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Summary

The photobiological production of H, is a subject that has been studied with great intensity
over the past 50 years using different approaches; direct or indirect biophotolysis (green
algae and cyanobacteria) and photo-fermentations (photosynthetic bacteria). The number of
publications on the subject is impressive. However, hardly any of the production methods
proposed have progressed beyond the laboratory, and the photobioreactors (PBR) used to
carry out the processes are still bench-top scale laboratory devices. The scale up of some of
the proposed PBR to carry out the process outdoor using full solar radiation is just beginning
and the existing data are too scarce.

This chapter is mainly addressing the major issues in the design and scale up of photo-
bioreactors (PBR) for the eventual photobiological production of H, when using an envis-
aged two-stage scheme. A first one in which microalgae are cultivated in large open ponds
to produce microalgae biomass with a high C/N ratio; then, by changing the physiological
conditions, a second anoxygenic step to produce hydrogen in closed PBRs. The different
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designs currently used for practical microalgae mass culture are reviewed, identifying
their characteristic parameters. The major operational variables impacting on PBR per-
formances are also highlighted, as well as the challenges associated with the PBR design
and scale up. Finally, the bottlenecks for the scaling up of the different technologies and
thus of the photobiological H, production are discussed.

I. Introduction

The current hydrogen production is based
on thermochemical processes (mainly
steam reforming of methane) that use fossil
fuel, thus being great producers of CO,.
Only a small fraction of current world pro-
duction comes from water electroly-
sis (Berberoglu et al. 2008). This latter
approach would be even more sustainable
if the electricity required for electrolysis
came from photovoltaic cells. However,
this technology is quite expensive and the
cost remains a major drawback. Therefore,
the world’s growing energy needs will
place much greater reliance on a combina-
tion of fossil fuel-free energy sources and
new technologies for capturing sunlight
and converting atmospheric CO,. Within
these technologies falls the photosynthetic
hydrogen production from sunlight and
water with the possible advantage of CO,
capture, which has been investigated with
great dedication over the past 50 years
(Levin et al. 2004; Laurinavichene et al.
2006; Das and Veziroglu 2008). The advan-
tages most highlighted in these studies,
with respect to the current industrial
technologies for producing H, are: (a) the
biological H, production occurs under
mild temperature and pressure conditions,
(b) the reaction specificity is typically
higher than that of inorganic catalysts used
in thermochemical processes and (c) there
is a diverse collection of raw materials,
including waste, that can serve as feedstock
for the production of photobiological H,.
In theory, the photobiological production of
hydrogen from water requires an efficient
microalgae capable of converting protons to H,

and low cost PBRs. The selected microal-
gal strains should exhibit a high hydrogen
production rate and high light to hydrogen
conversion efficiencies when using dense cul-
tures outdoors (Benemann 1997, 2000). The
PBRs must expose the H,-producing cultures
to sunlight and at the same time allow the
recovery of the gas produced (Berberoglu et al.
2008). Most of the studies on photobiological
H, production so far available have been car-
ried out in well-equipped lab scale photobiore-
actors having various geometries (Levin et al.
2004; Berberoglu et al. 2008; Oncel and
Sabankay 2012). In addition, due to differences
in (i) the design of the PBRs, (ii) the light
sources, (iii) the temperature of operation,
(iv) the microorganism used and (v) the media
used, the results reported in the literature for H,
production show large variations of over a hun-
dred fold (Eroglu and Melis 2011). For exam-
ple: the maximum reported H, production rate
for C. reinhardtii outdoors was 0.61 ml L™ h!
in a process which used a second phase with
sulphur deprivation to induce H, production
(Giannelli and Torzillo 2012). However, for the
cyanobacterium Anabaena variabilis, some of
the reported data are: 167.6 mmol H,g chl
a'h!in a process using indirect biophotolysis
(Sveshnikov et al. 1997); or the 150 mmol H, g
chl a™! h! reported for the marine green algae
Scenedesmus obliguus (Florin et al. 2001). In
contrast, the maximum reported H, production
rates when using purple-non sulphur (PNS)
bacteria in a outdoor photofermentative pro-
cess was 27.2 ml L™ h'! by using a horizon-
tal tubular PBR (Adessi et al. 2012), and
5.9 mol H,kg ' h'! for Rhodobacter spharoides
(Sasikala et al. 1991).

Although some advances have been
recently made, there are still many prob-
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lems in the different routes proposed that
should have to be solved before a practi-
cal photobiological production process
could be set up. The major drawbacks so far
reported are related to the very low yields
attained, well below those achievable for
the production of other biofuels from the
same feedstocks (Hallenbeck and Benemann
2002). Moreover, low yields may also lead to
the generation of side products which being
produced in large volumes, would generate a
significant disposal problem. On the other
hand, another major challenge when scaling
up the photobiological H, production, is con-
nected with the use of economically viable
PBRs, and the sparse data available on out-
door production of H, using a fully sealed
PBR (Hallenbeck et al. 2012).

Il. Major Routes for the
Photobiological H, Production

There are several pathways for photobiologi-
cal hydrogen production (note that dark fer-
mentation for producing H, is not addressed
in this chapter). Photobiological production
of H, includes three distinct routes such as
(1) direct biophotolysis, (2) indirect biopho-
tolysis and (3) photo-fermentation. It is also
possible to design integrated systems incor-
porating both photosynthetic and fermenta-
tive processes (Levin et al. 2004).

Direct Biophotolysis. When microalgae use
this pathway, the energy source is the sunlight
in the spectral range from 400-700 nm. The
catalyst producing hydrogen is the enzyme
hydrogenase, extremely sensitive to oxygen.
This mechanism can be considered to be
the photobiological electrolysis of water and it
is, theoretically, the most energy efficient for
H, production (Prince and Kheshgi 2005).
However, the oxygen produced during water
splitting, irreversibly inhibits the functioning of
the [Fe-Fe]-hydrogenase and the practical light-
to-hydrogen conversion efficiency at full solar
radiation is well below 0.1 %. This makes the
process impractical for industrial applica-
tions (Hallenbeck and Benemann 2002). Green
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algae such as Chlamydomonas reinhardltii,
Scenedesmus obliquus, and Chlorococcum lit-
torale are capable of producing H, via direct
biophotolysis (Das and Veziroglu 2001) with
H, production rates varying between 2.5 and
13 ml of H, L™! h! (Tsygankov et al. 1998;
Laurinavichene et al. 2006).

Indirect Biophotolysis. In this mechanism,
the source of electrons is also water. The elec-
trons are first used to reduce CO, to form
organic compounds during photosynthesis
and O, is simultaneously generated and
released. Then, in a second step, that can be
carried out in the same reactor if it is closed or
in another closed reactor if the first step was
carried out in an open reactor, electrons are
recovered from the oxidation of the organic
compounds and used in generating H, through
the action of nitrogenase (Hallenbeck and
Benemann 2002). Thus, no O, is generated
during H, production. Cyanobacteria such as
Anabaena variabilis, are capable of indirect
biophotolysis (Sveshnikov et al. 1997;
Tsygankov et al. 1999; Pinto et al. 2002). The
maximum theoretical light to H, energy con-
version efficiency of indirect biophotolysis is
about 60 % lower than that of direct biopho-
tolysis (Prince and Kheshgi 2005) due to the
fact that (i) multiple steps are involved in con-
verting solar energy to H, and (ii) the use of
nitrogenase enzyme requires ATP. However,
the problems associated to O, that happen in
direct biophotolysis make its actual efficiency
lower than in the indirect biophotolysis.
Production rates of 12.5 ml kg dry cells™! h™!
were obtained (Markov et al. 1997) by using a
partial vacuum in the second step; similar to
those achieved by Tsygankov et al. (2002).
Yoon et al. (2006) incorporated nitrate to the
culture medium to enhance the biomass pro-
ductivity of Anabaena in the first step and
increased the H, production rate in the second
step. The authors reported maximum specific
H, production rates of 4.1 and 0.45 L kg dry
cells' h™! for flat panel reactors of 2 and 4 cm
thick respectively. They flushed with argon in
order to force the removal of the dissolved H,
and to increase the H, production in the
second step, as an alternative to the partial
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vacuum used by Markov et al. (1997).
Even higher productivities were obtained
by Berberoglu et al. (2008): 5.6 L kg dry
cells' h'!, at 1 atm and 30 °C, when using
Allen-Arnon medium in comparison with
those achieved when using BG 11 medium
(1 L kg dry cells! h™!). However again, the
reality is that the conversion efficiencies
achieved by indirect biophotolysis are also
below 1 %.

Photo-Fermentation. This mechanism is
similar to indirect biophotolysis with the dis-
tinction that the organic compounds used are
produced outside the cells via the photosyn-
thesis of other organisms. These extracellu-
lar organic materials, such as organic acids,
carbohydrates, starch, and cellulose (Kapdan
and Kargi 2006), are used as electron source
and sunlight is used as energy source to pro-
duce H, by the enzyme nitrogenase (Das and
Veziroglu 2001). Since this enzyme is
repressed by nitrogen fixation, photofermen-
tation needs a high C/N ratio biomass. Since
cells do not carry out oxygenic photosynthe-
sis, no O, is generated and all the solar
energy can be used to produce H,. Thus, this
mechanism is viewed as the most promising
microbial system to produce H, (Das and
Veziroglu 2001). The major advantages of
this route are (i) the absence of O, evolution,
which inhibits the H,-producing enzymes,
and (ii) the ability to consume a wide vari-
ety of organic substrates found in waste
waters. Due to their ability to harvest a
wider light spectrum, from 300 to 1,000 nm,
Purple non-sulphur (PNS) bacteria such as
Rhodobacter sphaeroides, Rhodobacter cap-
sulatus and Rhodopseudomonas palustris
hold promise as photo-fermentative H,
producers (Sasikala et al. 1991; Das and
Veziroglu 2001; Adessi et al. 2012).

As stated before, the [Fe-Fe] hydroge-
nase involved in H, generation during
biophotolysis is irreversibly inactivated by
the O, produced during water splitting. A
milestone in solving this problem when
using the green algae C. reinhardtii was
achieved by Melis and co-workers in 2000.
The key of this process lies on the second
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phase of microalgae growth in which
Photosystem II (PSII), that plays a vital
role in oxygen generation, is deactivated
the by sulphur deprivation (Melis et al.
2000). They demonstrated H, production in
a sulphur-depleted, sealed, illuminated C.
reinhardtii culture for several days, starting
one day after sulphur deprivation (Melis
et al. 2000). In a first step the algae was
grown in a medium containing acetate until
a high biomass concentration was obtained.
Upon harvesting, the biomass slurry was
transferred to a sulfur-deprived medium in
a second step. Sulphur deprivation causes a
progressive decrease in the photosynthetic
0,-evolving capacity of the cells, because
the PSII repair function is slowed nearly to
a halt (Wykoff et al. 1998; Melis et al.
2000). When the photosynthesis rate drops
below the level of respiration, the culture
becomes anaerobic in a short period time
as long as no oxygen is present in the pho-
tobioreactor (Melis et al. 2000). Under
these conditions C. reinhardtii is able to
synthesize an [Fe-Fe]-hydrogenase which
combines electrons and protons from a
remaining PSII activity and especially from
the degradation of the starch (that has been
accumulated in first stage 1 of the whole
process) to produce significant amounts of
H, for several days (Antal et al. 2003;
Posewitz et al. 2004; Rupprecht et al. 2006;
Hemshemeier et al. 2008; Chochois et al.
2009). In all the green microalgal species
analyzed so far hydrogenases are coupled
to the photosynthetic electron transport
chain via ferredoxin, which after being
reduced by PS1 donates its electrons to
the hydrogenase, as has been shown for
C. reinhardtii (Winkler et al. 2009).

This chapter addresses the main aspects to
be tackled in the design of photobioreactors
for the photobiological production of H,
from green microalgae when using the route
proposed by Melis and co-workers. For
economic reasons, the growth phase should
be performed first in raceways open ponds.
Those systems are not appropriate for the H,
production phase since the collection of the
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desorbing hydrogen would pose serious dif-
ficulties unless fully sealed closed photobio-
reactors were used. Figure 13.1 schematically
illustrates a typical process flow envisioned
for continuous photobiological hydrogen
production at industrial scale.

The photobioreactor configuration proposed
in Fig. 13.1 could also be used, with slight
operational modifications and the establishing
the proper physiological conditions, for the
production of H, by indirect biophotolysis with
cyanobacteria. Thus, in case the selected strain
for producing H, is a cyanobacteria, the bio-
mass production step could be carried out in
the open photobioreactor and the subsequent
H, evolving step in the closed tubular system
(Fig. 13.1a). To that end, if tubular technology
were used in the H, production step not even a
O,-free airstream can be used for degassing as
both enzymes [Ni-Fe] hydrogenase and nitro-
genase (depending on the cyanobacteria used)
are inhibited by any nitrogen source. Any N,
could be assimilated through the heterocysts of
the cyanobacteria. Therefore, when using the
tubular technology with cyanobacteria in this
step, the centrifugal pump employed to drive
the culture through the circuit would also
have to be used to transport, coalesce and sepa-
rate the H, bubbles that would gather in the
upper part of the tubes and collect them in
the degasser. H, removal in these conditions
can be further favoured by a partial vacuum
established to this purpose in the headspace of
the degasser. On the other hand, the schemes
proposed in Fig. 13.1a, b, could be used for
producing H, by a photo-fermentative process
of the biomass produced in the open raceway
by using PNS bacteria to degrade the organic
material (i.e., biomass coming from the open
raceway) in the enclosed photobioreactors.
Therefore, according with the photosynthetic
microorganism used, the scheme of Fig. 13.1
might be used for producing H, by means of
both photolytic and photofermentative routes.
The number of modules required will depend
on the biomass productivity of the first step.
Details about how estimate them depending on
the microorganism and technology used in
this second step are described later (see scale
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up section for each type of technology). Finally,
the depleted biomass can be used as a feed-
stock for biofuel. Depending on the down-
stream process chosen for this biomass
(thermochemical, anaerobic digestion, direct
transesterification, etc.) the characteristics of
the produced biofuel will be different (bio-oil,
biogas, biodiesel, etc.).

Regardless the photobioreactor used in
either the first step of biomass production
or in the hydrogen production phase, the
photobioreactor must be designed and oper-
ated to meet the optimal conditions required
for the microalgal strain in each phase of the
process, making clear how important is to
know what the main factor determining
growth rate either phase are.

lll. Major Factors Impacting on
Photobioreactor Performance

Microalgae, like all living microorganisms,
require the proper conditions to grow. The
best the culture conditions the higher the
growth rate and productivity obtained. Thus,
the pH, temperature and culture medium
must be those appropriate for the microal-
gae. The mineral culture medium can be eas-
ily supplied so as to not limit the growth;
however, the correct supply of light requires
a deep analysis due to its different nature
with respect to mineral nutrients. In the same
way, CO, must be supplied to meet the car-
bon demand and maintain the proper pH in
the culture. At the same time, the assimila-
tion of CO, provokes the consumption of
water and the generation of oxygen that must
be removed. This consequently impacts the
required mass transfer capacity of the cul-
ture system. In addition, the power supply to
maintain the cells in suspension and reduce
light and nutrient gradients within the cul-
ture must be considered, keeping in mind that
inadequate fluid dynamics can have
deleterious effects on fragile microalgal
cells. Finally the control of temperature is
mandatory to ensure the optimal temperature
to grow and also to prevent overheating.
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Fig. 13.1. Conceptual scheme of an integrated, microalgae-based, continuous two-step process for H, production
with tubular PBR (a) or flat plate reactor (b). The biomass from the raceway reactor of the first step is harvested
by centrifugation. The daily harvested slurry is then transferred to the appropriate culture medium and drove
to the closed reactors by centrifugal pumps. The H, produced is stripped by bubbling in the degasser an in situ
prepared O,-free airflow (bubble column or the entire culture, for tubular PBR or flat plate reactor, respectively).
Upon separated the H, from the rest of gases, mainly N, and a small amount of CO,, the O,-free gas is recycled.
Finally the depleted biomass can be used for additional biofuels. The most appropriate technology to use in the H,
production step (flat plate or tubular) and culture medium are depending of the microorganism used for produc-
ing H,. For details about the selection of technology, culture media, procedures for producing the O,-free airflow
and downstream processing possibilities for the depleted biomass (see text).
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Fig. 13.2. Relationships between the major factors influencing biomass productivity of microalgal mass cultures.
Incident irradiance (/,) promotes microalgal growth. The biomass productivity (P,) is the result of multiplying
biomass concentration (C,) by the specific growth rate (), which is a function of light availability (calculated as
average irradiance /,,). In continuous cultures, the dilution rate (D) equals y in steady state (Adapted from Molina

1999 and Molina et al. 2010).

Figure 13.2 shows the main factors impacting
on biomass productivity and their relationships,
whatever the outdoor photobioreactor used
(open or closed). Light availability inside the
photobioreactor and temperature have been
found to be the main factors determining opti-
mum system performances (Molina Grima
1999). Thus, when the temperature of the cul-
ture is kept within an appropriate interval, light
availability is the only factor limiting growth.
The productivity is determined by the growth
rate (1) and the biomass concentration (C,),
which is a function of the light distribution inside
the photobioreactor and the light regime at
which the cells are subjected. Once this function
is known, it is possible to obtain a correlation
between biomass productivity and the average
irradiance within the reactor (Acién-Fernandez
et al. 1998). On the other hand, average irradi-
ance within the reactor is a function of the irradi-
ance impinging on the reactor surface (I,), which

comes as a consequence of the geographic and
environmental factors (Acién-Fernandez et al.
1997,2012). The geographic location and day of
the year determine the solar incident radiation
and therefore the temperature in the culture.
While temperature can be kept within a narrow
interval by using suitable thermostatic systems,
solar radiation cannot be controlled.

The incident solar radiation, which is a
function of climatic and geographic parame-
ters of the facility location (Incropera and
Thomas 1978), as well as the design and ori-
entation of the photobioreactor (Lee and Low
1992; Qiang and Richmond 1996; Sierra
et al. 2008), determines the maximum energy
available for growth. The incident solar radia-
tion is attenuated inside the photobioreactor
in a way that depends on the geometry, the
biomass concentration and the optical prop-
erties of the biomass. Thus, a heterogeneous
light distribution always takes place inside
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dense microalgal cultures (Molina Grima
etal. 1994; Acién-Fernandez et al. 1997). The
light availability or average irradiance inside
the culture can be calculated by a volumetric
integration of the irradiance profile. The cell
metabolism adapts to this light availability
and so does the biochemical composition and
growth rate (Acién-Fernandez et al. 1998).
On the other hand, the photobioreactor fluid
dynamics also determine the mass transfer
and the light regime of the cells. The latter is
the result of the distribution of residence
times between light and dark zones (Phillips
and Myers 1954; Terry 1986; Grobbelaar
1994). This light regime affects the photosyn-
thetic efficiency of the cultures, modulating
the use of the available light calculated as
averaged irradiance (I,,). High mixing favours
an adequate light regime and thus an efficient
use of light although the mixing power sup-
plied to the cultures must not reach intensities
that can damage the individual cells by hydro-
dynamic stress.

The biomass concentration is influenced
by the growth rate. Biomass accumulation is
the result of a mass balance between biomass
generation (p) and the output rate that can be
expressed as a dilution rate (D) in continuous
or semicontinuous cultures. Both, growth
rate and biomass concentration, determine
the final biomass productivity of the system.
Thus, in an optimum system where there are
no limitations other than light, a direct inter-
relationship between light availability, rate
of photosynthesis and productivity may be
expected. In fact, it seems that other limita-
tions do not only limit growth through their
direct effect, but also impose a limitation
on the ability to utilize the absorbed solar
energy. Therefore, in the end the most impor-
tant design criterion will be to enhance the
light availability per cell and consequently
high efficiency in transforming the sunlight
reaching the culture.

IV. Principles for Photobioreactors
Design and Scale Up

According with the envisioned scheme of
Fig. 13.1, for the hydrogen production step,
a PBR with high surface to volume ratio
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is mandatory to obtain high cell densities,
maximum interception of light per unit of
occupied area, a good light distribution
within the reactor and an efficient H, removal
to overcome product inhibition (Akkerman
et al. 2002; Posten 2009). Flat plate reactors
(FPRs), alveolar plate reactors and tubular
reactors may provide such a high surface to
volume ratios. These culture systems may
provide the requested mass transfer capabili-
ties for stripping the dissolved H, from the
culture and maintain the temperature of the
culture within acceptable limits. This section
describes the basic principles for designing
both the open raceway (RWs), to be used for
the preparation of the inocula, and closed
reactors needed in the scale up of a process
for photobiological production of hydrogen
with microalgae.

A. Open Raceway (RW) Reactor

The principles for the design and construc-
tion of shallow paddle-stirred raceways for
large microalgal production (Oswald and
Golueke 1968) were reviewed by Oswald
(1988) and recently have been updated by
Chisti (2013) and Acién-Fernandez et al.
(2013). A theoretical approach to model-
ling microalgae growth in raceway reac-
tors, taking into account the biological and
hydrodynamic phenomena occurring in the
reactor, has recently been reported (James
and Boriah 2010). A photograph of an open
100 m? set-up at the authors’ facility is
showing in Fig. 13.3.

Selection of a suitable bottom lining and
wall construction are important to the suc-
cess of the open pond. The lining may be
made of concrete, sheets of plastic or rub-
ber material. The stirring is accomplished
with one paddle wheel per pond to match
the designed liquid depth for the raceway.
The presence of deflectors in the bends also
improves the performance of the RW by
enhancing the liquid velocity and reducing
the power consumption for the same liquid
velocity. Recently the use of asymmetric
islands to minimize existence of dead zones
in the bend areas and maximize the energy
yield has also been reported (Chisti 2013).
A wheel of large diameter (ca. 2.0 m in
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Fig. 13.3. Tmage of an open 100 m? raceway set-up at the authors’ facilities (a), and scheme of the sump con-
figurations tested (b). The channel length is the distance travelled by the culture from the discharge side of the

paddle wheel to the entering side.

diameter) revolving slowly (e.g. 10 rpm) is
preferable to smaller diameter wheels that
have to rotate faster and produce excessive
shear damage and foam. Under these condi-
tions biomass concentrations of up to
1.0 g- L' and productivities of 0.1 g-L"'-d™!
are possible. The two major technical issues
to keep in mind at the time of designing an
open RW are related to the poor gas-liquid
mass transfer and mixing capability of the
current industrial scale reactors which have a
great impact in RW performance.

1. Mass Transfer. The Supply of Carbon
Dioxide and the Removal of Oxygen
in an Open RW

Several systems have been developed to sup-
ply CO, efficiently to shallow suspensions. In
most cases the gas is supplied in form of fine
bubbles. Due to the shallowness of the suspen-
sion the residence time of the bubbles is not
sufficient for the CO, to dissolve and a signifi-
cant part of the CO, supplied is lost to the
atmosphere. For this reason, raceway reactors
are frequently equipped with devices such
as sumps or mixing columns to increase the
gas/liquid contact time (Azov and Shelef 1982;
Weissman and Goebel 1987; Weissman et al.
1988; Doucha et al. 2005; Moheimani and
Borowitzka 2007; Park and Craggs 2010; Park
et al. 2011; Putt et al. 2011). An arrangement
frequently used to attain this is to install a
baffle dividing vertically the sump in two
sections of ascending and descending liquid

(Fig. 13.3b). In this sump configuration the
culture velocity in the descending section can
be adjusted to match the ascension of the small
CO, bubbles. Using this technique, Laws et al.
(1986) reported a 70 % efficiency in CO,
transfer, a large improvement compared with
the 13-20 % efficiency obtained when gas is
injected in the shallow channel. The use of
sumps is the simplest way to improve carbon-
ation in raceways because they can be easily
incorporated in the channels and do not need
an external energy supply. However, we have
carried out experiments with and without baf-
fle with the raceway pond shown in Fig. 13.3a,
and the usefulness of introducing a baffle into
the sump is questionable. There was a slight
increase of the mass transfer capacity in the
sump in the experiment at the expense of
increased power consumption and a reduction
in the culture velocity and the mixing degree
in the system. In the authors’ opinion the sump
configuration with baffle for the counter-cur-
rent injection of CO, should be considered as a
serious disadvantage. The CO, transfer under
both sump configurations was tested in the
same experimental set up and similar CO,
uptake efficiencies in the sump were achieved
(>95 %).

On the other hand, oxygen desorption has
been usually disregarded in the design of
these type of photobioreactors. Thus, oxygen
removal is performed through the culture
surface the mass transfer coefficient being
extremely low and oxygen accumulating
into the culture (Jiménez et al. 2003). It has
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been previously reported that, in large ponds
with small water circulation and turbulence,
O, concentration may reach concentrations
as high as 500 % saturation, inhibiting
photosynthesis and growth, and eventually
leading to culture death (Vonshak 1997).

The mass transfer capacity of the system
(i.e., Kla coefficient) and mixing (given by
both mixing time and dispersion coefficient)
are key parameters to be considered in the
proper design of a raceway system for CO,
supplying and for removal of the photosyn-
thetic oxygen generated. As the oxygen gen-
eration rate is about 1.3—1.4 g O, per gram of
biomass and that the CO, consumption rate
is roughly 2 g per gram of biomass produced,
the minimum Kla values which would be
requested for satisfying an appropriate mass
transfer capacity in a raceway are much
higher (one order of magnitude greater) than
those currently provided in the existing
industrial raceway reactors. Taking into
account that, it makes no sense to supply
CO, in the channel because in this zone the
mass transfer capacity is virtually zero, the
only zone available for CO, supplying is
the sump. On the other hand, for O, degas-
sing the available zones are the sump and the
zone of the paddle wheel. Nonetheless, the
only practical way to increase the O, removal,
for a determined paddle wheel configuration
rotating at a specific frequency, is by increas-
ing the relative volume of the sump with
respect the total volume of the raceway and
by increasing the depth of the sump.

2. Mixing and Power Consumption

The evolution of the open culture technology
is the consequence of the development of the
mixing systems that have been designed in
the time. Mixing is necessary in order to pre-
vent the cells from settling and sticking to
the bottom and to avoid thermal stratifica-
tion of the culture. Mixing is of paramount
importance since it is directly linked to
other key parameters (Fig. 13.2). Mixing
determines the light-dark cycling frequency,
improves the mass transfer capability of the
culture system, reduces the mutual shading
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between cells and decreases the potential
photoinhibition effect at the pond surface.
Properly designed paddle wheels are by far
the most efficient and durable pond mixers.
They discharge all of the culture entering the
system and are thus highly efficient. With
reference to Fig. 13.3a, the design is based in
a culture flowing at depth d in a channel with
finite width, w, and unspecified length,
L. Water depth (d) is maximum just after the
discharge side of paddlewheel and minimum
in the entering side. This depth reduction (Ad),
termed head loss or depth change, determines
the rate of energy that must be provided to
maintain circulation at the chosen velocity.
The head losses (energy dissipation) depend
on: (i) flow around the two 180° curves (bend
losses) and (ii) the friction with the surface
(side wall and bottom). The head losses as
water flows in bends is calculated by (Acién-
Fernandez et al. 2013):

(13.1)

where v is the mean velocity (ms™'); g the
acceleration of gravity (9.8 ms™?) and £ is
the kinetic loss coefficient for each bend.
Similarly, the channel and wall friction loss,
Ad,, can be calculated by (Acién-Fernandez
etal. 2013):

Ad =v'n® L

. R (13.2)

where 7 is the roughness factor; R (m) is the
channel hydraulic radius: R=4w-d/(w+2d) and
L the length of the channel (m). The total head
loss or change in depth is Ad=Ad,+ Ad.. The
channel length, L, that corresponds to the cal-
culated head losses for a given friction factor
and a culture velocity (v) is given as Eq. (13.3):

Ad (dw! (w+2d))"”
L= S (13.3)
V en

where »n is the Manning friction factor
(s*m™3), L is the channel length that corre-
sponds to the head loss (Ad) and w is the
channel width. The value of n varies according
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to the relative roughness of the channel.
Experimentally determined # values in algae
growth channels vary from 0.008 to 0.030,
the former for smooth plastic-lined channels
and the latter for relatively rough earth. The
channel velocity, v, impacts on the paddle
wheel’s power requirements, calculated as:

P:Q.pog-Ad
n

(13.4)

where P is the power (kW); Q the culture
flow rate in motion (m? s™'); p is the specific
weight of culture (kg-m™); g is the gravita-
tional acceleration (m s2); Ad is the change
in depth generated in the paddle wheel (m)
and 7 is the efficiency of the paddle wheel,
which usually is about 0.2. Because Ad is a
function of 1%, the power consumption, P,
increases as the cube of velocity. It is
therefore worthwhile to minimize velocity
whenever energy is a major cost factor.
Typical values of flow rates range between
15 and 30 cm-s™!, whereas the power supply
is around 2—4 W -m. Velocities greater than
30 cm-s ! will result in large values of Ad in
long channels and may require high channel
walls and higher divider walls.

The mixing time reduces when liquid
velocity through the system increases and
the channel length-to-width ratio (L/w)
decreases. For the system shown in Fig. 13.3a
this L/w ratio is about 100 and the mixing
time is about 2 h, when no baffle is inserted,
or about 5 h when the baffle is inserted in the
sump (Acién-Fernandez et al. 2013). A more
accurate quantification of mixing in the dif-
ferent zones of the raceway can be achieve
by measuring the Bodenstein number (Bo)
which is related to the dispersion coefficient
(Dz) by (Verlaan et al. 1989):

DZ — VLsection

e (13.5)

where L., represents the length of each
zone within the reactor (channel, sump, pad-
dlewheel and bends). As a rule of thumb,
when Bo is <20 (i.e., high dispersion
coefficient) the mixing pattern in that
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raceway zone is a perfect mixing and when
Bo is >100 the pattern corresponds to a plug
flow. Overall, in an industrial raceway pond
with a length to width ratio over 50, the
sump, paddle wheel and bends shows a com-
plete mix pattern and in the channel how-
ever the pattern corresponds to a completely
plug flow.

3. Scale-Up of Raceway Reactors

Reactor scale-up is based on reactor surface
area rather than volume. An open RW facil-
ity capable of providing the necessary bio-
mass for the H, production step (closed PBR
described in Fig. 13.1) will require the RW
facility running in continuous or semicon-
tinuous mode (the biomass productivity in
continuous mode is at least 2.3 times greater
than in batch mode, and generally about five
times greater). The question to solve in the
scale up is to calculate the land demand of a
RW facility and the number of raceway units
needed for producing M tonnes of biomass
(dry weight) per year of a specific microal-
gae. The tools for designing this facility are
described next.

The growth rate of the strain can be calcu-
lated by Eq. (13.6) (Molina Grima et al. 1994).

n

Hoia Ly

T (13.6)

In Eq. (13.6), the maximum specific growth
rate, {,... the light saturation constant, /;, and
the shape parameter, n, are kinetic parameters
which are species specific and must be deter-
mined experimentally. In Eq. (13.6), 1, repre-
sents the average irradiance within the raceway
that can be estimated by:

I
1av =m(l—exp(l(a od. Cb ))

13.7)

Equation (13.7) is a simplified model to
calculate /,,. This model is suitable for any
combination of disperse and direct light as
long as it is impinging uniformly on the
reactor surface (Molina Grima et al. 1996;
Acién-Fernandez et al. 1997). According to
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this model, the average irradiance, /,,, is a
function of the irradiance measured on the
reactor surface, /,, the extinction coefficient
of the biomass, K,, the optical light path
(depth of the culture), d, and the biomass
concentration in the culture, C,.

The average volumetric biomass produc-
tivity (g L' d!) all year long in a continuous,
or semicontinuous, culture is determined by:

P, =D.C, (13.8)
where D is the average dilution rate all
through the year (d™!) and C, the average bio-
mass concentration during the year (g L™).
As a rule of thumb, D is about 40 % the max-
imum specific growth rate of the strain and
ranges between 0.2 and 0.5 d™! for winter and
summer time, respectively (Acién-Fernandez
et al. 2013). From Eq. (13.8), it is possible to
calculate the areal productivity P, taking
into account the volume to surface ratio of
the culture system.

F,

ba

=P

b

y
o (13.9)

The V/S ratio is a function strongly depen-
dent on the culture depth, d, and ranges
between 150 and 250 L m2 for depths of the
culture in the raceway fluctuating between
15 and 25 cm, respectively. On the other
hand, the land demand S (m?) i.e., the mix-
able area of raceway, for producing the M
tonnes of biomass a year is related to Py, by
means of’

S =2.74.10° M

ba

(13.10)

Note that, for a finite value of the channel
width, w, the permissible mixing channel
length, L, and thus the mixable area, S=L w,
is a function strongly dependent on depth, d.
From Eq. (13.10), we can determine the
number of raceway units needed, taking into
account that the optimal mixable surface of
raceway should not exceed 0.5 ha and that,
as a rule, the typical permissible length
(Eq. 13.3) to raceway width ratio (L/w) is
about 30-50.
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B. Closed Photobioreactors

A completely sealed photobioreactor is
needed in the H, production phase. The two
technologies already tested at lab scale, which
may be useful in this step are the flat panel
and the tubular systems. These reactors meet
a set of conditions: (1) low optical path, i.e., a
high surface to volume ratio (S/V), so that the
average irradiance within the culture is high;
(2) high biomass concentrations (around
1 g L"), which may provide a chlorophyll
content of about 20-30 mg chl a L™!, which
facilitates the use of the maximum number of
photons (direct and diffuse light) impinging
on the reactor surface; and (3) these reactors
can be easily implemented with a proper
degassing system in order to remove all the
produced H, and, at the same time, to main-
tain the appropriate fluid-dynamic conditions
to enhance the mass transfer and light distri-
bution within the reactor.

In both photobioreactors the H, produced
can be stripped out of the reactor by maintain
a partial vacuum (roughly —4 kPa) (Giannelli
et al. 2009) in the headspace (upper part) of
the flat panel or the headspace of the degasser
(bubble column) in the tubular photobioreac-
tor, respectively. In these conditions, the cul-
ture is oversaturated and close to cause
bubbles of pure H, forming in the culture.
However, the H, can be kept under saturating
concentrations by stripping it with O,_free-
air flow bubbled through the reactor in the
case of flat panel, which also provides mix-
ing and allows working at the proper fluid
dynamics conditions within the culture; or
through the bubble column (degasser sys-
tem) in the case of the tubular technology.
This O,-free gas can be obtained by bubbling
air through a sulphite solution before enter-
ing to the PBR. The sodium sulphite is oxi-
dized to sodium sulphate by the O,. The
concentration of sodium sulphite in the
absorber should never be below 0.5 M. This
guarantees a O,-free airflow in the gas leav-
ing the O, absorption column (Camacho
Rubio et al. 1991, 1999), that can be used for
removal the H, produced in the closed
photobioreactor.
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Table 13.1. Mass transfer coefficient required for the stripping out of the H, produced as a function of hydrogen
production rates (r;;,) reported.

Calculated
production
Reported H, rate (ry,)
Microorganism PBR type production rate (molHy/L-h) Kla (1/h) References
Green alga Tubular 110 L 0.62 ml/L-h 2.77E-05 0.90 Giannelli and Torzillo
C. reinhardtii (2012)
Green alga Benchtop n.a. 200 mmol/gchla-h  2.00E-03 2.35 Winkler et al. (2002)
C. reinhardtii
Green alga Benchtop n.a. 13 ml/L-h 5.80E-04 0.68 Laurinavichene et al.
C. reinhardtii (20006)
Green alga Benchtop n.a. 150 mmol/gchla-h 1.50E-03 1.76 Florin et al. (2001)
S. obliquus
Cyanobacterium  Benchtop helical 167.6 mmol/gchla-h  1.68E-03 1.97 Sveshnikov et al. (1997)
A. variabilis reactor~2 L
Cyanobacterium Benchtop flat 4.1 L/kg-h 1.83E-04 0.22 Yoon et al. (2006)
A. variabilis plate, 2 cm
Cyanobacterium Benchtop flat 0.45L/kg-h 2.01E-05 0.02 Yoon et al. (2006)
A. variabilis plgte, 4 cm
width
Cyanobacterium Benchtop Flat 5.6L/kg-h 2.50E-04 0.29 Berberoglu et al. (2008)
A. variabilis plgte, 2 cm
width
PNS bacterium  Tubular 50 L 272 ml/L-h 1.21E-03 35.72 Adessi et al. (2012)
Rp. palustris
PNS bacterium  Benchtop Flat 5.9 mol/kg-h 5.90E-03 6.94 Sasikala et al. (1991)

Rb. spharoides plate

Mass transfer capacity required has been calculated considering that O,-free air is bubbled into the culture to remove
hydrogen ([H,*]=1.06- 107" mol/L) and that the culture become saturated with pure hydrogen ([H,],,,=8.50- 10~* mol/L)

The hydrogen desorption capacity, Ny, is
calculated as a function of the volume of the
mass transfer unit, V,,, (i.e., the entire culture
volume in the case of flat panel, or the culture
volume contained inside the degassing bub-
ble column in the case of tubular reactors),
the volumetric mass transfer coefficient,
Kia; 1, and the driving force for hydrogen
desorption. The latter is calculated as the dif-
ference between dissolved hydrogen in the
culture, [H,] and the dissolved hydrogen in
equilibrium with the gas phase which is in
contact with the liquid, [H,*], i.e., oxygen-
free air (Eq. 13.11). The dissolved hydrogen
concentration in equilibrium with gas phase
is calculated according to Henry’s law for
diluted gases under ideal conditions, as a
function of Henry’s constant Hy,;,; total pres-
sure, Pr, and the molar fraction of hydrogen
in the gas phase, yy, (Eq. 13.12).

Ny, =Kja,y, ([Hz ] - H; )V

mt,H2

(13.11)

H,=H,,By,, (13.12)

The molar fraction of H, in airis 1.0- 1074,
then the hydrogen molar fraction in O,-free
air, yp, is 1.25- 107, whereas the molar frac-
tion of hydrogen in pure hydrogen gas is
1.00. Considering that the Henry’s law con-
stant for H;, is 8.50 10 mol L™'-atm™!, at
25 °C, it is possible to determine the required
value of the mass transfer coefficient to strip
the dissolved H, accumulated in the culture
as a function of hydrogen productivity and
hydrogen concentrations in the liquid and
gas phase (Eq. 13.11). Table 13.1 shows the
calculated Kja; values needed for the desorp-
tion of H, by using an O,-free airflow
(ym—1.25-107%), for selected H, production
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rates, 7y, reported, considering that the lig-
uid become saturated in equilibrium with
pure hydrogen. These values are easy to
achieve in flat panels, and feasible with more
difficulty in tubular reactors

P,V

([HZ]_[HZ*J)er,Hz

(13.13)

K/“/,Hz =

1. Flat Panels

Flat panels are transparent plates joined
close together so that they contain the cul-
ture, Thus, they can be illuminated by one
or both sides and stirred by bubbling the O,-
free airflow. The dimensions of flat pan-
els are variable but a height under 1.5 m and
a separation between plates shorter than
0.10 m are preferred, to avoid the use of high
mechanical resistance materials (Fig. 13.4).
Pulz and Scheibenbogen (1998) used flat
panels with inner walls arranged to promote
an ordered horizontal culture flow that was
forced by a mechanical pump (Fig. 13.4). The
most innovative aspect of the commercially
available Pulz’s reactor was that several
parallel plates were packed together; close
enough to attain up to 6 m* of culture volume
on 100 m? of land, which at the same time
improves the dilution of light, with a total
illuminated culture surface of ca. 500 m?.
This flat alveolar reactor has no gas head-
space and the entire volume of the panel is
filled with the culture. The research of Hu
et al. (1996) resulted in a type of flat plate
reactor made of glass sheets, glued together
with silicon rubber to make flat vessels. This
simple methodology for the construction of
glass reactors provided the opportunity to
easily build up reactors with any desired
light-path. Doucha et al. (1996) described an
optimized large-scale flat plate photobioreac-
tor module of 1,000 m2 Recently, a new
design of vertical flat panel photobioreactor
consisting of a plastic bag located between
two iron frames has been proposed (Rodolfi
et al. 2009); this brings a substantial cost
reduction to this type of reactors but the
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system is not completely sealed as it is
required for H, production. The O,-free aera-
tion is done through a PVC plastic tube per-
forated to provide minute holes of about
1 mm. A separate degasser must be used in
the case of the alveolar flat plate reactor. The
cooling system is a heat exchanger inserted
in the reactor. The mass transfer, mixing and
heat transport capacities in flat panel reactors
are usually very good. The main advantages
of this reactor type are the low power con-
sumption (roughly 50 W m™) and the high
mass transfer capacity (Klja,=25 h™!). The
major technical issues in designing and build-
ing up this type of reactors are (1) the panel
orientation and light path depth, (2) the O»-
free aeration rate for both maintaining the
proper fluid-dynamic and removal of H,, and
its impact on power supply, mass transfer and
mixing; and (3) the temperature control.

a. Panel Orientation and Light Path Depth

The solar radiation intercepted may vary sig-
nificantly with orientation and position. For
latitudes above 35°N the east-faced/west-
faced orientation are favourable to north/
south, the higher the latitude the higher the
increase in the solar radiation intercepted.
On the contrary, for latitudes under 35°N
the north/south-orientated reactors intercept
more radiation and the difference is more
pronounced the closer to the equator (Acién-
Fernandez et al. 2013). The position of the
reactor also influenced the type of radiation
intercepted. In vertical panel PBR the pro-
portion of disperse radiation is dominant
(Qiang et al. 1996; Garcia Camacho et al.
1999). Vertically arranged flat panels inter-
cept less solar radiation than inclined flat
panels but have the advantage of less cost
and overheating. The vertical arrangement
allows reducing solar radiation peaks at noon
increasing the interception of solar radiation
in the morning and afternoon. Moreover, the
vertical arrangement also shows an improved
interception of solar radiation in winter
with respect to summer (Sierra et al. 2008).
Disperse radiation has been consistently
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Fig. 13.4. Image of an alveolar flat plate photobioreactor field (a) (Courtesy of Dr. O. Pulz, IGV GmbH, Nuthetal,
Germany). Detail shows the horizontal channels through which the culture is circulated. Below. (b) Is a scheme
of a non-alveolar flat plate reactor in which the appropriate fluid-dynamic conditions are provided by bubbling
O,_free airflow at the bottom contributing, at the same time, to strip out the dissolved hydrogen produced.
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reported to be more efficient for microalgal
cultures. Indeed, the photosynthetic effi-
ciency of wvertical photobioreactors has
resulted higher than optimal-tilt reactors,
reaching values of 20 % (Qiang et al. 1996).
This is due to the fact that low irradiance lev-
els normally result in higher photosynthetic
efficiencies; this is, when cells are growing
under irradiance levels far from saturating
light assimilation is more efficient. This can
be accomplished by increasing the light-
receiving surface of photobioreactor per
square meter of occupied land, a technique
usually referred to as “dilution” of light.

With respect to the panel depth, to main-
tain average irradiances over 100 pE-m2-s™!
in flat panels while maintaining a cell density
about 1 g L! the panel depth should be below
7 cm (typically 4—6 cm) in order to achieve
chlorophyll concentrations in the range of
20-30 mg chl a L™ for an increased light-to-
H2 conversion efficiency.

b. O,-Free Aeration Rate and Its Impact on
Power Supply, Mass Transfer and Mixing

The power input per volume unit due to aera-
tion, Ps/V1, in a flat panel reactor is a func-
tion of aeration rate, the density of the liquid,
p. and the gravitational acceleration, g and
can be calculated:

F,

13.14
v, ( )

p.8U;

where Ug; is the superficial gas velocity in the
O,-free aerated zone. Uy is easily derived
from the O,-free airflow rate, in v/v/m, multi-
plying this by the total volume of the culture
and dividing by the cross-sectional area of the
aerated zone. The power supply also impacts
on the mass transfer capacity of the flat panel
reactor according to the following equation:

P 0.86
K,a, =239 +10™ (VGJ

L

(13.15)

Note that, in spite of the low power supply
used, the volumetric mass transfer coefficient
Ka; reached values of about 25 h™!, enough to
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avoid dissolved hydrogen accumulation with
O,-free air (Table 13.1). This mass transfer
capacity in the flat panel photobioreactor can
be attained with a power supply of 50 W m™.
The low power supply requirement and the
relatively high mass transfer capacity are
important advantages of the flat panel photo-
bioreactor because of the sensitivity to stress
caused by intense turbulence that show many
microalgal strains. In addition to mass trans-
fer capacity, the power supply also deter-
mines the mixing time inside the rector. In
the range of typical aeration rates: 0.05—
0.35 v/v/min (i.e., power supply between 5
and 55 W m™) the complete mixing in the flat
panel photobioreactor ranged between 150
and 100 s, much lower than those obtained in
tubular systems and open raceway.

In the case of alveolar panel reactor, the
culture is forced to circulate through the
internal channels by means of a centrifugal
pump. In these systems, thus, there is no
headspace in the reactor body and the supply
of O,-free gas has to be carried out in an aux-
iliary degasser connected to the reactor body,
in a similar implementation as in tubular
technology. Therefore the assessment of the
power consumption, mass transfer and mix-
ing is analogous to tubular technology.

c. Temperature Control

Flat panels can be cooled by water spray or
alternatively by using internal heat exchang-
ers. According to the authors’ experience, the
cooling capacity of spray systems is limited
and its application is only possible under cer-
tain environmental conditions (temperature,
humidity, etc.). Most times the use of a heat
exchanger is needed. The reduction of solar
radiation interception in the vertical arrange-
ment also allows reducing the overheating of
the cultures at noon, thus reducing the require-
ments of cooling. In any case, the heat trans-
port capacities in flat panel reactors are usually
very good. The values of the heat transfer
coefficient in these systems range from 300 to
1,000 W-m2-K (Sierra et al. 2008).

The design of the tubular heat exchanger
can be done from the following heat balance:
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where the left hand side of the equation
represents the heat flow gained by the cool-
ing water passing through the internal side
of the heat exchanger, and the right hand
side represents the heat lost by the cul-
ture and transferred to the cooling water. U
is the global heat exchanger coefficient
(W m™2°C") and 4 is the external surface of
the heat exchanger.

d. Scale-Up of Flat Panels

According to the conceptual scheme of
Fig. 13.1, the scale-up of the number of flat
panel modules for the second step of H, pro-
duction, is based on the M Tn year™' pro-
duced in the scale up performed for the first
step (biomass production). Thus, the daily
M/365 tonnes of biomass produced in the
open RW must be re-suspended in the proper
medium so that the resulting biomass con-
centration is over 1 g L™! (i.e., sulphate free-
Tris-acetate-phosphate medium (TPA-S) for
C. reinhardtii; Nitrogen free-Allen-Arnon
medium (and no aeration) for the cyanobac-
teria Anabaena variabilis). This dense cul-
ture (about 1 g L), along with the large
surface to volume ratio (optical path of about
3—7 c¢cm) would allow a good use of the solar
radiation. This means that the volume of flat
panel reactor (m?®) should be about 2.74-M.
By taking into account that the volume of
one module is 0.1875 m? (2.5 m length,
1.5 m high, 0.05 m width), the number of
modules needed for culturing the daily bio-
mass produced in the first step is 14.6 M.
(~15-M).

Bearing in mind that the H, production
phase last about 4 days in the case of C. rein-
hardtii, and 7 days in the case of cyanobacte-
ria or PNS bacteria, the total amount of
modules needed are 4 x 14.6 M or 7x14.6 M
(rounding up to 60-M and 100-M respec-
tively). Finally, the land demand required can
be estimated by using, as rule of thumb, that

(13.16)

ln Tcul/ure - T;nlei
T -T

culture outlet

the distance between a row of modules and
others should be about 0-75-1.00 m.

Note that the use of O,-free aeration for
flat panel reactors, according to the scheme
shown in Fig. 13.1, is restricted to the H,
production by using green microalgae that
requires anoxygenic conditions in the second
step, i.e., the absence of oxygen from the
algal environment. Green algae use the iron
[Fe-Fe]-hydrogenase that catalyzes both the
production and the consumption of hydrogen
through the reversible reaction:

2H' +2¢ <> H,

The rate at which the [Fe-Fe]-hydrogenase
catalyzes the production of H, decreases sig-
nificantly with increasing partial pressure of
H,, and hence the need of removing the dis-
solved H, by bubbling a stream of O,-free
gas and to maintain a slightly negative
pressure (about —4kPa). On the other hand,
aerated flat panel technology is not the tech-
nology of choice when using cyanobacte-
ria or PNS bacteria in the H, production
step. Cyanobacteria use either [Ni-Fe]-
hydrogenase or nitrogenase (the latter is the
enzyme used by PNS bacteria) and both,
nitrogen-fixing cyanobacteria and PNS bac-
teria, in order to produce hydrogen require
the absence of nitrogen sources (N,, NO;™ or
NH,") in addition to anaerobic conditions.
Therefore, since in the flat panel technology
is mixed by a O,-free air stream to keep the
proper fluid dynamics conditions, the pres-
ence of N, would inhibit the nitrogenase
(if using PNS bacteria), or both [Ni-Fe]-
hydrogenase or nitrogenase, depending on
the cyanobacterium used in the second step.
In the case of a flat panel with internal chan-
nels through which the culture is circulated
by means of a centrifugal pump, it would be
possible the use of cyanobacteria or PNS
bacteria in them, as is done with the tubular
reactors.
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Fig. 13.5. Fence-type tubular photobioreactor.

2. Tubular Photobioreactors

Tubular photobioreactors are the most
widely used closed systems for the produc-
tion of microalgae. They consist of a solar
collector made of tubes, a degasser unit
which usually is a bubble column and a
pump for the culture impulsion. A concep-
tual fence configuration tubular photobiore-
actor, as those existing in authors’ facilities,
is shown in Fig. 13.5.

The pump circulates the culture through
the solar collector tubing where most of the
photosynthesis, or the photofermentative
process, occurs. The H, produced by photo-
fermentation or photosynthesis is accumu-
lated in the broth (as well as pure H, bubbles
in the upper part of the tube when the dis-
solved H, concentration exceeds the satura-
tion value) until the fluid returns to the
degasser zone (bubble column), where the
accumulated hydrogen is stripped by a coun-
ter current O,-free airflow. A gas-liquid sep-
arator in the upper part of the bubble column
prevents the H, bubbles from being recircu-
lated into the solar collector. The major
drawback of this technology is the high
power consumption used for the impulsion
of the liquid through the tube, roughly
500 W m™ for the pump-driven fence con-
figuration (Acién-Fernandez et al. 2012).
The solar loop is designed to be efficient in
collecting the solar radiation and in promot-

ing the light dilution effect, to minimize the
resistance to flow and to occupy as little land
as possible. Similarly to the flat panels, the
diameter of the solar tubing is selected so
that the volume of the dark zone (i.c., the
zone with light intensity below saturation) is
kept to a minimum. Also, the movement of
fluid between the light and the dark zones in
the solar collector should be rapid enough to
prevent an excessive residence time of any
element of fluid in the dark zone. Increasing
the culture velocity in order to enhance the
turbulent mixing (and therefore the light to
dark cycle frequencies) and reducing the
mixing time appear to be crucial in the pho-
tobioreactor scale-up for the hydrogen pro-
duction stage (Oncel and Sabankay 2012).
The length of the tube is limited by the H,
build-up. As a rule of thumb, the maximum
tube length is determined by the maximum
dissolved hydrogen that the specific strain
can withstand with an acceptable drop in the
H, production rate. The H, stripping capac-
ity of the culture broth is a key factor for
designing a tubular reactor for hydrogen
production. Increasing the gas phase to the
liquid phase by a factor of 4 resulted in a
100 % increase in the H, output (Giannelli
and Torzillo 2012). These findings are
important for a rational design of PBR.
However, in the case of the tubular PBR
characterized by perfect plug flow behaviour
inside the tubes, the increase of the liquid
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free surface in the headspace of the degasser
has little impact on the gas removal due to
the extremely high ratio between the resi-
dence time inside the tube circuit compared
to that in the degasser. Increasing the flow
rate can help to reduce both the mixing
and the residence time, thus helping to
reduce the contact between the hydrogen gas
and the culture. However, replacing the
curves with proper designed manifolds con-
veying the gas toward the degasser could be
the best solution to the gas removal problem
in a tubular rector (Giannelli and Torzillo
2012). Therefore these reactors are usually
modular. The relevant design aspects are
discussed next.

a. The Liquid Velocity and Length
of the Solar Tube

The design of tubular photobioreactor must
guarantee that the flow in the solar tube is tur-
bulent (i.e., Reynolds number should exceed
10,000) so that the cells do not stagnate in the
dark interior of the tube. At the same time, the
dimensions of the fluid micro eddies should
always exceed those of the algal cells; so that
turbulence-associated damage is avoided
(Acién-Fernandez et al. 2001; Camacho et al.
2001). The need to control eddy size places an
upper limit on the flow rate through the solar
tubing. The length scale of the microeddies
may be estimated by applying Kolmogorof’s
theory of local isotropic turbulence (Kawase
and Moo-Young 1990):

3/4
x:[H_Lj &71/4
p

Where A is the microeddy length, £ is the
energy dissipation per unit mass, p is the
viscosity of the fluid, and p is the fluid den-
sity. The specific energy dissipation rate
within the tube depends on the pressure drop
and the liquid velocity, U,

(13.17)

_2¢U;

=

(13.18)

t
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Where C;is the Fanning friction factor
that can be estimated by using the Blausius
equation (Eq. 13.19). Thus, for any selected
strain the cell size is known. Using this
size as the microeddie length, allows cal-
culating the maximum energy dissipation
rate per unit mass (Eq. 13.15), and from
this, the maximum liquid velocity, U, that
makes the microeddie length similar to
cell size (Eq. 13.18).

C, =0.0791Re ** (13.19)

Another restriction on the design of the
solar collector is imposed by the acceptable
upper limit on the concentration of dis-
solved hydrogen. The length of the solar
collector must not be long enough as to
achieve an inhibiting hydrogen concentra-
tion in the culture. The maximum length, L,
is a function of the liquid velocity, dissolved
hydrogen concentration and the hydrogen
production rate, ry,, and can be calculated
as follows:

U, ([Hz ]our _[Hz ]in)

rH2

L= (13.20)

Where U, is the liquid velocity (ratio
between the liquid flow rate and the cross
sectional area of the tube). Note that U is
always lower than the maximum velocity
imposed by microeddies length. [H,];, is
the hydrogen concentration at the begin-
ning of the solar collector (i.e., the satura-
tion value when the fluid is in equilibrium
with the atmosphere), [H;],.» 1s the hydro-
gen concentration at the outlet of the solar
collector (i.e., maximum acceptable value
that does not inhibit hydrogen production),
and ry, is the volumetric rate of hydrogen
generation reported for the strain in well-
controlled laboratory experiments. If the
culture is circulated by pumps (fence type
configuration), the type and power of
the pump determines the liquid velocity.
The above Egs. (13.17), (13.18), (13.19)
and (13.20) can also be applied for alveolar
flat panel reactors.
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Considering the reported data of hydrogen
production rates it is possible to determine
the maximal length of tubular photobioreac-
tors as a function of the tolerable hydrogen
concentration at the beginning and end of the
loop. Assuming that the hydrogen production
rate is not inhibited at concentrations close to
saturation with pure hydrogen, this value can
be used for the H, concentration at the end of
the loop i.e., this is a scenario in which no H,
bubbles are produced within the tube circuit.
For the concentration at the beginning of the
loop, a 40 % of the saturation level with pure
hydrogen is accepted. The higher the initial
hydrogen concentration is, the shorter the
loop has to be to prevent oversaturation. On
the other hand, a high hydrogen concentration
at the beginning of the loop, and hence in the
degasser, implies a high driving force for
the desorption process thus a lower mass
transfer capacity requirement. The mass trans-
fer capacity needed to achieve a stable opera-
tion of the system can be calculated from
these values if the volumes of the total reactor
and of mass transfer unit (V) are known. As
a rule of thumb, we can take V,,; as a 10 % of
total tubular photobioreactor volume.

0,d[H,]=Ka, ([H,] -[H,])Sdx+r, (1-€)Sdx

José Maria Fernandez-Sevilla et al.

b. Combining Flow and Gas-Liquid
Mass Transfer Within the Tube

In the previous scenario, we have assumed
that the dissolved hydrogen concentration
does not surpass the saturation level in any
point of the loop. It is also possible to design
for a situation in which the level of dissolved
hydrogen be over the saturation value in a part
or in the whole loop, giving rise to coexisting
gas and liquid phases in the loop. This is
highly likely, above all, when working with
PNS bacteria because these microorganisms
have H, production rates substantially higher
than rates green algae have. Design of tubular
photobioreactors in this scenario must also
consider gas-liquid mass transfer and hydro-
dynamics within the tube. By applying mass
balances to the different zones of the tube cir-
cuit for which the fluid-dynamic conditions
remain constant, the hydrogen transfer
between the liquid and gas phase can be mod-
elled. For the liquid phase, the changes in con-
centrations of dissolved hydrogen along the
circuit can be related to the gas-liquid mass
transfer rates and the generation rates by mass
balances as follows:

(13.21)

In this equation, Ka;, is the volumetric
gas-liquid mass transfer coefficient for
hydrogen in the solar collector (i.e., within
the tube circuit), dx is the differential dis-
tance along the direction of flow in the solar
tube, [H;] is the liquid phase concentration
of hydrogen, ¢ is the gas holdup; S is the
cross-sectional area of the tube; ry, is the
volumetric generation of hydrogen and Q; is
the volumetric flow rate of the liquid. Note
that the concentration values marked with
an asterisk correspond to the equilibrium
concentration, i.e., the maximum possible
liquid-phase concentration of hydrogen in
contact with the gas phase of a given compo-
sition. This term only exists if there is a gas
phase from which mass is transferred. The
gas phase exists if the culture becomes over-
saturated (pure hydrogen bubbles) or gas is
artificially injected into the tubes.

As for the liquid phase, a component mass
balance can be established also for the gas;
hence,

dF,,, ==K, ([H,] =[H.])sdx  (1322)

Here F}, is the molar flow rate of the
hydrogen in the gas phase. Note that because
of the change in molar flow rate, the volu-
metric flow rate of the gas phase may change
along the tube. The equilibrium concentra-
tions of the hydrogen in the liquid can be cal-
culated by using the Henry’s law:

=H, P,

- HZ HZ

[H,] (13.23)
where Hy,;, is the Henry’s constant for hydro-
gen, Py, is the partial pressure of hydrogen
in the gas phase existing in the upper part of
the tube (i.e., roughly 1 atm, because gas

=H, (B -F)
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phase is almost pure hydrogen); the partial
pressures can be calculated knowing the total
pressure (Pr) and the vapour pressure (P,).
The previous equations and the initial condi-
tions, allow numerical integration and conse-
quently, the determination of the H, axial
profiles in the liquid phase and the molar
flow rates of H, in the gas phase. The model
is simple and can be adapted to any photo-
bioreactor and H, producing strain in the
second phase (note the same rationale and
Egs. (13.21),(13.22) and (13.23) can be used
for alveolar flat pannel reactors). Moreover,
since the model can simulate the H, profile
along the tube as a function of the tube length
and operational variables, it would allow the
rational design and scale-up of tubular PBR
for H, production.

c. Hydrogen Removal
and Temperature Control

Once the solar collector has been designed, it
is necessary to calculate the degasser unit
used for the removal of hydrogen and tem-
perature control. For this purpose the use of
bubble columns (generally used in the fence
configuration reactor, Fig. 13.5) is preferred
because these systems are simple, well-
known and widely used at industrial scale.
The mass transfer coefficient can be calcu-
lated as a function of O,-free aeration rate
(Egs. 13.13 and 13.14) and from this the vol-
ume of bubble column required to remove
the hydrogen is calculated as:

V= Q. ([H2 ]nm - [H2 ]in)
Ka, +([H, ]-[H,])(1-¢)

where Q; is the liquid flow rate entering to
the bubble column, [H,];, is the hydrogen
concentration at the inlet of the bubble col-
umn, [H,],., is the hydrogen concentration at
the outlet of the bubble column, K;a; is the
volumetric mass transfer coefficient for the
bubble column, and ([H,*]-[H.]) is the driv-
ing force for the transport of hydrogen from
the liquid to the gas phase, calculated as the
logarithmic mean of the concentration differ-
ence at the inlet and the outlet. To avoid the

(13.24)
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recirculation of bubbles from the bubble
column to the solar collector, the superficial
liquid velocity downstream must be lower
than the velocity of the rising bubbles, U,
of the O,-free stream. Thus, the minimum
diameter of bubble column, dc, can be calcu-
lated (Eq. 13.25), as well as the minimum
column height, 4c, (Eq. 13.26).

4

dc = & (13.25)
U,

he = ;;:2 (13.26)

The heat transfer equipment must be
designed analogously to mass transfer. The
equipment must be able to remove the heat
absorbed by radiation. This is a function of
the solar radiation received by the solar col-
lector, Orad, and the thermal absorptivity of
the culture, a,,. Finally, the area of heat
exchanger necessary, Aecianger 15 calculated
as a function of the overall heat transfer coef-
ficient, U,changer» and the temperature of cool-
ing water by:

— de amd (1 3 27)

exchanger U

exchanger ( culture water)

d. Examples of Pilot Scale (>50 L)
Sealed PBR for H, Production

Although algal H, production has been
extensively investigated, there are almost no
publications on the subject carried out with
PBR volumes anything beyond lab-scale.
Nonetheless, some publications have started
to appear recently with the objective of
assessing the production of H, in tubular
reactors with volume capacities over 50 L
using sunlight.

In this sense, Torzillo and co-workers
(Scoma et al. 2012) built a 50 L horizontal
tubular PBR for producing H, with the
microalga Chlamydomonas reinhardtii.
The device was made up of ten parallel
glass tubes connected by PVC U-bends
(Fig. 13.6). The illuminated area was 1.5 m?
with a surface-to-volume ratio of 30.5 m™"
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Fig. 13.6. Overview of the 50-L horizontal tubular photobioreactor used for outdoor experiments with C. rein-
hardtii. Inset: details of the PVC pump and the degasser (Courtesy of Dr. G. Torzillo, ISE, CNR, Florence, Italy).

The circulation of the fluid within the loop
was done with a PVC centrifugal pump
with three stainless-steel flat blades placed
at an angle of 120° with respect to each
other on the propeller shaft. It is interesting
to note that the distance between the blades
and the box of the rotor is 0.5 cm while the
height of the casing is 6.5 cm (see detail in
Fig. 13.6). This pump provides adequate
fluid dynamics, liquid velocity (range 0.2—
0.5 m s!' and mixing time (around 1 min).
At the end of the loop (with a total length
of 23 m) the culture flows through a 2.2 L
degasser (PVC tube, 10 cm internal diameter
and 28 cm height). The degasser contains
several hose fittings to feed culture medium,
flushing gas, and for the withdrawal of cul-
ture and gas samples.

During the hydrogen production phase,
the headspace of the PBR (i.e., the volume
above the culture level) was about 0.2 L
(0.4 % of the total volume) and the degasser
was flushed with a N, gas stream. In our
opinion, the free G-L surface in the degasser
is very little and so will be the mass transfer
capacity of this unit; nonetheless the experi-
ment was performed with a partial vacuum
of —4.03 kPa to facilitate the degassing of the

dissolved H, entering the degasser. The max-
imum H, production rate reported was
0.3 ml L' h'!, production that was 18 %
lower than that obtained with the same
microalga in 1 L flat panel reactor. The major
differences are in the mixing time (15.5 s) in
lab-scale vs. 60 s in the 50 L reactor, and in
the illumination pattern (both sides illumi-
nated in the 1 L flat reactor while in the 50 L
outdoor reactor about a 30 % of the culture is
permanently in dark). The illumination and
mixing degree have both been proved to be
key features to take into account in the scale-
up of the H, production phase; although as
commented before, care must be taken with
the potential damage of cells caused by an
excessive turbulence level (Oncel and
Sabankay 2012). Therefore, the scaling up of
this tubular configuration has serious diffi-
culties since the increase of liquid velocity
needed to achieve the proper light-dark cycle
frequencies may conflict with the cell dam-
age that this can cause.

The same reactor has also been used
by Adessi et al. (2012) for H, production
by the purple non-sulphur bacterium
Rhodopseudomonas palustris. The average
H, production rate was 10.7 ml L' h™! with a
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reported maximum of 27.2 ml L' h™!. These
productivities were two orders of magnitude
higher that that obtained with C. reinhardtii
with the same reactor and similar environ-
mental conditions. A micro sensor for mea-
suring the dissolved H, concentration in the
range 0.0-1.5 mg L' (i.e., 0.0-0.75 mM)
revealed that the elapsed time from the sun-
rise until dissolved hydrogen appeared in the
culture was about 1.3 h and that H, gas was
effectively collected between 11:00 and
19:00 h local time (Adessi et al. 2012). The
light to H, conversion efficiency with the
PNS bacteria was 0.63 vs. the 0.21 % for C.
reinhardtii. This shows how the processes
based on PNS bacteria are more promising
than those using green algae.

A 80 L tubular reactor for the H, produc-
tion with the PNS bacterium Rhodobacter
capsulatus by the photofermentation of thick
juice effluents was designed by Boran et al.
(2010, 2012). The reactor was placed with an
inclination of 10°. This reactor is conceptually
similar to the near horizontal tubular reactor
designed by Tredici et al. (1998). The tubular
reactor consisted of 9 tubes, 6 cm diameter
and 2.35 m length. The total illuminated sur-
face was 2 m? and the occupied ground area
was 2.88 m?2. During the H, production phase,
the culture was bubbled with an argon stream.
The reactor temperature was kept below 35 °C
by internal cooling coils. The culture was car-
ried out in a semicontinuous mode with a
dilution rate of 0.11 d’!, trying to maintain
cell concentration at around 1 g L™! during the
H, production phase. The average H, produc-
tion rate was 0.15 mol H,m? h'during
9 days, obtaining a light conversion efficiency
of roughly 0.2 %, and demonstrating that the
H, yield of the culture (mmol H, to cell dry
weight ratio) was a potential function of the
total light energy, E, received (W -h m2), with
a 1.4 exponent.

Possibly, the work carried out at the largest
scale so far has been performed by Torzillo
and co-workers by using a 110 L tubular PBR
immersed in a light-scattering nanoparticle
suspension (Fig. 13.7) (Giannelli and Torzillo
2012). The PBR was made up of 64 tubes
(i.d., 2.75 cm; length 2 m) connected by 64
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U-bends, with a total 133 m length. The tubes
were immersed in a light scattering suspen-
sion of silica nanoparticles that increases the
H, production rate up to 0.62 mI L' h™! vs. the
0.42 ml L™ h'! achieved without immersing
them into the nanoparticles bath (note that
these productivities almost doubled those
obtained in the 50 L reactor shown in
Fig. 13.6). This demonstrates the positive
effect of the dilution of light by nanoparticles,
which enhances the H, production. In our
opinion, the drawbacks already existing in the
50 L reactor (Fig. 13.6) are still present in this
new design. The degasser again is hardly 2 L
volume. During the H, production phase, the
headspace of the degasser was 0.35 L (i.e.,
15 % of the total volume of the degasser).
Apparently, the mass transfer capacity of this
reactor, similar to the 50 L reactor, is clearly
insufficient. The light to H, conversion effi-
ciency was only 0.21 %. Ignoring the eco-
nomical considerations, the new method
presented in this design for the dilution of
light shows at least two major advancements
over the state of the art of sealed PBR for H,
production: (1) it not only improves the light
conversion efficiency, but this new design also
allows an efficient way for PBR scaling up by
reducing the distance between the tubes, and
consequently increasing the number of tubes,
without altering the foot print; and (2) it is
possible to modify the irradiance impinging
on the surface of the tubes by varying the con-
centration of nanoparticles. This is a signifi-
cant advantage in outdoor cultures where the
intense direct light radiation may cause over
saturation with loss of efficiency. With the
PBR concept designed by Torzillo’s group,
even direct incident sunlight can be diluted to
levels of photosynthesis saturation (about
200 pE m™2 s7!). Nonetheless, this new PBR
design has only been operated so far with arti-
ficial light and it needs to be demonstrated
operating with sunlight to actually test the
above commented advancements.

e. Scale-Up of Tubular PBR

For practical purposes, the scaling up of a
tubular photobioreactor requires the scaling
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Fig. 13.7. Enclosed tubular photobioreactor used for f H, production with C. reinhardtii (a) general view of the
110-L PBR (b) frontal view of the tubular PBR set in a container filled with a light scattering nanoparticle sus-
pension (c¢) detail of the PBR made up eight tube layers and connected each other by U-bends to form a 133 m
long circuit (d) frontal view of the reactors showing the tube layers with opposite inclination to facilitate culture
draining (Photography and description, courtesy of Dr. G. Torzillo, ISE, CNR, Florence, Italy).

up of both the solar receiver and the degasser
system (i.e., the bubble column in the case of
fence type configuration). Scaling of the
degasser does not pose a limitation for any
realistic size of the photobioreactor. However,
there are limitations in the scaling up of a
continuous run solar loop. In principle, the
volume of the loop may be increased by
increasing the diameter and the length of the
tube. In practice, the maximum tube length
is limited by gas buildup and the diameter
should not exceed 0.10 m (Molina Grima
et al. 2000; Brindley et al. 2004). Figure 13.8
shows an industrial size photobioreactor
operated in a greenhouse in Almeria, Spain,
following Egs. (13.7) to (13.8) and (13.17),
(13.18), (13.19), (13.20), (13.21), (13.22),
(13.23),(13.24), (13.25), (13.26) and (13.27)

(Acién-Fernandez et al. 2013). This reactor
was scaled up to industrial size with the
objective of producing a metabolite associ-
ated to growth. The production of biomass
involves the removal of O, and the supply of
CO,, and therefore there are some differ-
ences between Egs. (13.20), (13.21), (13.22),
(13.23) and (13.24) and those shown for O,
removal and CO, supply in Acién-Fernandez
et al. (2013). This reactor is running in the
authors’ facilities for producing high value
products and may be adapted with some
small modifications (head space of the
degasser and type of centrifugal pump for
liquid impulsion) to produce H,.

For the scaling up of tubular reactors, first
the light availability in PBR location should
be calculated according to solar radiation
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Fig. 13.8. Photograph of an industrial size fence configuration tubular photobioreactor 30 m? plant for the pro-
duction of lutein from Scenedesmus almeriensis Almeria. Fundacion CAJAMAR (With permission of Fundaciéon

CAJAMAR, Almeria, SPAIN).

knowledge. Then, simulations should be
performed to determine the optimal tube
diameter. The selection should be done tak-
ing into account the characteristic parame-
ters of the microalga, cyanobacterium or
PNS bacterium to be used (P 1K, 1,
Eq. 13.6). A practical tube diameter range of
6-9 cm is convenient (Brindley et al. 2004).
This range allows the reactor operation at
the proper fluid-dynamics conditions, pro-
moting adequate light to dark cycle frequen-
cies and a limited energy consumption.
According to the target H, productivity 7,
the maximum length of the solar collector
can calculated with Eq. (13.20). Table 13.2
shows the tube length for a tubular reactor,
similar to that presented in Fig. 13.8, for H,
production in a scenario in which, during
the time spent by the culture in the circuit
tube no bubbles are generated. The dissolved
hydrogen concentration at the beginning of
the loop is 40 % of the saturation with pure
hydrogen and 100 % saturation at the exit.
This means that in the degasser of the tubu-
lar system, the counter current O,-free air-
flow removes the 60 % of the dissolved
hydrogen of the culture, which enters in
degasser saturated. As can be seen in
Table 13.2, provided that the hydrogen

production rate is over 1073 mol L™ h! the
length of the tube needed in order to have
the culture hydrogen saturated is in the rea-
sonable range 100—400 m. For lower hydro-
gen production rates, the culture will never
reach saturation and tube length needed is
much lower. Table 13.3 shows the tube
length needed for the different scenario
in which hydrogen bubbles are formed
within the tubes (visible in the upper part of
the tube), which have to be dragged to the
degasser by the culture motion. The
calculations have been made considering
that the dissolved oxygen concentration at
the entrance and exit of the solar collector
are 40 % with respect to saturation with pure
hydrogen and twice the saturation, respec-
tively. In these conditions there is a large
proportion of tube showing bubbles in the
upper part. This scenario is more reasonable
when using PNS bacteria in the H, produc-
tion step, since their reported H, productivi-
ties are almost double in comparison with
those obtained with green microalgae.
Finally, a bubble column can be designed to
be coupled to the solar collector to remove
hydrogen as well as to control the tempera-
ture of the culture, Egs. (13.24), (13.25),
(13.26) and (13.27).
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Table 13.2. Permissible length of tubular reactors as a function of hydrogen production rate, r,, reported.

Productivity (mol/L-h) Tube length (m) Volume (L) Vmt (L) Kla (1/h)
2.77E-05 19,900 11,820 1,182 0.47
2.00E-03 275 1,752 175 33.62
5.80E-04 949 6,038 604 9.76
1.50E-03 367 2,336 234 25.21
1.68E-03 329 2,091 209 28.17
1.83E-04 3,009 19,144 1,914 3.08
2.01E-05 27,418 174,423 17,442 0.34
2.50E-04 2,203 14,016 1,402 4.20
1.21E-03 454 2,886 289 20.41
5.90E-03 93 594 59 99.18

Values were obtained considering a liquid velocity of 0.3 m/s, and hydrogen dissolved concentrations at the beginning
and end of the tube circuit equal to 40 % of saturation with pure hydrogen ([H,]=3.4-10~* mol/L) and saturation with

pure hydrogen ([H,],,=8.50- 10~ mol/L), respectively

The references for these values are the same as in Table 13.1

Table 13.3. Tube length of tubular photobioreactor as a function of hydrogen production rate values reported.

Productivity (mol/L - h) Tube length (m) Volume (L) Vmt (L) Kla (1/h)
2.77E-05 53,066 31,519 3,152 0.27
2.00E-03 734 4,672 467 19.61
5.80E-04 2,531 16,101 1,610 5.69
1.50E-03 979 6,229 623 14.71
1.68E-03 876 5,575 558 16.43
1.83E-04 8,025 51,051 5,105 1.79
2.01E-05 73,114 465,129 46,513 0.20
2.50E-04 5,875 37,376 3,738 2.45
1.21E-03 1,210 7,695 770 11.91
5.90E-03 249 1,584 158 57.85

Values obtained considering a liquid velocity of 0.3 m/s, and hydrogen concentrations at the beginning and end of the
tube loop equal to 40 % of saturation with pure hydrogen ([H,]=3.4-10~* mol/L) and double than saturation with pure

hydrogen (2x[H,]=1.7 - 107 mol/L), respectively

V. Concluding Remarks

This chapter shows the fundamental princi-
ples of photobioreactor design to be used in a
hypothetical facility (Fig. 13.1) to produce
hydrogen from green microalgae, cyanobac-
teria or PNS bacteria. This has been envisaged
from the pioneering work of Melis et al.
(2000), showing the possibility to separate the
biomass production stage and the H, produc-
tion stage for a culture of C. reinhardtii. The
challenges associated with the two closed
technologies capable of producing H,were
discussed followed with strategies to over-
come the major technical issues. The previous
experience and tools for the design and scaling

up of industrial reactors has been adapted for
the photobiological production of hydrogen in
completely sealed photobioreactors. However
the data available on hydrogen production is
scarce for systems over 50 L capacity, and the
light to H, conversion efficiencies, whatever
the route used for producing H,, are well below
1 %. Therefore the calculations made are
subjected to many uncertainties. The majority
of data on hydrogen production rate used have
been taken from laboratory scale photobioreac-
tors, which rarely exceed the 2 L, given the
scarcity of outdoor pilot H, production. The
length of 9 cm tube needed for the two produc-
tion scenarios covered in Tables 13.2 (no H,
bubbles in the tube circuit) and 13.3 (presence
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of H, bubbles) gives rise to volume reactors
able to be fed with the harvested biomass pro-
duced, in a first step, in an open raceway facil-
ity producing about 2 and 4 tonnes of biomass
(d.w) per year, respectively. In brief, photo-
biological hydrogen production is at an early
stage of development that requires much more
pilot experience.
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