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Microalgae have been cultured by mankind for centuries,
mainly as food. In the past few decades, most of the research in
this field has aimed to the development of open outdoor mass cul-
tures, resulting in the large-scale production facilities currently
in operation throughout the world [1]. Such systems are inexpen-
sive but have important drawbacks. Open systems cannot ensure
a contamination-free monoalgal operation. The culture condi-
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tions are poorly controlled and only a few resistant microalgal
strains can grow under the extreme conditions (high pH, salinity
or temperature) that normally take place in open systems. The
fact is that most microalgal strains can only be cultured under
controlled conditions and protected from the environment. This
is only possible with fully closed photobioreactors [2]. Closed
photobioreactors are suitable for the production of strains rich
in high value products, and also allow taking advantage of the
metabolic flexibility of microalgae: the generation rate of desired
product can be enhanced by setting the proper culture condi-
tions. The design of closed photobioreactors must be carefully
optimized for each individual algal species, according to its
unique physiological and growth characteristics [3]. Two domi-
nant environmental factors require substantial attention: sunlight
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Nomenclature

A external area of the heat exchanger (mz)

C concentration of dissolved oxygen (mol/m?)

Cp heat capacity (kJ/kg K)

d light-path of the reactor (m)

Dc diameter of the system (m)

Dz dispersion coefficient (m2/s)

E function of residence time at the outlet

Fr Fraudre number

g gravitational acceleration (m/s”)

G hourly global radiation on a horizontal surface
(kJ/m? s)

G, reflected hourly radiation on a tilted surface
(kJ/m?2 s)

G direct hourly radiation on a tilted surface (kJ/m? s)

Grd diffuse hourly radiation on a tilted surface
(kJ/m? s)

h individual heat transfer coefficient by convection
(W/m? K)

hs solar time (h)

H daily global radiation on a horizontal surface
(kJ/m? s)

Hy daily global direct radiation on a horizontal sur-
face (kJ/m?2 s)

Hy daily global disperse radiation on a horizontal
surface (kJ/m? s)

H, extraterrestrial daily global radiation (kJ/m? s)

I solar irradiance constant (kJ/m2 S)

kL thermal conductivity of the liquid (kJ/h m K)

Kh transparency index of the atmosphere

Kiar,  overall volumetric mass transfer coefficient (1/s)

L total length of the reactor (m)

moH total amount of alkali injected (mol)

Myater  Mass flow of hot water through the heat exchanger
(kg/s)

N day of the year

Nd dimensionless dispersion number

Pg power supply by aeration (J/s)

Pr dimensionless Prandtl number

oL liquid flow rate (m3/s)

Ry ratio of direct to total radiation on a tilted surface

Ry ratio of diffuse to total radiation on a tilted surface

Re dimensionless Reynolds number

S cross-section of the reactor (mz)

t time (s)

I'm mixing time (s)

t residence time (s)

T temperature (K)

U overall heat transfer coefficient (W/m? K)

U superficial gas velocity in the aerated zone (m/s)

Vv total volume of the reactor (m?)

VL volume of liquid (m?)

Greek letters

B hourly radiation on an tilted surface (degrees)
) declination (degrees)

) overall gas holdup

¢ latitude (degrees)

y solar angle with respect to the south (degrees)
UL liquid viscosity (kg/m?s)

0 solar angle of a surface (degrees)

O dimensionless time

0, Azimuthal angle (degrees)

oL density of the liquid (kg/m?)

o? variance

w solar angle (degrees)

wg sunrise solar angle (degrees)

and temperature [4,5]. Also other design parameters such as light
regime, heat and mass transfer must be fine tuned for proper
operation [6,7].

For this reason, a variety of closed photobioreactors have
been proposed to suit the particular characteristics of different
microalgal strains. The designs range from horizontal tubular
systems [8,9], to helical tubular reactors [10], cascade reac-
tors [11], alveolar flat panels [12], vertical flat panels [13] or
bubble columns [42]. The most scaleable designs correspond to
horizontal or helical tubular systems, as well as combinations
of vertical flat panels and bubble columns, and so these types
of photobioreactors have attracted most interest. An integrated
characterization of solar radiation, fluid-dynamic and mass
transfer of both tubular and bubble column photobioreactors
are already available [14,15,42], but flat panel photobioreactors
have been disregarded this far.

Flat panel photobioreactors feature important advantages for
mass production of photoautotrophic microorganisms and may
become a standard reactor type for the mass production of sev-
eral algal species. The construction of flat plate reactors dates
back to the early 1950s [16]. Samon and Leduy [13] used verti-
cally translucent flat plates, illuminated on both sides and stirred
by aeration. Tredici and Materassi developed this idea [12,17]
proposing a rigid alveolar panel. Pulz et al. [18] used flat pan-
els with inner walls arranged to promote an ordered horizontal
culture flow that was forced by a mechanical pump. The most
innovative aspect of the Pulz reactor was that parallel plates were
packed together; close enough to attain 6 m> of culture volume
on 100 m? of ground area, with a total illuminated culture sur-
face of ca. 500 m2. The research of Hu and Richmond [19-21]
resulted in a type of flat plate reactor made of glass sheets, glued
together with silicon rubber to make flat vessels. This simple
methodology for the construction of glass reactors provided the
opportunity to easily build reactors with any desired light-path.
Recently, a new design of vertical flat panel photobioreactor
consisting of a plastic bag located between two iron frames has
been proposed [22]; this brings a substantial cost reduction to
this type of reactors. In the present paper a flat panel photobiore-
actors is characterized. The factors considered are the collection



138 E. Sierra et al. / Chemical Engineering Journal 138 (2008) 136-147

of solar radiation, the power supply necessary to remove oxy-
gen and to avoid nutrient gradients, and the heat transfer capacity
for temperature control. The measured behaviour is then com-
pared with other photobioreactors previously analyzed in order
to determine the suitability of this type of photobioreactors for
the production of microalgae.

2. Materials and methods
2.1. Flat panel photobioreactor

The flat panel photobioreactor featured in Fig. 1 was used.
The device consisted of a u-shaped disposable plastic bag
located between two iron frames 0.070 m apart. Frame and plas-
tic bag are 1.5 m high and 2.5 m long, with a volume of 250 L.
The plastic bag is made of free-dispersant 0.75 wm polyethylene,
with a transparency index of 0.95 in the photosynthetically active
spectrum. The bag can be easily replaced when convenient,
excessive fouling or contamination being the most common fac-
tors requiring a replacement. A gas sparger (20 mm PVC tube
with 1 mm holes every 3 cm) was placed from side to side at
the bottom of the plastic bag for aeration, and a heat exchanger
consisting of four 2.00 m long, 0.025 m diameter stainless steel
tubes was located 0.50 m above the gas sparger inside the bag
for temperature control. The air flow rate entering the photo-
bioreactor was regulated using suitable valves and flowmeters
(Omega Engineering Inc.). Temperature was controlled passing
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Fig. 1. Schematic drawing of the flat panel photobioreactor used. (A) Frame;
(B) schematic drawing of aeration system, heat exchanger, and medium inlet
and harvesting valve for the continuous operation of the photobioreactor.

cool water through the heat exchanger. Dissolved oxygen, pH
and temperature probes were located in the upper part of the pho-
tobioreactor. Additional temperature probes were installed at the
inlet and outlet of the heat exchanger. Environment temperature
was also recorded. The data from all the probes was captured by
a data acquisition board (DaqFactory, CA, USA) connected to
a PC computer for on-line registration and control. A ball valve
installed at the bottom allowed wash-out of the reactor. Another
ball valve located 1.24 m high, the reactor working level, was
used for harvesting during continuous operation.

2.2. Fluid-dynamic and mixing characterization

The influence of the air flow rate on the gas holdup and
volumetric mass transfer coefficient of the reactor were stud-
ied. The overall gas holdup, ¢, was determined by the volume
expansion method [23]. The overall volumetric mass transfer
coefficient, K ar,, was measured using the dynamic gassing-out
method [23]. For K1 ar, measurements, dissolved oxygen was
first removed from the reactor by sparging with nitrogen until
the dissolved oxygen concentration approached zero. Time was
given to allow the N, bubbles to disengage and then air was
sparged at the required rate. The dissolved oxygen concentra-
tion (C) versus time (¢) was recorded until close to saturation.
For the procedure described, the following well-known equation
holds,

dCr, N
— = Kpa (C" — CL) (D
dr
Integration for Cp = Cy at =0, led to Eq. (2).
C* — CL
In{f — | =-K -t 2
n <C* — Co) LaL 2

A plot of the left hand side of this equation against time was
used to obtain —Kp ar, as the slope.

The power input per volume unit due to aeration, Pg/Vy,
was calculated as a function of the density of the liquid, pr, the
gravitational acceleration, g, and the superficial gas velocity in
the aerated zone, Ug.

Pg
— = pLgUc (3
%9

Mixing was determined by the pulse-response method, which
requires a continuous flow of liquid through the reactor. For this,
a pulse of alkaline solution, used as tracer, was injected at the
inlet of the reactor, and the tracer concentration was measured
at the outlet. These experiments were done using distilled water
and air free of CO; to avoid influence of bicarbonates buffer.
The hydroxyl concentration [OH™] was determined from pH
measurements at the outlet. The residence time function at the
outlet, E, and the dimensionless time, 6;, were then calculated
as,

[OH"]
= — 4
mou/V X

6 = f 5)
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where ¢ is the time, moy the mass of alkali injected and V is
the working volume of the reactor. The residence time, f, is
determined from experimental data as,

_ Jo tIOH™]ds

~ JU[OH™1dr ©)

T

The consistency of the data was always tested [24] and then
for each experiment the variance inside the reactor, (72, which
represents the mixing degree, was calculated as,

ol = /9,2Ed9, -1 @)

Variance can range from 0, indicating an ideal plug-flow,
to 1 obtained for a perfect mixed-tank. This allows identifying
the overall behaviour of the system. For real systems, variance
values higher than 0.2 are considered to correspond to mixed-
tank reactors, while below this value a plug-flow behaviour is
accepted. Experiments were performed for different aeration
rates keeping a constant liquid flow of 28 L/min. The dispersion
coefficient, Dz, which quantifies the mixing as a diffusion-like
process and therefore the possible extension of gradients at
molecular scale, was calculated from the variance value using
the dispersion model [24], and by iterative calculation:

o = 2Nd — 2Nd> (1 —exp (;é)) (8)
Dz = % .L-Nd ©)

where Nd is the dimensionless dispersion number, Oy the liquid
flow rate through the reactor, S the cross-sectional area of the
reactor in the direction of the liquid flow (0.07 m x 1.24 m), and
L is the total length of the reactor in the same direction (2.5 m).
The mixing time, #,,, was determined by pulse—response experi-
ments in batch mode (no, liquid flow through the reactor). It was
determined as the time required to attain a 5% deviation from
complete homogeneity after the injection of a tracer pulse was
injected in the reactor. The mixing time, #p,, is a direct indicator
of the mixing capacity of the reactor and allows the compari-
son with characteristic times of processes taking place inside the
reactor.

2.3. Heat transfer measurements

Overall heat transfer coefficients were determined separately
for the internal heat exchanger (heat transfer from the broth
to the fluid circulating the heat exchanger) and for the outer
surface exposed to air (heat exchange between the broth and
the environment). The overall coefficient for the exchanger was
determined filling the reactor with water and then circulating hot
water (35 °C) through the heat exchanger and recording the tem-
perature changes at the inlet and outlet of the heat exchanger and
in the reactor. Since the environment was cooler than the reac-
tor, heat was simultaneously lost to the surrounding air. Once
the system reaches a steady state, the overall heat transfer coef-
ficients for the internal and external sections of the reactor can

be calculated from the following heat balances.

Myyater * prater “ (Tintet — Toutlet)

(Tculture - inlet) - (Tculture - outlet)

=UjA (10)

1
1n(Tculture - inlet)/ (Tculture - outlet)

The left hand side of this equation represents the heat flow
lost by the hot water circulating the heat exchanger, and the
right hand side is the heat flow transferred to the water within
the reactor. The overall heat transfer coefficient, U, can be cal-
culated using Eq. (10), where myer is the mass flow of hot water
through the heat exchanger, Tiner and Toyet the temperatures at
the inlet and outlet of the heat exchanger, Tcyiwre the temperature
of the liquid inside the reactor, and A is the external area of the
heat exchanger.

The overall heat transfer coefficient, U;, between the reactor
and the surrounding air, can be calculated using Eq. (11), where
Tair is the temperature of the air surrounding the reactor, and A;
is the area of the reactor exposed to air.

Myater * CPwater * (Tinlet — Toutlet) = U2A2(Teurture — Tair)  (11)

Experiments were done at different water flow rates, mysaer,
and aeration rates in order to study the influence of both variables
on the overall heat transfer coefficients.

2.4. Solar radiation

The solar radiation was measured using a LICOR 200 sensor
connected to a data acquisition board. Data were collected for
three different surfaces: horizontal, vertical south-faced and ver-
tical east-faced. For the horizontal surface only the upper face
was considered whereas for the vertical surfaces the sensor was
located on both sides to determine the overall irradiance inter-
cepted by a photobioreactor positioned in the same way. Thus,
the irradiance on the surfaces was measured each hour during the
daylight period, which allowed the daily irradiance to be deter-
mined by integration of data. Measurements were performed on
different dates, always on clear days, to determine the influence
of the surface position on the overall irradiance intercepted.

In addition to experimental measurements, the solar radiation
on a fixed surface can be estimated as a function of its location
and position. Fig. 2 summarizes the main geometric considera-
tions to take into account to estimate solar radiation on a given
surface [25]. For a fixed location of latitude, ¢, the extraterres-
trial daily global radiation H,, as a function of the day of the
year n, declination §, and sunrise solar angle wsy, is given by the
following equations:

24 360n
H, = (nlsc) (1 + 0.033 cos ( 365 ))

5 sinw, + 22 sin sin 8 (12)
X | cos¢ cosd sin wg 360 sin ¢ sin
284
5 = 23.45 sin (36021 (13)
365
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Fig. 2. Angles to be considered to determine the position of sun as a function
of time, location and position of the surface.

cosws = —tan g tan ¢ (14)

From the H, value, the daily global radiation on a horizontal
surface, H, can be calculated as a function of the transparency
index of the atmosphere, Kh, which is available for long-term
periods. For Almeria, Spain (36°48'N; 2°54'W) the transparency
index is 0.74 [26,27]. Using Kh is also possible to calculate the
fraction of disperse to total global radiation to be calculated, Hy,
and then the direct global radiation, Hy,.

H = HyKh (15)
Hy 2 3

o= 1.39 — 4.03Kh + 5.53 Kh”® — 3.11 Kh (16)
H,=H — Hy (17)

For any given day, the hourly global radiation on a horizontal
surface, G, can be calculated as a function of solar time, hs,
which determines the solar angle, ws.

ws = 15(12 — hs) (18)
G = 1 (Z) @+ b coswy | 0= cosn
24 sin wg — (2wws/360) cos ws
(19)
a = 0.4090 + 0.5016 sin(ws — 60) (20)
b = 0.6609 — 0.4767 sin(ws — 60) 21

Then, the hourly radiation on an tilted surface, B, oriented
in a fixed position with respect to the south, y, can be cal-
culated. The direct, Gy, and the diffuse, Gyq, components are
first obtained separately and then the global hourly radiation on
the tilted oriented surface, G;, is calculated as the addition of
both components. The calculations are detailed in the following

equations:
Ry = cos 6 22)
cos 6,
Ry = 1+ cosp 23)
2
cos 6 = (sin § sin ¢ cos B) — (sind cos ¢ sin B cos y)
+(cos § cos ¢ cos B cos w)
+(cos § cos ¢ sin B cos y cos w)
~+(cos § sin B sin y sin w) 24)
cos B, = (sin § sin ¢) + (cos § cos ¢ cos w) (25)
Gw = RG (26)
G = R4G 27
G =G+ Gu (28)

Integration of the hourly global radiation, G;, over a daytime
period gives the daily global radiation on a surface tilted 8 and
oriented y to the south. Integration for the whole year gives the
overall annual global radiation on the considered surface.

3. Results
3.1. Solar radiation

The methodology proposed in Egs. (12)—(28) has been used
to estimate the solar radiation on the flat photobioreactor sur-
faces (horizontal, vertical north/south and vertical east/west) as
afunction of position and location. As shown in Fig. 3A, the irra-
diance values obtained with the estimation are in good agreement
with experimental determinations. Therefore, this methodology
is proved useful for the estimation of the impinging irradiance
and can be used for the correct design and operation of this type
of photobioreactor. The results obtained for the studied location
(Almeria, Spain, 36°48'N; 2°54'W) show that the irradiance
intercepted by a flat photobioreactor oriented east/west and a
horizontal photobioreactor are quite similar. The daily global
variations from winter (minimum) to summer (maximum) are
also analogous. The annual variation of daily global radiation
intercepted by a vertical photobioreactor oriented east/west is
similar to that intercepted by a horizontal photobioreactor, with
maximum and minimum values being reached in summer and
winter, respectively. For horizontal photobioreactors the radia-
tion intercepted ranged from 11 to 30 MJ/m? day, whereas for
vertical photobioreactors oriented east/west the total radiation
intercepted ranged from 13 to 29 MJ/m? day. On the other hand,
the results obtained for the north/south oriented flat photobiore-
actor are quite different. In this case, the annual variation of daily
global radiation was maximum in winter and minimum summer.
The values obtained ranged from 26 to 16 MJ/m? day for winter
and summer, respectively. For this location, vertical photobiore-
actors east/west oriented intercepted more radiation in winter
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Fig. 3. Influence of position and orientation of photobioreactors in the capture
of solar radiation over the year (A) and on a specific day (B), in Almeria, Spain
(36°48'N; 2°54'W). Lines correspond to simulated values using proposed Egs.
(12)—(28), whereas points correspond to experimental measurements.

than the horizontal surface (+17%), but is slightly less in summer
(—3%). This means a homogenization of light availability over
the year, in comparison with horizontal systems and an increase
of 5% in total radiation intercepted. On the other hand, a ver-
tical photobioreactors oriented north/south duplicates the solar
radiation intercepted by a horizontal photobioreactor in winter,
but obtains 65% less in summer. The overall annual radiation
intercepted vertical north/south only increases 1% with respect
to horizontal photobioreactors.

The hourly radiation intercepted is presented in Fig. 3B. The
results show that the behaviour of the horizontal photobioreactor
and the vertical north/south oriented photobioreactor are similar,
whereas the vertical photobioreactor oriented east/west shows
a totally different variation. For the latter the intercepted radia-
tion is maximum during the first and last solar hours, because of
the orientation towards sunrise and sunset of the main surfaces.
At noon, the time of maximum solar radiation, there is a sharp
decrease. Therefore, light availability during the daylight solar
cycle is also more homogeneous for this configuration. For the
location under study on a winter’s day (January 12th), the daily
global radiation intercepted by a east/west oriented vertical pho-
tobioreactor is 18% higher than that intercepted by a horizontal
photobioreactor, while the global radiation intercepted by the
north/south oriented vertical photobioreactor is double than the
horizontal case.

3.2. Fluid-dynamics, mass transfer and mixing
characterization

The fluid-dynamic characterization of the reactor comprised
the influence of the air flow rate on the gas holdup and the vol-
umetric mass transfer coefficient of the reactor (Fig. 4). Both
parameters increased linearly with the air flow rate. Maximum
values of 0.018 for holdup and 0.0063 1/s for the mass trans-
fer coefficient were measured at the highest aeration rate tested
0.32 v/v/min, expressed as volume of air per culture volume
and time (usual expression in microalgal biotechnology). This
corresponded to a superficial gas velocity. The superficial gas
velocity Ug =0.0076 m/s (more usual in the engineering field).
The superficial gas velocity Ug is easily derived from the air
flow rate by multiplying this last one by the total volume of
the culture, 0.25 m3, and dividing by the cross-sectional area of
the aerated zone, 0.175 m? (2.5m x 0.07 m). The experiments
were limited to low flow rates, under the usual 1 v/v/min utilized
in low scale cultures, because the objective was to determine
the optimal conditions for the operation of large-scale photo-
bioreactors, and consequently the power consumption must be
minimized.

The results of mixing are shown in Fig. 5. A variance of 0.24
was measured with no aeration with a sharp rise to 0.50 at the
minimum air flow rate (0.003 v/v/min). Increasing aeration rates
up to 0.091 v/v/min increased the mixing intensity to a maximum
variance of 0.84. Above this value the mixing induced by the
aeration diminished slightly with increasing aeration rates till
values of variance of 0.71. The variance due to the aeration was
very significant in the system for every flow rate, the behaviour
being that of a mixed-tank system. The dispersion coefficient
changed in a similar fashion, ranging from 0.012 to 0.024 m?/s.
However, the mixing time varied in the opposite way, being
lower than 200 s in all experiments of aeration flow rate, and
even at the extremely low rate of 0.003 v/v/min (Fig. 5). The
mixing time decreased with aeration flow rate down to values
of 100s at 0.091 v/v/min. Above this aeration rate the mixing
time increased up to values of 130 s at 0.311 v/v/min, indicating
a reduction in the mixing.
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Fig. 4. Influence of the aeration rate in the gas holdup and volumetric mass
transfer coefficient of the flat plate photobioreactor used.
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3.3. Heat transfer measurements

Culture temperature is an important parameter to be con-
trolled in outdoor photobioreactors. Water-spray systems are
often used to avoid overheating. However, the cooling capacity
of spray systems is limited and its application is only possible
under certain environmental conditions (temperature, humidity,
etc.). The use of heat exchangers for the temperature control of
photobioreactors requires the study of the overall heat transfer
coefficients between the culture and the fluid circulating within
the internal heat exchanger, as well as between the culture broth
photobioreactor and the surrounding air. These parameters were
determined in the flat panel photobioreactor, considering the
influence of air flow rate and water flow through the internal
heat exchanger (Fig. 6). The results show that the overall heat
transfer coefficient for the internal heat exchanger was much
higher than the overall heat transfer coefficient between the cul-
ture and the environment surrounding the photobioreactor, with
maximum values of 505 and 37 W/m? K, respectively. The inter-
nal heat transfer coefficient was mainly a function of the water
flow through the heat exchanger, although enhancement of the
air flow rate also improved the internal heat transfer coefficient.
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Fig. 6. Influence of the aeration rate and liquid velocity through the internal
exchanger in the internal (A) and external (B) heat transfer coefficients of the
flat plate photobioreactor used.

As regards the external heat transfer coefficient, these results do
not show a defined variation, with values ranging from 13 to
37 W/m? K. It is important to note that experiments were per-
formed indoors under controlled conditions; the value of the
external heat transfer coefficient may be higher under outdoor
conditions due to wind and atmospheric perturbations.

4. Discussion
4.1. Solar radiation

The productivity of any microalgal system is a direct func-
tion of the total solar radiation intercepted. This, for a specific
placement, depends on the orientation and type of photobiore-
actor employed. By analogy with solar panels, photobioreactors
should automatically tilt to the zenith angle of sun to maxi-
mize the amount of solar radiation intercepted [28]. In this way
productivity can be enhanced by 35% with respect to vertical
photobioreactors [21]. However, the scalability of such systems
can prove difficult. If a fixed tilt is used it must be as close as
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possible to the latitude at which the photobioreactor is located
[21,29]. In these conditions, productivity can be increased by
17% with respect to vertical photobioreactors [21]. However,
the higher cost of this design compared to-tilt designs does not
compensate for the productivity enhancement. For this reason,
only horizontal and vertical photobioreactors have been widely
used for mass production of microalgae. In both cases orienta-
tion is usually south-facing [29,30]. However, the solar radiation
intercepted may vary significantly with orientation. For horizon-
tal systems this is not an important consideration, but it is a major
issue for vertical systems. For the location under study, the ver-
tical photobioreactors east/west orientation maximizes the solar
radiation intercepted over the year (Fig. 3A). With this orien-
tation the photobioreactors intercept 5% more radiation than
horizontal systems on an annual basis, and what is more impor-
tant: the radiation intercepted in winter, when the cultures are
more photo-limited, is increased while in summer the proportion
of intercepted radiation decreases, which is good in this time of
the year when the cultures tend to be more photo-inhibited [27].
Howeyver, this increase is a function of the location of the reactor
(Fig. 7). For latitudes above 35°N the east-faced/west-faced ori-
entation are favourable to north/south, the higher the latitude the
higher the increase in the solar radiation intercepted. On the con-
trary, for latitudes under 35°N the north/south orientated reactors
intercept more radiation and the difference is more pronounced
the closer to the equator.

The position of the reactor also influenced the type of radia-
tion intercepted. In horizontal photobioreactors direct radiation
is the most important contribution [26,27], while in the ver-
tical photobioreactors the proportion of disperse radiation is
dominant [21,29]. Disperse radiation has been reported to be
more efficient for microalgal cultures. Indeed, the photosyn-
thetic efficiency of vertical photobioreactors has been reported
to be higher than optimal tilt reactors, reaching values of 20%
[21]. This is due to the fact that low irradiance levels normally
result in higher photosynthetic efficiencies, this is, when cells
are growing under irradiance levels far from saturating. This
can be accomplished by increasing the light-receiving surface
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of the photobioreactor per land square meter, a technique usually
referred to as “dilution” of light.

Regarding the specific design of the closed photobioreactor,
three different kinds have been proposed: tubular, flat panel and
column reactors. Only flat panel and tubular photobioreactors
have been built to sizes exceeding 1000 L [30,31,49], whereas
for column systems a maximum of 125 L has been proposed as
optimum [29,42]. In the case of tubular photobioreactors, dif-
ferent designs of the same concept have been proposed. Among
these, are worth to mention horizontal loops [7,8,49], helical
loops [32,33], and vertical loops [2]. In view of these proposals
it is obvious that the arrangement of the tubes is a main issue
to be addressed first. Torzillo et al. [34] proposed a two plane
tubular photobioreactor that improves the yield of the system.
This design was later optimized to capture 87% of total radia-
tion but duplicating the total volume of culture per land surface
unit, thus enhancing the yield of the system [14]. The analysis
of solar radiation performed in this paper suggests that the use
of vertically arranged walls of horizontal tubes east-faced/west-
faced is the best option to install tubular photobioreactors. An
alternative would be to use vertical flat panel photobioreactors
with the same orientation.

4.2. Fluid-dynamic, mass transfer and mixing
characterization

The major advantage of flat panel reactors is that they have a
much shorter oxygen path than tubular reactors, in which oxygen
accumulation may become damaging. However, tubular photo-
bioreactor are well known and can be designed to overcome
this limitation by improving the fluid-dynamic and mass trans-
fer capacity and can be built even at sizes exceeding 1000 L
[31,49]. Therefore, for a fair comparison a characterization of
the fluid-dynamics in flat plate photobioreactor was performed
in this work. The analysis carried out confirms that the power
supply is the major variable influencing the behaviour of the sys-
tem. The gas holdup increased with the specific power input in
accordance with previously published data (Fig. 8). The holdup
data followed a potential relationship with the power supply
analogous to that previously referenced (Eq. (29)) [23].

P, 0.97
£ =332 x 104(G> (29)
VL

However, the measured values of gas holdup were slightly higher
than the predicted by Eq. (29). This may be due to a recircula-
tion of gas bubbles that took place because the gas flow within
the reactor was not totally uniform. Although the bottom of the
reactor was completely flat, lack of complete uniformity in the
placement of the sparger leaded to zones with less hydrostatic
pressure near the edges of the panel which caused slightly higher
more air bubbled in these zones. This caused a circular move-
ment of the liquid and gas bubbles which contributed to retain
part of the gas stream by dragging down part of the bubbles,
thus enhancing the gas holdup. The power supply also influences
the mass transfer capacity of the reactor (Fig. 8). The volumet-
ric gas-liquid mass transfer coefficient has been referenced to
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increase potentially with the power supply (Eq. (30)) [23].

A PG 0.86
Kprap, =2.39 x 10~ () (30)
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Our results agree with this behaviour, although Eq. (30)
slightly overestimates the mass transfer coefficient. Nonethe-
less, it is important to note that, in spite of the low power supply
used, the volumetric mass transfer coefficient reached values of
0.0063 1/s. This result is important because over-accumulation
of dissolved oxygen has harmful effects on the cells. Oxygen
concentrations above air saturation generally inhibit photosyn-
thesis in microalgae [35]. In cultures of Anabaena azollae
carried out in vertical alveolar panels the yield of the cul-
tures decreased when the dissolved oxygen accumulated to
400%Sat. [12]. In P. tricornutum the photosynthetic activity
clearly decreased at dissolved oxygen concentrations exceed-
ing 100%Sat., and to some extent even also below this value.
The maximum photosynthesis rate of 0.0036 mol O,/m> s mea-
sured at 100%Sat. was reduced by a 15% at dissolved oxygen
concentrations of 0 and 300%Sat. At dissolved oxygen con-
centrations of 475%Sat., the photosynthesis rate fell sharply to
0.0016 mol O/m3 s (55% reduction) [7].

For every photobioreactor design considered, it is possible
to ensure a sufficient mass transfer capacity so that pho-
tosynthetically generated oxygen does not over-accumulate.
Considering a maximum biomass productivity of 2.0 g/L day
with 50% carbon content in the biomass and a photosynthe-
sis ratio of 1 mol O,/molCO,, a mass transfer coefficient of
0.006 1/s would suffice to prevent dissolved oxygen concen-
tration to go over 300%Sat. This mass transfer capacity in
the flat panel photobioreactor can be attained with 53 W/m?
power supply (Fig. 8). To attain the same mass transfer capac-
ity 40 W/m3 are requested in bubble columns [42,48], and
24003200 W/m? in tubular photobioreactors [14,15,36]. Zhang
et al. [37] reported a biomass productivity of 1.0 g/L day, with
Synechocystis aquatilis in outdoor flat panels, at aeration rates
of 0.05 v/v/min, corresponding to a power supply of 10 W/m>.
This shows that oxygen removal in the exhaust gas-phase is
substantially easier in flat panel and bubble column reactors
than in tubular ones, although it is also possible to design
tubular photobioreactors to avoid excessive oxygen accumula-
tion.

The low power supply required for the flat panel photobiore-
actor, with a maximum of 53 W/m?3, is an important advantage
because of the sensitivity of many microalgal cells to dam-
age caused by intense turbulence [38—41]. Cell damage has
been reported when the turbulence intensity gives rise to fluid
microeddies of size similar to cell dimensions [41]. In bubble
columns, the maximum power supply that Dunaliella tertiolecta
can bear was 98 W/m?> [39], whereas the maximum power sup-
ply tolerable for P. tricornutum ranged from 230 W/m?> [48] to
270 W/m?> [40]. The highest power supply in aerated systems
ranged from 280 W/m?> in flat plate photobioreactors [6,21] to
200 W/m? in bubble columns or internal airlift systems employ-
ing split cylinders and draught tube sparger photobioreactors
[42]. However, the power supply in tubular photobioreactors
is usually much higher. In helical photobioreactors the power
supply ranged from 800 to 3400 W/m> [15,33], similar to
2500 W/m? in horizontal tubular photobioreactors [36]. In spite
of the higher power supply in tubular photobioreactors dam-
age to algal cells has never been documented in this type of
photobioreactors [42]. This can be due to the culture veloc-
ity in tubular loops usually not exceeding 0.5 m/s, which is
less than half the threshold damage value of 1.14m/s [14].
These data highlight the different nature of stress in bubble
column-flat plate photobioreactors and tubular photobioreac-
tor.

In addition to gas holdup and mass transfer capacity, the
power supply also determines the mixing inside the reactor.
Fig. 9 shows that the dispersion coefficient increases hyperboli-
cally with the power supply from the initial value of 0.015 m?/s
when no aeration is supplied, to 0.026m?/s at power sup-
ply of 14.8 W/m3. Above this value the dispersion coefficient
decreases, remaining at values of 0.012m?/s at power supplies
up to 40 W/m?>. Only at very low power supplies the behaviour of
the system agrees with that referenced for bubble columns, i.e.
the dispersion coefficient increases potentially with the superfi-
cial gas velocity or power supply (Eq. (31), [43]; Eq. (32), [44]),
whereas the mixing time decreases (Eq. (33), [45]). At higher
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power supplies the behaviour is mixed but close to plug-flow, the
dispersion coefficient scarcely increases with the power supply
and the mixing time even increases [14,15].

D, =0.5¢"*U*a/* 31)
D, =0.343g' U a*? (32)
tm = 0.343g'PUa*? 33)

Results shows that in bubble columns and internal airlift
photobioreactors the mixing is higher than in flat panel photo-
bioreactors, with dispersion coefficients of 0.03—0.04 m?/s being
measured at power supplies lower than 200 W/m? [29,46]. On
the other hand, tubular reactors have higher power supplies and
the behaviour is closer to plug-flow. To achieve a dispersion
coefficient of 0.04m?/s in a 0.06m tubular photobioreactors
it is necessary to supply up to 2400 W/m> [14], whereas in
a 0.03m helical photobioreactor operated at power supply of
3200 W/m?> the dispersion coefficient was 0.012 m?/s [15]. In
the latter, the mixing time ranged from 20 h under normal oper-
ation conditions to more than 100h at extremely low air flow
rate, as opposed to 100-150 s to achieve complete mixing in the

flat panel photobioreactor, or 60 s in bubble columns [46]. More-
over, in tubular photobioreactors the dispersion coefficient was
virtually constant regardless the liquid flow rate in the tube or the
aeration rate in the riser [ 14]. It is important to note that whatever
the design the power supply favoured the mixing in the reac-
tor. However, the particular power supply value and the best fit
model to represent the fluid-dynamics influence in the different
reactors is a function of the design. In tubular photobioreac-
tors the loop is not aerated, and therefore there is a poor axial
mixing in this section, being limited to the small volume of the
reactor that is aerated. As a result, axial nutrient concentration
gradients may develop, especially if the reactor is not fed con-
tinuously with fresh medium. This problem is important when
operating in semicontinuous mode, as happen in the referred
helical reactor where mixing time is of the same order of magni-
tude as the time interval between the dilution periods (24—48 h)
[14,15]. In flat panel photobioreactors an optimum aeration rate
of 0.05 v/v/min has been proposed sufficient to improve the
mixing and mass transfer without introducing damage by stress
[37].

4.3. Heat transfer measurements

The power supply also determines the heat transfer capacity
of the photobioreactor. The overall resistance to heat transfer of
the internal heat exchanger can be considered as the addition
of three individual resistances: inner convection (water circu-
lating through the inner space of the heat exchange tube to
its inner surface), tube wall conduction and external convec-
tion (tube external surface to water outside the heat exchanger).
Each of these contributions can be calculated separately. The
Dittus—Boelter equation was used to determine the individual
heat transfer coefficient inside the tube (the inverse of individ-
ual resistance). The contribution of the tube wall was calculated
by physical considerations taking into account geometry and
thermal conductivity of the stainless steel, the tube material.
Since the overall heat transfer coefficient was obtained through
experimentation, the only remaining individual coefficient, the
external resistance between the tube and the aerated water could
be straightforwardly calculated. The results obtained show that
the conductivity of stainless steel represents only 4% of the
overall heat transfer resistance, whereas the convection of water
circulating inside the heat exchanger represents a 60%. This can
be attributed to the low water flow rate used. The values of the
individual heat transfer coefficient for this side ranged from 300
to 1000 W/m? K. In spite of the low aeration rate only 36% of
the overall heat transfer resistance corresponded to the external
side. The external individual heat transfer coefficient increased
with aeration rate from 400 to 2000 W/m? K as shown in Fig. 10.
This behaviour agrees with what has been previously reported
for bubble columns (Eq. (34), [47]; Eq. (35), [44]), although the
experimental data obtained in the present work are lower than
what could be expected for these systems. Using the experimen-
tal data, an empirical correlation was obtained for the overall
heat transfer coefficient, referred to the external tube side, with
Reynolds number (Eq. (36)). However, more experiments are
necessary to determine the variation of heat transfer coefficients
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in flat panel reactors with design and operational variables.
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The result show that the internal heat exchanger used is
superior to water-spray systems, giving a global heat transfer
coefficient of up to 500 W/m?2 K. Moreover, the use of heat
exchangers would enable the use of heat accumulation systems
to greatly improve the energetic yield of the system. Heat accu-
mulation systems circulate water from a reservoir of appropriate
dimensions. This water heats up during the central hours of the
daylight period as heat is withdrawn from the reactor to avoid
overheating. During the night period the heated water can be
circulated through the heat exchanger to warm up the culture
as the reservoir water cools. Operating in this way, it has been
possible to reduce the daily temperature differences in outdoor
tubular photobioreactors from 12 to 5 °C, reducing the power
consumption to one-third compared to the energy that would be
consumed to operate the system without the heat accumulator
(data not shown). For the correct design of this type of system
it is mandatory to know the solar radiation intercepted by the
photobioreactor, as well as the heat transfer coefficients of the
reactor, both internal and external, all of which are analyzed in
this paper.

5. Conclusions

It can be concluded that one of the major aspects determining
the productivity of a microalgal system is the location, deploy-
ment and orientation of the reactor. The vertical deployment
facing east/west is favourable, as it increases the culture vol-
ume per surface unit without greatly reducing the total radiation

intercepted. Moreover this orientation reduces direct beam radi-
ation on the reactor surface while increasing disperse radiation,
which is more favourable. Regarding the type of photobioreac-
tor, both tubular and flat panel photobioreactors have already
been scaled up to volumes of over 1000 L. However, flat panel
photobioreactors require less power supply than tubular photo-
bioreactors to achieve enough mass transfer, mixing and heat
transfer capacity. On the other hand, stress by aeration has been
sometimes reported in flat panel photobioreactors whereas it has
never been reported in tubular photobioreactors. In both cases,
knowledge of the heat transfer capacity of the reactor allows
the correct design of heat accumulation systems, thus greatly
enhancing the energetic efficiency of the system. The character-
ization presented allows the correct design and operation of this
type of photobioreactor for the production of microalgae.
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