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Design and Performance
Parameters of Photobioreactors

by Clemens Posten, KIT

The design and development of photobioreac-
tors is very important because the bioreactor
is the technical centerpiece of the production
of microalgae biomass. Apart from maximum
production, other factors such as geometric
and hydrodynamic parameters, measured per-
formance criteria and mode and stability of
operation, and cost effectiveness of the biore-
actor need to be optimized. Clear criteria are
missing for an assessment such as is needed
to establish a uniform basis of data for sustain-
ability and life-cycle assessments. Although
several reactors will be presented in the fol-
lowing paper, the primary objective is to set
the framework for such an assessment of pho-
tobioreactors. This begins in design features,
but also goes beyond this to a definition of per-
formance parameters, whose measurement
is required and which ultimately determine
whether the use of a reactor is successful.

1 Introduction

The current boom in microalgae biotechnology
has led to a further strong increase in the expec-
tation that the production of biofuels (methane,
biodiesel, bioethanol) from microalgae will be
sustainable both energetically and financially
(Greenwell et al. 2009). The technical center-
piece of the production of microalgae biomass is
naturally the photobioreactor. Several features for
assessing a photobioreactor are given in the fol-
lowing. The algae boom in the past few years has
led to an almost incomprehensible number of new
types of reactors, and the operation of some of
them has been terminated almost as quickly. Even
today there is no precise scientific consensus as to
how a photobioreactor is to be constructed. Precise
studies of defined aspects are, in contrast to simple
trial and error, still infrequent (e.g., Rosello Sastre
2007). Consensus has, however, been reached on
several issues, although these points are not al-
ways taken into account (Pulz 2001; Janssen et al.
2003; Richmond 2004; Zijffers et al. 2008; Kun-
japur et al. 2010; Morweiser et al. 2010). In this
paper, several types of reactors will be presented,
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the primary objective being to set a framework for
assessing photobioreactors.

2 Direct Design Features

In contrast to usual reactors, there must be a
transparent surface in order to ensure the light
influx reaches the contents. This results in two
basic forms. Photobioreactors are divided into
plate reactors and tubular reactors (fig. 1). Plate
reactors are perfused with gas from the bottom
to ensure the CO, influx. The pneumatic energy
brought in by the bubbles is converted into me-
chanical mixing energy. Circulation of the me-
dium in tubular reactors is maintained by hydrau-
lic pumps that provide the necessary mechanical
energy. Gassing takes place at the beginning and
end of a section of tube. Starting from these basic
types, important design features and parameters
for process engineering will be discussed below.

Fig. 1: Schematic image of the two basic types of
reactors

b) Tubular reactor

a) Plate reactor

Source: Posten 2009

The possible transparent materials include glass,
polyvinyl chloride (PVC), polyethylene (PE),
polycarbonate (PC), acrylic (Plexiglas, PMMA),
and silicate. PC exhibits good properties because
of its high strength, the fact that it can be cleaned,
and its weatherability, yet PE is preferred for prac-
tical reasons such as availability. Glass is preferred
for high-quality applications but it is heavier and
more complicated to process. Coatings are being
discussed, for example a nonstick coating for in-
doors or a coating for IR reflection outside. A cer-
tain amount of material must be employed to main-
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tain mechanical stability and to accommodate the
hydrostatic pressure. Yet for cost reasons (the ma-
terial itself, its manufacture and transportation) this
should be as minimal as possible. Furthermore, the
use of the material enters into the consideration of
the amount of energy used since, in terms of en-
ergy, only a limited recycling efficiency (transpor-
tation, reshaping) can be expected. From a harvest
of biomass amounting to, for example, 20 kg/m?*/a,
approximately 10 kg C is bound. This must natu-
rally be clearly higher than the CO, emitted dur-
ing the manufacture of the reactor itself. There are
hardly any actual values available from outdoor
projects. Many reactors have to be supported by
mechanical stands and must, furthermore, be under
a roof or in a greenhouse to avoid weather-related
contamination or damage as well as wind pressure.
This results in costs and loss of light. Even a water
basin can serve as a support for a floating plastic
reactor (fig. 5).

3 Geometric Parameters

The primary difference between customary biore-
actors for heterotrophic processes and photobiore-
actors is naturally the light influx through the trans-
parent external walls (fig. 2). The relationship of
the external surface area that is available to the vol-
ume that is supposed to be provided with light A/
V. is therefore an important factor. For a plate with
a thickness d, for example, the relationship is 2/d.
Common values are
in the range from
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LE/m?%s), growth increases linearly with the inten-
sity of the light. At high intensities, however, there
is saturation or even photoinhibition. The actual
amount of sunlight may exceed the critical value
by a factor of 10-20 depending on the strain of al-
gae, the time of day, the season, and the location.
Any necessary dilution of the light can be achieved
by increasing the design factor A /A, (surface
area/ground surface area) of the transparent sur-
face, whether by adjusting the vertical height or
by employing fiber optic elements. Absorption and
scattering weaken the light (exponentially) when it
passes through the algae suspension, so that only a
residual amount reaches the opposite wall. The dis-
tance that the light travels is referred to as the free
optical path d,. On the one hand, no light should
be lost, while on the other no dark areas should
occur in which algae do not grow and even lose
cell weight just as a result of cellular respiration.
The lower this value (thin layer), the higher the
biomass concentration can be without creating a
dark area that is too large. Naturally, a compromise
has to be found for the given parameters since the
amount of material increases with greater dilution
of the light and with shorter optical paths. While
the given parameters refer to the reactor’s surface
area, they also directly determine the volume of
medium V,, in the reactor and thus the amount of
medium piled up on the ground area A,. The pa-
rameter V /A, gives the amount of medium that is
piled on the “footprint area”. A typical value is 100

Schematic outline of important parameters of a photobioreactor

Fig. 2:
50 m" to 100 m". &
Modern  concepts
go in the direction
of larger values. Vg (Volume of the reactor):

Containspart of mediumand

The photosynthetic gas phase [L]

activity of algae
is dependent on
the strength of the
light influx. At very
small  intensities

usually>2*Ag.
Important cost factor

I

~ Ps (Productivity per area):

Ag:Surface of the reactor

I, (Solarirradiance): Measured in
the normal direction to the ground
(annual or dailymean) [W / m?]

Product per ground surface
area and time [g m2d1].
Importantenergetic criterion

of light (< 20 pE/

m?/s), photosynthe-
sis hardly surpasses
cellular respiration.
At small to medium
intensities (< 200
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P (Volumetric productivity):
Amount of product per reactor
volumeand time [g? L't d2].
Importantfinancial criterion

Ag: Ground surface area (footprint) of the
reactor. Lightis used from this area [m?].
The shady area opposite must be
assessed accordingly.

Source: Own compilation
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L/m?. Higher values indicate a greater weight and
a lower intensity of the process.

In principle, the volumetric productivity
measured in the laboratory cannot simply be mul-
tiplied by the amount of medium since the amount
of biomass produced per ground surface area is
determined solely by the incident light. This mis-
take is made over and over again when the antici-
pated performance of reactors is predicted, lead-
ing to completely exaggerated expectations. The
same false impression is produced by the state-
ment that the volume of medium is necessarily the
reaction volume. This tenet from classical reaction
technology naturally cannot be applied in this case
since only the cell volume can count as the reac-
tion volume. It is furthermore counterproductive
that a high volume of medium leads to a lower
concentration of biomass and to a loss of energy,
as is demonstrated in the following section.

4 Hydrodynamic Parameters

The pressure at the base of the reactor results from
the hydrostatic pressure of the column of medium.
It exerts a direct influence on the required strength
of the transparent material and the energy needed
to generate the bubbles. Both of these aspects do
not cause any particular problem in classical reac-
tors for heterotrophic products. In photobioreac-
tors, however, this can become a problem because
at higher pressures the qualities demanded of the
material increase, as does, above all, the specific
energy per volume or per area needed for gassing.
As in any reactor, the contents must be mixed
properly to prevent the formation of gradients.
In the case of tubular reactors, the mixing time in
the axial direction is the time the medium needs
to be cycled one time through the tubes, which is
the passage time between two gassing points (Hall
et al. 2003) and thus is given by tube length and
pumping velocity.

With increasing oxygen concentration and
decreasing carbon dioxide concentration along
the tube, the axial mixing time should not exceed,
for example, 2 min. In the case of plate reactors,
mixing along the main axis, which in this case is
the vertical axis, is given mainly by the vortices
which are induced by the bubbles and the bubble
rising time. Values for the dispersion coefficient
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in the range of 100 s are acceptable. The mixing
time in the direction normal to the transparent sur-
face (radial for tubes, thickness for plate) should
not significantly exceed 1 s in order to utilize the
fluctuating light effect, i.e., not to leave the cells in
the particularly bright front areas or the dark back
areas too long (Grobbelaar et al. 1996). A non-
trivial amount of mechanical energy is however
necessary to this end. The perfusion of a reactor
in the axial direction is necessary in order to move
the fluid from one gassing point to the next, some-
times exceeding 0.3 m/s in tubular reactors. This,
furthermore, also improves radial mixing (Molina
et al. 2000; Perner-Nochta et al. 2007). In plate re-
actors, the bubbles induce circular flows that lead
to axial perfusion rates of approximately 0.1 m/s,
which can be significantly higher in certain specific
designs. This results in acceptable axial dispersion
coefficients (Camacho Rubio et al. 2004). Turbu-
lent flow facilitates mixing in the normal direction
(which is particularly necessary for high concen-
trations of cells), while laminar flow saves energy
and is gentler on the cells. A fundamental consid-
eration of hydrodynamics in photobioreactors can
be found in Pruvost et al. (2011). Both open ponds
and, even more so, enclosed bioreactors thus need
auxiliary power essentially for mixing, gassing,
and transport. In tubular reactors, more than 500
W/m? is customary (Babcock et al. 2002) with val-
ues between 200 and 400 W/m® being reported,
while in plate reactors the lowest level is 50 W/
m?® (Sierra et al. 2008). This last value increases,
however, because of the increase in hydrostatic
pressure with height in plate reactors. Because of
its enclosed design, the pump energy in tubular re-
actors does not increase significantly with height.
It is important to understand that high val-
ues for productivity are often purchased by us-
ing high energy input to improve the light inte-
gration and gas input. For example, open ponds
employ little auxiliary energy (e.g., 1 W/m?) but
their productivity is also correspondingly low.
Current directions of research attempt to reach a
low-energy mix by bundling the mechanical en-
ergy at certain frequencies that facilitate growth
in the region of 10 Hz. In the Airlift plate reac-
tor of the firm subitec (Degen et al. 2001; Rip-
plinger 2009), directed vortices are created in the
upstream area by using built-in baffles (fig. 3).
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Fig. 3: The Airlift plate reactor of the firm subitec

Source: Ripplinger 2009

Fig. 4: The novel principle of a tubular reactor
(“Christmas Tree”) of the firm Gicon

Source: Cotta 2011

The energy required for this is supposed to be
reduced to 10 MJ/kg of produced algae biomass.
The novel design of a tubular reactor (“Christ-
mas Tree”) of the firm Gicon (Cotta 2011) guar-
antees good exposure to light during the course
of the day (fig. 4). Low energy input and a high
dedicated radial mixing rate are produced by a
novel pulsed procedure during gas inflow. This
also prevents fouling on the tubular walls. Short
light paths are achieved by using an internal tube
which also maintains the correct temperature. Be-
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sides these concepts, the use of energy flows from
the environment has been proposed, for example
the use of wave energy at a NASA reactor (NASA
2011). It is hoped that a bubble-free gassing pro-
cedure can lead to another clear decline in pneu-
matic energy input (Fan et al. 2008; Posten 2009).
Photobioreactors are gassed with a mixture
of air and CO,, the CO, serving as the carbon
source for the algae. The stoichiometric require-
ment is approximately 1.8 to 2 g CO, per gram
of dry mass of algae created, depending on the
lipid content. There must, however, be a suf-
ficiently high partial pressure during the liquid
phase so that the CO, absorption by the algae is
not limited (Yang et al. 2003) and light energy is
not lost. The air portion serves to prevent gradi-
ents and blending. Customary values are 0.1 vvm
CO, or even higher if flue gases (or other gases
from fermentation or the chemical industry) are
utilized. Reactors that are pumped directly can
also be supplied with pure CO,. The parameters
that can be used to assess this are the volumetric
mass transfer coefficient (k a value), the volu-
metric CO, input rate (CTR) together with the
corresponding CO, production rate (OPR), and
the degree of CO, utilization. Open ponds have,
for example, a relatively low need for auxiliary
energy, yet their productivity is also low. There
are hardly any systematically measured correla-
tions between energy input and productivity.

5 Measured Performance Criteria

A high value for volumetric productivity mea-
sured as “space-time yield” is a sign of a reac-
tor’s intense operation. Yet it is not permissible to
simply project laboratory values because an ideal
supply of light is impossible on a large scale in
outdoor operation. When sunlight is used, the en-
ergy input from light will not increase simply by
piling up more medium on a certain ground sur-
face area (see below on photoconversion energy,
PCE). In the lab, only 1 g/L/d can be attained and
only for mid-range concentrations of biomass.
For photobioreactors operated only with sunlight,
the decisive value is the solar irradiance per area,
independent of the precise geometry. Here is a
sample calculation. In central Europe, the entire
energy falling on a square meter is, for example,
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1200 kWh/m*a or 4320 MJ/m?/a. The energy in
algae biomass is approximately 20 MJ/kg. If the
maximal PCE is 5 %, then we can reckon with a
maximal biomass harvest of 30 g/m?d or 100 t/
ha/a. If the oil level is high, the energy in the algae
climbs toward 27 MJ/kg. Given the same PCE,
the productivity of dry biomass per area thus sinks
for thermodynamic reasons (Chisti 2008). Under
no circumstances, thus, can the highest measured
values for productivity and for oil level simply be
multiplied to calculate the anticipated productiv-
ity for oil. For sunnier regions, the insolation from
higher solar irradiation can be maximally a little
more than twice as much. Reliable data on the
actual productivity per area is only available for
relatively few outdoor facilities, and then only for
limited periods of a few weeks and areas of far less
than 1 ha (e.g., Chini Zitelli et al. 2006). The data
for the 1 ha facility in Klotze, Germany, given as
100 t/ha/a (Roquette 2010) are frequently used as
a reference value. Yet we must take into account
that the culture is partially operated heterotrophi-
cally and therefore cannot serve as a standard for
biofuel production. Furthermore, in terms of'its in-
vestment costs and the energy required, the facil-
ity is designed for high-value products.

The greatest caution is necessary when a
life-cycle assessment (LCA) is prepared using
data from the Internet or other literature without
having further background information. To assess
the effectiveness of a reactor, the productivity has
to be related to the radiant amount of light. The
PCE (which should not be confused with photo-
synthetic efficiency or photon efficiency PE from
biological studies) gives the relationship of the
energy stored in the biomass to the radiant energy
that reached the reactor’s ground surface area.
Optimistic values are 5 %, and values up to 10 %
are considered theoretically possible (Schenk
et al. 2008; Chisti 2007; Zhu 2008). The higher
the algae’s oil content, the lower (reduction of up
to 30 %) is the PCE (Wilhelm 2012). This value
takes into account losses of light in the reactor it-
self, such as reflections on the surface or light that
falls to the ground after passing between the indi-
vidual modules of the reactor. This value is the ul-
timate standard for the efficiency of algal growth,
but in some circumstances it is paid for by costs at
diverse points (mixing, light dilution; see above).
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This energy has to be deducted from the chemical
product (biofuel) that is produced when the ener-
gy balance is determined. As described below, the
energy flux that is produced can only amount to
about 5 W/m? in the form of the heat of combus-
tion. Given, for example, a performance input of
50 W/m? and medium amounting to 100 L/m?, that
amount would already be exhausted. Only a reac-
tor that employs the absolute minimum for mixing
energy — pneumatically for creating bubbles in a
plate reactor and mechanical energy for pumping
in a tubular reactor — can be used for the produc-
tion of biofuels. One approach to such a minimi-
zation is to adjust the actual need for CO, and the
mixing intensity to the momentary consumption,
which is permanently changing in response, for
example, to the current position of the sun. It is ex-
tremely rare for genuine measurements of energy
consumption for longer periods of cultivation to
be available. At any rate, the amount of auxiliary
energy is currently a reason obstructing the effec-
tive production of biofuels out of microalgae, but
this is a topic that is the object of intense research.
The concentration of biomass should in principle
be as high as possible to make an intensive pro-
cess possible. This also facilitates cell separation
in the next step. Increasing the cell concentration
for example from 1 g/L to 2 g/L reduces the fluid
volume per amount of biomass to be fed through
the centrifuge/filter by 50% and thus contributes
decisively to reducing the costs downstream. Typ-
ical values are < 1 g/L in open ponds and up to
5 g/L in today’s enclosed reactors. A value of 10
g/L is desirable and feasible. Decisive for reaching
this goal is not only the reactor geometry but also
the strategies for feeding the medium.

6 Mode and Stability of Operation

The growth rate of microalgae is strongly depen-
dent on the temperature. The mean temperatures in
winter are too low and in summer too high because
of the strong solar irradiance. Corrective actions
could be a temperature-controlled greenhouse,
installation in an artificial body of water to mod-
erate the day-night temperature cycles, the use of
IR-reflecting materials in the transparent body, and
active cooling by spraying with water. The demon-
stration reactor “Water Bed” from Solix Biofuels
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(Solix 2011; Willson 2009) consists in principle
of flat panels that are operated as bubble columns
(fig. 5). The reactor unifies the ideas of low design
height to minimize the energy input and a minimal
use of material. The surrounding body of water
serves as a support for the active elements and to
balance variations in temperature. The submerged
panels of the reactor “proviAPT” from the firm
Proviron (Proviron 2011) functions similar to the
Solix reactor, only that the individual elements are
even lower and the surrounding body of water is
itself contained by a plastic case (fig. 6). The com-
pany claims that the already low level of gassing
energy is supposed to be lowered to less than 2
W-m?. The investment costs amount to less than
20 €/m? for material weighing 2.5 kg/m>.

It is, however, also possible to use the natu-
ral or available water currents, such as cool water
from power stations or from bays. As a matter of
principle, every action to actively moderate the
temperature is tied to an extremely strong bur-
den on the energy balance. This is a reason that
locational advantages such as a constant air tem-
perature tend to be taken into consideration, e.g.,
in southern countries but at a higher elevation
above sea level. Locations in central Europe can
in this regard have certain advantages because of
the longer length of daylight in the summer (be-
ing shut down in the winter, which is possible
if the investment costs are low; Posten, Schaub
2009). Most of today’s production of algae is
done in batch operation. The cells can increase to
a certain cell concentration and then a large part
of the suspension is harvested. The harvesting
can take place late in the afternoon to minimize
the nighttime respiratory-related loss of biomass.
By the next midday the biomass concentration
has increased enough again to absorb the strong
daytime sunlight. Since the cells follow a circa-
dian rhythm, the harvest cycle interacts with the
cell division cycle, but these effects have not yet
been understood scientifically. The goal of cur-
rent research in this regard is to establish stable
and continuous process operation.

Many algae cultures tend to stick to the walls. Pro-
teins also deposit on the inside of the reactor. The
problem can be controlled when the reactor is in
operation but the reactor insides must be cleaned
and hygienized (true sterilization is not possible)
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Fig. 5: The schematic outline of the demonstration
reactor “Water Bed” from Solix Biofuels

Source: Solix 2011

following a cultivation. Various liquids (sodium
hydroxide, hydrogen peroxide) are used for this
purpose. Such issues for establishing stabile cul-
tures have played practically no role in scientific
studies. At least one mechanical cleaning is essen-
tial, however, for the anticipated large-scale opera-
tion. “Pipeline pigs” are used for example in tubes.
The insides of many of the available plate reactors
cannot be cleaned. In some cases, the reactors are
taken to be disposable. Although pilot plants in
laboratories are still sterilized and can be operated
(but not always) in an axenic manner (meaning in
the absence of other organism), it cannot be as-
sumed from the principles of today’s reactors that
the operation of large-scale production plants is
free of contamination. Although inoculation from
“seeding reactors” is possible, there will always be
foreign pathogens in the system, such as bacteria,
fungi, or competing microalgae. Countermeasures
start with the biological system, such as by the
selection of extreme operating conditions such as
high pH or high salinity, in which contaminants do
not thrive. The mode of operation can facilitate a
low-pathogen manner of production, such as rapid
growth and harvest cycles to prevent overgrowth
or the realization of a plug-flow principle. Photo-
bioreactors are in principle constructed modularly
since the light input does not permit three-dimen-
sional scale-up. The term “numbering up” is then
used. Individual damaged or dirty modules must
be easy to replace during maintenance of a facility.
The specific costs of the reactor must be direct-
ly related to the costs of the amount of biomass
produced. If for example 10 kg of algae are pro-
duced per year per m* ground surface area, then
proceeds of 5 €/m?/a can be attained given a price
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Fig. 6: Submerged panels of the reactor “provi-
APT” from the firm Proviron

Source: Proviron 2011

of 50 cents/kg (today’s upper price for residual
biomass for use as energy). Given an amortiza-
tion of, for example, 10 % per annum, the maxi-
mum price of the reactor would be 50 €/m?. In
this case, practically only simply designed plas-
tic reactors come into question.

7 Conclusion

The design and development of photobioreactors
for maximum production of algae is very important
and detailed knowledge of light distribution, mass
transfer, shear stress, scalability, and biology of al-
gae cells is therefore required. Apart from maxi-
mum production, other factors such as design, cost
effectiveness of the bioreactor, low maintenance
costs, space convenience, and energy requirements
need to be optimized. To date, none of the photobi-
oreactors fulfill all the requirements. Overall it can
be said that many of the attempts to produce low-
cost biofuels in an energy-neutral manner by us-
ing microalgae have so far failed because of poor
reactor engineering. Both the qualities demanded
of the material as well as the auxiliary energy that
is needed have been too high. Yet there are ap-
proaches to overcoming the bottlenecks afflicting
existing photobioreactors and to developing inno-
vative reactors that are beginning to directly take
into consideration the needs of the production of
energy carriers and the conditions at various loca-
tions. They are, however, often operated by indi-
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vidual institutes and small companies and not by
large-scale collaborations such as we are used to
in other areas of science. Besides, there is a lack of
scientific consensus as to how a suitable and scal-
able photobioreactor is to be designed although the
major factors affecting microalgae are well known.
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