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Practical application 

There is great interest in alternative and renewable energy carriers because modern 

societies are heavily dependent on finite fossil fuel reserves. Hydrogen is a clean 

alternative energy carrier with diverse potential applications and has therefore been 

studied extensively over the last two decades.  Hydrogen could potentially be 

synthesized using so-called White Biotechnology, which emphasizes the use of 

renewable resources and environmentally friendly “green” chemicals or the 

replacement of harmful chemicals with microorganisms. This is accompanied by 

minimizing the energy consumption of the process and/or switching to renewable 

energy sources. It would be extremely desirable to develop a modern process for 

hydrogen production that relies exclusively on microbiology, green chemistry and 

sunlight. Here, we review the most recent advances in the major research areas 

relevant to this goal in order to demonstrate the great potential for innovation in 

hydrogen production. 
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Abstract 

Microbiological photosynthesis is a promising tool for producing hydrogen in an 

ecologically friendly and economically efficient way. Certain microorganisms (e.g. 

algae and bacteria) can produce hydrogen using hydrogenase and/or nitrogenase 

enzymes. However, their natural capacity to produce hydrogen is relatively low. 

Thus, there is a need to optimize their core photosynthetic processes as well as their 

cultivation, for more efficient hydrogen production.  This review aims to provide a 

holistic overview of the recent technological and research developments relating to 

photobiological hydrogen production and downstream processing. First we cover 

photobiological hydrogen synthesis within cells and the enzymes that catalyze the 

hydrogen production. This is followed by strategies for enhancing bacterial hydrogen 

production by genetic engineering, technological development, and innovation in 

bioreactor design. The remaining sections focus on hydrogen as a product, i.e. 

quantification via (in-process) gas analysis, recent developments in gas separation 

technology. Finally, a discussion of the sociological (market) barriers to future 

hydrogen usage is provided as well as an overview of methods for life cycle 

assessment that can be used to calculate the environmental consequences of 

hydrogen production. 
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1 Introduction 
 

Hydrogen is widely regarded as a promising energy carrier, in part because it is 

carbon-free and its consumption does not contribute to the greenhouse effect. 

Moreover, there are a range of powerful technologies that can be used to convert its 

energy, including combustion machines and fuel cells. However, most hydrogen is 

currently produced using fossil resources. There is therefore an urgent need to 

develop sustainable methods for its synthesis. Because sunlight and water are 

readily available in effectively unlimited quantities, the photolytic cleavage of water to 

hydrogen by microorganisms is regarded as a potential way of providing future 

economies with renewable, environmentally friendly, and sustainable hydrogen.  

This review discusses various aspects of phototrophic hydrogen production by 

bacteria, cyanobacteria and algae. We discuss the biological processes that facilitate 

hydrogen release, the design and illumination of bioreactors, the analysis of 

hydrogen in fermentation broths, and the purification of the resulting gas. Finally, we 

address the likely environmental impact of the various options for photosynthetic 

hydrogen production using microorganisms and the various potential barriers to its 

implementation.  

 

2 Photobiological hydrogen production 
 

Photosynthetic hydrogen production can be achieved by certain microalgae, 

cyanobacteria, and purple non sulfur bacteria (PNS). While all of these organisms 
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need light to produce hydrogen, the biological pathways they use to achieve this 

differ significantly. The following sections describe the biology of photosynthetic 

hydrogen production. 

 

2.1 Structure of the photosynthetic apparatus in various microorganisms 

A precondition for photobiological hydrogen production is the presence of a 

photosynthetic apparatus that enables the microorganisms to convert solar energy 

into chemical bound energy in the form of adenosine triphosphate (ATP). Light is 

harvested by photosystems (PS) that have two major functional components [1,2]: 

the light harvesting complex (known as the LHC in eukaryotes and the LH in 

prokaryotic organisms) and the reaction center (RC; see figure1).  

Light harvesting complexes are trans-membrane proteins that are arranged in 

antennae with varying chromophore compositions and localization in the cell. 

Microalgal LHCs contain chlorophyll a (Chl a), chlorophyll b (Chl b), carotenes, 

and xanthophylls (carotenoids). Cyanobacteria enhance their light harvesting 

efficiency by using two additional antenna pigments [3]: phycoerythrin (PE) and 

phycocyanin (PC), which is also known as phycobilisome. The absorption maxima of 

PE and PC are between 490 nm and 580 nm, which closes the ´green spectral gap´ 

in the absorption spectrum of the microalgal LHCs. This allows cyanobacteria to 

colonize even modestly illuminated habitats. Finally, a different form of chlorophyll 

with an absorption maximum in the near-infrared spectral range (800-870 nm) is 

found in PNS bacteria [4].  

In addition to their differences in spectral sensitivity, microbial chromophores 

differ in terms of their localization within cellular compartments. Eukaryotic cells are 

characterized by their compartmentation into organelles. In eukaryotes, the light 
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reactions of photosynthesis occur across the thylakoid membranes of the 

chloroplasts. While photosynthetic bacteria (cyanobacteria and PNS bacteria) have 

no directly comparable organelles; instead, they have invaginations of their 

cytoplasmic membranes that are called ´thylakoids´ and fulfill a similar function. 

The chromophores of the light harvesting complex absorb incident photons 

and are thereby excited into higher energy states. When they fall back to the ground 

state, energy is released; the net result is that some of the photon’s energy is 

transferred to the associated RC. This energy is referred to as an exciton. There are 

two types of RCs with different terminal electron acceptors: FeS-type (RC1) and 

quinone-type (RC2) RCs [5]. The transfer of excitons to the RC drives a flow of 

electrons through an electron transport chain that effects the synthesis of ATP and 

the formation of NADPH/H+.  

2.1.1 Oxygenic photosynthesis 

Algae, cyanobacteria and terrestrial plants possess both RC types: FeS-type 

RCs within photosystem I (P700) and quinone-type RCs within photosystem II 

(P680). The two photosystem types are connected in series across the thylakoid 

membranes of the chloroplasts or cyanobacterial thylakoids. The prefix ´P´ stands for 

“pigment” and refers to the “special pair”, a Chl a dimer with a distinct absorption 

maximum at either 680 nm (P680) or 700 nm (P700). Because water serves as the 

electron donor in these species’ photosynthetic processes, molecular oxygen is 

generated as a byproduct. Photosynthesis of this type is therefore known as 

oxygenic photosynthesis. 

2.1.2 Photosystem II – P680 
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The light harvesting complex of photosystem II (LHCII) consists of Chl a, Chl b 

and carotenoids, which are embedded within a protein framework located in the 

thylakoid membranes of the granum. The P680 RC2 is connected to a water-splitting 

complex [6], and its special pair accepts excitons from LHCII. Charge separation is 

then achieved by electron transfer from one of the special pair Chl a molecules to the 

primary electron acceptor pheophytin. The resulting redox potential allows the water-

splitting complex to withdraw electrons from water as shown in eq. 1 [7]:  

    eq. 1 

The electron gap of the resulting positively charged Chl a-radical is closed by 

electron withdrawal from a tyrosine residue of the D1 protein, which is regenerated 

by electrons from the water-splitting reaction via a manganese-calcium cluster in a 

process known as the Kok cycle [8]. The electron taken up by pheophytin is 

transferred to plastoquinone (PQ) on the stromal side of the thylakoid membrane. 

After a second iteration of this process and the uptake of two protons, the PQ 

molecule is converted into PQH2. PQ and PQH2 circulate within the membrane, 

forming a transmembrane electron transport chain known as the PQ pool that 

transfers electrons from RC2 to the cytochrome b6f-complex [9]. At the PQH2-

binding site of the cytochrome b6f-complex one electron from PQH2 is transferred to 

plastocyanin (PC) via a linear electron transport chain involving the Rieske protein 

and cytochrome f. The reduced PC then migrates through the thylakoid lumen to a 

binding site on P700. The second electron enters into the Q-cycle (a cyclic electron 

transport chain) and is used to drive the translocation of protons into the thylakoid 

lumen. The protons that were taken up during the formation of PQH2 are released 

into the thylakoid lumen, amplifying the proton motive force across the thylakoid 

membrane [10].  



www.els-journal.com Page 9 Engineering in Life Sciences 

 

This article is protected by copyright. All rights reserved. 

 

2.1.3 Photosystem I – P700 

 

The core antenna of LHCI is integrated into the stromal lamellae of the 

thylakoid membrane. Following the uptake of a photon by LHCI and the forwarding of 

the resulting exciton energy to RC1, an electron is transferred from one Chl a 

molecule within the P700 special pair to the other. This electron is then transferred to  

a Chl a molecule (A0) and phylloquinone,(A1)  via a series of Fe-S clusters (A0, A1) 

before it is transferred to the Fe-S protein ferredoxin on the stromal side of the 

thylakoid membrane. The reduced ferredoxin binds to a nictotinamide adenine 

dinucleotide phosphate (NADP+)-reductase and reduces the coenzyme NADP+ to 

NADPH/H+. The electron gap at P700 is closed by PC, which migrates back to 

cytochrome b in its oxidized state. 

2.2 Conditions for photoautotrophic hydrogen production 

 

Sustainable photoautotrophic hydrogen production by algae and cyano-

bacteria is triggered by the essential macroelement sulfur [11]. Sulfur-deprivation 

leads to a decrease of protein biosynthesis in these organisms, reducing the rate of 

regeneration for high turnover proteins such as the D1 subunit of PSII and ribulose-

1,5-bisphosphate carboxylase (RuBisCO) [12]. This in turn causes the redistribution 

of LHC from PSII to PSI in a so-called state 2 transition. The reduction in PSII activity 

causes corresponding reductions in the rate of oxygen production and ATP 

synthesis. Because oxygen is consumed during cellular respiration but no longer 

being generated by photosynthetic activity, the conditions within the cell or organelle 

become anoxygenic [13]. In addition, the reduced rate of carbon dioxide fixation 

increases the ratio of NADPH/H+ to NADH+, causing a lack of electron acceptors 
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within the electron transport chain. Under such conditions, the synthesis of 

hydrogenases is initiated. These enzymes catalyze the reversible combination of 

protons with electrons to form molecular hydrogen. Hydrogenases can receive 

electrons from ferredoxin, thereby maintaining the cyclic photophosporylation 

process and enabling hydrogen production.  

Sustained hydrogen production can only be achieved if there is an adequate 

supply of electrons. Fourchard et al. [14] have shown that cellular storage 

compounds such as starch are the main source of electrons entering the PQ-pool 

under hydrogen-producing conditions. 

2.3 Anoxygenic photosynthesis 

There are two classes of anoxygenic photosynthesis processes: those driven 

by RC1 (which occur in the green sulfur bacteria, Heliobacteriaceae) and those 

involving RC2 (which occur in the purple bacteria, chloroflexi) [15]. In this work, we 

only consider photofermentative hydrogen production by purple non-sulfur bacteria in 

detail.  

Purple non-sulfur bacteria possess only one photosystem, with an absorption 

maximum at 870 nm (P870). Due to their lack of a water-splitting complex and the 

comparatively low redox potential of the bacterial RC, purple non-sulfur bacteria 

cannot use water as an electron donor and therefore perform anoxygenic 

photosynthesis. 

The P870 ´special pair´ consists of two BChl a molecules. The excitation of 

LHII and LHI causes the transfer of an electron to bacteriopheophytin. These 

electrons are then transferred (along with protons) to the carrier species 

menaquinone, reducing it to menaquinol (QH2). The electrons are then transferred to 
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the cytochrome bc1 complex by the circulation of menaquinone and menaquinol 

within the membrane. The electrons can then be relayed back to RC2 via 

cytochromes (cyclic electron transport) to generate a proton motive force that drives 

ATP synthesis. Alternatively, they can be used in a non-cyclic process to generate 

reductive equivalents. If this is done, BChl a remains in a positively charged radical 

state and must be reduced by taking electrons from external electron donors in order 

to close the electron gap at P870+. Various organic compounds can be used for this 

purpose [16]. 

2.4 Conditions for photoheterotrophic hydrogen production 

Purple non-sulfur bacteria perform photobiological hydrogen production under 

anoxygenic photoheterotrophic conditions; the process is closely linked to nitrogen 

metabolism [17]. A deficiency of soluble nitrogen sources under anaerobic conditions 

stimulates the synthesis of the nitrogenase enzyme system, which generally 

catalyzes the fixation of nitrogen to ammonia. In the absence of soluble nitrogen, 

available electrons from ferredoxin can be transferred to nitrogenase, which 

catalyzes the reduction of protons to hydrogen via an ATP-dependent reaction.  

3 Enzymes of H2 production 
There are two types of enzymes that catalyze photobiological H2 production: 

the hydrogenases (H2ases) and the nitrogenases (N2ases). The reaction centers of 

both types of enzymes are generally sensitive to oxygen, so H2 production requires 

anaerobic conditions [18]. 

3.1 Hydrogenases 
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H2ases are typically found in the periplasma of photosynthetic bacteria, in the 

stroma of cyanobacteria, and the thylakoids of algae [19,20]. They catalyze the 

following reversible reaction:  

2 H+  +  2 e-  ↔  H2      eq 2 

The redox potentials of the enzymes’ reaction partners affect the direction of 

the reaction [18,20]. H2ases can thus serve as either sources of reducing power or 

tools for the disposal of excess reducing equivalents [21]. Phylogenetic analyses 

have revealed the existence of two H2ase types in prototrophs: [NiFe]-H2ases, and 

[FeFe]-H2ases [22,23]. [FeFe]-H2ases are found in green algae, while [NiFe]-H2ases 

occur in cyanobacteria and photosynthetic bacteria [23]. The physical and genetic 

structures, functionality, and occurrence of the H2ases have all been studied 

extensively [22,24-27]. The bidirectional enzyme HoxEFUYH of Synechocystis sp. 

PCC 6803 is a heteropentameric enzyme. HoxY and HoxH build the [NiFe]-

hydrogenase, while HoxE, HoxF and HoxU form the attached diaphorasa subunit for 

NAD(P) reducing [28].  

H2ases can be further differentiated into bi-directional and uptake H2ases 

based on their physiological functions. Bi-directional H2ases catalyze either the 

evolution or uptake of H2. Uptake H2ases (Hup) are [NiFe]-H2ases that occur 

exclusively in photosynthetic bacteria and cyanobacteria [23]. Hups absorb H2 and 

feed electrons into the quinone pool in nitrogen fixing microorganisms to enable the 

recycling of electrons from H2, which is generated as a by-product of N2 fixation. 

 

3.2 Nitrogenases 
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N2ases are only found in certain prokaryotes, namely some cyanobacteria 

strains along with purple non-sulfur (PNS) and green sulfur bacteria [23]. These 

enzymes catalyze N2 fixation, in which H2 is formed as a by-product of the following 

unidirectional reaction:  

N2  +  8 e-  +  8 H+  +  16 ATP   →   H2  +  2 NH3  +  16 (ADP+Pi) eq. 3 

In the absence of N2 the following reaction occurs: 

2 e-  +  2H+  +  4 ATP   →   H2  +  4 (ADP+Pi)    eq. 4 

This process consumes a large amount of energy (2 ATP per electron). The 

most widely distributed and well-characterized N2ase contains molybdenum (Mo-

N2ase) [29]. The N2ase reaction is catalyzed by the interaction of two proteins that 

are collectively referred to as N2ase: the Fe protein and the MoFe protein. The 

homodimeric Fe protein consists of two monomers with one [4Fe-4S] cluster each. 

These accept electrons and transfer them to the MoFe protein in a process that is 

coupled to ATP hydrolysis. The MoFe protein is an α2β2 tetramer and contains a 

[8Fe-7S] P-cluster that is probably responsible for the transfer of electrons from the 

Fe protein along with an FeMo cofactor that binds and reduces N2, combining it with 

H+ to form NH3 [30]. 

3.3 Achievable hydrogen production rates and photo conversion efficiency 

Table 1 shows some examples of achievable hydrogen production rates by non 

sulfur purple bacteria, cyanobacteria and green algae as well as the intensity of light 

that yielded to these results. Information about common light intensities in 

bioreactors can be found in section 6 of this article. Ghirardi et al. [31] reported light 

conversion efficiencies to be higher for hydrogenases catalized conversions than in 
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the reaction catalysed by the nitrogenase. For green algea they calculated an 

efficiency of ca 12 %. However, other researchers reported light conversion light 

conversion efficiencies with purple non sulfur bacteria up to 10 %, typicall light 

conversion efficiancies from organism cultivated in bioreactors lie in the range of a 

couple of percent [32].  

4 Optimization of hydrogen production by the genetic 

modification of microorganisms  
One promising method for improving hydrogen production by phototrophic 

microorganisms involves the introduction of genetic modifications. A range of 

different strategies based on this approach have been described. The following 

section describes the genes that have been targeted for this purpose in the three 

most common groups of phototrophic microorganisms.  

4.1 Purple non-sulfur (PNS) bacteria 

Purple bacteria produce hydrogen using a nitrogenase enzyme under 

conditions of nitrogen deprivation. The synthesis and activity of this enzyme are both 

strictly regulated. They also express an uptake hydrogenase that can recycle 

molecular hydrogen, reducing the efficiency of hydrogen production.  

4.1.1 Repression of the uptake hydrogenase 

To improve the hydrogen yield achieved using PNS bacteria, the uptake 

hydrogenase was destroyed by site-directed mutagenesis. The resulting mutant 

showed similar growth patterns to the wild-type strain but the total volume of 

hydrogen gas evolved by the mutant was 20 % greater. The cultures were incubated 

in small scale bioreactors (60 ml) under irradiance of 940 µE/m2/s. [33]. The deletion 

of the hupSL gene and its positive regulator gene hupR increased hydrogen 
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production by about 11 % compared to the wild type when performed a batch culture 

in 15 ml anaerobic tubes with 4000 lux illumination [34].  

4.1.2 Overexpression of nitrogenase 

Because the nitrogenase reaction consumes a lot of energy, the cells only 

produce hydrogen under conditions of nitrogen limitation. To relieve this limitation, 

the nifA gene, which encodes a specific transcriptional activator for all other nif 

genes, was overexpressed in hupR deletion strains. This modification increased 

hydrogen production by 20 % and enabled hydrogen to be produced in the presence 

of the ammonium ion [34].  

4.1.3 Repression of competitive pathways 

Franchi et al. [35] designed phenotypes to abolish the competition of H2 

photoproduction with polyhydroxyalkanoate (PHA) accumulation. This was done by 

inactivating PHA synthase activity and the uptake hydrogenase enzyme. The 

photoproduction tests were performed under artificial light using 1 L cylindrical 

photobioreactors in a continuous process. While the deletion of phaC alone caused 

no increase in H2 production, the specific rates of H2 photoproduction by the single 

hup and the double hup/phaC mutants were 30 % and 36 % greater than that for the 

wild-type strain, respectively.  

In addition, knocking out the poly-β-hydroxybutyrate (PHB) synthesis gene 

phbC in the photosynthetic bacterium R. palustris increased the volume of biogas 

produced by a factor of 1.7 relative to the wild type. The cells were incubated in 125 

ml serum bottles under 155 µmol/m2/s of illumination [36]. 

To maintain a balanced intracellular oxidation-reduction potential during 

photoheterotrophic growth with organic acids, reducing equivalents are consumed 

both by the nitrogenase and in the reduction of CO2 via the Calvin cycle. In order to 
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block this CO2 fixation, phosphoribulokinase (PRK) was inactivated, increasing the 

maximum rate of hydrogen production by 13.3 %. Hydrogen production was 

analyzed by using 55 ml small-scale glass-bottle photobioreactors at a light intensity 

of 2500-3000 lux [37].  

4.1.4 Pigment reduction 

Purple non-sulfur bacteria produce hydrogen using light energy harvested by 

the bacterial photosystem. The primary pigment of the photosystem is BChl a. In 

order to protect themselves from harmful doses of light, the organisms have Light 

shielding/Self-shading processes. These reduce overall hydrogen production and 

thus the light to hydrogen efficiency. This problem could potentially be overcome by 

reducing the abundance of the photosynthetic pigments in purple non-sulfur bacteria. 

Eltsova et al. [38] showed that a recombinant strain of R.  sphaeroides with a 

reduced pigment content has a higher hydrogen production rate than the wild-type. 

Another pigment mutant of R. sphaeroides established by UV-irradiation exhibited a 

maximum rate of hydrogen production that was 38% greater than the wild-type when 

grown in culture bottles (200 ml) under light intensity of 300 W/m2 [39]. Ma et al. [40] 

created a recombinant strain of Rhodobacter capsulatus that overexpressed the 

pufQ genes, which regulate bacteriochlorophyll biosynthesis. This mutation reduced 

the absorption of light at wavelengths between 300 and 900 nm and increased 

hydrogen production by about 27 % compared to the wild type. The experiments 

were performed in 350 ml cylindrical bioreactors under a light intensity of 1500 lux on 

the profile surface. Cai and Wang et al. [41] screened a mutant strain of a wild 

marine photosynthetic bacterium Rhodovulum sulfidophilum with an elevated 

hydrogen yield and weaker capacity for light absorption than the wild-type. Under the 

optimal light intensity (120 μmol photons/m2 s), this mutant exhibited a maximum 



www.els-journal.com Page 17 Engineering in Life Sciences 

 

This article is protected by copyright. All rights reserved. 

 

hydrogen yield that was around 40 % greater than the wild type. The cells were 

incubated in batch experiments in a 500 ml bioreactor under a light intensity of 100 

µmol photons/m2/s. 

4.2 Microalgae 

4.2.1 Influence of the electron flux 

In eukaryotic microalgae, hydrogen photoproduction under sulfur-limiting 

conditions is driven by a connection between the photosynthetic electron transport 

chain and a plastidial hydrogenase. In the wild, this functions as a safety valve 

protecting the photosynthetic electron transport chain from overreduction [42]. 

Tolleter et al. subjected an insertion mutant library of the unicellular green alga 

Chlamydomonas reinhardtii to colony screening to isolate a mutant with an 

impairment in the cyclic electron flow around photosystem I (CEF) arising from a 

defect in the Proton Gradient Regulation Like1 (PGRL1) protein.This mutant 

exhibited strongly enhanced H2 photoproduction (3- to 4 times greater than that seen 

in the wild type) under anaerobic conditions. The cells were incubated in 250 ml 

glass flasks under continuous illumination of 200 µmol photons/m2/s [42]. 

4.2.2 Repression of competitive pathways 

The main competitor for the reducing power used by the hydrogenases is the 

Calvin cycle in which RuBisCO plays a key role. To increase hydrogen production, 

Chlamydomonas cells were engineered with reduced RuBisCO levels, activity and 

stability. The hydrogen production of RuBisCO mutant Y67A was 10–15 times 

greater than that of the wild type [43].  
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4.2.3 Repression of chloroplast supply 

Antisense technology was used to create an antisulP transformand of in 

Chlamydomonas reinhardtii, in which the nuclear gene encoding chloroplast-

envelope localized sulfate permease sulP was repressed. The transformands 

exhibited impaired sulfate uptake to the chloroplasts, causing a down-regulation of 

H2O oxidation and O2 evolution activity. This in turn led to the constitutive expression 

of the [Fe]-hydrogenase and continuous H2-photoproduction [44]. 

 

 

4.2.4 Further strategies for improving H2 production 

Based on their analysis of the C. reinhardtii transcriptome during H2 

production, Toepel et al. [45] have proposed some additional strategies for improving 

hydrogen production. They found that during hydrogen production, cells have to deal 

with two major stressors: ROS (reactive oxygen species) and the maintenance of 

intracellular energy balances. ROS could be removed from the system by 

overexpressing genes encoding proteins that protect against ROS such as those 

involved in the glutathione-ascorbate-cycle or superoxide dismutase. The 

stabilization of the photosynthetic multiprotein subunits could also be targeted 

because cytochrome b6f was strongly downregulated during H2 production, implying 

a potential bottleneck in electron transport. The creation of a generation of C. 

reinhardtii strains with stable Cyt-b6f- and PS I systems under stress conditions 

should thus be a major goal. It will also be important to minimize the rates of 

competing reactions such as CO2 assimilation in order to maximize the supply of 

reducing equivalents to the hydrogenase enzyme [45]. 

4.3 Cyanobacteria 
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4.3.1 Repression of uptake hydrogenase 

Another class of microorganisms with great potential for use in producing 

hydrogen from solar energy and water is the cyanobacteria. Anabaena siamensis is 

a high-yield hydrogen producer due to the activity of a nitrogenase and a 

bidirectional hydrogenase. One major barrier to high hydrogen production by A. 

siamensis is that it exhibits light-driven hydrogen consumption catalyzed by an 

uptake hydrogenase. To overcome this problem, a hydrogen uptake deficient strain 

(ΔhupS) was engineered by interrupting the hupS gene that encodes the small 

subunit of the uptake hydrogenase. This strain produced almost 4 times more 

hydrogen than the wild type. The cultures were grown in 5 ml medium in 13 ml glass 

vials for 12 h [46].  

4.3.2 Repression of competitive pathways 

Hydrogenase activity in Synechocystis is directly linked to the light reaction of 

photosynthesis, and there is an inverse correlation between respiratory activity and 

hydrogen production. The deletion of the quinol oxidase gene thus increased 

hydrogenase activity and hydrogen production in the light compared to the wild type. 

This mutation (∆ndhB) prevents the oxidation of NADPH by NDH1, reducing the rate 

at which the Calvin cycle proceeds and increasing the duration of the photohydrogen 

production phase. Another important electron sink in cyanobacteria is nitrate 

assimilation. The deletion of the nitrate reductase gene thus also increased 

photohydrogen production [47]. 

4.3.3 Oxygen tolerant hydrogenase 

The development of an oxygen-tolerant photosynthetic process for hydrogen 

production would be extremely desirable. Yonemoto et al. identified an [NiFe] 

hydrogenase from the marine bacterium Alteromonas macleodii “Deep ecotype” that 
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can be expressed heterologously in cyanobacteria and which exhibits partial oxygen 

tolerance. The wild-type enzyme favors hydrogen uptake activity over hydrogen 

evolution. However, a mutant with two substitutions in the Fe-S cluster exhibited 4 

times greater hydrogen evolution activity than the wild type [48]. 

5 Photo-bioreactors 
A typical photo-bioreactor comprises a system that supplies light and 

maintains appropriate operational conditions for the photo-biological process of 

interest. The optimal parameter range and reactor design are strongly dependent on 

the cultivated organism and target product(s). The following section discusses the 

design issues of photo-bioreactors with focus on the broad spectra of light-supply 

features without supplying hydrogen production rate values. Hydrogen production 

values can be found in Kondo et al. [39].  

5.1 Performance evaluation 

Comparative evaluations of different photo-bioreactors and the selection of 

the one that is most appropriate for a given application are not straightforward. It is 

therefore helpful to define certain parameters that are useful for characterizing 

reactor performance for specific bioprocesses. Reactor productivity is usually defined 

per unit reactor volume (PR) or per unit ground area (PG) using the following two 

expressions: PR = dmProduct/(VR*dt) and PG = dmProduct/(AG*dt). It is also important to 

consider the amount of light admitted to the reactor and its effects on biocatalyst 

performance. This is done using the photoconversion efficiency (PCE), which reflects 

the proportion of admitted solar energy that is converted into chemical energy by the 

targeted biological process. 
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5.2 Common photo-bioreactors 

Recent studies on photo-bioreactors have used a wide range of common reactor 

system designs whose properties are outlined in Table 2. 

 

5.3 Advanced technologies 

In addition to the well-established systems listed in Table 2, there are certain 

advanced reactor technologies that are currently under active development. The new 

technologies that are perhaps most likely to find industrial applications in the near 

future include membranes, monolithic (honeycomb-like) structures, and optical fibers 

since these have all found use in state-of-the-art non-photo- or non-bio-reactor 

systems. Some relevant examples of each are described below to illustrate their 

potential. 

5.3.1 Membranes  

Kondo et al. [39] investigated hydrogen production by Rhodobacter 

sphaeroides RV in a multi-layered plate reactor (MLPR, Figure 2A). Their reactor 

consisted of a stack of alternating permeable membranes, cell suspension layers 

and clear medium layers. The latter are used to transmit light from outside sources 

into the center of the reactor plates. The system outperformed conventional plate-

type reactors, yielding hydrogen production rates of 2 l*m2*h-1. 

. 

Rossignol et al. [49] compared two completely different applications of 

membranes in photo-bioreactor systems. The first system they tested was a free-cell 

bioreactor, in which the cell culture was recirculated between a glass tubular reactor 
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and a membrane-based ultrafiltration module. The second system was described as 

immobilized-cells reactor (Figure 2B), meaning an annular-type reactor that trapped 

the cells in an integrated exchangeable unit. This inner core consisted of a 

barrel/bundle of optical fibers surrounded by an agar gel layer that immobilized the 

cells. This gel layer could optionally be covered by a microporous membrane to 

prevent the back-release of cells. The authors mentioned that cell concentrations 

decreased sharply on moving from the outer surface of the gel layer towards its 

interior, where the intensity of the light supplied by the optical fibers was excessively 

high. The immobilized-cells bioreactor did not perform as well as the free-cells 

bioreactor. . However, the geometrical design is a promising and innovative 

approach, which could lead to higher productivities, provided that light-transmission 

would be further optimized. 

5.3.2 Monoliths 

Cassano and Alfonso [50] reviewed a photocatalytic monolith reactor system 

in which ceramic monoliths were stacked in fat plates, with lamps between each one 

(Figure 2C). The monoliths were coated with TiO2 to improve their light reflection, 

and the design’s performance was tested in the cleaning of polluted air. This could 

be a valid option for designing photo-bioreactors with integrated cell-immobilization. 

5.3.3 Optical fibers 

Fan et al. [51] tested a photo-bioreactor involving both membranes and optical 

fibers. Their cylindrical glass reactor contains a membrane module through which 

gas enters the cell culture, along with optical fibers as internal light sources. A further 

external light supply is provided by fluorescent lamps along the outer reactor wall. 

The system was used for CO2 capture, but it could provide (with some modifications) 

solutions for new coupled algae-bacteria-systems. 
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Lin et al. [52] described a continuous system for photocatalytic wastewater treatment 

consisting of a monolith reactor fitted with a bundle of optical fibers (Figure 2D). The 

ceramic monolith core was operated with an upward flow and held in place inside the 

reactor by perforated plates. These were located at the bottom and top of the 

monolith, keeping each optical fiber centered within the single monolith square 

channels. The proposed system showed the disadvantage that the ceramic monolith 

needed to be coated with TiO2 for better light guidance into the monolith channels, 

what may render this approach uneconomical.  

6 Illumination intensity in bioreactors 
6.1 Plate reactors 

As closed systems, flat panel reactors enable the user to exert precise control 

over the entire reaction process and have a high surface to volume ratio which is 

good for illumination. Almost the entire surface can be used for illumination. When 

using the sun as a light source, these reactors can be tilted and oriented along a 

north-south axis. Hu et al. [53][45][45][42][39][38] measured typical solar radiation 

photon fluxes of 500 – 2’000 μmol/(m2s) using such arrangements. However, 

Sierra et al. [54] found that a vertical flat panel photo-bioreactor oriented along an 

east/west axis provided better results than one oriented along a north/south axis or 

in a horizontal configuration. The east/west orientation achieved illumination 

intensities of 9 - 13 MJ/m²d. Based on the conversion factors developed by 

Thimijan and Heins [55] for sunny days, this would correspond to a photon flux of 

687 μmol/(m2s) at wavelengths of 400 – 700 nm. 

The high surface to volume ratio of plate reactors can be problematic in terms 

of achieving area-efficient production. Even with vertically-positioned flat panel 
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reactors, shading will be problematic if reactors are located in close proximity to one-

another. To address these problems, Zijffers et al. [56] have developed a system in 

which all of the incident sunlight is guided into a flat panel reactor for biomass 

production. This is done by using linear FRESNEL lenses to focus the solar radiation 

into a sheet of polymethylmethacrylate (PMMA), which functions as a light guide and 

radiator.  

6.2 Tubular reactors 

A more common way of increasing reactor volume is to use a tubular photo-

bioreactor. Fernández et al. [57] developed a light distribution model to estimate the 

solar irradiance profile and average light intensity inside a tubular photo reactor. 

They focused on the use of solar radiation for illumination, but artificially illuminated 

tubular photo-bioreactor systems have been reported. For example, 

Watanabe et al. [58] used a helical tubular photo-bioreactor with cool white 

fluorescent lamps generating a flux of 117.8 μmol/(m2s). 

6.3 Batch reactors 

In order to achieve a high reactor volume with an acceptable area footprint, 

many photo-bioreactors are made from glass jars, especially in laboratories. The 

volumes of the jars used can range from hundreds of milliliters to several liters, and 

they may be internally or externally illuminated. External illumination may be 

inadequate if the penetration of the light into the culture media is insufficient. Higher 

light intensities will afford a better penetration depth but microorganisms in close 

proximity to the strong light source will be in the zone of light inhibition [59]. Internal 

illumination makes it possible to achieve a more homogeneous light distribution. To 

facilitate the design of illumination systems for batch reactors, Suh el al. 
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[60][61][62][59][56][55] have developed a light distribution model that can predict the 

effects of using different numbers of radiators. 

6.4 Fibers 

Optical fibers provide a cheap way of getting light into a reactor; PMMA fibers 

are especially useful for this purpose. However, the fibers must be treated to ensure 

that they will emit the guided light from their full length inside the reactor. 

Křemenáková et al. [62] has characterized laterally light emitting, polymeric optical 

fibers suitable for this purpose. It was shown that increasing the fiber diameter 

increases the illumination intensity and the attenuation coefficient but also increases 

the fibers’ rigidity. Because it is not normally necessary to bend the fibers inside a 

bioreactor, fiber diameters of one millimeter or more may be useful. Fibers with 

diameters of 11 mm were used by Chen et al. [63] to illuminate a bioreactor for 

hydrogen production, yielding a light intensity of 475 μmol/(m2s).  

6.5 Obstacles/Challenges for light transmission 

The supply of light in common reactor designs is inefficient. Conventional 

lighting, e.g. using external lamps often only transmits a small fraction of the total 

light emitted (4-5 %) into the reactor [64]. Light intensity is a particular problem when 

using optical fibers because a low diameter fiber can limit the amount of light that 

can be coupled, making larger diameters desirable. However, it is easier to achieve 

a well-homogenized light distribution by using many low-diameter fibers than by 

using two or three large radiators. Modern high power light emitting diodes provide a 

high light intensity that can be easily coupled into small fibers. 

 



www.els-journal.com Page 26 Engineering in Life Sciences 

 

This article is protected by copyright. All rights reserved. 

 

7 Hydrogen analysis for in-process control  
In biotechnological plants it is important to be able to adjust the operating 

conditions as required and also to have accurate and up-to-date information on the 

activity of the organisms and product evolution. It is therefore essential to monitor the 

amount and composition of the output gas when producing hydrogen in bioreactors.  

Methods for the analysis of hydrogen in the gas phase are well established 

[65]. Pauss et al. [66] reported a gas-chromatographic separation process using two 

columns, a molecular sieve for sorting by size and a fused silica column for 

separation by polarity. After the gases have been separated with the columns, they 

are detected using a thermal conductivity detector (TCD). Haufe et al. [67] used a 

similar system and were able to clearly separate hydrogen, oxygen, nitrogen and 

carbon dioxide. To allow carbon dioxide to pass through, the columns were operated 

in back-flush mode at 30 to 100 °C. Detection limits of 30 ppm have been achieved 

for hydrogen with 1 mL sample injections when using systems of this kind [66].  

Because the mass transfer of hydrogen from the liquid to the gas phase 

influences the productivity of photosynthetic hydrogen production and the partial 

pressure of the hydrogen in the liquid phase may influence the cells’ productivity 

(product inhibition), it is also important to determine the hydrogen content of the 

liquid phase in hydrogen-producing bioreactors. Apparatus for measuring the partial 

pressure of hydrogen in the liquid phase is thus required. In addition to their method 

for determining gaseous hydrogen and carbon dioxide, Pauss et al. [66] have 

developed a technique for measuring dissolved hydrogen. Their approach uses a 

commercially available inline system manufactured by Syprotec (Pointe-Claire, 

Quebec, Canada) that has a detection limit of 80 ppb and is based on a fuel cell 

covered with a selectively permeable Teflon membrane, which is exposed to the 
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liquid. However, if this system were used in a biotechnological cultivation system, it 

could become coated with a bio-film that would cause fouling and potentially affect 

the measurements obtained. Dissolved hydrogen can also be measured with a 

modified CLARK electrode, but the long-term stability of these instruments is 

questionable [68]. 

An alternative method involves the quantitative extraction of the dissolved 

hydrogen, e.g. by stripping with argon bubbles [69], followed by measurement of the 

expelled hydrogen. Conrad et al. [70] achieved a detection limit of 130 ppb using this 

approach. However, such extractions are rather laborious and time-consuming. 

Building on this concept, Zosel et al. [71] patented a method for membrane-free 

extraction that would enable maintenance-free operation and provide long-term 

stability while being less laborious. Their method is based on the fact that the amount 

of dissolved hydrogen in the reactor can be determined indirectly by measuring its 

partial pressure in the head-space if it is assumed that transfer between the liquid 

and gas phases is not restricted. A cylindrical extractor is placed in the broth of the 

reactor and flushed with an external flow of argon gas, forming a mini-head-space in 

the reactor medium. A liquid-gas interface that is not subject to fouling is then 

created on the lower side of the extractor. Volatile components are extracted from 

the organic or aqueous solution through this interface into the gaseous headspace. 

The argon stream enriched with extracted hydrogen is then analyzed using a 

highly selective and sensitive engineered hydrogen detector with a very wide range 

that extends from 0.5 to 10000 ppm. The detector is a coulometric solid electrolyte 

cell made from yttria-stabilized zirconia that requires no calibration and thus provides 

long-term stability. It is known to be compatible with gas chromatographs, and has 

been described in detail by Zosel et al.[72,73]. The use of this extractor and detector 
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cell to monitor bio-gas-reactors has been reported by Schelter et al. [74], whose 

online sampling data demonstrate the high sensitivity of this technique. Even 

hydrogen sulfide, which causes many problems in biogas analyses, can simply be 

filtered out of the extraction gas. 

 

8 CO2 separation 
Bio-hydrogen from photo-bioreactors processes contains many impurities such as 

biomass particles, water (humidity), carbon dioxide, and potentially trace quantities 

of other gases. The most widely used microorganisms for bio-hydrogen production 

are purple non-sulfur bacteria, which generate molecular hydrogen by a photo 

fermentation process [75]: 

 C6H12O6 + 12 H2O       12 H2 + 6 CO2     eq. 5 

The products of this process are hydrogen and carbon dioxide. Biotechnological 

processes typically occur at room temperature (25-30 °C) and ambient pressure 

(0.1 MPa). However, gas separation methods are generally performed at higher 

temperatures (> 100 °C) or pressures (> 1 MPa). 

Depending on the intended use of the bio-hydrogen, it may need to be dehumidified 

and separated from other gases. Most fuel cell applications require a pure hydrogen 

feedstock and the presence of CO2 limits the efficiency of many hydrogen-based 

energy technologies. 

There are many well-established methods for CO2 separation using gas scrubbers or 

cooling attachments that are used industrially [76]. In general, there are four ways of 

separating gases: (i) Absorption with liquids, (ii) Adsorption with solids, (iii) Cryogenic 

separation and (iv) Membrane-based methods. 
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Adsorption involves the accumulation of gas molecules on solid material surfaces. 

This process exploits VAN DER WAALS forces (physisorption) or covalent interactions 

(chemisorption) between gas molecules and a solid material surface. To discharge 

the loaded solid material needs cyclic treatment processes (desorption) [77]. 

 

Established CO2 adsorbents are zeolite (molecular sieve) and activated carbon. 

These microporous materials are used in the pressure swing adsorption (PSA) 

process for CO2/H2 separation. The CO2 loading process requires a highly 

pressurized gas stream, while the desorption process requires a pressure decrease.  

Absorption means the chemical or physical binding of gas molecules in liquid 

materials. Gas scrubbing with aqueous amines such as Monoethanolamine (MEA) is 

an established chemical absorption process for post-combustion treatment [78]. The 

CO2 reacts with the MEA at about 40 °C via a dipolar ion mechanism to form 

carbamates. The regeneration temperature of loaded MEA is about 100-140 °C. 

Studies aimed at identifying amines with lower desorption temperatures are currently 

underway [77]. 

An alternative method for carbon dioxide absorption that requires lower regeneration 

temperatures uses physical solvents. This process is based on HENRY´S law and 

requires high partial pressures of CO2 with low temperatures [77]. 

 

Membranes are thin layers of special materials that selectively allow the passage of 

specific molecules. Membranes for gas separation may be made from dense or 

porous materials. Dense membrane materials for the selective separation of H2 

include palladium and palladium alloys. This technology is based on the diffusion of 
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hydrogen atoms through the membrane material, which requires temperatures of 

300-600 °C and a pressure of > 2 MPa [79,80]. 

 

Porous membranes separate gas mixtures by the function of molecular sieve or 

adsorption [76]. Ceramic carriers, layered with zeolites or active carbon, are suitable 

for carbon dioxide separation. 

9 Environmental assessment and barriers for the 

commercialisation  
A hydrogen economy is a system which obtains, delivers or stores energy 

using hydrogen determined for stationary use, portable application or transport fuel 

[81]. Thus, it is possible to “(…) create a new decentralized form of energy use” [82] 

by using renewable energy sources to produce hydrogen, and to utilize the energy of 

hydrogen almost everywhere we need it applied by automobiles, homes and 

businesses [83]. Proponents of the hydrogen economy expect the hydrogen as “(…) 

energy source for the 21st century” [84]. A reason for this appreciation may be the 

fact, that hydrogen does not cause negative impacts on the environment during its 

direct combustion or use in fuel cells. Thus, it is generally seen as a clean fuel, 

although the production of hydrogen does impact the natural environment [85]. A 

method to analyze and assess these environmental burdens is given by the Life 

Cycle Assessment (LCA). “LCA addresses the environmental aspects and potential 

environmental impacts (e.g. use of resources and environmental consequences of 

releases) throughout a product’s life cycle from raw material acquisition through 

production, use, end of-life treatment, recycling and final disposal” [86]. Following the 

ISO 14040 standard, the scope of a LCA has to be limited a priori and according to 

intended aim of a LCA [86]. 
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Bhandari et al. recently reviewed twenty-one LCA studies of hydrogen, the 

majority of them aim on the comparison among different hydrogen syntheses 

processes regarding their environmental consequences. Appropriately, most of these 

studies regard a system boundary called “cradle-to-gate”, which covers the resource 

extraction, production and supply of hydrogen to the end users but not its 

subsequent utilization [85]. Thereby, often an innovative synthesis process is 

evaluated against the current most applied method for industrial hydrogen 

production, namely natural gas steam reforming [87]. However, there are other LCAs 

with a different sample of assessed production methods, i.e. Cetinkaya et al. 

compare the environmental impacts of hydrogen synthesized by electrolysis 

processes using renewable electrical energy from wind and photovoltaic with a 

thermochemical water splitting process using nuclear energy sources [88]. Other 

authors focus more on specific energy sources for hydrogen production, i.e. 

Romagnoli et al. conducted a comparative LCA solely of biohydrogen production 

methods in photosynthetic processes [89].  

Another goal of LCA may be, to assess the utilization of hydrogen in 

transportation systems versus conventional solutions. These LCA studies draw a 

system boundary around all life cycle stages (cradle-to-grave), examples are the 

assessment of fuel cell vehicles by Bartolozzi et al. [19] and Granovskii et al. [90] or 

hydrogen powered aircrafts by Koroneos [91].  

Once the focus of assessment is set on a specific hydrogen production 

method, LCA can be used to identify opportunities to improve its environmental 

performance [86]. For instances, a comparative LCA between different process 

variations for synthesizing hydrogen from the same feedstock may help to find the 

most environmental friendly way for transforming the material, e.g. Kalinci et al. 
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identified the Downcraft Gasifier as being the environmental friendlier alternative for 

steam reformation of pine wood than the Circulating Fluidized Bed Gasifier [92]. In 

another study, Dufour and colleagues examined that a capture and storage (CCS) of 

CO2 emitted by a methane steam reforming process led to lower CO2-Emissions but 

higher overall environmental impacts than the conventional method, caused by the 

high energy demands for CCS [87]. Furthermore LCAs can be used to identify hot 

spots of environmental burdens within one synthesis process. These can be single 

substances with a high negative impact on the environment, such as phosphate in 

fermentation processes for hydrogen production, found out by Ochs et al [93]. 

LCA evaluates potential environmental impacts of a product like hydrogen in a 

quantitative manner. Therefore the impacts are expressed as indicator values, 

calculated throughout the LCA’s impact assessment [86]. LCA practioneers can 

address specific environmental aspects of a product by selecting the corresponding 

indicators, such as the Global Warming Potential (GWP), Acidification Potential (AP), 

Eutrophication Potential (EP), Human Toxicity Potential (HTP), and many more.. 

Referring to LCAs of hydrogen production processes, the GWP is amongst the most 

assessed indicators in the reviewed LCA studies [85]. Hence, the GWP may serve 

as a measure for comparing a large sample of hydrogen processes. Contrastingly, 

other impact categories beyond the GWP should also be in focus of hydrogen LCAs 

to complete a holistic environmental analysis [85]. The study of Ochs et al. 

demonstrated that the use of phosphate acts highly carcinogen but has a low impact 

on the GWP [93]. However, summarizing the results of Bhandari et al.’s review it can 

be seen, that the production of hydrogen by electrolysis using wind or hydropower 

has the lowest GWP. In contrast, if the hydrogen supply infrastructures are 

respected by a LCA, other production methods possibly will become competitive in 
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terms of their environmental performance, if they open up better pathways for the 

gas supply [94]. The currently researched hydrogen synthesis method from algae 

and bacteria could bring this advantage as it can be integrated in a decentralized 

hydrogen supply. Thus, the aspect of decentralized, small scale synthesis processes 

could be a matter for deeper research in future. 

As LCAs show, hydrogen in general and its application may have strong 

benefits in terms of its significantly lower potential environmental impacts compared 

with energy carriers such as kerosene [91] or gasoline [90]. “However, the success 

of a hydrogen economy still has to overcome significant barriers, […] technological 

and economical” [19] as well as environmental, social and political [95]. We define 

barriers as factors which “(…) may decelerate, slow down or even block (…)” [96] the 

hydrogen innovations.  

The current literature determines various barriers that hinder the adoption of 

the hydrogen innovation. For example Johnston, Mayo and Khare (2005) identify in 

general the process steps production, storage, distribution, safety and public 

perception as a barrier of hydrogen innovation [84]. Especially, the production and 

supply are not competitive for the market compared with traditional fuels; a good 

efficiently, safety and a fair price are missing for the storage systems of hydrogen; 

and it is missing a consistently reliability of fuel cell technologies [97]. A review of the 

hydrogen future literatures identify more detailed barriers to a hydrogen economy, 

determining three barriers as most important: the high costs of fuel cells and of low-

carbon hydrogen production; the missing hydrogen infrastructure; and the 

technological immaturity. The study of McDowall and Eames also identifies many 

other specified barriers: uncertainty in safety; absence of public acceptability, codes 

and standards, surplus of renewable electricity; the social values; the regulatory 
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framework; missing competition market of hydrogen and lack of demand for 

hydrogen products; limited skill base; no global co-operation; rare earth as a 

bottleneck as for example platinum for fuel cells; difficulties in accessing capital; and 

the skepticism in society [95]. 

It is obviously that is important for the research of barriers to summarize all of 

the current findings from literature to get a holistic view of the theme and to focus the 

analysis for a specific institutional context. The transfer to the proper theme and the 

extension of analyses – for example through interviews and surveys – is helpful to 

know why a specific innovation is not adopted. Thus, the idea is to find out why 70% 

of innovations failed [98] and the economic loss, but also the personal 

disappointment can be avoided. To manage an innovation successfully it is important 

to look at hampering factors before, during and after the development of an 

innovation. Thus, one can counteract the barriers and optimize the innovation. 
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Table 1: Different hydrogen producing organisms and their maximum hydrogen 
production rate and the required illumination 
Purple non-

sulfur 

Bacteria 

 Production-Rate Illumination Ref 

 R. sphaeroides ZX-5 169 mL L-1 h-1 8000 lux [99]  

 R. capsulatus JP91 

(hup-) 

37 mL L-1 h-1 50 W [100]  

 Rhodopseudomonas  

faecalis RLD-53 

33 mL L-1 h-1 150 W m-2 [101]  

 Rhodobacter 

capsulatus ST410 

100 mL L-1 h-1 6600 lux  [102]  

Cyanobacteria     

Heterocystous Anabaena azollae 13 mL L-1 h-1  [103]  

 Anabaena variabilis 8,6 mL L-1 h-1 150 µE m-2 s-1 [104]  

 Nostoc flagelliforme 84 µmol mg 

chlorophyll a-1 h-1 

30 µmol m-2 s 

-1 

[105]  

     

Non-

heterocystous 

Arthrospira 

(Spirulina) platensis 

4,0 mL L-1 h-1 8 w/m2 [106]  

  

 Synechococcus 602 2,0 – 3,3 µmol h-1 

L-1 

30 µmol m-2 s-1 [107]  

 Synechococcus sp.  

Miami BG 043511 

6,7 mL L-1 h-1 25 W m-2 

(PAR) 

[108]  

 

Green algae Chlamydomonas 

reinhardtii 137cpgrl1 

0,014 µmol µg 

chlorophyll -1 h-1 

200 mmol·m-

2·s-1 

[42]  

 Chlorella sorokiniana  1,35 ml l-1 h-1  120 µE m-2s-1 [109]  
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Table 2: Common types of reported photo-bioreactors 

Photo-

bioreactor 

Typical 

mode 

of 

operation 

Typical 

Volume 

Light 

source 

Lighting 

efficiency 
Reference 

Glass beaker Batch 
0.25 - 2 

l 
All 

Medium - 

high 
[49] 

Glass stirred-

tank reactor 
All 

0.1 - 10 

l 
All High [106], [110]  

Metal stirred-

tank reactor 
All 

0.1 - 

250 l 

Internal 

and/or 

through 

window 

Low - 

medium 
[111], [50], [110] 

Annular reactor Semi-batch 0.3 - 2 l Internal 
Medium - 

high 

[106] 

[112] , [113] 

Flat plate 

reactor 
Continuous 

200 - 

10000 l 
External High 

[111], [50], 

[113], [110] 

Tubular reactor Continuous 
2 - 

1000l 
External High 

[111], [106], 

[112] 

Plastic film bag Continuous 1 - 20 l External 
Medium - 

high 
[111] 

Membrane 

reactor 
Continuous 1 - 10 l All Low - high [51], [39], [49] 

Air-lift reactor Batch 
0.5 - 30 

l 
Internal 

Medium - 

high 
[112], [110] 

Packed-bed 

reactor 
Continuous > 2 l All 

Low - 

medium 
[50] 

Bubble column Continuous > 2 l External 
Low - 

medium 
[111] 

Ceramic 

monolith 

reactor 

Continuous 1 - 13 l All 
Low - 

medium 
[52], [64] 
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Figure 1: Schematic visualization of “light to energy“ pathways at their specific 
localization in phototrophic organisms. (A) Microalgae (thylakoid membrane of 
chloroplast), (B) purple non-sulfur bacteria (bacterial thylakoids = invaginated 
cytoplasmatic membrane), and (C) cyanobacteria (folds of cell membrane). 
Illustrated are the most important processes across the photosynthetic membranes: 
light harvesting (blue), electron transport (dashed arrow), proton transport (red 
dotted arrows), chemical reaction and transport processes (bold black arrows).      
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Figure 2: Membrane and monolith technologies applied to photo-bioreactors. 

A) Multi-layered plate reactor (MLPR) [39]  

B) Immobilized-cells reactor (ICB) [49] 

C) Stack of flat monoliths [50]  

D) Optical-fibre ceramic monolith [52] 

 


