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Abstract  During the last few years, progress has been made in developing cleaner 
and more efficient bioenergy producing systems. Innovative processes and novel 
substrates were assessed at lab scale, in order to investigate and promote a sustain-
able development of photobiological hydrogen production. Recent and innovative 
processes and the use of novel substrates are discussed in this chapter. The main 
focus is on photofermentation systems conducted on biomass derived substrates, as 
these are considered to be the applicative goal of hydrogen production. Indeed, it is 
also present a short excursus on some synthetic media, investigated as interesting 
opportunities for enlarging applicability of the hydrogen technology. The number of 
new findings here reported demonstrates that it is worth continuing the efforts for 
increasing the knowledge on the photofermentation process for H2 production, in 
particular owing to the need of reducing the use of fossil fuels for mitigating the 
emissions of GHG in the atmosphere.
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Abbreviations

DW	 Dry weight
OMWW	 Olive mill waste waters
PHA	 Polyhydroxyalkanoate
PHB	 Poly-β-hydroxybutyrate
PNSB	 Purple non sulfur bacteria
VFAs	 Short chain volatile fatty acids
VS	 Volatile solids

�Bioenergies and Biohydrogen

Bioenergy production and use is rising in many countries to diversify energy sources 
and to promote environmental quality, mitigation of climate change, energy security, 
and economic growth, including the development of rural economies (Weiland 2010; 
El Bassam 2010; Appels et al. 2011; IRENA 2013). Bioenergy derives from the con-
version of biomass, where biomass may be used directly as fuel or processed into 
liquids and gases (IRENA 2013) and according to Directive 2009/28/EC of the 
European Parliament and the Council of 23 April 2009 on the promotion of the use 
of energy from renewable sources, the term biomass means “the biodegradable frac-
tion of products, waste and residues of biological origin from agriculture (including 
vegetal and animal substances), forestry and related industries including fisheries and 
aquaculture, as well as the biodegradable fraction of industrial and municipal waste.”

Concerning policy target for energy from renewable sources in transport, the 
development of biofuels plays a fundamental role (El Bassam 2010). The importance 
of producing biofuels is linked to the need of reducing fossil fuel extraction and 
consumption, with the aim of decreasing the rise of atmospheric CO2 and in general 
to decrease fuel impact on global climate change (El Bassam 2010; Frigon and Guiot 
2010; Appels et  al. 2011). Biofuels are commonly separated into three different 
groups according to their level of development and the feedstocks used, though there 
is no universally agreed definition (IEA 2009; El Bassam 2010). In general, 1st gen-
eration biofuels include mature technologies for the production of bioethanol from 
sugar and starch crops, biodiesel from oil crops and animal fats, and biomethane 
from the anaerobic digestion of wet biomass; 2nd generation biofuels include several 
biofuels, such as bioethanol and biodiesel, produced from conventional technolo-
gies, but using novel feedstocks, like alternative starch, oil and sugar crops, or ligno-
cellulosic materials (e.g., straw, wood, and grass); 3rd generation or advanced 
biofuels are at the earlier stages of research and development (e.g., biofuels from 
algae, hydrogen from biomass reforming, and biohydrogen) (IEA 2009; El Bassam 
2010). The 2nd and 3rd generation biofuels are more sustainable, with biomass at 
lower costs and lower greenhouse gas emissions than 1st generation ones, avoiding 
the replacement of food and forage production by energy crops (IEA 2009).
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In general, the increased bioenergy use can lead to increased demand for 
biomass, thus to a possible competition for land currently used for food produc-
tion (IEA 2009; Appels et al. 2011). Several aspects are related to this concept, 
on one hand, the increasing global population (nine billions in the 2050, accord-
ing to UN estimations) results in an increase of food and animal feed demand, on 
the other hand, the use of croplands and forests for energy crops production could 
be detrimental to biodiversity and to soil and water resources (IEA 2009). On 
these grounds, government policies and industrial efforts need to be directed to 
achieve bioenergy potential targets in the longer term, making sure of increasing 
biomass yield levels, global food production, promoting the technology develop-
ment, the diffusion of best sustainable agricultural practices, and a sustainable 
use of residues and wastes for bioenergy, which present limited environmental 
risks and impacts and need to be encouraged and promoted globally (IEA 2009; 
Appels et al. 2011).

Hydrogen is a promising energy carrier, is the most abundant element in the 
universe, and represents a clean and renewable biofuel, with high conversion 
efficiency (Holladay et  al. 2009; Christopher and Dimitrios 2012). Currently, 
about 96 % of hydrogen is synthesized from fossil fuels, in particular from meth-
ane reforming, and the remaining percentage is produced by water electrolysis 
and can be used directly in internal combustion engines or in fuel cells, after 
appropriate purification, without a direct combustion (Holladay et  al. 2009; 
Christopher and Dimitrios 2012; Adessi and De Philippis 2014). Hydrogen can 
play an important role in decarbonizing the transport sector in the long-term 
period, as there is no CO2 emission during its combustion, and it can be derived 
from many renewable sources including biomass and water. However, the 
deployment of hydrogen vehicles and a related fueling infrastructure is still 
missing or inadequate for a successful market application in the contest of hydro-
gen economy (Holladay et  al. 2009; IEA 2009). Comparing with anaerobic 
digestion, which is classified within the biochemical conversion processes as a 
robust and widely applied technology, the biological hydrogen production is a 
technology in progress (Frigon and Guiot 2010). Biohydrogen production pro-
cesses can be classified into different groups, as follows: biophotolysis of water 
by microalgae and cyanobacteria; photodecomposition of organic compounds by 
photosynthetic bacteria, i.e., photofermentation; dark fermentation of organic 
compounds by anaerobic or facultative anaerobic bacteria; and bioelectrohydro-
genesis (Das and Veziroglu 2008; Hallenbeck et al. 2009; Holladay et al. 2009). 
Combined systems can be created with the dark fermentation yielding biohydro-
gen as first stage followed by the second stage of either anaerobic digestion, 
yielding biomethane, or photofermentation, yielding biohydrogen (Hallenbeck 
and Ghosh 2009; Adessi et al. 2012a; Argun and Kargi 2011; Gómez et al. 2011; 
Hay et al. 2013).

This chapter will be focused on photofermentation as either a single stage pro-
cess, or in dark fermentation/photofermentation systems both sequential (two stage) 
and combined (co-cultures), using novel biomass derived substrates.

Photosynthetic Purple Non Sulfur Bacteria in Hydrogen Producing Systems…
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�Photofermentation by Purple Non Sulfur Bacteria

Photofermentation is carried out by purple non sulfur bacteria (PNSB), that are 
anoxygenic phototrophic bacteria, converting substrates to hydrogen, carbon diox-
ide, and microbial biomass (Heiniger et al. 2012; Adessi and De Philippis 2014; 
Hallenbeck and Liu 2016). During hydrogen biosynthesis, nitrogenase enzyme 
reduces molecular nitrogen and protons to ammonia and hydrogen (Eq. 1) (Heiniger 
et al. 2012; Adessi and De Philippis 2014; Hallenbeck and Liu 2016):

	 N H e ATP NH H ADP2 3 28 8 16 2 16+ + + ® + ++ -
	 (1)

This reaction is energy demanding, requiring ATP produced through cyclic photo-
phosphorylation in absence of oxygen with artificial or solar light as the energy 
source, and the reducing power from the catabolism of carbon compounds in the 
tricarboxylic acid (TCA) cycle, preferably low-molecular weight organic acids 
that can easily enter the TCA cycle (Fig.  1) (Adessi and De Philippis 2014; 
Hallenbeck and Liu 2016). Thus, photobiological hydrogen production using 
PNSB depends mainly on nitrogen fixation, ATP production, and carbon sources 
catabolism (Keskin et  al. 2011; Adessi and De Philippis 2014). In absence of 
molecular nitrogen, nitrogenase can dissipate the reducing equivalents coming 
from other metabolic processes producing hydrogen (Heiniger et al. 2012; Adessi 

Fig. 1  Main processes related to hydrogen production, under photoheterotrophic growth in non-
nitrogen fixing conditions: anoxygenic photosynthesis, ATP synthesis, TCA cycle, hydrogenase, 
and nitrogenase activities. The straight black arrows indicate the electron flow. The lightning sym-
bol indicates light excitation. Cyt bc1 cytochrome bc1 complex, Cyt c2 cytochrome c2, Fd ferre-
doxin, RC Reaction Center, Succinate  – DH succinate dehydrogenase, NADH-DH NADH 
dehydrogenase. (Image from Adessi and De Philippis 2012)
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and De Philippis 2014). Otherwise, in cells with active nitrogenase, hydrogen can 
represent an electron donor, oxidized by the uptake hydrogenase enzyme (Keskin 
et al. 2011; Adessi and De Philippis 2013) (Fig. 1). It has to be stressed that even 
if the process is anaerobic, a microanaerobic nitrogenase activity was found in 
some PNSB with low oxygen concentration (Hallenbeck and Liu 2016). In gen-
eral, PNSB are a diverse group of anoxygenic phototrophic bacteria with a versa-
tile metabolism, which are able to use a variety of organic acids and sugars, 
depending on the species selected (Argun and Kargi 2011; Eroğlu et al. 2014). The 
most studied PNSB species for photobiological hydrogen production are 
Rhodobacter sphaeroides, Rhodopseudomonas palustris (Fig.  2), Rhodobacter 
capsulatus, Rhodobacter sulfidophilus, and Rhodospirillum rubrum (Argun and 
Kargi 2011). PNSB are capable of producing polyhydroxybutyrate (PHB), that is 
a member of polyhydroxyalkanoate (PHA) family and represents a biodegradable 
polymer, that can be used for the production of biodegradable plastics (Keskin 
et al. 2011; Wu et al. 2012; Adessi and De Philippis 2014). PHB is a carbon storage 
polymer (visible in Fig. 2) that can be used as carbon and energy source during 
starvation, since it has low solubility, high molecular weight, and inert nature, 
causing negligible osmotic pressure on cell (Wu et al. 2012). In PNSB, PHB bio-
synthesis represents a competitive reductive reaction compared to the nitrogenase 
activity, which makes it undesirable in hydrogen producing systems (Hustede et al. 
1993; Vincenzini et al. 1997; Redwood et al. 2009; Wu et al. 2012).

Generally, the advantages of the photobiological hydrogen production mainly con-
cern the high substrate to hydrogen conversion yields, the possibility to use a wide 
spectrum of sunlight, the absence of oxygen-evolving reactions, and the possibility of 
coupling the process with other kinds of fermentation, like the combined system with 
the dark fermentation (Keskin et al. 2011; Adessi and De Philippis 2014). PNSB can 
also directly use organic acids or sugars in the photofermentation process composing a 
single stage system, even if until now only a few studies have assessed the use of sugars 

Fig. 2  Electron micrograph of Rhodopseudomonas palustris 42OL. Whole cell containing PHB gran-
ules, longitudinal section. PHB poly-β-hydroxybutyrate granules, ICM intra-cytoplasmic membranes
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as substrates for this purpose (Argun and Kargi 2011; Hallenbeck and Liu 2016) (see 
“Single Stage Photofermentation Processes”). Otherwise, PNSB can utilize organic 
acids coming from the dark fermentation, in combined processes: (a) sequential or two 
stage system (see “Sequential Dark/Photofermentation Processes (Two Stage 
Systems)”); (b) combined processes forming a co-culturing system (see “Combined 
Dark/Photofermentation Processes (Co-Cultures)”).

For what concerns process parameters, strict control of environmental conditions is 
essential for efficient hydrogen production. Optimal pH and temperature ranges were 
reported to be 6.8–7.5 and 30–35 °C, respectively (Argun and Kargi 2011; Eroğlu et al. 
2014). Generally, the ammonium in the medium is used for growing until the ammo-
nium concentration decreases under the inhibition threshold for nitrogenase, which is 
around 2.5 mM (45.1 mg L−1), so H2 production can start and cellular growth almost 
stops (Argun and Kargi 2011; Adessi et al. 2012b). Ammonium may be naturally pres-
ent in the starting substrate, like it frequently happens in wastewaters, but also generated 
by protein degradation during dark fermentation step (Gómez et al. 2011). Optimum 
volatile fatty acids (VFA) concentrations were reported to be between 1800 and 
2500 mg L−1 (Argun and Kargi 2011). The photosynthetic efficiency, also known as light 
conversion efficiency, is an important and commonly used indicator of the photofermen-
tation and it is defined as the efficiency on the basis of the hydrogen-related energy 
produced per unit of light energy absorbed (Adessi and De Philippis 2014). It can vary 
from 0.2 to 9.3 % depending on several factors, like the quality and quantity of light, the 
biological parameters, like pigment composition, quantum requirements and PNSB 
strain metabolism, and the kind of substrates used for the fermentation (Argun and Kargi 
2011; Adessi and De Philippis 2014). Substrate to hydrogen conversion is another 
important indicator of the photofermentation, as the catabolism of carbon sources pro-
vides electrons in the photosynthesis process (Adessi and De Philippis 2014). This 
parameter represents the ratio between the moles of hydrogen produced and the moles 
theoretically obtainable if all the substrate consumed was converted to CO2 and H2 
(Adessi and De Philippis 2014). Substrate to hydrogen conversion is affected by the C/N 
in the medium, because with high C/N values the nitrogenase activity is enhanced and 
with low C/N values the cell growth occurs, instead of hydrogen production (Keskin 
et al. 2011; Adessi and De Philippis 2014). Also the PHB production competes with the 
conversion of substrates to hydrogen, as it uses carbon and reducing power coming from 
carbon sources metabolism (Keskin et al. 2011; Adessi and De Philippis 2014).

Main problems to be faced in photofermentation are: (a) to avoid ammonia inhi-
bition, (b) to increase VFAs availability, (c) to allow an effective light distribution 
through fermentation medium, and (d) to avoid the metabolic shift from H2 produc-
tion to PHB synthesis (Argun and Kargi 2011; Keskin et al. 2011). Rate and yields 
of H2 production could be enhanced by metabolic engineering aimed at: (a) block-
ing competing pathways in order to increase the electron flux from substrate to 
hydrogen (e.g., by inducing PHB-defection); (b) inactivating uptake hydrogenase; 
(c) reducing pigment content and enhancing electron flow to nitrogenase; (d) 
deregulating nitrogenase in order to induce a low sensitivity to ammonium concen-
tration; and (e) enhancing nitrogenase activity (Adessi and De Philippis 2014; 
Hallenbeck and Liu 2016).

A. Adessi et al.
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Low light conversion efficiency, high energy demand, low turnover of nitrogenase, 
and high cost of hydrogen impermeable photobioreactors are some of the main criti-
cal issues to be addressed for making economically sustainable the production of 
hydrogen by photofermentation processes (Keskin et al. 2011; Adessi and De Philippis 
2014; Hallenbeck and Liu 2016). In general, light distribution should be as uniform 
as possible, in particular when using as substrate complex biomasses, since they may 
interfere with the adsorption spectra of pigments or may contain particles that shade 
the cells. Moreover, feedstocks characterized by low C/N values favor cell growth 
instead of H2 production (Keskin et al. 2011; Adessi and De Philippis 2014). Design, 
scale-up, and optimization of photobioreactors are fundamental issues, since the cul-
tivation system must be closed in order to maintain anaerobic conditions and to pre-
vent hydrogen dispersion, and requires high illuminated surfaces, efficient mixing 
and gas exchange system, and temperature control (Adessi and De Philippis 2014). 
Systems for efficient solid–liquid–gas phase separation, for a higher gas recovery 
efficiency have been identified in cell immobilization (Tsygankov and Kosourov 
2014), but only few studies have been carried out on large scale, or on biomass 
derived substrates. This issue will be discussed in “Immobilized Systems.”

�Novel Fermentation Systems

In recent years, innovative processes and novel substrates were tested at lab scale in 
order to investigate and promote a sustainable development of the photobiological 
hydrogen production. The various photofermentation processes, that have been 
designed up to now, and the most investigated novel substrates are schematically 
represented in Fig. 3.

Recent and innovative processes will be discussed in “Innovative Processes.” 
This section mainly focuses on photofermentation systems conducted on biomass 
derived substrates, as these are considered to be the applicative goal of hydrogen 
production. Afterwards, novel substrates will be described in “Novel Substrates,” 
first focusing on the most studied biomass derived substrates (“Biomass Derived 
Substrates”) and then reporting an excursus on some synthetic media, investigated 
as interesting opportunities for enlarging applicability of the hydrogen technology 
(“Synthetic Substrates”).

�Innovative Processes

�Single Stage Photofermentation Processes

A single stage system is composed by the sole photofermentation stage, where PNSB 
use substrates, containing mainly organic acids or sugars (Argun and Kargi 2011; 
Hallenbeck and Liu 2016). Only few and recent studies reported the single stage 
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photofermentation of sugars, in most cases glucose, while several single stage studies 
have been carried out using various types of wastewaters, such as effluents from the food 
and agro-industry, or industrial wastes, like crude glycerol (Hay et al. 2013; Hallenbeck 
and Liu 2016). One of the first works on this issue was carried out by Zürrer and 
Bachofen (1981), who reported the hydrogen potential of lactate and lactate-containing 
wastes for photofermentation processes carried out by the PNSB Rs. rubrum.

In Table 1, recent studies on single stage photofermentation using substrates rich 
in organic acids are reported. Several works investigated the photofermentation of 
olive mill wastewaters (OMWW) with different operational conditions. Eroğlu et al. 
(2006) carried out the single stage photofermentation of OMWW with Rb. sphaer-
oides OU001, reporting a higher potential with a clay pretreatment (35.0  L (L 
medium)−1), than with the row substrate (8.0 L (L medium)−1). Eroğlu et al. (2008b) 
reported a single stage assay using a temperature controlled flat plate solar bioreac-
tor, in order to assess the photobiological hydrogen production from Rb. sphaeroi-
des O.U.001 in outdoor conditions, and they obtained a H2 production of 11.4 L (L 
medium)−1. In another work, Eroğlu et al. (2008a) reported that the photofermenta-
tive hydrogen production with OMWW was doubled by using the clay pretreated 
effluent (31.5 L (L medium)−1), comparing with the not pretreated one. The effec-
tiveness of using the clay treatment as the optimal method for a fast and low-cost 

Organic acids
Sugars
Glycerol

Carbohydrate
rich wastes from:
Industry
Food
Agroindustry

Sequential
(two stage)

Dark fermentation 

Combined
(co-culture)

Dark fermentation
+

Photofermentation 

Single stage Photofermentation

Photofermentation

Fig. 3  Novel fermentation systems for a sustainable development of the photobiological hydrogen 
production. Novel substrates can be used in the following innovative processes: (a) single stage 
photofermentation (Sect. “Single Stage Photofermentation Processes,” Table 1); (b) sequential two 
stage fermentation systems (Sect. “Sequential Dark/Photofermentation Processes (Two Stage 
Systems),” Table  2); and (c) combined systems or co-cultures (Sect. “Combined Dark/
Photofermentation Processes (Co-Cultures),” Table 3)
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Table 1  Recent studies on single stage photofermentation from biomass derived substrates

Substrate

Reactor 
operation 
mode

Photofermentation 
inoculum

Temperature 
(°C)

Hydrogen 
potential 
(see notes) Reference

Olive mill 
wastewater (4 % 
in water)

Batch Rb. sphaeroides 
OU001

n.r. 8.0a Eroğlu et al. 
(2006)

(Pretreated; 4 % in 
water)

Batch Rb. sphaeroides 
OU001

n.r. 35.0a Eroğlu et al. 
(2006)

(4 % in water) Batch Rb. sphaeroides 
O.U.001

32 11.4a Eroğlu et al. 
(2008b)

(Pretreated; 4 % in 
water)

Batch Rb. sphaeroides 
O.U.001

n.r. 31.5a Eroğlu et al. 
(2008a)

(Pretreated; 4 % in 
water)

Batch Rb. sphaeroides 
O.U.001

n.r. 2.1–31.5a Eroğlu et al. 
(2009)

(2 % in water) Batch Rb. sphaeroides 
O.U.001

32 0.05a Eroglu et al. 
(2010)

(Pretreated; 30 % 
in water)

Batch Rp. palustris 42OL 30 5.28b Pintucci 
et al. (2013)

(Pretreated; 30 % 
in water)

Batch Rp. palustris 6A 30 13.5c Pintucci 
et al. (2015)

Diary wastewater
(40 % in water)

Batch Rb. sphaeroides 
OU001

28 1.97a Seifert et al. 
(2010a)

Hydrolyzed wheat 
starch

Batch Rb. sphaeroides RV 30 1.23d Kapdan 
et al. (2009)

Beet molasses Batch Rb. capsulatus JP91 30 10.5e Keskin and 
Hallenbeck 
(2012)

Black strap 
molasses

Batch Rb. capsulatus JP91 30 8.0e Keskin and 
Hallenbeck 
(2012)

Hydrolyzed 
bagasse + yeast 
extract

Batch Rhodobium 
marinum NBRC 
100434

30 2.67a Anam et al. 
(2012)

Soy sauce 
wastewater + yeast 
extract
(10 % in water)

Batch Rd. marinum 
(Sanur)

30 0.55a Anam et al. 
(2012)

Brewery 
wastewaters
(10 % in water)

Batch Rb. sphaeroides 
OU001

28 2.24a Seifert et al. 
(2010b)

Crude glycerol Batch Rp. palustris 
CGA009

30 4.0f Sabourin-
Provost and 
Hallenbeck 
(2009)

(continued)
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treatment of OMWW was afterwards confirmed by Eroglu et al. (2010). The inves-
tigation on batch cultures grown under continuous light or light/dark diurnal cycles 
with OMWW as substrate gave a similar hydrogen production between the two 
conditions tested (0.05 L (L medium)−1), but the light/dark diurnal cycles condition 
showed a pronounced lag in biomass and hydrogen accumulation (Eroglu et  al. 
2010). Different irradiances for hydrogen production using dephenolized OMWW 
from Rp. palustris 42OL were investigated by Pintucci et al. (2013), who found that 
the higher was the irradiance, the higher were the hydrogen yield and rate. Pintucci 
et al. (2015) investigated different culture mixing using dephenolized OMWW from 
Rp. palustris 6A and reported the highest hydrogen production using an impeller 
equipped with five turbines.

Some experiments were performed in order to investigate different starting con-
centrations of the substrate, such as the photofermentation assays reported by Seifert 
et al. (2010a, b), who investigated the hydrogen production from Rb. sphaeroides 
O.U.001, using different concentrations of dairy and brewery wastewaters. Kapdan 
et al. (2009) analyzed the effects of initial sugar concentration on hydrogen yield with 
hydrolyzed wheat starch, reporting the best photofermentation performance at 5 g L−1, 
equal to 1.23 mol (mol glucose)−1. Ghosh et al. (2012a) investigated the effects of 
nitrogen source and different concentrations of crude glycerol on hydrogen produc-
tion using Rp. palustris CGA009. They reported that at 20 mM of glycerol and 4 mM 
of glutamate the highest hydrogen yield was obtained, equal to 6.1 mol H2 (mol crude 
glycerol)−1, a yield of 87 % of the theoretical. In another study, Ghosh et al. (2012b) 
investigated the interactive effects among several process parameters: light intensity 
and concentrations of crude glycerol and glutamate on the stoichiometric conversion 
of crude glycerol to hydrogen. They observed the optimal conditions with a light 
intensity of 175 W m−2, 30 mM of glycerol, and 4.5 mM of glutamate, resulting in 
6.69 mol (mol crude glycerol)−1, a yield 96 % of the theoretical.

Table 1  (continued)

Substrate

Reactor 
operation 
mode

Photofermentation 
inoculum

Temperature 
(°C)

Hydrogen 
potential 
(see notes) Reference

Batch Rp. palustris 
CGA009

30 6.1f Ghosh et al. 
(2012a)

Batch Rp. palustris 
CGA009

30 6.69f Ghosh et al. 
(2012b)

Batch Rp. palustris 
NCIMB 11774

n.r. 6.0f Pott et al. 
(2013)

n.r. = not reported
amL g dry weight−1 h−1

bmol mol glycerol−1

cL L medium−1

dmol mol glucose−1

emol mol sucrose−1

fmL L−1 h−1

A. Adessi et al.
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�Sequential Dark/Photofermentation Processes (Two Stage Systems)

The two stage system is composed by a first stage of dark fermentation, which is 
followed by a second stage of photofermentation in separated reactors. During dark 
fermentation, heterotrophic bacteria convert organic substrates, mainly carbohydrate-
rich materials, into organic products, hydrogen, and carbon dioxide (Holladay et al. 
2009; Abo-Hashesh and Hallenbeck 2012; Ghimire et al. 2015). The key enzyme of 
the process is hydrogenase, that in anaerobic condition reduces protons to hydrogen, 
neutralizing the electrons coming from the organic compounds oxidation (Argun and 
Kargi 2011; Ghimire et al. 2015). Dark fermentation effluents are characterized by 
the presence of large amounts of volatile fatty acids and lactate. Since the main fer-
mentation end products of dark fermentation are acetic and butyric acids, being the 
latter in excess with respect to the former, the process is also called acetate/butyrate-
type fermentation (Hawkes et al. 2007; Argun and Kargi 2011; Abo-Hashesh and 
Hallenbeck 2012; Ghimire et al. 2015). The pathways leading to the synthesis of H2 
and to the formation of these two acids allow the highest theoretical conversion of 
glucose to H2 compared those producing other acids. In particular, the conversion of 
1 mol of glucose to acetic acid involves the production of 4 mol of H2, while the 
conversion of glucose to butyric acid involves the production of 2 mol of H2 (Hawkes 
et  al. 2007; Argun and Kargi 2011; Abo-Hashesh and Hallenbeck 2012; Ghimire 
et al. 2015). In order to have a high H2 yield, dark fermentation processes need to be 
carried out under anaerobiosis and with a low partial pressure of hydrogen (Guo 
et al. 2010; Abo-Hashesh and Hallenbeck 2012). Strict anaerobic conditions are nec-
essary if the inoculum is composed by strict anaerobic species, such as those belong-
ing to the Clostridium genus. Otherwise, oxygen can be present in traces if the 
inoculum is composed of facultative anaerobic species, such as those belonging to 
the Enterobacter genus, or mixed cultures (Bartacek et al. 2007; Guo et al. 2010; 
Abo-Hashesh and Hallenbeck 2012). When the inoculum is a non-sterile culture, 
e.g., digestate of biogas plants or sewage sludge, a pretreatment (e.g., heat shock, 
acid or alkaline treatment, aeration, and sonication) is recommended in order to 
reduce the activity of H2 consumer microorganisms such as homoacetogens, metha-
nogens, nitrate, and sulfate reducing bacteria (Guo et  al. 2010; Argun and Kargi 
2011; Abo-Hashesh and Hallenbeck 2012; Ghimire et al. 2015).

The oxidation of organic compounds for hydrogen production requires a low 
hydrogen partial pressure (Guo et  al. 2010; Abo-Hashesh and Hallenbeck 2012). 
Among the techniques used to decrease the hydrogen concentration in order to increase 
the hydrogen yield of the system, the most frequently used are the agitation of the 
medium, the insufflation of molecular nitrogen, and hydrogen stripping (Guo et al. 
2010; Abo-Hashesh and Hallenbeck 2012). The pH value is another important factor, 
which can affect the hydrogen yield, the metabolic products, and the structure of the 
microbial community (Cappai et al. 2014; Guo et al. 2010). Better process perfor-
mances can be achieved at pH values ranging between 5 and 6 for food wastes, while 
a neutral pH (7–7.5) is advisable for plant residues and for livestock wastes (Cappai 
et al. 2014; Guo et al. 2010). In particular, pH 5 is the minimum value that most het-
erotrophic bacteria can tolerate (Abo-Hashesh and Hallenbeck 2012). By literature, 
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studies on hydrogen production by dark fermentation in batch, without pH correction 
and using sucrose as a substrate, appear to be quite frequently carried out (Argun and 
Kargi 2011; Guo et al. 2010). Typical dark fermentation processes were carried out 
under mesophilic conditions. However, it was shown that thermophilic conditions lead 
to higher hydrogen yields due to: (a) higher rates of substrate decomposition; (b) better 
hydrolysis of recalcitrant molecules such as lignocellulosic constituents of vegetable 
residues, and (c) faster metabolic activity of H2 producing thermophilic bacteria. 
Moreover, high temperatures also inhibit growth and activity of hydrogen consuming 
microorganisms (Guo et al. 2010; Argun and Kargi 2011; Abo-Hashesh and Hallenbeck 
2012). However, thermophilic conditions imply a higher energy consumption than 
mesophilic conditions (Argun and Kargi 2011; Guo et al. 2010), even if it is possible 
to use the widely available hot waters deriving from the cooling systems of many 
industrial processes.

In the sequential system, the effluents derived from the dark fermentation pro-
cesses are subsequently used as substrate for the photofermentation stage. The 
investigation of renewable substrates for the sequential systems started some years 
ago and one of the first study was carried out by Fascetti et al. (1998), reporting the 
photosynthetic hydrogen production using Rb. sphaeroides RV on acidogenic fer-
mentation effluents of municipal solids wastes, mainly consisting of fruit and veg-
etables wastes. Recent studies on the use of biomass derived substrates such as 
energy crops, crop residues, agroindustrial and industrial residues in dark/photofer-
mentation sequential systems are reported in Table 2. Heat treated inocula for the 
dark fermentation stage and mesophilic conditions are usually used; as inocula, 
pure cultures of Rb. sphaeroides or Rp. palustris were most frequently used. 
Concerning OMWW, they are rich in organic acids and, as above reported, can be 
used in one stage photofermentation. However, since the light penetration is diffi-
cult due to the dark color of OMWW, Eroglu et al. (2010) first reported that the dark 
fermentation step implies a positive effect on the subsequent photofermentation, 
enhancing the efficiency of the process.

Various operational conditions have been tested in order to maximize hydrogen 
yield and to optimize the process (Table 1). For example, Su et al. (2009) investi-
gated different starting raw cassava starch concentrations, from 10 to 25 g L−1, using 
heat-shocked anaerobic sludge and Rp. palustris as inocula of the first and the sec-
ond stages, respectively, and obtained the maximum hydrogen yield of 240.4 mL (g 
starch)−1 and of 131.9 mL (g starch)−1, in the dark fermentation and the photofer-
mentation stages, respectively, using a starch concentration of 10 g L−1. Another 
study assessed the effect of the starting concentration of the substrate, Laurinavichene 
et al. (2010) reported that a starting concentration of potato homogenate of 400 g L−1 
allowed to obtain an overall maximum hydrogen production equal to 5.6 mol (mol 
glucose)−1, using a microbial consortium for the first stage and Rb. capsulatus B10 
for the second one. Also Cheng et al. (2011a) reported different starting substrate 
concentrations, obtaining the highest overall hydrogen yield of 463  mL (gVS)−1 
with a concentration of microwave-assisted alkali pretreated rice straw of 50 g L−1. 
Su et al. (2010) reported the highest overall hydrogen yield in a sequential system 
of 596.1 mL (gVS)−1, using pretreated water hyacinth at a concentration of 10 g L−1.

A. Adessi et al.



337

Concerning the kind of light source for the photobiological hydrogen production, 
Argun and Kargi (2010a) found that halogen lamp was the most suitable light source 
for the photofermentation of dark fermentation effluents of ground wheat solution, 
yielding the highest cumulative hydrogen production of 2.68 mol (mol glucose)−1.

Cheng et al. (2012) assessed the ammonium concentration effect on the photobio-
logical hydrogen production and they reported that the reduced content of ammonium, 
from 2.2 to 2.7  mM, in the dark fermentation effluent of Arthrospira platensis, 
enhanced the hydrogen potential from 96.6 to 337.0 mL (g DW)−1. Also Adessi et al. 
(2012b) investigated the ammonium concentration using in the photofermentation 
stage the mutant strain Rp. palustris CGA676, which constitutively expresses nitroge-
nase genes, reporting the highest hydrogen production rate of 9.6 mL L−1 h−1 in the 
3-fold diluted medium containing 2.03 mM of ammonium. The same PNSB strain was 
used by Corneli et al. (2016a, b, submitted) in a process, reported in the patent filed 
F1.S0061.12.IT.1 (Adessi et  al. 2016a), aimed at assessing the photofermentative 
hydrogen potential of the effluents of the dark fermentation of ensiled maize, ensiled 
giant reed, ensiled olive pomace, and wheat bran. Under the conditions tested, the 
highest performance of the strain was observed in the presence of maize and wheat 
bran (228.7 and 463.0 NL (kgVS)−1, respectively).

Xia et al. (2014) investigated the effect of different C/N based on different ratios 
of Chlorella pyrenoidosa and cassava starch in a codigestion. Their higher dark and 
photofermentative hydrogen potential was equal to 664.2 mL (gVS)−1 at a C/N of 
25.3. Chookaew et al. (2015) focused on the optimal conditions for hydrogen pro-
duction from Rp. palustris TN1 on dark fermentation effluent of crude glycerol and 
they found that the fivefold diluted effluent, without the supplement of yeast extract 
and NaHCO3 and 2 mM glutamate corresponded to the optimum condition, with a 
cumulative hydrogen production of 0.68 mmol g COD−1.

A novel and high yielding experiment was reported by Dipasquale et al. (2015); 
they carried out the photofermentation using capnophilic lactic fermentation efflu-
ents of seawater supplemented with glucose utilized by Thermotoga neapolitana 
and they reported an overall hydrogen potential of 9.4 mol molglucose−1.

�Combined Dark/Photofermentation Processes (Co-Cultures)

The co-culture system is composed by dark and photofermentative bacteria in a 
coupled fermentation for biohydrogen production, both fermentations taking place 
simultaneously in the same bioreactor (Keskin et  al. 2011; Adessi et  al. 2012a; 
Eroğlu et al. 2014; Pachapur et al. 2015a; Hallenbeck and Liu 2016). Co-culturing 
is considered advantageous in comparison with sequential fermentation due to: (a) 
a possible reduction in the fermentation time; (b) an increase in hydrogen produc-
tion yields, rate, and substrate conversion efficiencies; and (c) the elimination of 
some operations needed for using the effluents of dark fermentation to feed light-
dependent fermentation (e.g., H adjustment, medium sterilization or dilution), 
being the process carried out in only one bioreactor (Keskin et al. 2011; Adessi 
et al. 2012a; Eroğlu et al. 2014; Singh and Wahid 2015; Hallenbeck and Liu 2016). 
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On the other hand, the main drawback concerns the differences in nutrients 
requirements and growth conditions (e.g., growth rate and acid-resistant capacity) 
that the two different types of microorganisms might have (Adessi et al. 2012a; 
Zagrodnik and Laniecki 2015; Sargsyan et al. 2016). The possible accumulation of 
organic acids and ammonium, and the decrease of pH can negatively affect the 
overall process, which can also be affected by a decrease in light penetration due 
to suspended solids and cell growth (Singh and Wahid 2015; Zagrodnik and 
Laniecki 2015). The rate of volatile fatty acids production by dark fermentative 
bacteria can be higher than the utilization rate by photofermentative bacteria and 
thus the growth of the former can be limited by the decrease of the pH value (Liu 
et  al. 2010; Singh and Wahid 2015). Thus, the system should be carefully con-
trolled in media composition, in environmental conditions and in bacteria ratio in 
order to promote the growth and the activity of all the bacterial species in the co-
culture (Liu et al. 2010; Adessi et al. 2012a; Singh and Wahid 2015; Zagrodnik and 
Laniecki 2015; Sargsyan et al. 2016). By the literature, only few studies reported 
the co-culture system for dark and photofermentation. Typically, studies tested co-
cultures of pure bacterial strains, being glucose the most frequently studied sub-
strate (Liu et al. 2010; Adessi et al. 2012a; Zagrodnik and Laniecki 2015). However, 
recent investigations on biomass derived substrates reported some co-culture 
assays, some of them using pure bacterial cultures, while others used mixed cul-
tures, such as heat-shocked anaerobic sludge for dark fermentation, and selected 
bacterial consortia for photofermentation (Table  3). In general, these studies 
reported mesophilic batch tests assessing the potential of simple carbohydrate-rich 
substrates. The comparison among the different studies on complex substrates is 
quite difficult, because of the different operational conditions adopted and the 
units of measure of the results.

Several studies carried out a co-culture system using ground wheat solution as 
substrate in mesophilic batch tests (Argun et al. 2009a, b; Argun and Kargi 2010c; 
Ozmihci and Kargi 2010) (Table 3). Argun et al. (2009a) assessed the effects of the 
substrate and of cell concentration on hydrogen production, using heat-shocked 
anaerobic sludge and a photofermentative bacterial consortium, as inocula, and they 
reported the highest hydrogen potential equal to 156.8 mL (g starch)−1 with a bio-
mass to substrate ratio of 0.22 g cells (g substrate)−1. A similar result (176 mL (g 
starch)−1) was obtained by Argun et al. (2009b) with the dark to light biomass ratio 
of 1/7. Argun and Kargi (2010c) investigated different light sources, intensities, and 
illumination regime and reported the highest hydrogen potential (218  mL (g 
starch)−1) using a halogen lamp. Ozmihci and Kargi (2010) compared different 
mixed cultures for hydrogen production and reported the highest performance 
(0.36 mol (mol glucose)−1) using heat-shocked anaerobic sludge and Rb. sphaeroi-
des NRRL, as inocula.

Also Argun and Kargi (2010b) reported a co-culture study using ground wheat 
solution as substrate, but in a continuous system. They used Clostridium beijerinkii 
DSMZ-791 and Rb. sphaeroides RV, as dark and photofermentative strains, respec-
tively, and they reported the highest hydrogen potential of 90 mL (g starch)−1 at 
hydraulic residence time of 6 days.
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Other studies reported hydrogen potentials of co-culture systems using different 
kinds of biomass derived substrates (Table 3). Vatsala et al. (2008) evaluated the 
hydrogen production of a mixture of pure cultures (Citrobacter freundii 01, 
Enterobacter aerogenes E10, and Rp. palustris P2) using sugarcane distillery efflu-
ent in a mesophilic 100 m3 scale reactor and they reported a hydrogen potential of 
0.53 kg 100 m−3 h−1. In another study, Calophyllum inophyllum oil cake was inves-
tigated as substrate in a co-culture system of E. aerogenes and Rb. sphaeroides 
under dark and photofermentative conditions in a mesophilic batch test and the 
hydrogen potential was 7.95 L L−1 (Arumugam et al. 2014). Sargsyan et al. (2016) 
reported a co-culture batch system using distillers wheat grains with mixed cultures 
of Escherichia coli, as dark fermentative bacteria, and Rb. sphaeroides, as photofer-
mentative bacteria. Their maximal rate of H2 production was 5.16 mmol L−1 day−1 in 
the twofold diluted medium.

�Immobilized Systems

Immobilized whole cell techniques represent a reliable approach to dark and photo-
fermentation for the enhancement of continuous hydrogen production, compared to 
suspended cell systems, since they are more efficient in solid/liquid/gas separation 
and can be operated at high dilution rates without the risk of biomass washout 
(Chang et al. 2002).

Methods of immobilization can be either natural or artificial: natural immobiliza-
tion refers to the spontaneous or enhanced formation of biofilm and granules; oppo-
sitely, artificial cell entrapments assume the use of matrices or substrates for 
attachment, entrapment, or encapsulation of microorganisms. Immobilized cells, 
and in particular cells in biofilms, are usually characterized by enhanced resistance 
to the presence of toxic components or other extreme culture conditions as com-
pared to cells in suspension, due to the diffusion barrier constituted by the matrix 
(Tsygankov and Kosourov 2014).

In every immobilized system there is a natural separation of solid, liquid, and 
gaseous phases; this not only facilitates gas recovery, but also the repeated use of 
biomass. The separation of phases makes immobilized cultures have higher 
volumetric rates of hydrogen production, compared to suspended cell systems 
(Tsygankov and Kosourov 2014). However, in some cases the yield of hydrogen 
production can still be lower than that of the suspended cell systems. This could be 
due to low substrate conversion efficiency, or mass transfer limitations arising from 
the matrix barrier. In order to obtain higher yields of hydrogen production in immo-
bilization process, it is necessary to develop new immobilized materials for cell 
entrapment (Singh and Wahid 2015).

At the present time, a number of materials for immobilization are under investi-
gation for the immobilization of PNSB, such as latex (Gosse et al. 2007), carbon 
fibers (Xie et al. 2012), or a mixture of different immobilizing materials (Wang et al. 
2010, 2012). Biofilm reactors are starting to be studied intensively as well (Tian 
et al. 2010; Zhang et al. 2010; Guo et al. 2011).
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However, at present all the immobilized systems have been studied under lab 
conditions, in batch, with relatively small-volume photobioreactors and mostly with 
synthetic substrates.

Only a limited number of studies have been carried out on this specific topic, 
recently, and are indicated in Table 2. Su et al. (2010) reported a study on immobi-
lized Rp. palustris, in the second stage of a sequential system degrading water hya-
cinth biomass. Pure Rp. palustris cultures were immobilized in alginate granules of 
3–4 mm of diameter. The authors tested four different water hyacinth concentra-
tions: the volumetric hydrogen production increased with increasing the amount of 
water hyacinth, while the yields decreased. This confirmed that the phase separation 
allows a very good separation and recovery of the gas produces, but immobilization 
in alginate beads may interfere with optimal nutrient exchange when the concentra-
tion of substrate increases, thus giving lower yields.

Cheng et al. (2011a, b) used the same immobilization system, but for entrapping 
mixed photosynthetic bacteria. A preliminary compared study on immobilized Rp. 
palustris and immobilized mixed photosynthetic bacteria showed increased volu-
metric production and yields (20 % and 24 % yield increase, respectively) as com-
pared to suspended cell systems (Cheng et al. 2011b), but this part of the study was 
conducted on synthetic media containing acetate. Synthetic media surely allow a 
faster diffusion than complex waste derived substrates. However, the yields reported 
for the conversion of rice straw (Cheng et  al. 2011a) showed the best result, 
328  mL  H2 (g TVS)−1, with the highest substrate concentration tested. Cassava 
starch (Cheng et  al. 2011b) resulted to be a very interesting substrate, yielding 
3.54 mol of H2 per mole of initial glucose.

The number of recent studies about the use of immobilized systems with bio-
mass derived substrates is very poor, unfortunately. Moreover, they all report very 
standard immobilization matrixes and in batch processes. As above mentioned, 
the main advantages in using immobilized cells are the stability of the process and 
the possibility of carrying out continuous feeding. This feature would be the best 
solution in particular when working with wastes, whose organic matter content 
needs to be reduced.

�Novel Substrates

�Biomass Derived Substrates

One interesting feature of PNSB is their capability to use, for the production of H2, 
biomass derived substrates, like residues deriving from industrial or agricultural 
processes, that are, in many cases, available in large amounts. However, the sustain-
ability of fermentative process mainly depends on the kind of substrate employed as 
carbon source (Bartacek et al. 2007; Frigon and Guiot 2010).

A large portion of possible wastes for energy recovery is composed of food 
and agricultural wastes. Depending on their composition, those wastes have to 
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be treated before using them for photofermentation. Indeed, most frequently it 
is indicated a previous fermentation step, either hydrogenogenic or not as 
reported in Table 2.

Several substrates have been proposed and studied for two stage sequential 
systems, varying among energy crops, crop residues, biodegradable residues and 
byproducts produced by the livestock and agroindustrial sectors, food waste, and 
organic fraction of municipal solid waste (Frigon and Guiot 2010; Weiland 2010; 
Appels et al. 2011). The use of substrates rich in fermentescible sugars or of com-
plex matrix deeply affects the overall efficiency of the process, because of the 
different physico-chemical properties: simple sugars typically lead to obtain 
higher energy potential and production rate than complex organic materials 
(Frigon and Guiot 2010). Nevertheless, often the highest is the biodegradability 
of the biomass, the highest is the environmental cost (Bartacek et al. 2007; Frigon 
and Guiot 2010). The use of conventional arable crops, like maize and sorghum, 
for energy use need careful consideration of land availability and food demand, 
while, at least in the medium term, lignocellulosic crops (both herbaceous and 
woody) provide environmental advantages, since they can be produced on mar-
ginal and degraded lands, requiring lower technical input (Lewandowski et  al. 
2003; Angelini et al. 2009; Frigon and Guiot 2010). An interesting opportunity for 
the bioenergy supply chain is represented by the perennial grasses, like giant reed, 
switchgrass, and miscanthus, that are high yielding no-food crops with good 
adaptability to marginal areas (Lewandowski et  al. 2003; Angelini et  al. 2009; 
Dragoni et al. 2015). They have resistance to drought stress and to pathogens and 
phytophagous insects, are good competitor against weeds, and can be used for 
phytoremediation (Lewandowski et al. 2003; Angelini et al. 2009). Only recently 
the fermentation product deriving from the dark fermentation of the above-men-
tioned no-food crops has been used for photofermentation (Adessi et al. 2016a; 
Corneli et al. 2016a, b submitted).

Another interesting opportunity consists in the use of agroindustrial residues, 
that are renewable, abundant, economic, and no land-demanding (Schievano et al. 
2009; Guo et al. 2010). A bioenergy valorization implies no additional costs for 
other treatments or disposals (Schievano et al. 2009; Guo et al. 2010). Agroindustrial 
systems produce abundant and diverse feedstocks, such as lignocellulosic materi-
als, crop residues, vegetable oils, animal fats, protein-rich waste, pre-digested 
wastewater sludges, animal slurries and manures, waste paper, and household 
waste, that can contribute to the biomass demand for bioenergy supply chain 
(Schievano et al. 2009). Bioenergy use of these substrates needs to properly face 
and respect other uses of residues, like the use of crop and agroindustrial residues 
as animal feed (Nonhebel 2007), in order to be not in conflict with food produc-
tion. One of the main issues about energy crops (i.e., crop and agroindustrial resi-
dues) is the lignocellulosic content, characterized by its low biodegradability 
(Frigon and Guiot 2010).

Some agroindustrial and food residues are already rich in organic acids and can 
be used in one stage photofermentation, such as olive mill and dairy wastewaters 
(Table 1). However, since the light penetration may result difficult due to the dark 
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color of the medium, especially for olive mill wastewaters, Eroğlu et  al. (2006) 
reported that pretreatments such as dark fermentation (Table 2) can enhance hydro-
gen production in the photofermentation stage, not only by increasing the amount of 
readily available organic acids, but also by color depletion.

Carbohydrate-rich substrates such as molasses, hydrolyzed wheat starch, hydro-
lyzed bagasse, or substrates composed of a mixture of acids and sugars, such as soy 
sauce or dairy wastewaters, have been used as well for direct photofermentation, 
since some PNSB species are able to convert sugars to hydrogen with interesting 
rates (Table 1).

In general, renewable resources constitute an abundant and low-cost material for 
biohydrogen production and their use is fundamental for large-scale sustainable 
application. Hence, investigations on novel substrates in order to enlarge the knowl-
edge on photobiological hydrogen production are needed.

Among them, crude glycerol was studied as a possible industrial waste to be used 
for further energy recovery. Indeed, the current technology for biodiesel production 
(a base-catalyzed trans-esterification of oils) produces 1 kg of crude glycerol per 
10 L of biodiesel, thus the glycerol fraction has become a waste disposal problem 
(Ghosh et al. 2012a; Johnson and Taconi 2007). A certain number of research papers 
have been published recently on the topic (Sects. “Single Stage Photofermentation 
Processes and Sequential Dark/Photofermentation Processes (Two Stage Systems),” 
and Tables 1 and 2), most of them reporting single stage photofermentation pro-
cesses using Rp. palustris (Sabourin-Provost and Hallenbeck 2009; Ghosh et  al. 
2012a, b, c; Pott et  al. 2013), giving conversion efficiencies ranging from 75 to 
100 %. Chookaew et al. (2015) reported a dark/photofermentation sequential pro-
cess conducted by Klebsiella sp. and Rp. palustris, giving a much lower conversion, 
namely 10.4 % of the theoretical yield.

Besides the chemical characteristics of all the substrates mentioned earlier, bio-
mass storage is essential for the sustainability of the overall fermentation technol-
ogy. Up to now, ensiling is the common way of storage for biomasses, and is widely 
used, for example, in anaerobic digestion plants (Weiland 2010; Dragoni et  al. 
2015). Wet feedstocks (25–35 % of total solids) can be ensiled with the purpose to 
maintain and use them in time, as in the livestock industry (Weiland 2010; Dragoni 
et al. 2015). In the case of using substrates for photofermentation, ensiling could be 
an opportunity for degrading the fermentescible substrates to organic acids thus 
enhancing both fermentation and photofermentation (Corneli et al. 2016a; Corneli 
et al. 2016a, b submitted). Indeed, during ensiling, after a short initial aerobic phase, 
the fermentation starts under anaerobic conditions with the production of lactic acid 
by lactic acid bacteria, with the consequent decrease of pH to about 4.0 (Weiland 
2010). With this level of acidity, in few days, the growth of undesirable microorgan-
isms, such as enterobacteria, clostridia, and yeasts, which consume nutrients and 
energy, is inhibited and subsequently the process settles (Weiland 2010; Herrmann 
et al. 2011). Thus, anaerobic conditions together with a rapid production of lactic 
acid allow a good conservation of the biomass, in terms of both nutrients and energy 
(Weiland 2010; Herrmann et al. 2011) also giving an excellent substrate for photo-
fermentation with PNSB.
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�Synthetic Substrates

The use of synthetic media for hydrogen production processes is important, since it 
gives the possibility to investigate the behavior of the microorganisms in a con-
trolled system, where the culture medium is completely defined. Thus, synthetic 
substrates are used for research studies on very innovative culturing systems, for the 
characterization of new or engineered strains, or for exploring new metabolic routes. 
However, in this section only the synthetic substrates investigated for broadening 
the range of the biomass derived substrates utilizable for photofermentation will be 
discussed. Indeed, part of the research on substrates investigates the possibility of 
expanding the medium composition combinations, thus increasing the range of 
applicability of the hydrogen production process.

A few recent research papers were focused on the possibility of using glucose for 
direct photofermentation, in order to skip the dark fermentation step when using 
sugar-containing waste substrates. The feasibility of the process majorly stands in 
the fact that the hydrogen yield obtained (mol H2 mol glucose−1) has to be higher or 
comparable to the ones obtained by combined dark/photofermentation systems. 
Indeed, from the initial low values of 3.3 mol H2 (mol glucose)−1 (Abo-Hashesh 
et al. 2013), an increase to 5.5 mol H2 (mol glucose)−1 (Ghosh et al. 2012c) and 
finally to 9.0 mol H2 (mol glucose)−1 (Abo-Hashesh et al. 2013) was obtained with 
a hup− strain of Rb. capsulatus. Recently, an interesting study carried out on a mix-
ture of sugars and acids (namely, glucose, xylose, and acetate, that are the main 
products in palm oil hydrolysates) using Rb. sphaeroides S10, reported a 45 % 
substrate-to-hydrogen conversion efficiency when the substrate was composed of 
5  mM glucose, 18  mM xylose, and 7  mM acetate (Pattanamanee et  al. 2015). 
Another recent study was conducted with a mutant strain of the marine organism 
Rhodovulum sulfidophilum, giving a yield of 7.1 mol H2 (mol glucose)−1 (Cai and 
Wang 2014). These authors used in their experiments marine water, which opens a 
completely different scenario for possible low-cost substrates. Indeed, the applica-
tion of seawater for bacterial fermentative production is of increasing interest 
(Maeda et al. 2000), since large-scale cultivation systems need to be sustainable in 
terms of water resources. Hence, brackish water, wastewater, and seawater seem the 
most appropriate for large-scale culturing. Most of hydrogen production studies on 
salt containing media were conducted using marine photosynthetic bacteria such as 
Rhodobium marinum (Ike et  al. 1997), Rhodovulum sulfidophilum P5 (Cai and 
Wang 2012, 2013, 2014), as well as a marine mixed phototrophic bacterial consor-
tium (Cai and Wang 2012). Recently, a study on the use of freshwater Rp. palustris 
was conducted on a substrate derived from threefold diluted seawater (Dipasquale 
et al. 2015). In order to further increase the possible combinations of processes that 
can be carried out Adessi et al. (2016b) investigated a range of salt concentrations 
that can be suitable for hydrogen production with the same freshwater Rp. palustris 
strain, up to 3.9 % salt content. Thus, the possibility of using Rp. palustris, that is 
extremely versatile in terms of carbon sources utilization (Larimer et  al. 2004; 
Adessi et al. 2016c), also on salt containing substrates, would enhance the applica-
bility of the hydrogen production process and the prospect of its cost-reduction.
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Another interesting substrate with a direct applicability is glycerol. As above 
mentioned, crude glycerol is produced as a side product of the biodiesel manufacturing 
industry. Direct photofermentation of pure glycerol was studied prior to the use of 
crude glycerol by Sabourin-Provost and Hallenbeck (2009) and by Pott et al. (2013), 
giving a conversion of glycerol to hydrogen of 75 % and 80–85 %, respectively.

Ethanol has recently reached some attention in photofermentation. The possibil-
ity of using substrates containing small percentages of ethanol is an opportunity for 
increasing the number of wastes that can be used. Recently, Kim et al. (2014) dem-
onstrated that ethanol can increase lactate utilization in Rb. sphaeroides, acting as 
an enhancer for addressing reducing power to nitrogenase: the yield was increased 
from 1.5–2.2 mol H2 (mol lactate)−1, by adding 0.2 % of ethanol. It was first demon-
strated that hydrogen could be produced from ethanol as the sole substrate by 
Rhodopseudomonas sp. (Fuji et al. 1983). This was brought up again by Liu et al. 
(2015) with a culture of Rp. palustris grown in presence of ethanol up to 2 %; this 
culture gave a yield of 2 mol H2 (mol ethanol)−1 (i.e., 33 %).

�Conclusions

In recent years, progress has been made in developing cleaner and more efficient 
bioenergy producing systems. In order for bioenergies to become increasingly com-
petitive with other energy sources, logistics and infrastructures must be addressed 
and further technological innovation should lead to more efficient and cleaner con-
version of a diverse range of feedstocks, in the view of promoting clean biofuel 
production, and the subsequent decarbonization of energy sources and fuels.

Facing the increasing relevance of the hydrogen economy, improving biohydro-
gen production yields, investigating novel substrates, and developing the technol-
ogy at plant scale represent imperative tasks and photofermentation systems may be 
considered as alternatives capable of attaining these goals. The investigation on 
abundant and low-cost renewable biomass derived substrates is of relevant impor-
tance, trying to find sustainable feedstocks for novel fermentation systems, and this 
chapter showed how novel substrates can be suitable for biohydrogen producing 
applications, with limited pretreatments.

The photobiological hydrogen production is a technology in progress, which can 
be classified as single stage process and as dark/photofermentation systems both 
sequential (two stage) and combined (co-cultures). Furthermore, the cell immobili-
zation techniques could enhance the continuous hydrogen production, compared to 
suspended cell systems.

However, at the current state, the design of suitable and efficient photobioreac-
tors is still to be achieved and no cost-effective approaches have been developed 
yet both for dark fermentation, where biogas plant-like technology could be used, 
and for photofermentation, where new and efficient photobioreactors need to be 
realized at plant scale. Investigations should focus on several issues, such as (a) 
a longer retention time for the low biodegradable substrates; (b) the research of 
novel, robust, and versatile inocula; (c) the codigestion of biomasses in order to 
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balance the C/N ratio; and (d) the study of fermentation systems using continuous 
culture, with the view to translate the process from lab to plant scale. Many 
aspects have still to be optimized, but in the last few years the number of new 
findings demonstrates that it is worth continuing the efforts for increasing the 
knowledge on the photofermentation process for H2 production, in particular 
owing to the need of reducing the use of fossil fuels for mitigating the emissions 
of GHG in the atmosphere.
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