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Abstract Biohydrogen is considered a fuel for the future due to its unique attributes
in clean energy generation, waste management, and high energy content. Recently,
its economic production has gained considerable attention from numerous scientists
and industrialists. This chapter addresses microbiological, biochemical, molecular
biological, and other perspectives related to biological hydrogen production (BHP).
Process parameters such as pH, substrate type, temperature, agitation speed, hydrau-
lic retention time, and hydrogen partial pressure greatly influence the dark fermen-
tation process. Therefore, several optimization approaches, including statistical and
artificial intelligence, have been demonstrated. Additionally, different kinetic
models associated with substrate degradation, cell mass growth, and product forma-
tion in dark fermentation have been discussed in detail. This chapter also discusses
different types of reactors and their suitability for biological hydrogen production.
The viability of any process relies on its ability to be applied to the industrial level.
Therefore, the scale-up of the biohydrogen production process has been exemplified.
In summary, this chapter presents a holistic overview of the biohydrogen production
process and highlights recent scientific findings and achievements.
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5.1 Introduction

In history, the evolution of lives on the Earth has taken place according to the laws of
nature. Nevertheless, most of the subsequent changes have been caused by humans
and their activities. The present generation needs to be more vigilant in its behavior
for sustaining the world’s future. Among all the major issues, climate change, fossil
fuel depletion, pollution, and biodiversity loss are the major challenges in the
twenty-first century. All these challenges are interlinked with the rapid increase in
the human population. The scenario of energy demand and production plays a vital
role in the development and civilization of humankind. Nowadays, most of the
energy is derived from fossil-based fuels such as crude oil, petroleum, and natural
gas, which are becoming depleted rapidly (Tapia-Venegas et al. 2015). Additionally,
fossil fuels, on combustion, are mainly responsible for the excessive emission of
greenhouse gases. These gaseous emissions have severely affected the atmosphere
and are significantly attributed to the impacts of climate change. According to the
report of the Intergovernmental Panel on Climate Change (IPCC 2019), CO,
emission needs to be diminished from its current level by about 45% by the year
2030 to keep global warming to 1.5 °C. Therefore, researchers are focusing on
carbon-neutral renewable fuels. Hydrogen, a carbon-free fuel, can be considered a
promising energy source mainly due to its high energy density (142 kJ/g) (Zheng
et al. 2014), sustainability (Kumar et al. 2017), and nonpolluting nature (Das 2009).
Presently, about 95% of the commercially available hydrogen(H,) is produced from
conventional technologies using non-renewable resources such as natural gas, coal,
heavy oil, and naphtha (Balachandar et al. 2019; Das and Veziroglu 2008). The
conventional processes for H, production are methane-steam reforming, coal gasi-
fication, pyrolysis, thermal cracking, and water splitting (Das et al. 2008). These
processes are either thermochemical or electrochemical, which are energy-
consuming and not environmentally sustainable. In contrast, biological processes
of H, production are mainly performed at ambient conditions; thus, they are less
energy-intensive and eco-friendly (Das and Veziroglu 2001). Additionally, these
processes can utilize waste feedstock for hydrogen production, which facilitates
resource recovery from waste materials (Das 2009).

The main goal of the biohydrogen production processes is to make the process
commercially feasible. This chapter focuses on the current and future directions of
biohydrogen production processes. The chapter also discusses the potential strate-
gies for the enhancement of biohydrogen production.
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5.2 Biological Processes and Their Potentiality in Hydrogen
Production

Hydrogen production is essentially sustainable and environment-friendly via bio-
logical routes. A diverse range of feedstock such as domestic waste, industrial
effluents, agricultural residue, municipal solid waste, and even water can be utilized
for hydrogen production. The common biohydrogen production processes are direct
biophotolysis, indirect biophotolysis, photo-fermentation, dark fermentation (DF),
and microbial electrolysis (Fig. 5.1). The processes can be broadly classified as
light-dependent and light-independent. Biophotolysis (direct and indirect) and
photo-fermentation are light-dependent, whereas dark fermentation and electro-
hydrogenesis do not require a light source. Photolysis is driven by green algae or
blue-green algae (cyanobacteria) while photo-fermentation is performed by sulfur
and nonsulfur bacteria. Similarly, acidogenic bacteria and exoelectrogenic bacteria
play important roles in dark fermentation and microbial electrolysis, respectively.

5.2.1 Direct Biophotolysis

This method adopts the same pathways as used in plants and algal photosynthesis
but modifies them to produce hydrogen gas rather than carbon-based biomass. The
photosynthesis process takes place using chlorophyll, which has magnesium in its
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Fig. 5.2 Mechanism of direct biophotolysis

center. The degradation of water molecules to H, and O, occurs during photosyn-
thesis in the presence of sunlight (photons). Hydrogen ions are generated by solar
photons in the reducing site of photosystem I (PSI) under anaerobic conditions or
when excessive energy is captured. It is further transformed into H, gas in a medium
with electrons provided by the reduced enzyme of the algal cell (Fig. 5.2). Simul-
taneously, molecular oxygen is produced at the oxidizing side of photosystem II
(PSII). Overall, the reaction can be illustrated as follows:

2H,0 + light energy — 2H; + O, (5.1)

The activity of hydrogenase has been found in several green algae such as
Chlamydomonas reinhardtii, Scenedesmus obliquus, Chlorella fusca, Platymonas
subcordiformis, and Chlorococcum littorale (Das and Veziroglu 2008). In contrast,
microalgae such as Chlorella vulgaris and Dunaliella salina do not have Fe-Fe
hydrogenase in them (Das and Veziroglu 2008).

Direct photolysis is promising in principle for hydrogen generation. However, the
process suffers from several drawbacks. Firstly, the hydrogenase enzyme is highly
sensitive to O, which has a strong inhibition effect on hydrogen production during
direct photolysis (Das and Veziroglu 2001). Secondly, a lower hydrogen yield is
obtained due to light limitations. Nevertheless, the challenges need to be tackled to
make the process more feasible.

5.2.2 Indirect Biophotolysis

Indirect photolysis also occurs under sunlight like direct photolysis. In this process,
hydrogen production is temporally isolated from O,-evolving photosynthesis by
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Fig. 5.3 Mechanism of indirect biophotolysis

sulfur depletion or repletion. It is a two-stage process. In stage 1, CO, is fixed by
cyanobacteria for carbohydrates’ biosynthesis (Eq. 5.2). This is followed by (in stage
2) the stored carbohydrates that are fermented to produce hydrogen with the help of
H,-producing enzymes (Eq. 5.3). In this process, unlike direct photolysis, the pres-
ence of nitrogenase enzymes can fix the atmospheric N, during hydrogen production
(Fig. 5.3). It could be possible to separate these two stages by cultivating the
microalgae in separate aerobic and anaerobic phases. In this process, hydrogen can
be produced by hydrogenase or nitrogenase enzymes. Like hydrogenase, nitrogenase
is also inhibited by oxygen evolution.

6H,0 + 6CO, + light energy — C¢H 206 + 60, (5.2)
C¢H 206 + 6H,O + light energy — 12H; + 6CO, (5.3)

This process is mainly driven by a diverse group of cyanobacteria species, which
may be either N fixing or non-Nj, fixing. The N fixing cyanobacteria are Calothrix
sp., non-marine Anabaena sp., and Oscillatoria sp., whereas the non-N, fixing
cyanobacteria are Gloebacter sp., Synechococcus sp., and marine Anabaena
sp. (Das and Veziroglu 2008). Similar to direct photolysis, it has several practical
limitations, which challenge the scale-up and commercialization of the process.

5.2.3 Photofermentation

Photofermentation is a series of biochemical reactions in which organic substances
like short-chain volatile fatty acids, such as acetic acid, are converted to hydrogen,
manifested by a diverse group of photosynthetic bacteria under anaerobic conditions.
Numerous strains of photosynthetic bacteria, including green sulfur bacteria, purple
sulfur/non-sulfur bacteria, can produce hydrogen through photofermentation (Ding
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et al. 2016). Nevertheless, researchers mainly focus on purple nonsulfur (PNS)
bacteria due to a wide variety of feedstock consumption. PNS bacteria such as
Rhodobacter capsulatus, Rhodobacter sphaeroides, Rhodospirillum rubrum,
Rhodopseudomonas palustris are responsible for hydrogen generation. Unlike pho-
tosynthesis, photosystem I (PSI) is absent in photofermentative PNS bacteria.
Therefore, it could not produce oxygen during hydrogen production. Generation of
hydrogen in PNS bacteria is mainly mediated by nitrogenase under nitrogen limiting
conditions (Eq. 5.4), whereas uptake hydrogenase consumes hydrogen. The
photofermentative hydrogen production by nitrogenase could be illustrated in
Eq. 5.4 shown below (Fig. 5.4):

nitrogenase

2H' + 2™ + 4ATP + light " = H, + 4ADP + 4P; (5.4)

The stoichiometric equation for acetic acid as an organic acid can be written as
follows:

CH;COOH + 2H,0 — 4H, + 2CO, (5.5)

In this process, a massive amount of ATP (4 mol) is required for 1 mol of
hydrogen production. As a result, strict control of the reaction environment is
necessary (Koku et al. 2002). Therefore, despite high hydrogen yield, the process
has several bottlenecks, such as high energy consumption, low photosynthetic
conversion, and low volumetric production rate (Veeravalli et al. 2019).
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5.2.4 Microbial Electrolysis Cell

Microbial electrolysis cell (MEC), a modification microbial fuel cell (MFC), is a
bioelectrochemical system that can convert organic matter to molecular hydrogen
with the help of exoelectrogenic bacteria by applying an external electric current
(Logan and Regan 2006). The system comprises three main parts: anode, cathode,
and proton exchange membrane (PEM). PEM permits only protons to flow through it
by restricting electrons. In the anode, the organic substance is oxidized and produces
electrons and protons by exoelectrogens. Oxidation of organic matter in the anode is
not thermodynamically spontaneous (AG® > 0). Therefore, the external voltage
supply is recommended to force the reaction. The minimum theoretical voltage of
0.11 V is required to make a spontaneous reaction (Das and Veziroglu 2008). The
protons move from anode to cathode through PEM, whereas electrons are transferred
through an external circuit (Fig. 5.5). Hydrogen gas is generated through the
reduction of hydrogen ions by electrons. The most common exoelectrogens are
Shewanella sp., Burkholderia sp., Geobacter sp., Pseudomonas sp., Rhodoferax
ferrireducens, Escherichia coli, and Citrobacter sp. (Feng et al. 2014). Carbon
paper, carbon cloth, and graphite can be used as an anode, whereas graphite,
titanium, and platinum can be employed as a cathode (Kadier et al. 2016; Kundu
et al. 2013). The high cost of conventional cathode materials drives the research into
biocathode as a substitute (Kundu et al. 2013).
The overall reaction can be represented as following Eq. 5.6:
Anode chamber:

Power supply

Feed H,
& i
e ! - T
v | A\
L]
CO+H* o o
+2e IH*
+2¢e°
H* >
H,
0]
Organic matter

Anode Membrane Cathode

Fig. 5.5 Schematic of the microbial electrolysis cell
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CH;3COOH + 2H,0 — 2CO; + 8¢~ + 8H* (5.6)
Cathode chamber:
8e~ + 8H' — 4H, (5.7)
Overall,
CH;3;COOH + 2H,0 — 2CO; + 4H, (5.8)

Although this process is suitable for wastewater treatment along with bioenergy
generation, it suffers from several drawbacks, such as scale-up problems, low
hydrogen production rate, high cost of the membrane, and external energy source.

5.2.5 Dark Fermentation

Dark fermentation is an anaerobic conversion of organic substances, mainly carbo-
hydrates, to H, gas exhibited by various acidogenic bacteria (Das et al. 2008). Under
anaerobic condition, microorganism generates energy for cells in the form of ATP by
blocking the Tricarboxylic Acid (TCA) cycle. Consequently, the produced extra
electron is used for the production of metabolic end products such as volatile fatty
acids and ethanol. The process has several advantages over other biohydrogen
production processes due to its high production rate and yield (Table 5.1). Addi-
tionally, it has no light limitations like photolysis and photofermentation, as dark
fermentation is a light-independent process.

Two distinct biochemical pathways can accomplish the generation of molecular
hydrogen with the help of specific enzymes. The first one is the decomposition of
formate by pyruvate formate- lyase (PFL) present in facultative anaerobes, whereas
the second one is re-oxidation of reduced ferredoxin (Fdred) by hydrogenase present
in obligate anaerobes (Fig. 5.6). Initially, glucose is converted to pyruvate through
the Embden-Meyerhof pathway. In facultative anaerobes, the pyruvate is oxidized to
formate and acetyl-CoA by the activity of pyruvate formate lyase (PFL) as shown in
Eq.5.9.

Pyruvate + CoA — Acetyl — CoA + Formate (5.9)

Formate is further cleaved to hydrogen and carbon dioxide by formate
hydrogenlyase (FHL) (Eq. 5.10).

HCOOH — CO; + H, (5.10)
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Fig. 5.6 Biochemical pathway of dark fermentation

The second type of biochemical reaction is observed in obligate anaerobes, where
pyruvate is converted to acetyl-CoA by pyruvate-ferredoxin oxidoreductase
(PFOR). Ferredoxin (Fd) is reduced during the oxidation of pyruvate to acetyl-
CoA. When the organic acid is accumulated, reduced Fd (Fdred) is oxidized by
Fe-Fe hydrogenase and subsequently, molecular hydrogen is formed (Fig. 5.6) (Das
and Veziroglu 2008). The overall reaction can be represented as follows:

Pyruvate + CoA + 2Fdoy | =" Acetyl — CoA + 2Fdyeq + CO» (5.11)
2H" + Fdeq — Hy + Fdox (5.12)

The stoichiometry of the process shows that 4 mols of hydrogen are generated
from 1 mol of glucose when pyruvate is oxidized to acetate as the only metabolic
product, whereas it produces 2 mol of hydrogen when pyruvate is converted to
butyrate (Eqs. 5.13 and 5.14). A few microorganisms follow mixed acid pathways.
Hydrogen yield depends on the acetate-to-butyrate ratio. Nevertheless, if the end
metabolites are ethanol, lactic acid, and propionic acid, no hydrogen formation
occurs.
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Acetate pathway

CeH;206 + 2H,0 — 2CH3COOH + 2CO; + 4H, (5.13)

Butyrate pathway

CeH,06 0 2™ CHyCH,CH,COOH + 2CO; + 2H, (5.14)

5.2.5.1 Microbiology of Dark Fermentation

A diverse group of anaerobic bacteria can produce hydrogen via dark fermentation.
These microorganisms adapt heterotrophic growth on organic substances and gen-
erate energy in the form of ATP through partial oxidation of organic substances
using electron acceptors and electron donors instead of oxygen. The microorganism
involved in dark fermentation can be broadly categorized based on temperature
dependency and their sensitivity to oxygen. Based on the oxygen tolerance, dark
fermentative bacteria are obligate and facultative anaerobes. The obligate anaerobes
require a strict anaerobic condition (oxygen concentration 0.02-0.04%
(0.24-0.48 mM)). On the other hand, facultative anaerobes can sustain both aerobic
and anaerobic conditions. Moreover, hydrogen-producing bacteria can be further
categorized, based on temperature requirement, as mesophiles and thermophiles.
Mesophiles require an ambient environment for growth and hydrogen production. In
contrast, thermophiles adapt to high temperatures (>45 °C) for their growth. Natu-
rally, a mixed microbial community serves a beneficial role in the generation of
hydrogen from various complex wastes (Mishra et al. 2015). The selection of
microorganisms depends on the substrate used.

Facultative Anaerobic bacteria

In an aerobic environment, facultative anaerobes can generate energy in the form of
ATP in aerobic respiration, while in anaerobic conditions, ATP is produced by these
anaerobes through anaerobic fermentation. The most common facultative anaerobes
are Enterobacter sp. that can produce hydrogen under an anaerobic environment.
The species could possess either formate hydrogen lyase (FHL) or Fe-Fe hydroge-
nase, which is mainly accountable for a high rate of H, formation. The most
commonly used bacteria are Enterobacter cloacae IIT-BT 08 and Enterobacter
aerogenes E.82005 (Kumar and Das 2000; Tanisho et al. 1987). Usually, facultative
microorganisms are preferred primarily because of their ease of control and sustain-
ability in the lower partial pressure of hydrogen (Nakashimada et al. 2002).

Obligate Anaerobic bacteria

Recently, obligate anaerobes have gained considerable attention from researchers
because they can consume a variety of carbohydrates, including waste materials.
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Furthermore, they can also produce a high rate of H, in comparison to facultative
bacteria. The most commonly used obligate anaerobe is Clostridium sp. H, produc-
tion usually takes place in the exponential growth phase of the microorganism. In the
starvation phase, the metabolic pathway could alter from acidogenesis to
solventogenesis (Han and Shin 2004). Clostridium  paraputrificum,
C. tyrobutyricum, C. thermocellum, C. thermolacticum, C. acetobutylicum, and
C. saccharoperbutylacetonicum are promising examples of obligate anaerobic bac-
teria, which can form spores under harsh conditions. A diverse group of Clostridium
species can generate H, in the range of 1.46-2.8 mol mol ' glucose (Lin et al. 2007;
Oh et al. 2009). Some of the obligate anaerobes are thermophiles, which are mainly
available in the hot areas around the Earth, such as thermal baths and deep-sea vents.
The composition of the growth medium for thermophile bacteria depends on the
source of the bacteria isolated. Anaerobes isolated from the hot-springs area need
high sulfur concentration, whereas anaerobes collected from deep-sea vents require
high sodium chloride concentration in the medium (Schroder et al. 1994; Van Niel
et al. 2002). Reducing agents such as L-cysteine hydrochloride could be added to
remove trace amounts of O, from the hydrogen-producing medium (Singh et al.
2019; Roy et al. 2014). Hydrogen production using thermophiles is much more
thermodynamically favorable than using mesophiles (Roy et al. 2014). Some typical
examples of the thermophiles genus are Thermoanaerobacter, Caldicellulosiuptor,
Thermoanaerobacterium, and Thermotoga (Roy et al. 2014; Slobodkin et al. 1999;
Van Ooteghem et al. 2002).

Mixed Culture

Recently, the application of mixed consortium and co-culture has gained consider-
able attention for hydrogen production from complex substrates, such as industrial
effluent, domestic waste, and agricultural residue (Mishra et al. 2015, 2017; Singh
etal. 2013). Mixed consortia consist of a variety of bacteria that secrete various types
of hydrolytic enzymes. Mixed consortia can therefore efficiently use various com-
plex substrates present in wastewater (Mishra et al. 2015). Furthermore, dark
fermentative hydrogen can be generated in a non-sterile and less regulated condition
using mixed consortia, which could facilitate the scale and commercialization
(Tomczak et al. 2018). Hydrogen-producing mixed inoculum can be isolated from
anaerobic digester of various organic materials, such as cow dung, sewage sludge,
industrial effluent (Mishra et al. 2015; Kumari and Das 2017; Tang et al. 2008).
Apart from the H, producing bacteria, some H, consuming bacteria, such as
homoacetogen and methanogen, are also present in the culture. Therefore, an
effective pretreatment is required to inhibit the H, consuming bacterial activity, as
well as enrich anaerobic spore-forming bacteria. Usually, pretreatment methods
include heat (O-Thong et al. 2009), acid and base stock and base shock (O-Thong
et al. 2009; Yang and Wang 2018), and electric field (Jeong et al. 2013). However,
heat shock microbial culture has the best performance in a higher yield of H,
production. Therefore, this technique is mostly used for the treatment of mixed



112 C. Mahata and D. Das

cultures (Kumari and Das 2017). Moreover, heat shock treatment is simple and
effective. It requires around 100 °C for 10—120 min in order to suppress nonspore-
forming bacteria (Kumari and Das 2017; Barros and Silva 2012).

5.3 Theoretical Considerations

5.3.1 Kinetic Analysis

The Monod growth model can explain the relationship between limiting-substrate
concentration and specific growth of microorganism rate according to Eq. 5.15:

S

/"max
H=Kors (5.13)
where y is the specific growth rate (hfl), HUmax 18 the maximum specific growth rate
(h™"), Ky is half-velocity constant (g VSS L"), S is the concentration of limiting
substrate for cell growth (g COD L™").

The Monod model can be linearized in the form of a Lineweaver-Burk plot
(Eq. 5.16) to evaluate kinetic constants.

1
LI 5.16
M /’tmax S lumax ( )

The Logistic model can be employed to evaluate the microbial growth kinetics
(Eq. 5.17) (Gilbert et al. 2011).

d—X:kCX<1 _ X ) (5.17)

dt X nax

where k. represents the specific growth rate (h™'), X is biomass concentration
(g L"), and X, indicates the maximum biomass concentration (g LY.

By integrating Eq. 5.17 and simplifying, biomass concentration can be expressed
as shown in Eq. 5.18 given below.

x = Xooxp (k) (5.18)
e (1 — exp (k1))

where X, represents the initial cell mass concentration (g VSS Lh.
Substrate consumption can be analyzed by first-order reaction kinetics using
Eq. 19 (Najafpour et al. 2004).
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s

—S ks (5.19)

where S represents the concentration of substrate used (g L_l) and k is rate constant
(hh.

Further, substrate utilization for biomass formation and cell maintenance is
determined by Pirt model as shown in Eq. 5.20 (Pirt 1965).

1
Yxo  Yxg

m
+— 5.20
; (5.20)

where Yx/s and Yx/g,) represent the apparent growth yield (g g~ ") and true growth
yield (g g~ '), respectively. u and m indicate specific growth rate (h~") and mainte-
nance coefficient (g g~' h™"), respectively.

H, production kinetics is analyzed by the modified Gompertz equation (Eq. 5.21)
(Jia et al. 2014).

H = Pexp{ — exp [W(A—o +1]} (5.21)

where H represents the cumulative H, production (mL LY at any time t (h); P and
R,, indicate the H, production potential (mL Lfl) and the maximum H, production
rate (mL L' h™"), respectively; A represents the lag time (h) for H, production.

Furthermore, the Luedeking Piret model can be used to determine the relationship
between cell mass formation and H, production (Eq. 5.22) (Luedeking and Piret
2000).

1 dP 1 dX

where (1/X)(dP/df) (g H, g¢~' h™") and (1/X)(dX/dr) (h™") are specific product and
biomass formation rate, respectively; a (g g~ ' H,) and f (h™') are growth and
nongrowth associated coefficients, respectively.

The kinetic parameters of the aforementioned kinetic models can be determined
by linear and nonlinear regression.

5.3.2 Material and Energy Analysis

For the assessment of the functionality and viability of any emerging technology, a
techno-economic evaluation is required. It can be carried out by several means, such
as material and energy analysis.

Material analysis is a crucial aspect of tracking different materials during the
fermentation, considering all input, output, and accumulated materials involved in



114 C. Mahata and D. Das

the process. Material analysis of any process provides a general idea about substrate
utilization and product formation potential. The mechanism of hydrogen production
can be confirmed by material analysis. In dark fermentation, for instance, the ratio of
accumulated acetate and butyrate in the fermentation broth can reveal the dominant
biochemical pathway during the fermentation. For pure substrate, having a known
molecular formula, elemental balance is performed. On the other hand, total chem-
ical oxygen demand (COD) is considered for the complex substrate, such as organic
waste or agricultural residue. In the case of COD balance, the amount of all
individual products accumulated need to be expressed in terms of COD. For
example, the conversion factor for hydrogen is 8 g COD g~ ' H,.

Energy analysis can be conducted based on gaseous energy recovery. Further-
more, the gaseous energy recovery can be calculated in terms of substrate added or
the total energy required for the process (Egs. 5.23 and 5.24).

Energy content of hydrogen produced
Energy content of substarte consumed

Energy recovery = (5.23)

Energy content of hydrogen produced
Total process energy requirement including substrate

Energy recovery =

(5.24)

Kumari and Das (2015) calculated the theoretical maximum energy recovery
from dark fermentation as 34.1%.

5.4 Effect of Physicochemical Parameters on Dark
Fermentative Hydrogen Production

The performance of dark fermentation depends on different physicochemical param-
eters, such as pH, temperature, medium composition, partial pressure of hydrogen,
soluble metabolic products, and hydraulic retention time (HRT).

541 pH

The pH of the hydrogen-producing medium is one of the dominant factors influenc-
ing the functionality of the hydrogenase regulating the metabolic pathway of dark
fermentation. All enzymes have their optimal range of pH, in which the activity of
the enzyme is its maximum. If acid accumulation increases in the fermentation broth,
it results in a decreased pH. Consequently, the metabolic pathway of hydrogen
production shifts towards solventogenesis. Khanal et al. (2004) reported that the
shifting of the metabolic pathway occurs below 4.5 pH (Khanal et al. 2004).
Similarly, several studies have stated that the optimum pH for hydrogen production
varies near 6 (Cao and Zhao 2009; Van Ginkel et al. 2001).
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5.4.2 Temperature

An environmental condition such as temperature dramatically influences dark fer-
mentative hydrogen production because the growth of microorganisms is affected by
temperature. According to temperature tolerance, hydrogen-producing bacteria may
be mesophiles (25-45 °C) or thermophiles (>45 °C). In general, most of the studies
(nearly 73%) have been conducted using mesophiles (Li and Fang 2007). Previous
studies have revealed that temperature has a significant influence on microbial-
specific growth rate and substrate utilization rate during dark fermentation. How-
ever, deactivation of the hydrogen-producing enzyme is started above the optimum
temperature. Activation and deactivation energy of hydrogenase can be determined
using the Arrhenius equation (Singh et al. 2019). For instance, Singh et al. (2019)
evaluated the activation energy for mesophilic bacteria as 58.8 kJ mol~'. This study
also showed that the deactivation of hydrogen-producing bacteria started above the
threshold temperature of 37 °C. On the other hand, Lee et al. (2006) observed that
dark fermentative hydrogen production was most efficient at 40 °C. Therefore, the
optimization of process temperature is critical for enhanced hydrogen production.

5.4.3 Medium Composition

Hydrogen-producing medium mainly comprises C-source, N-source, minerals, and
vitamins. Each element has its role in fermentation. C-source, the sole element in the
medium, is required for cell mass growth, product formation, and energy generation
in terms of ATP. N-source is essential for protein synthesis and hence growth,
whereas minerals and vitamins act as co-factors in the metabolic pathways. Further-
more, the carbon-to-nitrogen (C/N) ratio performs a vital part in the synthesis of H,
(Kumari and Das 2017). Therefore, an appropriate combination of C- and N-sources
is required for hydrogen production. Similarly, a suitable concentration of trace
metals such as Fe, Ca, Na, Cu, Ni, Mg, K, and vitamins in a hydrogen-producing
medium stimulates the generation of molecular hydrogen (Sekoai and Daramola
2018; Lin and Lay 2005).

5.4.4 Feedstock

Several studies have considered simple carbohydrates such as xylose, fructose,
glucose, sucrose, and arabinose because of their ease of utilization by microorgan-
isms (Pan et al. 2008; Abreu et al. 2012; Jayasinghearachchi et al. 2012). These pure
substrates however lead to high process costs. In contrast, organic waste has
significant COD, which is detrimental to the ecosystem. This could be considered
as a promising feedstock for dilution factor (DF) (Mishra et al. 2015). The use of
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waste for the production of hydrogen, therefore, has double benefit of bioremedia-
tion and energy generation. Earlier, various organic wastes such as distillery effluent
(Balachandar et al. 2019), rice winery wastewater (Yu et al. 2002), household
wastewater (Van Ginkel et al. 2005), food waste (Elbeshbishy et al. 2011), and
paper mill wastewater (Lin et al. 2006) were used as the sole substrate for the
generation of H,. Nevertheless, these feedstocks may not comprise the nutrients
required for the growth of the microorganisms. Therefore, several studies have been
conducted on co-substrates such as agricultural residue, water hyacinth (Mishra et al.
2017; Varanasi et al. 2018) for H, production processes. The selection of the
co-substrate is primarily based on the suitable C/N ratio. Mishra et al. (2017)
investigated the application of de-oiled cake, as a supplement, for dark fermentative
H, production and observed the maximum results of 3.38 L H, L™ using groundnut
de-oiled cake (GDOC) as a supplement with distillery effluent (Mishra et al. 2017).

5.4.5 Hydrogen Partial Pressure

The H; partial pressure in the fermenter is a crucial parameter that influences the rate
of hydrogen production because the metabolic pathway is highly influenced by the
hydrogen partial pressure. Accumulation of H, gas in the headspace of the reactor
can increase partial pressure. According to Le Chatelier’s principle, the generation of
hydrogen will be suppressed at the high partial pressure of hydrogen, and conse-
quently, the metabolic pathway will be shifted toward alcohol production (Das
2017). Continuous removal of hydrogen could reduce the partial pressure, resulting
in negating inhibition effect. Mandal et al. (2006) examined the effect of partial
pressure on dark fermentation by developing a vacuum system inside the bioreactor.
Their study revealed that the maximum rate of hydrogen production can be obtained
at 380 mmHg pressure. On the other hand, some researchers reported that nitrogen
sparging during fermentation could be an effective approach to negate the effect of
hydrogen accumulation (Mizuno et al. 2000; Tanisho et al. 1998). However, the
main bottleneck of sparging nitrogen is the dilution of hydrogen gas, resulting in
high separation costs.

5.4.6 Soluble Metabolic Products

In dark fermentation, soluble end-metabolites, produced along with hydrogen,
greatly influence hydrogen production. The major metabolic products are volatile
fatty acids such as acetic acid, butyric acid, propionic acid, etc., and ethanol. Toward
the starvation phase, the ionic strength of fermentation broth escalates attributed to
the accumulation of the metabolites, resulting in cellular lysis. Due to cell disruption,
high maintenance energy is required to restore its physiological balance. Lee et al.
(2002) evaluated the inhibition effect of the end-metabolites on dark fermentative
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hydrogen production by externally adding acetic acid, butyric acid, propionic acid,
and ethanol to the medium (Lee et al. n.d.). The study concluded that the addition of
these volatile fatty acids and alcohol has an adverse effect on H, generation.

5.4.7 Hydraulic Retention Time (HRT)

During the continuous operation of the hydrogen-producing reactor, HRT is a crucial
factor influencing the rate of hydrogen production. Mathematically, it is inversely
proportional to dilution rate and hence the specific growth rate of microorganisms.
The physical significance of HRT is that it is the measure of substrate residence time
in the reactor. Several studies have shown that lowing HRT could increase the rate of
hydrogen production (Tomczak et al. 2018; Zhang et al. 2006; Baima Ferreira
Freitas et al. 2020). Additionally, the strategy of lowing HRT could separate the
slow-growing methanogens from hydrogen-producing bacteria in the mixed consor-
tium. Nevertheless, hydrogen production could be ceased below optimum HRT
because of cell mass washout.

5.4.8 Agitation Speed

Agitation speed plays a vital role in any fermentation process. Agitation in
suspended culture provides adequate mixing, heat, and mass transfer. Furthermore,
the agitation could reduce the partial pressure of hydrogen by removing it from the
liquid phase. Agitation is one of the most crucial design parameters that influences
the scaling-up of the process. An optimum agitation speed ensures a homogeneous
suspension of nutrients in the medium. At lower agitation speed, microorganisms
may settle down, resulting in reduced hydrogen production. However, higher agita-
tion, above the optimum point, can cause cell damage due to unreasonable shear
stress. Ghosh et al. (2018) observed the highest hydrogen production of 3.42 L L'
at the agitation speed of 200 rpm. Recently, Mahata et al. (2020) found the agitation
speed of 180 rpm to be optimum for dark fermentative hydrogen production.

5.4.9 Inoculum Age and Size

Apart from the source of inoculum, pre-culture age and size have a significant effect
on dark fermentation (Pandey et al. 2019). Inoculum age is the time required to grow
the culture before its use for hydrogen production. An optimum inoculum age
indicates the most active phase of the microorganism. Likewise, hydrogen produc-
tion also depends on inoculum size. Hydrogen production could be increased by
increasing inoculum size. Above the optimal point, however, more carbon is devoted
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to cell mass growth gather than to product formation. Kotay and Das (2007)
investigated the effect of inoculum age and size and identified the optimum inocu-
lum age and size at 14 h and 10% v/v, respectively. Nevertheless, the study also
revealed that these parameters have less impact on dark fermentative hydrogen
production than other parameters.

5.5 Optimization of the Process Parameters for the Dark
Fermentation

Over the last few decades, several studies have been conducted to improve dark
fermentative hydrogen production using various optimization strategies. In order to
maximize H, yield or production rate, several parameters such as pH, temperature,
substrate concentration, C/N ratio, HRT, and hydrogen partial pressure have been
considered as independent variables. The optimization, based on the experimental
design, can be broadly classified into two categories: “one-variable-at-a-time” (sin-
gle parameter optimization) and ‘“multi-variable-at-a-time” approach (multi-
parameter optimization). Additionally, there are several experimental designs such
as Plackett—Burman and Taguchi orthogonal design, which are employed to select
the most influential parameters.

Single parameter optimization, a traditional optimization approach, involves the
variation of a single process parameter at a time while maintaining the other
parameters constant. This is a widely used method because of its simplicity in
design. However, interactive effects among the selected independent variables
cannot be elucidated clearly and would be imprecise for optimal points (Jo et al.
2008; Karthic et al. 2013). Additionally, this classical method requires enormous
experimental trials, resulting in a long time for optimization.

Design of experiments (DOE) for multiparameter optimization can be performed
by several fractional designs such as central composite designs (CCD) and
Box-Behnken designs (BBD). These designs can simultaneously handle a maximum
of up to ten factors. The experimental data are further analyzed by response surface
methodology (RSM) to obtain the optimum points of process parameters and the
cumulative effect of their mutual interaction. RSM is a set of statistical and math-
ematical approaches that examine the relationship between many independent vari-
ables and assesses the optimum experimental condition. The RSM develops an
empirical model in the form of a second-order polynomial equation (Eq. 5.25) to
explain the behavior of responses with independent variables.

_ Y. Y2 " XX
Y =Co+ Z; CiX; + Z; CiXP 4> CiXiX, (5.25)

where Y represents the response modeled by RSM, n is the number of the indepen-
dent variables, Cy is the constant, C; is the coefficient for linear relation, C;; is the
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coefficient for quadratic relation, Cj; is the coefficient of interactive part, and X is the
uncoded level of the input variable.

The significance of each term in the equation is estimated using analysis of
variance (ANOVA). Several studies have successfully employed the RSM technique
for the improvement of hydrogen production (Guo et al. 2009; Vi et al. 2017; Xing
et al. 2011). Nevertheless, one major drawback of RSM is its inability to model
highly non-linear responses accurately (Nath and Das 2011). As biological processes
such as dark fermentation are extremely non-linear, RSM, sometimes, may fail to
model the system because of its restriction in a second-order polynomial.

Recently, artificial intelligence (AlI)-based optimization techniques have been
studied to overcome the limitation of statistical techniques. Al-based optimization
has several advantages over RSM: (1) Al does not require any prior knowledge
about the system, and (2) it has universal approximation capability, whereas RSM is
restricted in a quadratic function. Many studies reported that Al is far more suitable
for response optimization than statistical approaches (Karthic et al. 2013; Ardabili
et al. 2018). Fundamentally, it provides two tools: (1) modeling tool which estab-
lishes the relationship among the process variables and provides adequate objective
functions, (2) optimization tools that search for an optimal solution using the
objective function. Artificial neural networks (ANN) and support vector machines
(SVM) are the most popular modeling approaches available in Al. Previously,
several studies have employed the ANN model in dark fermentation (Nath and
Das 2011; Ardabili et al. 2018; Nasr et al. 2013; Sewsynker and Gueguim Kana
2016). More recently, Mahata et al. (2020) revealed the suitability of the SVM
model in dark fermentative hydrogen production. The study suggested that the SVM
model could possess better prediction accuracy than by ANN and RSM. Once the
model with desire accuracy is developed, it is further used as an objective function in
optimization tools to obtain the optimal point. Several optimization tools such as
genetic algorithm (GA), particle swarm optimization (PSO), artificial ant colony
(AAC), and simulated annealing (SA) in Al can be applied. Many researchers have
coupled the ANN with GA for the maximization of hydrogen production (Nath and
Das 2011; Wang and Wan 2009a, b). Recently, PSO has been employed in dark
fermentation (Mahata et al. 2020). The study revealed that PSO could exhibit the
optimal solution faster as compared to GA. However, AAC and SA have not been
explored yet for H, production.

5.6 Effect of Bioreactor Configurations on the Biohydrogen
Production

Several experiments on hydrogen production have been conducted in batch, semi-
continuous, and continuous modes of operations. Preliminary studies such as char-
acterization of inoculum and optimization of culture conditions are usually
conducted with the batch reactor. However, its performance is inefficient because
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of a lower rate of hydrogen production. On the contrary, continuous operation shows
higher H, production in comparison with batch mode. Additionally, the continuous
operation could hold a particular phase of the microorganism for an infinite period.
On the other hand, the semi-continuous operation is employed when the substrate
inhibition effect is observed. The most commonly used reactor configuration for
hydrogen production is a continuous stirred tank reactor (CSTR). Apart from CSTR,
other reactor configurations such as packed bed reactor (PBR), fluidized bed reactor
(FBR), anaerobic sequencing batch reactor (ASBR), and up-flow anaerobic sludge
blanket (UASB) reactor are employed for hydrogen production. Several studies have
mentioned that higher H, yield could be obtained using these reactors attributed to
higher physical retention of hydrogen-producing bacteria.

5.6.1 Continuous Stirred Tank Reactor (CSTR)

CSTR is widely used because of its simple design, mixing efficiency, and ease of
operation. Under constant mixing hydrodynamics, an appropriate substrate-
microbes contact can be achieved inside the reactor. Nonetheless, cell mass washout
could be observed at short HRTs, resulting in a stoppage of hydrogen production. In
general, the concentration of biomass in CSTR varies in the range of 1-4 g VSS L™
(Show et al. 2010). On the other hand, the use of granular sludge as an inoculum
could increase the biomass retention capability (Show et al. 2007). Previous studies
reported that CSTR using granular sludge could be operated up to the lowest HRT of
0.5 h without failure (Show et al. 2007; Zhang et al. 2007). Another way of
improving cell mass retention is the employment of a settling tank in the effluent
and followed by, recycling the settled biomass by passing through an activation
chamber (Khanal et al. 2006).

5.6.2 Packed Bed Reactor (PBR)

PBR could retain a high concentration of biomass inside the reactor; hence, it is one
of the possible solutions to the problem associated with CSTR. The reactor is
supported by packing materials within the reactor, which plays a pivotal role in
cell mass retention and hydrogen production. However, the hydrodynamics of
mixing is less turbulent, resulting in a higher pH gradient along the reactor length
and higher hydrogen gas holdup. Consequently, the H, production rate and substrate
conversion efficiency decrease. On the other hand, recirculation of liquid effluent
can be recommended to maintain higher hydrogen production and substrate conver-
sion (Tomczak et al. 2018). Kumar and Das (2001) investigated packed bed reactors
with various geometric configurations such as tubular, tapered, and rhomboid. The
study revealed that the rhomboid with convergent-divergent shape had superior
performance in hydrogen production (1.60 L L™' h™') as compared to tubular
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(140LL 'h " and tapered (1.46 L L' h™!) reactor. This result could be due to
the better mixing phenomenon owing to lower gas-holdup and higher substrate-
microbes contact. Additionally, the study also showed that coconut coir, as a
supporting material, could exhibit better hydrogen production than other lignocel-
lulosic carrier materials.

5.6.3 Fluidized Bed Reactor (FBR)

FBR, a three-phase system, is the combination of CSTR and PBR, which provides
excellent mixing characteristics. Previously, this reactor configuration has been
extensively employed in biological wastewater treatment due to its potentiality in
high organic loading rate. In FBR, microorganisms are immobilized on the solid
supports to form a granular or biofilm. Lin et al. (2009) highlighted that attached
sewage sludge in FBR could efficiently produce hydrogen at the HRT of 2-6 h with
the maximum H, yield of 4.26 mol H, mol ™! sucrose. Zhang et al. (2007) achieved
the maximum H, production rate of 2.36 L H, L™' h™' at 1 h HRT using biofilm
culture propagated on activated carbon in FBR. However, the main drawback of this
system is the high energy demand required to maintain its fluidization.

5.6.4 Anaerobic Sequencing Batch Reactor (ASBR)

This system has a unique feature to retain high cell mass by segregating the operation
into four cyclic stages, such as feed, reaction, settling, and decant. Previously, the
reactor was used for wastewater treatment. Recently, it has gained significant
attention for biohydrogen production along with waste treatment (Vijaya Bhaskar
et al. 2008; Maaroff et al. 2019). In order to sustain the reactor performance, pH
plays the most important role in the system (Kim et al. 2010). Chen et al. (2009)
achieved the highest H, yield of 1.86 mol H, mol' sucrose at the operational
condition of 4 h cyclic time, 16 HRT, and pH 4.9.

5.6.5 Up-Flow Anaerobic Sludge Blanket (UASB) Reactor

The up-flow anaerobic sludge blanket (UASB) reactor is an extensively and widely
used economically viable technology developed by Gatze Lettinga for wastewater
treatment due to its high conversion efficiency and supreme operational stability.
Over the last five decades, the UASB process has been successfully employed for the
anaerobic treatment of different types of wastewater and simultaneous methane
production by promoting the development of granular sludge with an excellent
settling ability (Parawira et al. 2006; Bourque et al. 2008). In recent years, it has
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been demonstrated that the UASB system is also a promising module for H,
production (Sivagurunathan et al. 2016; Jung et al. 2010). Successful and efficient
operation of UASB reactor depends on the formation of high-strength granular
sludge. Extra-cellular polymeric substance (EPS) secreted by bacteria acts as a
bio-glue, which could facilitate microbial aggregation, resulting in sludge bed
development (Jung et al. 2011). EPS in the sludge mainly comprises carbohydrates
and protein; it plays a crucial role in the immobilization of hydrogen-producing
bacteria and stability for the long-term operation of the UASB reactor (Lu et al.
2015). Recently, researchers have suggested that the UASB reactor could be prom-
ising for a high rate of hydrogen production even at low HRT without manual
immobilization (Lu et al. 2015; Chang and Lin 2004; Mahmod et al. 2019). More
recently, Sivagurunathan et al. (2016) observed the maximum H, production rate of
56.8 L H, L™' day' from galactose in the UASB reactor at 2 h HRT
(Sivagurunathan et al. 2016). However, the major bottleneck of the UASB reactor
is the long start-up period for microbial granulation (Liu et al. 2012b). To overcome
this drawback, some studies recommended the addition of microbial carriers such as
activated carbon, carbon nanotubes, and filter sponge in the blanket zone to fasten
the film formation (Liu et al. 2012b; Lee et al. 2004).

5.7 Scaling up of the Biohydrogen Production Processes

Dark fermentative H, production from organic waste has tremendous potential to
replace conventional energy sources in the future. Presently, this process is not
technologically viable on a large scale. Therefore, there is an enormous scope to
study the scale-up of bioreactors for dark fermentation using cheap feedstock such as
organic waste and residue. The purpose of scaling up is to acquire a condition similar
to that of a smaller reactor. During the scale-up of dark fermentation, there are
several approaches such as geometric similarity, constant power number, constant
agitation speed, and constant mixing time to magnify the reactor volume. To date,
Vatsala et al. (2008) reported the performance of the largest reactor (100 m?) for H,
production from distillery effluent using co-cultures of Citrobacter freundii
01, Rhodopseudomonas palustris P2, and Enterobacter aerogenes E10 (Vatsala
et al. 2008). The researchers estimated the rate of hydrogen production as 0.53 kg
H, h™'. Recently, researchers at the Indian Institute of Technology, Kharagpur
explored the feasibility of a 10 m® bioreactor for H, production via dark fermentative
from cane molasses and groundnut de-oiled cake as a co-substrate using
Enterobacter cloacae IIT-BT 08 (Balachandar et al. 2019). The pilot-scale study
reported the maximum hydrogen production of 76.2 m® with the COD conversion
efficiency of 37.9%. Furthermore, several studies have attempted to scale up this
process as listed in Table 5.2. However, detailed “techno-economic analysis (TEA)
and life cycle assessment (LCA)” are still needed to be explored.
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5.8 Major Challenges and Perspectives in Biohydrogen
Production

There are numerous studies in the literature for the enhancement of H, production,
including the genetic modification of hydrogen-producing microorganisms, devel-
opment of bioreactors, and selection of feedstock and process modification. How-
ever, the process is not commercially viable on a large scale due to some
technological challenges. Major challenges in the improvement of biohydrogen
production can be summarized as follows (Das et al. 2008):

e There is a lack of knowledge on industrially applicable robust microorganisms
that could be engineered to produce more than 4 mols hydrogen from 1 mol
glucose.

* Feedstock sterilization involved in the biohydrogen production process is an
energy-consuming step. Therefore, an abundance study is required using
non-sterile feedstock.

e The process efficiency and the hydrogen yield depend on the sensitivity of
hydrogenase to H, and O, partial pressure.

e Usually, a major portion of the substrate is devoted to soluble metabolites
production rather than hydrogen. To overcome this, research should focus on
the metabolic engineering of the biochemical pathway.

¢ There is no significant literature on the economic understanding of the integrated
H, generation system, such as dark fermentation-photo fermentation and dark
fermentation-MEC (microbial electrolysis cells).

* Various engineering issues such as novel bioreactor for long-term hydrogen
production, scale-up for commercial application, separation of CO,, process
optimization, need to be addressed.

In the future, hydrogen can be utilized in the internal combustion engine and fuel
cell in the automobile sectors. Biohydrogen has a great potential to replace conven-
tional energy sources such as fossil fuels. Nevertheless, its production process must
overcome the aforementioned limitations in order to compete with conventional
energy sources in the fuel market. Future biohydrogen production technology should
also consider social acceptance, economic feasibility, and government policy. At the
same time, the government should also provide research subsidies on this
technology.

5.9 Biohythane Process

As per the stoichiometry of dark fermentation, a maximum of 34.1% of energy as
hydrogen can be recovered from the substrate used (Kumari and Das 2015). Hence,
the process efficiency of hydrogen production is significantly low. Several volatile
fatty acids remain in the fermentation broth after the biohydrogen fermentation
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process which is a good feedstock for the biomethanation process. Biohydrogen
production followed by biomethanation process is known as ‘“Biohythane process”.
So, this process can increase the overall energy recovery to a great extent. After
hydrogen, methane has the second highest energy content (55 kJ g~ '). Hythane is a
mixture of hydrogen (5-30%) and methane (80-95%). Hythane® is a trademark first
introduced by Hydrogen Component Inc. (HCI) (Bolzonella et al. 2018). Production
of hythane through biological route is comprehensively called “Biohythane” (Liu
et al. 2013). Biohythane has several advantages over methane as a fuel for IC
(Internal combustion) engines such as higher combustion rate, improved lean flam-
mability, and enhanced fuel flaming speed. Nowadays, this two-stage biohythane
process is being widely accepted energy-producing process because of its viability
on a commercial scale.

5.10 Conclusion

Biohydrogen can be considered as a promising alternative energy, which can offer
clean and sustainable fuel currency. Among all the biological processes, dark
fermentation has gained considerable attention from researchers. Numerous studies
have been conducted to improve hydrogen production, considering process optimi-
zation, inoculum development, reactor design, substrate selection. Still, however, the
process suffers from several technological limitations due to its lower hydrogen
yield. To overcome this, researchers should focus on the genetic and metabolic
engineering of the microbial strain. In addition, an integrated system, such as
DF-photofermentation, simultaneous dark fermentation (DF) and MEC
(DF-MEC), and “Biohythane”, is recommended for achieving enhanced energy
recovery. Besides, it is also essential to scale-up the study, including appropriate
techno-economic and life cycle analysis, to access its potentiality in commercial
hydrogen production.
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