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Tubular photobioreactor design for algal cultures
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Abstract

Principles of fluid mechanics, gas–liquid mass transfer, and irradiance controlled algal growth are integrated into
a method for designing tubular photobioreactors in which the culture is circulated by an airlift pump. A 0.2 m3

photobioreactor designed using the proposed approach was proved in continuous outdoor culture of the microalga
Phaeodactylum tricornutum. The culture performance was assessed under various conditions of irradiance, dilution
rates and liquid velocities through the tubular solar collector. A biomass productivity of 1.90 g l−1 d−1 (or 32 g m−2

d−1) could be obtained at a dilution rate of 0.04 h−1. Photoinhibition was observed during hours of peak irradiance;
the photosynthetic activity of the cells recovered a few hours later. Linear liquid velocities of 0.50 and 0.35 m s−1 in
the solar collector gave similar biomass productivities, but the culture collapsed at lower velocities. The effect of
dissolved oxygen concentration on productivity was quantified in indoor conditions; dissolved oxygen levels higher or
lower than air saturation values reduced productivity. Under outdoor conditions, for given levels of oxygen
supersaturation, the productivity decline was greater outdoors than indoors, suggesting that under intense outdoor
illumination photooxidation contributed to loss of productivity in comparison with productivity loss due to oxygen
inhibition alone. Dissolved oxygen values at the outlet of solar collector tube were up to 400% of air saturation.
© 2001 Elsevier Science B.V. All rights reserved.
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Nomenclature

A total land area occupied by reactor tubes (m2)
Ar cross-sectional area of riser (m2)
AD perpendicular cross-sectional area of degasser (m2)

cross-sectional area of downcomer (m2)Ad

tracer concentration (mol l−1)C
Cb biomass concentration (g l−1)
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concentration of suspended solids (g l−1)CS

dilution rate (h−1)D
horizontal spacing between tubes (m)d

dB mean bubble diameter (m)
tube diameter (m)dt

DL diffusivity of the transferring gas in liquid (m2 s−1)
scale factorf
gravitational acceleration (m s−2)g
vertical spacing between tubes (m)h
fluid height in the degasser (m)hD

manometer reading (m)�hm

height of riser (m)hr

ht vertical distance between manometer taps (m)
average irradiance inside the reactor (�E m−2 s−1)Iav

constant in Eq. (1) (�E m−2 s−1)Ik

average irradiance (�E m−2 s−1)Imean

normalized irradianceInormalized

irradiance on photobioreactor surface (�E m−2 s−1)Io

irradiance in the water pool (�E m−2 s−1)Iw

volumetric gas– liquid mass transfer coefficient (s−1)kLaL

kL gas– liquid mass transfer coefficient (m s−1)
extinction coefficient for biomass (m2 g−1)Ka

frictional loss coefficient for the bottom zone of the airliftKB

KT frictional loss coefficient for the top of the airlift
straight tube length in loop (m)L

LD length of the degasser section (m)
equivalent length of solar loop (m)Leq

distance between the tracer injection and detection points (m)Lt

exponent in Eq. (1)n
number of tube diameters of separation between adjacent tubesnT

saturation concentration of oxygen in liquid in equilibrium with gas phase (mol l−1)[O2*]
dissolved oxygen concentration at entrance of solar tube (mol l−1)[O2]in
dissolved oxygen concentration at the outlet of the solar tube (mol l−1)[O2]out

Pba areal productivity of biomass (g m−2 d−1)
volumetric productivity of biomass (g l−1)Pbv

volumetric flow rate of liquid (m3 s1)QL

QR volumetric rate of fluid interchange per unit tube length (m2 s−1)
volumetric rate of oxygen generation (mol O2 m−3 s−1)RO2

s length of arc in Fig. 4 (m)
time (s)t
cycling time (s)tc

time spent in the dark zone (s)td

time spent in the photic zone (s)tf

tmr time interval between tracer injection and detection (s)
terminal rise velocity of single bubble (m s−1)Ub

gas velocity in the riser zone (m s−1)UG

UL superficial liquid velocity in the tube (m s−1)
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ULL superficial liquid velocity at large-scale (m s−1)
ULD superficial liquid velocity in the degasser (m s−1)

superficial liquid velocity at small-scale (m s−1)ULS

radial velocity (m s−1)UR

URL radial velocity at large-scale (m s−1)
radial velocity at small-scale (m s−1)URS

total volume of reactor (m3)V
Vd dark volume (m3)

volume of light zone (m3)Vf

VL volume of liquid in a given zone (m3)

Greek symbols
factor dependent on the illuminated volume fraction (Eq. (22))�

ratio of superficial gas velocity to the total (gas and liquid) superficial velocity�

�l gas holdup in the loop
gas holdup in the riser�r

gas holdup in the downcomer�d

characteristic parameter in Eq. (14)�

specific growth rate (h−1)�

�L viscosity of the culture broth (kg m−1 s−1)
maximum specific growth rate (h−1)�max

light/dark cycle frequency (Hz)�

� density of the fluid (kg m−3)
interfacial tension (J m−2)�

illuminated volume fraction of the solar collector (photic volume fraction)	

length of light path in Eq. (4) defined by Eq. (5) (m)	eq

illuminated volume fraction of tube at large-scale	L

illuminated volume fraction of tube at small-scale	S

solar zenith angle in Eq. (5) (degrees)


1. Introduction

Culture of microalgae in open ponds and race-
ways is well developed but only a few species can
be maintained in traditional open systems that
control contamination by using highly alkaline or
saline selective environments. Fully closed photo-
bioreactors provide opportunities for monoseptic
culture of a greater variety of algae than is possible
in open systems. Of the many designs of closed
photobioreactors that have been evaluated, devices
with tubular solar collectors are the most promising
(Molina Grima, 1999; Tredici, 1999). Tubular pho-

tobioreactors that circulate the culture by using an
airlift device are especially attractive for several
reasons: circulation is achieved without moving
parts and this provides a robust culture system with
a reduced potential for contamination (Chisti,
1989); the cell damage associated with mechanical
pumping is avoided (Chisti, 1999a; Vandanjon et
al., 1999); and the airlift device combines the
function of a pump and a gas exchanger that
removes the oxygen produced by photosynthesis
(Camacho Rubio et al., 1999). Continuous removal
of oxygen is essential, as excessive dissolved oxygen
in the broth inhibits photosynthesis.
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In an airlift driven tubular photobioreactor, the
recirculation velocity of the culture and oxygen
removal characteristics are closely linked. The
culture performance is critically dependent on at-
taining an optimal design that provides the requisite
flow and gas exchange. In addition, the photobiore-
actor geometry must maximize capture of sunlight
while minimizing the land surface occupied (Acién
Fernández et al., 1997). Here, we provide a method
for designing airlift driven tubular photobioreactors
with continuous run solar collectors. Effects of tube
length, flow velocity, the airlift column height, and
the geometric configuration of the solar receiver on
various performance parameters are discussed. A
photobioreactor designed using the approach out-
lined is proved for culture of the microalga
Phaeodactylum tricornutum.

2. Photobioreactor design

An airlift driven tubular photobioreactor is

shown in Fig. 1. The airlift column circulates the
culture through the solar collector tubing where
most of the photosynthesis occurs. The oxygen
produced by photosynthesis accumulates in the
broth until the fluid returns to the airlift zone where
the accumulated oxygen is stripped by air. A
gas– liquid separator in the upper part of the airlift
column prevents gas bubbles from recirculating into
the solar collector. The solar loop is designed to
efficiently collect the solar radiation, minimize
resistance to flow, and occupy minimal area to
reduce the demand for land. In addition, the
diameter of the solar tubing is selected so that the
volume of the dark zone (i.e. one with light intensity
below saturation) is kept to a minimum. Also, the
interchange of fluid between the light and the dark
zones in the solar loop must be sufficiently rapid
that element of fluid do not reside continuously in
the dark zone for long. How the various design
requirements can be met is discussed next, initially
by focusing on the solar collector and the airlift
column separately.

Fig. 1. The photobioreactor.
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2.1. The solar collector

Biomass productivity is the variable that needs
to be optimized in designing a photobioreactor
for mass culture of microalgae. Production of
biomass is controlled mainly by the availability of
light. In continuous culture, the specific growth
rate of biomass depends on the average irradiance
in the solar tube. Various relationships have been
developed for this dependence; a suitable relation-
ship (Molina Grima et al., 1994a) for the alga of
interest is:

�=
�maxIav

n

Ik
n +Iav

n , (1)

where � is the specific growth rate, �max is the
maximum value of �, Iav is the average irradiance
inside the reactor, Ik is a constant dependent on
algal species and culture conditions, and n is an
empirically established exponent. Once the specific
growth rate is known, the volumetric productivity
of the biomass is easily calculated:

Pbv=�Cb, (2)

where Pbv is the volumetric productivity and Cb is
the concentration of the biomass in the harvest
stream of the continuous flow bioreactor. The
areal productivity Pba is related with the volumet-
ric productivity (Eq. (2)), as follows:

Pba=Pbv

�d t
2

4nTdt

=Pbv

�dt

4nT

, (3)

where the separation between the adjacent parallel
rungs of the continuous run looped tubing is
expressed as a function of the tube diameter (i.e.
separation=nTdt) with nT being the number of
tube diameters of separation between tubes. The
selection of nT value is based on empirical opti-
mization, as discussed in Section 3.2. In an alter-
native method of calculating Pba, the multiplier
(�dt/4nT) in Eq. (3) is replaced with V/A, where V
is the volume of the reactor and A is the land area
occupied by it.

Estimation of � and the productivity require a
knowledge of the average irradiance Iav. This is
evaluated using the well-known principles of as-
tronomy (to establish the position of the Sun
relative to the photobioreactor), solar power engi-

neering (to determine the intensity of the incident
radiation), and the Beer–Lambert relationship, as
summarized elsewhere (Molina Grima et al.,
1999). The average irradiance inside a culture
(Alfano et al., 1986) is given by the equation:

Iav=
Io

	eqKaCb

[1−exp(−	eqKaCb)], (4)

where Ka is the extinction coefficient of the
biomass, Io is the irradiance on the culture sur-
face, and 	eq is the length of the light path from
the surface to any point in the bioreactor. For
outdoor placed tubular systems, 	eq is related
with the tube diameter (Acién Fernández et al.,
1997); thus,

	eq=
dt

cos

, (5)

where dt is the tube diameter. Eq. (4) is indepen-
dent of the nature of the radiation field around a
reactor and is valid for all geometries. Thus, from
a knowledge of the characteristics parameters of
the algal strain (i.e. �max, Ka, Ik, and n) and using
Eqs. (1)– (5), the biomass productivity may be
determined for any combination of external irra-
diance and the diameter of solar collector tubes.

For otherwise fixed conditions, the geometric
arrangement of the solar collector tubes also de-
termines the irradiance on the surface of the tubes
because the mutual shading by tubes is influenced
by how they are arranged over a given surface
area. A two-layered loop (Fig. 1), as used by
Torzillo et al. (1993), maximizes efficiency of land
use. The lower set of tubes is displaced horizon-
tally relative to the upper one, so that all tubes
are visible when viewed from directly overhead. In
addition, the design must ensure that the flow in
the solar tube is turbulent (i.e. the minimum
Reynolds number should exceed 3000) so that the
cells do not stagnate in the dark interior of the
tube. At the same time, the dimensions of the
fluid microeddies should always exceed those of
the algal cells, so that turbulence associated dam-
age is prevented. Methods for calculating the
microeddy size in tubular flow are well known
(Chisti, 1999a; Mirón et al., 1999). The need to
control eddy size places an upper limit on the flow
rate through the solar tubing.
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Another restriction on the design of the solar
collector is imposed by the rate of photosynthe-
sis, the liquid velocity in the tube, and the ac-
ceptable upper limit on the concentration of
dissolved oxygen (Camacho Rubio et al., 1999;
Mirón et al., 1999). The maximum length L of
a continuous run tube is constrained, as follows:

L=
UL([O2]out− [O2]in)

RO2

, (6)

where UL is the maximum permissible culture
velocity established by the cell damage consider-
ations. In Eq. (6), the oxygen concentration at
the entrance of the solar tube is generally the
same as the saturation value when the fluid is in
equilibrium with the atmosphere. The concentra-
tion at the outlet, [O2]out, is the maximum ac-
ceptable value that does not inhibit
photosynthesis. RO2

is the volumetric rate of
oxygen generation by photosynthesis in the tube.

2.2. The airlift circulator

The airlift device fulfills two needs: the circu-
lation of the fluid through the solar loop and
stripping of oxygen from the broth. The volume
of the broth in the airlift device needs to be
small compared to the volume in the solar loop
so that the cells spend as much time as possible
in the relatively better illuminated loop. In this
work, the riser and downcomer tubes of the air-
lift device were vertical extensions of the ends of
the solar loop. The volume in the gas– liquid
separator was minimized by reducing the spac-
ing between the parallel walls (Fig. 2) to the
width of the riser (or the downcomer) tube (Fig.
1). The bottom of the separator was slanted at
60° relative to the horizontal, so that the solids
would not settle permanently.

The head zone of the airlift column (Fig. 1)
was designed for almost complete separation of
the gas from the liquid, before the broth recir-
culated into the solar collector. Complete disen-
gagement of gas meant that the driving force
for liquid circulation was the maximum attain-
able for any aeration rate in the airlift riser. For
disengagement of gas, the distance between the
entrance and the exit of the separator zone

Fig. 2. The gas– liquid separator.

should be such that the smallest bubbles can
rise out of the fluid by the time it exits the
separator and moves into the downcomer (Chisti
and Moo-Young, 1993). Thus, the time taken
by the fluid to traverse the length of the de-
gasser must be greater than or equal to time
required by the bubbles to rise out. Because all
fluid entering the degasser through the riser tube
moves through the cross-section of the degasser,
we have

ULAr=ULDAD, (7)

where Ar is the cross-sectional area of the riser
tube, AD is the mean vertical cross-sectional
area of the degassing zone, and ULD is the mean
superficial liquid velocity in the degasser. When
the parallel degasser walls are spaced a distance
dt apart, the area AD equals hDdt, where hD is
the mean height of fluid in the degasser zone.
To satisfy the disengagement criterion (Chisti
and Moo-Young, 1993), the length LD of the
degasser is governed by the relationship:

LD

ULD

�
hD

Ub

, (8)

where Ub is the bubble rise velocity. Because
hD=AD/dt, substitution of Eq. (7) in Eq. (8)
provides the following equation:
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LD=
ULAr

dtUb

=
�dt

4
UL

Ub

. (9)

A bubble rise velocity of 0.1 m s−1 was used in Eq.
(9) to obtain the minimum length LD.

The liquid flow in the solar receiver is driven by
the airlift pump. For a waterlike fluid such as the
microalgal broth, the induced flow velocity depends
mainly on the geometric configuration of the circu-
lation loop and the difference in gas holdup in the
riser and the downcomer zones of the airlift
column. This relationship has been established
(Chisti, 1989) to be:

UL=
� 2g(�r−�d)hr

KT

(1−�r)2+KB
�Ar

Ad

�2 1
(1−�d)2

, (10)

where KT and KB are the frictional loss coefficients
for the top and the bottom connecting sections,
respectively, of the airlift loop. Eq. (10) is based on
principles of energy conservation and it has been
repeatedly validated for a broad range of scales and
configurations of airlift devices (Chisti, 1989). In
Eq. (10), hr is the height of the riser zone, Ar and
Ad are the cross-sectional areas of the riser and the
downcomer, �r is the gas holdup in the riser, and
�d is the holdup in the downcomer. In the present
work, the entire solar collector constitutes the
‘bottom zone’. In airlift devices generally, KT is
much smaller than KB; hence KT can be neglected
(Chisti, 1989). This is particularly true of the loop
configuration used for the photobioreactor (Fig. 1).
Because the bottom of the airlift device is simply
a continuous smooth pipe (the solar receiver) and
the Reynolds number is always between 2.5×103

and 105, the frictional loss coefficient KB can be
approximated as

KB=0.3164
��ULdt

�L

�−0.25Leq

dt

, (11)

where Leq is the equivalent length of the loop, i.e.
the straight tube length L plus additional length
that provides the same pressure drop as all the
bends and valves in the loop combined. Because no
gas bubbles recirculate, �d=0; hence Eq. (10) with
the KT term neglected and KB replaced with Eq. (11)
becomes:

UL=
� g�rhr

0.3164
��ULdt

�L

�−0.25Leq

dt

. (12)

For estimating UL for any known riser gas holdup
(�r), Eq. (12) is rearranged to:

UL=
� g�rhd t

1.25

0.3164
��L

�

�0.25

Leq

�4/7

. (13)

The gas holdup in the riser �r depends on the
superficial velocities of the gas and liquid in the
riser zone; these parameters are related according
to the well-known Zuber and Findlay (1965) equa-
tion:

�r=
�

�+
Ub

UG+UL

, (14)

where UG and UL are the superficial velocities of
the gas and liquid in the riser zone, � is the ratio
of the superficial gas velocity to the total superficial
velocity, � is a characteristic parameter, and Ub is
the bubble rise velocity. The parameter � is a
function of the radial velocity profile; � typically
varies from 1.0 to 1.3 as the flow changes from
turbulent to laminar. The bubble rise velocity Ub

is a function bubble size. For the type of bubbles
existing in the riser, the velocity tends to be between
0.2 and 0.4 m s−1. Eqs. (13) and (14) are solved
simultaneously to determine the holdup �r and the
velocity UL for any specified height hr of the airlift
column.

For estimating the oxygen removal capability of
the airlift column, the overall gas– liquid volumet-
ric mass transfer coefficient kLaL may be estimated
directly using various available correlations (Chisti,
1989, 1999b); however, the reliability of such esti-
mates is often quite poor especially for unusual
reactor geometries as was the case here. A more
reliable prediction method based on fundamental
principles and small-scale experimentation has
been demonstrated for several cases (Chisti, 1989,
1999b) and that approach was used here. Thus, the
volumetric mass transfer coefficient (kLaL), the gas
holdup (�r), the mean bubble diameter (dB), and the
true mass transfer coefficient (kL) are known to be
related (Chisti, 1989) according to the equation:
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kL

dB

=
kLaL(1−�r)

6�r

. (15)

Calculations of the kL/dB ratio (Eq. (15)) from the
measured kLaL and gas holdup in bubble columns
and airlift devices have shown this ratio to be a
constant for a given fluid, irrespective of the
aeration rate (Chisti and Moo-Young, 1987;
Chisti, 1989). For air–water dispersions and for
suspensions in which the suspending fluid is wa-
terlike, the value of kL/dB may be calculated
(Chisti, 1989) with the equation:

kL

dB

=5.63×10−5�gDL�2�

�L
3

�0.5

e−0.131CS
2

, (16)

where CS is the concentration of solids in suspen-
sion (wt./vol.%), DL is the diffusivity of gas in
liquid, and � is the interfacial tension. The kL/dB

ratio calculated with Eq. (16) could be used in Eq.
(15) to determine the kLaL. The gas holdup �r had
been determined earlier using Eqs. (13) and (14).

2.3. Scale-up considerations

For practical purposes, the scale-up of a photo-
bioreactor requires scaling up of both the solar
receiver and the airlift device. Scale-up of the
latter does not pose a limitation for any realistic
size of the photobioreactor (Chisti, 1989); how-
ever, there are limitation to scaling up a continu-
ous run solar loop. The solar loop is the
productive part of the photobioreactor. In princi-
ple, the volume of the loop may be increased by
increasing the diameter and the length of the tube.
In practice, only the tube diameter may be varied
because the maximum length is constrained (Eq.
(6)), as discussed earlier. Any change in tube
diameter would imply a change in the relative
volumes of the dark and the light zones. Under
given conditions (i.e. the solar irradiance, the
biomass concentration and pigment content), the
depth at which the light intensity declines to a
growth limiting value would not be affected by an
increase in tube diameter, but the depth of the
dark zone would increase. Productivity of the
reactor will deteriorate on scale-up unless the
frequency of the light/dark interchange is held
constant. If the light/dark cycling time is allowed

to increase, the productivity will begin to decline
as soon as the cycling time exceeds a maximum
value. Evidence suggests that the minimum ac-
ceptable value of the light/dark cycle frequency of
P. tricornutum culture is about 1 s−1 (Molina
Grima et al., 2001); lower values of frequency
reduce culture productivity, as shown in Fig. 3 for
various mean irradiance values. Therefore, the
diameter of the solar tube should be such that at
the maximum permissible (or practicable) velocity
in the tube the cycle frequency does not reduce to
below 1 s−1.

To quantify the light/dark cycling time inside
the culture, the light distribution and the velocity
at which the cells are moving within the reactor
need to be determined. The photic volume (i.e. the
volume that is not photolimited) of the culture
may be established by calculating the light profiles
in the tube (Acién Fernández et al., 1997), as in
Fig. 4. The dark volume (i.e. the total volume
minus the photic volume) is similarly determined
and this allows the calculation of the fraction of
the tube volume that is illuminated to above the
saturation light intensity. The entire dark volume
of the culture must move to the photic zone
within a short time. A volumetric rate of fluid
movement out of the dark zone (QR) may be
defined as follows:

QR=
dark zone volume

td

, (17)

Fig. 3. Variation of volumetric biomass productivity with the
light–dark cycling frequency and the external mean irradiance.
The data shown spanned the following conditions: 0.241�UL

(m s−1)�0.500; 0.025�D (h−1)�0.500; dt (internal) values
of 0.025 and 0.053 m; 20�2 °C culture temperature; and a
pH of 7.7.
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Fig. 4. Irradiance profiles inside the solar collector tube at
midday and for a dilution rate of 0.04 h−1. The tube diameter
was 0.06 m.

the light profiles; 	=Vf/(Vf+Vd). If we assume
that the volume Vf is proportional to the flash
period tf, and the dark volume Vd is propor-
tional to the dark period td, the cycling time tc

can be expressed in terms of 	, as follows:

tc= td
� 1

1−	

�
. (19)

Thus, the frequency � is:

�=
1−	

td

. (20)

To ensure identical performance at the two
scales, the light/dark cycling frequency at the
two scales should be the same. Using these
equations, the light/dark interchange velocity at
large-scale (URL) and that at the small-scale
(URS) may be shown (Molina Grima et al.,
2001) to depend on the scale factor f, as fol-
lows:

URL=
f
�

URS. (21)

The factor f is simply the ratio of the tube di-
ameters at the larger and the smaller scales. The
parameter � in Eq. (21) depends on the 	 val-
ues at the two scales; thus,

�=
�1−	L

1−	S

�
. (22)

The interchange velocity UR is estimated as
the fluctuating component of the steady-state ve-
locity (Molina Grima et al., 2001) in turbulent
flow:

UR=0.2
�UL

7 �

dt�

�1/8

(23)

which allows the calculation of the radial veloc-
ity (UR) in the turbulent core as a function of
the superficial liquid velocity (UL), the tube di-
ameter (dt), and the density (�) and viscosity (�)
of the culture broth. Successful scale-up de-
mands that the linear flow velocities at the two
scales conform to the following equation
(Molina Grima et al., 2001):

ULL=
f 9/7

�8/7ULS. (24)

where td is the maximum acceptable duration of
the dark period between successive light periods.
The QR value in Eq. (17) is on a unit tube
length basis. Because all the fluid moving out of
the dark zone must pass through the boundary
between the light and the dark zones (Molina
Grima et al., 1999), a fluid interchange velocity
(UR) can be defined as follows:

UR=
QR

s
, (18)

where s is the length of the boundary arc be-
tween the two zones (Fig. 4).

To ensure identical performance at the two
scales, the light/dark cycling time tc, i.e. the sum
of the time spent by the cells in the photic and
the dark zones at the two scales should be held
constant. That is, tc= tf+ td should be constant,
where tf and td are the times in the photic and
the dark zones, respectively. The light (tf) and
dark periods (td) are determined by the cycle
frequency, �, which is equal to 1/(tf+ td). As
previously noted, for a known level of external
irradiance, biomass concentration, and absorp-
tion coefficient of the biomass, the fractional
culture volume 	 that is illuminated (i.e. the
photic volume fraction) can be estimated from
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3. Materials and methods

3.1. Organism and nutrient medium

P. tricornutum UTEX 640 was the microalga
used. The culture was obtained from the collec-
tion of the University of Texas, Austin. P. tricor-
nutum is a freshwater alga that tolerates a high
salinity (Yongmanitchai and Ward, 1991). The
inoculum for the photobioreactors was grown
indoors under artificial light (230 �E m−2 s−1

light flux at the vessel’s surface) in a 20 l bubble
column. Mann and Myers (1968) medium was
used to produce the inoculum. The culture tem-
perature was 20 °C.

3.2. Outdoor photobioreactor

The optimally designed tubular photobioreac-
tor (Fig. 1) consisted of a 4 m tall airlift section
with a degasser zone (Fig. 2). Air was injected in
one of the vertical tubes, or the riser, of the airlift
device. The two ends of a continuous run solar
receiver tubing were connected to the airlift riser
and downcomer pipes, respectively. The internal
diameter of the tubing of the solar loop, the riser,
and the downcomer was the same at 0.053 m. The
external tube diameter was 0.06 m. The total
reactor volume was 0.2 m3. The airlift zone com-
prised �0.023 m3, or less than 12% of the total
volume, so that the time spent by the culture in
the solar collector could be maximized.

The continuous run solar collector tubing was
arranged in two layers (Fig. 1) and the total run

length was 80 m. The solar loop occupied an area
of 12 m2. The adjacent intertube distance in any
horizontal plane was 0.09 m (Fig. 5). The wall-to-
wall vertical distance between the two layers of
the loop was 0.03 m. The length of the degasser
zone was 0.22 m and its bottom was sloped at an
angle of 60° to the horizontal (Fig. 2). The photo-
bioreactor was made of Plexiglas. The solar re-
ceiver loop was submerged in a pond of water
held at 20�2 °C. The reactor was located in
Almerı́a (36°50�N, 2°27�W), Spain.

The optimal placement of solar receiver tubes
was established empirically by arranging 0.06 m
diameter tubes with blackened surfaces in the
configuration of the solar loop and measuring the
irradiance on the tube perimeter at eight equally
spaced locations on tubes in both planes (Fig. 5).
The measurements were averaged to obtain a
mean value, Imean. Irradiance Iw was measured
also on the surface of the water pool. The mean
irradiance on the surface of a tube was normal-
ized with respect to that on the water pool, to
obtain a dimensionless irradiance Inormalized. Mea-
surements were made for a total of 18 combina-
tions of vertical distance h and the horizontal tube
spacing d (Fig. 5). The d-values tested were 0,
0.03, 0.06, 0.09, 0.12, and 0.15 m; the h-values
were 0, 0.03, and 0.06 m.

3.3. Solar irradiance measurement

The photosynthetic photon flux fluence rate or
quantum scalar irradiance Iw, was measured peri-
odically inside the pond using a quantum scalar
irradiance meter (QSL-100 Biospherical Instru-
ments Inc., San Diego, CA). This type of sensor
measures the photon flux from all directions and
it is better suited for systems that operate inde-
pendently of the geometry of the light field. Be-
cause phytoplankton are scalar collectors, and
photosynthesis does not depend on the direction
from which the photons are received, scalar irra-
diance is a better measure of the available photon
flux.

The light profiles within the culture were esti-
mated using a published model of irradiance
(Acién Fernández et al., 1997), measured biomass
concentration, and the culture absorption coeffi-

Fig. 5. Solar loop geometry. The vertical distance h and the
horizontal spacing d between tubes are shown. Eight measure-
ment points are indicated on the perimeter of tubes for averag-
ing the irradiance received values.
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cient Ka. The irradiance profiles inside tubes could
be used to demarcate the cross-section of the solar
receiver tubes into a ‘dark’ zone with irradiance
values below saturation, or �185 �E m−2 s−1

(Mann and Myers, 1968; Acién Fernández et al.,
1998); the rest of the cross-section was the photic
zone.

3.4. The liquid �elocity and gas holdup

The liquid velocity in the tube was measured by
the tracer method. Thus, a pulse of acid/alkali
was introduced at the entrance of the tubular loop
and detected at the end using a pH electrode. The
liquid velocity, UL, was calculated using the
known distance Lt between the tracer injection
and detection points (entrance and exit of the
solar collector), and the measured time interval
between injection and detection. Thus,

UL=
Lt

tmr

, (25)

where the time interval tmr was obtained as
follows

tmr=

��

0

tC dt��

0

C dt
. (26)

In Eq. (26), C was the concentration of the acid
tracer, measured with a pH electrode.

The gas holdup in the riser was measured by
the manometric method (Chisti, 1989). Thus, two
pressures taps drilled near the top and the bottom
of the riser section were connected to an inverted
U-tube manometer. From the known vertical dis-
tance ht between the taps, and the manometer
reading �hm, the holdup was calculated as
follows:

�r=
�hm

ht

. (27)

Because visible gas bubbles did not recirculate,
the gas holdup in the downcomer and the loop
were negligible, except when gas was injected in
the loop. In the latter case, the gas holdup in the
loop was estimated as the ratio of the gas flow
rate and the total (gas and liquid) fluid flow in the
tube.

3.5. Volumetric mass transfer coefficients

The volumetric gas– liquid mass transfer coeffi-
cient was determined in seawater without the
cells. The reactor was filled with seawater and
liquid circulation was initiated by supplying air in
the riser, as in normal culture operations. Once a
steady state had been attained, the water became
air saturated and the measured concentration of
dissolved oxygen was constant at the entrance (i.e.
in the degasser zone) and the exit of solar collec-
tor. At this point, nitrogen was injected at the
inlet of the solar tube. The location of the nitro-
gen injection point and the flow rate of the gas
were identical to those used typically during cul-
ture for supplying carbon dioxide for pH control.
Because of stripping of dissolved oxygen by the
nitrogen gas, the oxygen concentration at the exit
of the solar tube declined continuously until a
new steady state had been attained (Camacho
Rubio et al., 1999). At this condition, the amount
of dissolved oxygen stripped in the solar receiver
equaled the amount of oxygen absorbed in the
airlift pump (riser and degasser). An oxygen mass
balance on the solar receiver could now be estab-
lished (Camacho Rubio et al., 1999) as follows:

QL([O2]in− [O2]out)

=VLkLaL([O2* ]− [O2])LM(1−�l). (28)

In view of the plug flow regime, Eq. (28) employs
a logarithmic mean driving force for oxygen
transfer, calculated in the usual way (Camacho
Rubio et al., 1999). The dissolved oxygen values
at the inlet and the outlet of the solar tube were
determined experimentally, whereas the equi-
librium dissolved oxygen values were estimated
using Henry’s law. Similar balances could be es-
tablished for the airlift pump and, hence, the
kLaL,airlift in the airlift device (excluding the solar
collector) could be determined (Camacho Rubio
et al., 1999).

3.6. Operating mode

The outdoor photobioreactor was operated as a
chemostat; the steady-state dilution rates ranged
from 0.037 to 0.061 h−1. The liquid velocity in
the solar tube varied independently of the dilution
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Table 1
Biomass concentrations and productivities for various dilution rates, liquid velocities, and solar irradiance levels during cultures in
the designed reactor

D (h−1)Date UL (m s−1) Iw (�E m−2 s−1) Cb (g l−1) Pbv (g l−1 d−1) Pba (g m−2 d−1)

0.037 0.4024/7 2690 25.34.10 1.52
2596 31.70.400.04831/7 1.903.96

0.061 0.40 25485/8 2.70 1.65 27.4
0.050 0.50 128930/3 2.38 1.19 19.8
0.050 0.35 11265/4 2.29 1.15 19.1

0.17 –8/4 –0.050 –1250

rate, from 0.17 to 0.50 m s−1. The liquid velocity
was varied by changing the superficial aeration
velocity in the riser tube, over the range of 0.005–
0.031 m s−1. At any given dilution rate, fresh
medium was added during a 10-h daylight period
and dilution stopped during the night until
biomass concentration at sunrise remained un-
changed for four consecutive days. The cultures
were maintained at pH 7.7 by automatically in-
jecting carbon dioxide, as needed, in response to a
pH controller. The carbon dioxide flow rate was
sufficiently low that only microbubbles were pro-
duced. Nutrient limitations were prevented by
using the Mann and Myers (1968) medium at
three times the normal concentration.

3.7. Photosynthetic acti�ity

The photosynthetic activity of the cells was
measured using a method similar to that described
in the past (Vonshak et al., 1985). Thus, the
oxygen generation rate was determined under
controlled indoor conditions of samples from the
outdoor reactor. Culture samples were diluted to
an optical density (OD) of 0.1 at 625 nm, brought
to 22 °C in a 1 l thermostated vessel, and irradi-
ated at 2000 �E m−2 s−1 by a halogen lamp
located 0.5 m from the front of the vessel. Dis-
solved oxygen was measured (Lisle-Metrix 2200D/
P91, dissolved oxygen electrode) every second
over a 30 min period and recorded automatically.
During the measurements, the culture was mixed
using a magnetic stirrer. The photosynthetic activ-
ity of the cells was determined as the rate of
change in dissolved oxygen concentration.

3.8. Biomass concentration

The biomass concentration was estimated
hourly during daylight from the measured OD of
the culture. The OD was measured spectrophoto-
metrically (Hitachi U-1000 spectrophotometer) at
625 nm wavelength in a cuvette with 1 cm light
path. The spectrophotometric determinations of
biomass were periodically verified by dry weight
measurements on samples that had been cen-
trifuged (1800×g), washed with 0.5 M hydro-
chloric acid and distilled water to remove
non-biological adhering materials such as mineral
precipitates, and freeze dried.

4. Results and discussion

4.1. Design of the reactor

Eqs. (1)– (5) were used to predict the mean
annual biomass productivity of P. tricornutum at
the known optimal dilution rate of 0.048 h−1,
using previously established (Acién Fernández et
al., 1998) outdoor growth parameters for various
conditions of irradiance and solar tube diameters.
As the tube diameter increased, the volumetric
productivity of the biomass declined for otherwise
fixed conditions; however, the areal productivity
increased as more culture volume could be accom-
modated in a given area. Thus, to attain a com-
promise between the conflicting demands of
volumetric and areal productivities, a solar tube
diameter value of 0.06 m was selected for con-
struction. The estimated annual mean areal pro-
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ductivity for the selected tube diameter was 35 g
m−2 d−1; the estimated volumetric productivity of
biomass was 1.5 g l−1 d−1. These values compared
well with the measured data shown in Table 1.

Regarding the spacing of the adjacent tubes in
the solar collector (Fig. 5), the normalized irradi-
ance was not very sensitive to the vertical distance
h, but the irradiance increased as the d-value
increased from 0 to about 0.1 m. Once a d-value
of 0.1 m had been attained, further increases did
not significantly affect the radiation received. The
optimal d and h values were 0.09 and 0.03 m,
respectively, and these were used in constructing
the solar collector. The selected configuration re-
duced surface irradiance on tubes by only 17%
compared to the single layer, parallel run configu-
ration with widely spaced tubes, as previously used
by Molina Grima et al. (1994b). However, the
multilayer design substantially enhanced the areal
productivity relative to the single layer collector.

As previously noted, excessive turbulence is po-
tentially damaging to a variety of algae (Chisti,
1999a). For P. tricornutum, a decline in specific-
growth rate has been reported when the estimated
dimensions of the microeddies are 45 �m and
smaller (Contreras Gómez et al., 1998). If a lower
safe limit on eddy length of 50 �m is accepted, the
maximum culture velocity cannot exceed 1.0 m
s−1, as shown in the past (Acién Fernández et al.,
2001). Although the estimated upper limit on
acceptable velocity was 1.0 m s−1, the design value
was lower at 0.5 m s−1 because of limited mechan-
ical strength of the plastic tubes. For this value of
the velocity, the Reynolds number in the tube was
about 26 000; the maximum tube length was calcu-
lated for an outlet concentration of dissolved
oxygen of 300% of air saturation. The latter value
had been shown to be acceptable in earlier work
(Acién Fernández et al., 1998; Camacho Rubio et
al., 1999). Thus, a maximum oxygen generation
rate of 0.003 mol O2 m−3 s−1, corresponding to a
biomass productivity of 2.5 g l−1 d−1 (Acién
Fernández et al., 1998) was used in Eq. (6) to
obtain a maximum solar collector length of 80 m
(Fig. 6), for an assumed oxygen concentration of
100% of air saturation at the entrance of the
collector tube.

The height of the airlift column required for
attaining a flow velocity of 0.5 m s−1 was estimated
using Eqs. (13) and (14). For any reasonable gas
flow rate in the riser, the requisite liquid velocity
could not be attained with an airlift column that
was less than 4 m tall. Thus, a 4-m airlift height was
selected for construction. Also, for a 4-m tall airlift,
the estimates based on Eqs. (13)– (16) showed that
a kLaL value of 0.13 s−1 was easily attainable. This
value of kLaL in the airlift column was estimated
as being sufficient for reducing the dissolved oxy-
gen concentration from 300% of air saturation to
less than 150% of air saturation at the entrance of
the solar collector.

4.2. Hydrodynamic and mass transfer
characterization

Once the photobioreactor had been built, its
hydrodynamic and mass transfer behavior was
characterized to validate the design approach used.
Thus, the experimental measurements of the in-
duced liquid velocity, gas holdup in the riser, and
the kLaL values are compared with predictions in
Fig. 7 for various values of the superficial aeration
velocity in the riser. The predictions agree excep-
tionally well with the measurements, confirming
the reliability of Eqs. (13)– (16).

4.3. Outdoor culture

The microalga P. tricornutum was cultured out-
doors under different conditions of solar irradi-

Fig. 6. Effect of liquid velocity on the maximum allowable
length (Eq. (6)) of solar tube, if dissolved oxygen concentra-
tion in the fluid leaving the tube is not to exceed 300% of air
saturation. Length was calculated with Eq. (6) for a volumetric
photosynthesis rate value of 0.003 mol O2 m−3 s−1.



E. Molina et al. / Journal of Biotechnology 92 (2001) 113–131126

Fig. 7. Comparison between the model predicted and the
experimental values of: (a) the riser liquid velocity; (b) the gas
holdup in the riser; and (c) the kLaL in the airlift riser.

agreement was seen between the predicted and
measured areal productivities of biomass, thus,
validating the predictive capability of the design
equations.

To assess the influence of the solar loop liquid
velocity on the culture performance, three differ-
ent liquid velocities were tested: 0.50, 0.35, and
0.17 m s−1. In all cases, the dilution rate was
constant at an optimal value of 0.050 h−1. At the
highest liquid velocity, the biomass concentration
attained was 2.38 g l−1. A lower concentration of
2.29 g l−1 was obtained when the velocity was
reduced to 0.35 m s−1; however, the biomass
productivity at these two velocities did not differ
significantly. The culture carried out at a velocity
of 0.17 m s−1 failed to attain steady state; the
culture perished when the velocity was reduced
further. Turbulence is known to enhance biomass
productivity relative to laminar flow conditions.
For example, Carlozzi and Torzillo (1996) noted a
lower biomass productivity in laminar flow rela-
tive to that in turbulent conditions for Spirulina
cultures in tubular photobioreactors. A 29% in-
crease in Spirulina biomass productivity was ob-
served when the flow pattern changed from
laminar to turbulent in straight tubes. Further
improvement in turbulent mixing produced no
beneficial effect; a high liquid velocity of 0.97 m
s−1 damaged the culture and reduced the biomass
productivity. Similar beneficial effects of limited
turbulence have been also observed for Spirulina
in open ponds (Richmond and Vonshak, 1978). In
other similar work, the yield of Chlorella growing
in a tubular photobioreactor was enhanced when
the flow pattern shifted from laminar to turbulent
(Pirt et al., 1983).

Turbulence repeatedly moves cells from darker
interior of a tube to the better illuminated periph-
eral zone, hence the cells are not starved of light
for extended periods. Also, movement of cells
from light to dark zones may actually enhance
productivity so long as the duration of a dark
period remains small. Dark intervals of the order
of 1 s are said to improve of the solar energy
conversion by biomass (Terry, 1986; Laws et al.,
1987), as such intervals allow the dark catalytic
reactions of photosynthesis to run to completion,
restoring the photosynthetic apparatus to its full

ance, dilution rates, and liquid velocities in the
loop. Some representative data are noted in Table
1. A maximum biomass productivity of 1.90 g l−1

d−1 was obtained at a dilution rate of 0.048 h−1

in the summer when the mean external irradiance
(Iw) value was about 2600 �E m−2 s−1. In the
spring, the mean irradiance was lower, about 1200
�E m−2 s−1, hence the biomass productivity de-
clined to 1.20 g l−1 d−1. The experimentally
obtained biomass productivity of 1.9 g l−1 d−1

was about 10% greater than the value estimated
using the design methodology. A similar level of
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efficiency for the next light period. With P. tricor-
nutum too, the biomass productivity increased
with enhanced turbulence. Thus, as shown in
Table 1, the biomass productivity during spring
was a little better at a higher flow velocity of 0.50
m s−1 compared to when the velocity was 0.35 m
s−1. As previously noted, the culture collapsed
when the velocity was reduced to below 0.17 m
s−1, apparently because of photooxidation effects.

Despite the high biomass concentrations at-
tained under suitable conditions and the fairly
turbulent conditions used, the cultures experi-
enced photoinhibition, especially at midday as
shown in Fig. 8 where the photosynthetic activity
of the cells, expressed as oxygen production rate,
is plotted against the solar hour. Between 08:00
and 12:00 h, the photosynthetic activity increases
because of increasing irradiance (Fig. 8); however,
the activity declines between 12:00 and 14:00 h,
when the sunlight is intense and the culture is
photoinhibited. During 14:00 and 16:00 h, the
photosynthetic activity recovers as the irradiance
declines. The existence of photoinhibition under
intense illumination is of course well documented
for algal cultures and has been taken into account
in the earliest growth models such as those of
Aiba (1982). Easily implemented and inexpensive
methods are needed for preventing loss of culture
performance during periods of intense sunlight in
outdoor culture. These methods should not reduce
culture productivity and should be capable of
being automated for large-scale production facili-
ties.

In addition to photoinhibition, another prob-
lem in continuous run tubular photobioreactors is
the accumulation of dissolved oxygen that may
reach inhibitory concentrations. High oxygen con-
centrations combined with intense sunlight may
damage the cells by photooxidation. Potentially,
the gas exchange requirements for removing the
oxygen are a bigger constraint than for supplying
carbon dioxide (Weissman et al., 1988). Photooxi-
dation can severely affect the culture yield. Thus,
Tredici et al. (1992) showed that the productivity
of outdoor cultures of Spirulina was enhanced by
reducing the dissolved oxygen concentration to 20
mg l−1 compared to when the concentration was
35 mg l−1. It was further shown that for high
productivity a low dissolved oxygen concentration
must be combined with sufficiently intense turbu-
lence (light availability). In studies with Isochrysis
galbana grown outdoors in a glass column at
different biomass concentrations, Qiang and Rich-
mond (1994) observed that when cultures with
relatively low population densities were exposed
to full sunlight, the oxygen generation rate was
low, implying photoinhibition or other stress on
cells. Cultures with population densities signifi-
cantly below optimal were lost within a few hours
because of photooxidative death (Abeliovich and
Shilo, 1972). Once the cells died, the chlorophyll
was lost completely in another few hours.

The dissolved oxygen concentration in culture
varies with solar hour, as shown in Fig. 9 for
various dilution rates and culture velocities in the
solar tube for summer and spring seasons. The
variations in dissolved oxygen concentration are a
reflection of the changes in the photosynthetic
activity (oxygen generation) due to changes in the
irradiance level. Thus, during 04:00 and 09:00 h,
the dissolved oxygen concentration increases
rapidly by up to 200% of air saturation as irradi-
ance increases to around 1500 �E m−2 s−1. At
midday, when the irradiance level exceeds 1500 �E
m−2 s−1, the dissolved oxygen declines because of
a reduced rate of generation (photoinhibition). In
the afternoon, as the solar irradiance decreases,
the dissolved oxygen concentration also reduces
(Fig. 9).

Fig. 8. Variation of the photosynthetic activity (i.e. the volu-
metric oxygen generation rate) of cells with the solar hour.
Data were obtained during summer at three different dilution
rates, D.
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Fig. 9. Variation of solar irradiance and the dissolved oxygen
concentration in the degasser zone with the solar hour. Data
are shown for: (a) three different dilution rates in the summer;
and (b) three different liquid velocities during spring.

because of the longer time needed to traverse the
solar loop. (A dissolved oxygen concentration of
300% of air saturation (i.e. 63% oxygen in gas in
Fig. 10) negatively impacts cells even under condi-
tions of low irradiance, as demonstrated by direct
evidence in Fig. 10.)

The effect of dissolved oxygen on culture per-
formance was further studied indoors (Fig. 10)
under conditions of stable but reduced irradiance
(300 �E m−2 s−1) that eliminated any possibility
of photooxidation. The culture in Fig. 10 was
bubbled with a gas mixture containing nitrogen
and oxygen in various proportions. The steady-
state biomass concentration and oxygen genera-
tion rates obtained for different amounts of
oxygen in the aeration mixture are shown (Fig.
10). Clearly, the dissolved oxygen concentration
by itself influences the photosynthetic activity
(oxygen generation rate) and the steady-state con-
centration of the biomass. The cultures in Fig. 10
were carried out at a dilution rate of 0.025 h−1.
Photosynthetic activity was reduced once the dis-
solved oxygen concentration exceeded 100% of air
saturation, i.e. 21% oxygen in the aeration gas

As shown in Fig. 9, the culture behaves some-
what differently in spring than it does during the
summer. The midday decline in dissolved oxygen
concentration is lower during spring compared to
in summer. This is because photoinhibition is less
in the spring when the irradiance is generally
lower than in summer. In addition, for the culture
carried out at the highest liquid velocity of 0.50 m
s−1, the dissolved oxygen profile during the mid-
day hours is flat without a distinct decline (Fig.
9(b)) whereas at a lower flow velocity of 0.35 m
s−1 a clear midday dip is seen in the dissolved
oxygen profile. As expected, oxygen accumulation
is reduced at higher culture velocities in the solar
tube. At the lowest flow velocity of 0.17 m s−1,
the dissolved oxygen concentration peaks at 300%
of air saturation and, subsequently, declines (Fig.
9(b)). This suggests that the culture has been
damaged, apparently by photooxidation occurring
when a high concentration of oxygen combines
with intense irradiance. At the lower flow rate, the
cells experience the combined high oxygen and
high irradiance environment for longer periods

Fig. 10. Influence of the oxygen molar fraction in the injected
gas on: (a) the steady-state biomass concentration; and (b) the
photosynthetic activity (i.e. the volumetric oxygen generation
rate) in indoor cultures. The dilution rate and the irradiance
level were 0.025 h−1 and 300 �E m−2 s−1, respectively.
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(Fig. 10). The 100% oxygen in the aeration gas in
Fig. 10 corresponds to a dissolved oxygen concen-
tration of about 470% of air saturation. Whereas
high oxygen concentrations inhibit photosynthe-
sis, they do not cause cell death under conditions
of low indoor irradiance.

As shown in Fig. 9(b), at the lowest liquid
velocity (0.17 m s−1) the culture reached a peak
dissolved oxygen concentration of 300% of air
saturation and thereafter, the oxygen concentra-
tion declined continuously as the cells died. In
contrast, under indoor conditions a stable steady-
state cell population was maintained even when
bubbling with pure oxygen (Fig. 10). Obviously, a
combination of oxygen inhibition and photooxi-
dation is more damaging than inhibition by oxy-
gen alone.

A simulation of the dissolved oxygen concen-
tration at the end of the solar loop showed that as
the oxygen generation rate (photosynthetic pro-
ductivity) increased the dissolved oxygen concen-
tration at the outlet increases (Camacho Rubio et
al., 1999). Similarly, for a fixed photosynthetic
productivity, the outlet dissolved oxygen concen-
tration increased as the culture velocity was re-
duced. This is consistent with observations in Fig.
9. During summer with the most productive cul-
tures, the dissolved oxygen concentration at the
end of the solar loop may reach close to 400% of
air saturation at a circulation velocity of 0.5 m
s−1.

4.4. Scale-up of the solar collector

As explained in a previous section, the light/
dark cycling frequency in a solar collector affects
the biomass productivity (Fig. 3). In principle, a
solar collector tube with an increased diameter
should be as productive as a narrower bore collec-
tor so long as the two devices have an identical
value of the light/dark cycle frequency. For P.
tricornutum the cycle frequency must be greater
than 1 Hz in an optimally productive solar collec-
tor. If the volume of culture in the solar collector
is doubled by increasing the diameter of the tube,
the larger tube would require a diameter that is a
factor of �2 greater than the diameter of the
smaller tube. Even for this limited twofold in-

crease in volume, it may be impossible to attain a
light/dark cycle frequency of �1 Hz, or greater,
because of a shear-sensitivity imposed limit on the
maximum acceptable velocity through the tube.
Under these conditions, practicable scale-up may
be possible only by enhancing the radial move-
ment of fluid in the larger tube, for example, by
modifying the design to include static flow pro-
moters. Preferably, the flow promoters should be
transparent and they should be spaced as far
apart in the tube as possible. In practice, a dou-
bling of the culture volume may be achieved by
increasing the diameter by a factor of less than
�2. This is because the larger tube would have a
greater linear velocity and for it to have the same
fluid residence time as the smaller tube (i.e. identi-
cal conversion or production in two tubes), the
length would need to be greater.

5. Concluding remarks

A systematic method is discussed for engineered
design of airlift driven photobioreactors with con-
tinuous run tubular solar collectors. The design
method effectively combines the relevant aspects
of external irradiance-dependent cell growth, oxy-
gen accumulation in the solar loop, oxygen re-
moval in the airlift device, and hydrodynamics of
the airlift system that determine the flow velocity
through the solar receiver. A 0.2 m3 photobioreac-
tor designed using the proposed method was eval-
uated in continuous outdoor culture of the
microalga P. tricornutum. The model predicted
hydrodynamic behavior of the bioreactor and the
culture productivity agreed closely with the mea-
sured performance. The optimal bioreactor
configuration and operations conditions were: a
solar receiver tube of 0.06 m diameter, 80 m long,
connected to a 4 m tall airlift; the solar tube was
looped into two layers stacked 0.03 m apart; the
optimal horizontal spacing between adjacent par-
allel rungs in any layer was 0.09 m. The solar
collector occupied an area of 0.12 m2. The culture
velocity through the solar collector was about 0.5
m s−1, but this could have been significantly
higher. The parameter values used in modeling
the bioreactor’s performance are summarized in
Table 2.
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Table 2
The model parameter values used in bioreactor performance
validation

ValueParameter

1.1�

0.4Ub (m s−1)
1.49n

nT 1.5
0.063�max (h−1)

114.67Ik (�E m−2 s−1)
Ka (m2 g−1) 0.0369
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Contreras Gómez, A., Garcı́a Camacho, F., Molina Grima,
E., Merchuk, J.C., 1998. Interaction between CO2-mass
transfer, light availability, and hydrodynamic stress in
the growth of Phaeodactylum tricornutum in a concentric
tube airlift photobioreactor. Biotechnol. Bioeng. 60, 317–
325.

Laws, E.A., Satoru, T., Hirata, J., Pang, L., 1987. Optimiza-
tion of microalgae production in a shallow outdoor
flume. Biotechnol. Bioeng. 32, 140–147.

Mann, J.E., Myers, J., 1968. On pigments, growth and pho-
tosynthesis of Phaeodactylum tricornutum. J. Phycol. 4,
349–355.
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