Bioverfahrenstechnik: Prinzipien bel der
Auslegung von Photo-Bioreaktoren

Light supply

Water and nutrients

h

CO, in O, out

What is so difficult in building photo-bioreactors ?
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The major problems of light attenuation

Light limitation

Incident light time or starvation

dependent
Light saturation Low concentrations,
or inhibition mutual shading,
turbulences
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Biology I: light saturation
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Melis (Berkeley, 2000) for Chlamydomonas
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Concept |: Geometrical light distribution

Light inhibition:
Can be prevented by geometrical ,light distribution e.g
-Extension of plates or fences in vertical direction

- Orientation of plates and fences in specific angle to
N/S direction for horizontal dilution

Disadvantage:
| | Amount of reactor surface material

and culture volume is increased.
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Examples of geometries for light distribution

Kibuzz Kitura Flat Panel, plastic bags
Univ of the Negev
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Construction

Definitions and items for assessment

V, Volume of Reactor
Usually equals the
fluid phase [L]

A Surface area of the

reactor, usually > 2*A; —— and time [g m2 d-]

important cost factor

T
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S l, Incident light intensity

measured in normal direction
to ground as annual mean [W / m

B P Areal Productivity
Product per ground area

Primary optimisation criterion

P Volumetric Productivit

Product per reactor volume

and time [g1 L1 d1]
Secondary criterion

—

Ag Aperture (Ground) area of the reactor
From this area light energy is collected
Is the measure of everything [m?]

’]
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Aeration and Mass Transfer

Basic considerations

CO, demand:
kinetic limitation < 0.1 — 0.2 kPa in fluid phse ( 0.1 % in off-gas)

stoichiometric demand 1.7 g CO, /1 g X ( 6*44/ 180)

CUR 2g¢g/L/d 50 times lower than possible in CSTR
Oxygen removal OPR_ ,/CUR_,, 1

Should not be a problem
Problems arise from reactor geometry, size, and sensitivity to shear stress

CO, Concentration in aeration could be high,
good mixing and de-gassing provided.
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Mass Transfer in Airlift Reactors

Annular Bioreactor F&M, Livorno

VR=120L
HE:Zm PalVr= 1 8" Ve
D=4.5cm
kia=2.39 - 104 (Pg/V)o8e
Vg < 0.05 m/s Ps/ Vg <500 W/ m3 25 W [/ m?
Vg <0.0025m/s Pg/Vg< 25W/m3 1W/m?

k,a=0.0037 st
Energy demand too high for energy production

H, bubbles could be enough for PCE > 1 % (0.003 vvm)
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Biology and process engineering:

Interactions in photo-bioreactors

light/dark-fluctuations
In each volume element

- absorption,
scattering

- gradient in radial
direction of the tube

- laminar-turbulent
- loss of pressure

reaction

pH / pO, gradient - aeration / exhaust gas kinetics, dynamics of
along fluid direction CO,/ 0O, photosynthesis

Principles of photobioreactors @\Bioprocess Engineering




Biology Il: flashing light effect

Supersaturation zone ~__ Limiting / dark zone

N~ o

\ .
- Optimal Zone
Algal cells can store energy
under strong light ... ... and use it up under
limiting light conditions
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Model elements for flashing light effect

Interference with energy storages and limiting steps

,volume — restrictor — system*

Photopigments  Rubisco <=1ms
TCC Anabolism <=1s

" ﬁ Ieffective =
0

oo * dt

real

Fast cycles under high irradiation conditions are good
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Model elements for flashing light effects

Interference with intracellular control loops

0,257

0,27

[ ] s

0,057

W [d]
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Photopigment Production _ continuous
Photosynthesis / Respiration light/dark cycles [s] jiymination

Slow cycles under low irradiation conditions are bad
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Concept II: distributing light in time

Flat panel airlift (FhG, Subitec)

Buffles induce circular flow

High aeration: 0.45 vvm

cy =1.84dll

P,<=0.11gL1h
PCE = 4.7% at 1000 UE/m2/s

Regular light/dark cycles 1 Hz, t:t; = 1:10

Light path lenght 15 mm
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Tubular Reactor

30 L Tubular Reactor with Chlamydomonas
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Interaction fluid dynamics /

Computational fluid dynamics (FLUENT) for:

reaction

determination of particle trajectories,

geometrical optimization

0.02

with and without static mixer

v

0.015¢

0.01

position r /' m

radial

0.005 | |\

A

Time in s
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Distributing Light in Time

Triangle airlift reactor (MIT, Greenfuel)

Others:

Static mixer in airlift
Patent US 20050260553 Dean vortices in helical reactor

Tayler vortices in cuvette reactor
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Distributing light in time

Flashing Light Effect

Points to consider:

Flashing light effect has been proven to be active

Depends on reactor geometry, sometimes already provided

Mixing energy is cost factor
Fast mixing may cause shear stress

Calculation is not yet possible
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Concept IlI: Increasing Surface to volume ratio

+Ar | Ag should be high®
saves fluid volume
saves related energy input

For plate reactor A,/ A 1/dg

d; Ly~ c,to avoid unproductive volume

Lime tree (after Pulz) High A / Ag requires high biomass concentration
Ag =100 m? Corrections for lens effect in tubes and columns
A, = 2.500 m2

Ar/Ag=25ml
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Plant in Klotze near Wolfsburg (IGV, Bisantech)

500 km Tubes
700 m3
130 t Algae p.a.

Light distribution vertically, horizontally,
by reflection and along circumference of tubes
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Sato et al., Univ. of Tokyo

Biodome

BioReal, Maui, USA

More examples for folded surfaces
or in build-light conducting elements
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Concept IV: Directed light transport to the fluid

ORNL / Ohio University Project (Hybrid Ligh

Lin
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Bringing the light to the fluid

Points to consider:

Cost of antenna and light conductor

Cost of light emitting films

Ideal fluid handling, pH, T control
High dilution factors possible
Today only 50% efficiency
Wavelenght shift possible

Overpressure possible

Green Light Collector (Wageningen)
Light is captured by linear Fresnel lenses
-> vertical PMMA light guides

-> flat-panel photo-bioreactor
compartments.
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Future |: going back to cheap solutions

Plastic bags at BioFuel

water bed reactor”
Solix
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Future II: Thin-film photo-bioreactor

Benefit from small dimensions:

Aeration by diffusion, avoid bubbles
Short ways for light / dark cycles
Intrinsic light distribution

Less fluid volume means less energy,
saves weight, and material cost

Challenges from small dimensions:

High algae concentrations — physiological effects ?
Mass transfer and mixing
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