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Objectives

* Reviewing the major types of photobioreactors
used for the culture of microalgae.

* Principles of fluid mechanics, gas-liquid mass
transfer and 1rradiance controlled microalgal
growth will be integrated into a method for design
bubble colums and tubular photobioreactors.

e Scale-up.
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Photobioreactor design issues

O,
/
@ / New biomass

! N
@@ Microalgae | \Products

Nutr1entes

*Supply sufficent light to support high growth rate (u)

microalgal _ )
culture | *Support high biomass { High productivity (Pb)

density (Cb) for «Complete light harvesting

systems

*Supply CO,, remove O,, mixing

High High Optically

— biomass —— thick —— supply

productivity density cultures Impeded .
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Open racewaﬁ (1): description

Top of wall

Channel walls or
outside walls

Channel dividers
or inside walls

Channel lining

Channel
width

Mixing station Paddle wheel
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Oen_racewas (2): CO, EEX o

CO, injection

)2

O N\
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Open raceways (3): mixing.

eMean channel velocity, v (m s1)

n =0.008 — 0.03, manning
friction factor

R = Hydrauli

dius

S =Energy lo
length in the

ate per unit
el

Channel length, L (m)

Ad (dw /(w+2d))*>

L

ePaddle wheel’s o L
power requirements, P (kW)

1_ﬂ

i
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Open raceways (4): drawbacks

e Contamination and temperature are difficult to
control

 The culture depth cannot be reduced below 12 to
15 cm or a severe reduction of flow and

turbulence would occur

* Large arcal volumes of 120-150 L mZ are usual
and therefore low cell concentration 1s attained

(=500 mg L) i/
* Low cell concentration increases the cost of ;
harvesting -

:ﬂ:-;_%;_ :-._"'_'. .:-E-! 6?‘( sid ad%%lhe(%ﬁ#ﬂ

Departamento de Ingenieria Quimica



Enclosed photobioreactors

* Tubular

-Bubble column type
-Horizontal and fence configuration

Flat plate

nohe R T."."- :
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Bubble column type photobioreactors (1)

17 HOLES 13 HOLES 13 HOLES
(i = 1 mim) (& =1 mm) (i = 1 mim)

BUBBLE COLUMN DRAFT-TUBE AIRLIFT SPLIT-CYLINDER

Sanchez Mirén et al., 2000 Aiche Journal, 46, 1872-1887

_oonile, R e TR
. . i [ . i ]
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Bubmg_column type ﬁotoioeactors (2)

BUBBLE ICOLUMN

DRAUGHT TUBE

SPLIT CYLINDER ,.; -
- f
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Bubble column type photobioreactors (3)

* Height of only a few meters

* Major advantage: oxygen does no accumulate

* Easy to keep sterile compared to other tubular systems

* Major drawback: the reactor 1s always at a large angle to the
sun’s rays

+ VERTICAL AXIS

NORMAL
TO AXIS

Afternoon

or early
_— ELE—
U / ) G //////////’/ momin g

The amount of solar energy absorbed 1s lower than for horizontally placed reactor

S
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Tubular photobioreactor E

N NN NNNNNNORTSEVEEERS PRI 17 17 S TITITFITITISS SIS SIS FISS S 57
Solar loop: N AW SO TS PRRT IS FIIRS PSS IISIS SIS IS ST

arranged to
optimally harvest
sunlignt.

o BEEPFPISE] TIPS IV S IPSGGGG FFPGG T 777

Solar loop: !E;
arranged to b il |
minimize land 'f |
accupation i1 %
Alrlift system:

adequate pumping LSS
and effective gas :
removal
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Tubular photobioreactoréZZ
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Flat plate reactors (1)

Compressed air  Water sprinklers
Alr tubing

Thermaostat
Solenid valve

Cooling water pipa

Thermosensor
Culture chamber

Perforated air tubing

TS

1
. . T
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. Flat plate reactors (2
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Flat plate reactors (3)

Drawback eDifficulty in maintaining an adequate turbulence, buidup of
O, (up to 30-40 mg L!); fouling

-

y »

i | E

Merit ellluminated surface over 500 m? could be set up on a groumi - 5?
area of 100 m2 N,
e[amination of irradiance = enhancement of hght efﬁpleney g

Departamento de Ingenieria Quimica —



Air flow rate ) ) _ _
Gas composition Incident irradiance Tube diameter

Dilution rate Environmental variable and Iength
Operational variables Design variables

w

MASS CULTURE I

B ol

0, and CO, Fv/Fm, Biomass

VARIABLES

Acquisition of !
T, pH, DO, inlet and outlet concentration,

gases monitoring Biochemical
profile

n
F
Z
0
=
o
&~
-]
2]
<
o
=

\ 4 v

Fast characterisation .
of Transport capacity Growth

volumetric mass modelling
transfer coefficient

physiological state

OBJECTIVES

BIOMASS AND ;
e
PRODUCTIVITIES

REACTOR pl
ASSESSMENT g =
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Relationshi arameters that influence
biomass productivity

year

Design and Geographic and
orientation climatic localization

Geometry Incident solar Temperature Mass
radiation

!

Day of the | Fluid-dynamic

transfer

Light profile,

/ average irradiance

Biomass
Biomass
Productivity

concentration
E. Molina Grima 1999, Encyclopedia of Bioprocess Technology: Fermentation, biocalysis and
Bioseparations. 1753-1769, John Wiley and Sons Inc.
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Design of tubular reactors
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- Design strategy (1

Biomass productivity must be optimized.

| (1-exp(— ¢eq K, -Cl

_ L
av ¢
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Design strategy (2)

v'l, must be maximized.

vl =f(location, weather, geometric arrangement)

v The arrangement of tubes controls
the mutual shading.

v Maximizing land use
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Design strategy (3)
S EgUId VeI GEILY,

2 G215 plolefuye

s Ka
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UL 0.60
(predicted) 0.50
m/s
0.40
0.30
0.20
0.10

0.00
000 0.0 020 030 040

U, (measured), m/s

Riser 0.35
holdup  0.30
(predicted) 0.25

0.20
0.15
0.10
0.05
0.00
000 005 010 015 020 025

Riser holdup (measured)

k.8 riser 0.200
(predicted) N
s“ 0.150

0.100 )
0.050 'L:.'}

0.000 L
0000 0050 0.100 0150 0200 0.250 a

k.aL riser (measured), ™' I'a
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- Design strategy (4

v The maximum continuous run length
of the solar tube Is limited by a
combination of fa
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Design strategy (5)

= The airlift system should satisfy the
principal demands:

eEffective circulation of the fluid

Effective separation of gas and liquid

= The airlift system should
be small
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Scaleup approaches

= The only variable that can be scaled up Is

d,
= d, determines the tube length \
-
= Then, multiple modules of identical type
@

o g o
R i, [‘-%":." ]
. i e R ?‘I’/ ; 1
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~ The scaleup criterion |

= The frequency of the light/dark cycle
Interchange Is held constant upon scale

iy
=
=
2
o)
@)
—
A

tc

Light/dark cycling time
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.~ Scaleup considerations

Tom (HEm?s™h)
1100

1500
A 1900

® 2300

I I

1.0 1.5

Frequency, Hz

E. Molina Grima et al. (2001) J. Biotechnol 92, 113-131 .
b -. {j-.__ |

W op
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The scaleup criterion

Departamento de Ingenieria Quimica



ﬁ The scaleup criterion

f = scale factor =
_ 1_(DL
1-Dg

7/8.  1/8
U, v
1/8

a

U, =0.2
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- Maximum scaleable tube diameter

70 ] Ieddies UL’ | 10
60 - p 4 g
= 50 - . 2 T/)
jw: 40 - > o T6 ¢
S 30 - ¢ 1 -
k o 4 5
20 - ¢ >
10 - o? e
o
0e* Y 0
0.00 0.10 0.20 0.30 0.40
dt, M

Contreras et. al (1998), Biotechnol. Bioeng. (60) 317-323
A<45 um Harmful to P. Tricornutum cells

v > 7000 s°!

C. Brindley Alias et al. (2004) Biotechnol Bioengng., in press.
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The industrial-scale reactor and the microalgal
production system

un— SR Y . Y
Departamento de Ingenieria Quimica — L{::_ fre i sidﬁa_d% SR



The indTJstriaI-scaIe reactor and the
I production system
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