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Abstract: Hydrogen is an environmentally friendly biofuel which, if widely used, could reduce
atmospheric carbon dioxide emissions. The main barrier to the widespread use of hydrogen for
power generation is the lack of technologically feasible and—more importantly—cost-effective
methods of production and storage. So far, hydrogen has been produced using thermochemical
methods (such as gasification, pyrolysis or water electrolysis) and biological methods (most of which
involve anaerobic digestion and photofermentation), with conventional fuels, waste or dedicated
crop biomass used as a feedstock. Microalgae possess very high photosynthetic efficiency, can rapidly
build biomass, and possess other beneficial properties, which is why they are considered to be one of
the strongest contenders among biohydrogen production technologies. This review gives an account
of present knowledge on microalgal hydrogen production and compares it with the other available
biofuel production technologies.
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1. Introduction

The negative environmental impact of the economy drives the need for low-emission
production technologies, including the deployment of clean and efficient energy generation
solutions. Hydrogen meets the criteria of a low-impact energy carrier [1]. The calorific
value of hydrogen ranges from 10.8 MJ/ my? to 12.75 MJ/mp3, making it suitable for wide
use in heating, power generation, and car/air transportation [2]. However, hydrogen is
currently used on a limited and marginal basis as an energy source, mostly in the refining
industry, space technology, and fuel cells [3,4]. The main barrier to more widespread
use is the lack of viable methods of hydrogen production and storage—or at least ones
which would be both technologically feasible and cost-effective [5]. Conventional hydrogen
production technologies are mainly thermo-chemical (including combustion, gasification,
thermochemical liquefaction, and pyrolysis) or based on water pyrolysis [6]. However, not
only are such solutions burdened by high investment costs, they are also energy-intensive
and pollution-generating [7]. It is estimated that almost 96% of industrial hydrogen is
produced by converting fossil fuels [8,9].

Biomass-based technologies, as well as methods that harness biological processes of mi-
croorganisms, are becoming more and more viable as means of hydrogen production [10,11].
They consist mostly of organic-feedstock fermentation (carried out by specialised groups
of bacteria) and intracellular biochemical processes conducted by certain microalgae
species [12,13]. Microalgae possess very high photosynthetic efficiency, can rapidly build
biomass, are resistant to various contaminants, are amenable to genetic manipulation and
can be sited on land that is unsuitable for other purposes. Given these considerations,
microalgae seem to represent the most promising route of biohydrogen production [14,15].
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High hydrogen production rates by microalgae are predicated, in part, on efficient
biomass growth. The most promising technologies for microalgal cultivation and growth
are the ones that use seawater, thanks to its wide availability and low acquisition cost [16,17].
Algae can be cultured using a variety of methods, from strictly monitored methods in
technologically advanced designs, to less predictable methods in open systems [18]. The
open systems include traditional ponds (ground or concrete), circular ponds with mechani-
cal mixing, race track-type ponds with a paddle wheel, and cascade ponds [19]. Closed
systems consist of various types of photobioreactors. Unlike open systems, closed cul-
tures enable constant monitoring of illumination intensity/time and culture temperature,
while also providing protection against predators, parasites and competitive species of
algae [20,21]. The most commonly used are sack systems of “large bags”, tubular photo-
bioreactors (horizontal, vertical, or inclined at any angle), Biocoil-type reactors, and plate
photobioreactors [22]. Systems that produce microalgal biomass for hydrogen are usually
closed in order to prevent contamination of the culture and control process parameters [23].

H; production set-ups usually use single-celled algal species, specifically the ones that
possess the particular metabolic and enzymatic qualities required for hydrogen produc-
tion [24]. These include green-algae and blue-green algae taxa, especially Chlamydomonas
reinhardti, Platymonas subcordiformis, and the genus Chlorella sp. [25]. The aim of the present
work is to give an account of present knowledge on microalgal hydrogen production and
compare it with the other available biofuel production technologies.

2. Thermochemical Methods of Producing Hydrogen from Conventional Fuels

One of the methods of hydrogen production is steam reforming, i.e., the steam-assisted
conversion of hydrocarbons, mainly methane, over a metallic (e.g., Ni-based) catalyst. The
mechanism of this process lies in the reaction of steam with methane in the presence of
a metallic catalyst, resulting in a synthesis gas (syngas) composed of carbon monoxide,
hydrogen, and carbon dioxide [26,27]. Conventional energy carriers are used in the pro-
cesses, leading to release of CO; into the atmosphere [28]. Substrates (including natural
gas, hard coal, brown coal, and petroleum) are subjected to thermochemical conversion at
temperatures ranging from 700 to 1100 °C [29].

Goicoechea et al. examined the effect of temperature, pressure, and steam input on
steam reforming of acetic acid. Hydrogen productivity was found to be the highest at
700-1000 °C and a HyO/CH3COOH ratio of 2:1. Pressure had the least impact on hydrogen
production efficiency during acetic acid reforming [30]. It has been shown that biofuels,
including methanol, ethanol, biodiesel, and methane-containing biogas, can also be used
for hydrogen production through steam reforming [31,32]. Methane is a crucial resource,
especially for the chemical and petrochemical industries. Steam reforming of methane is a
well-explored process with high efficiency (53-99%) [33,34].

Nahar et al. investigated steam reforming of biodiesel using two Ni-supported Ca-Al
and Ce-Zr catalysts. The process was run at 650 °C H,. Production efficiency varied
between 91% and 94%, depending on the catalyst [35]. The H,O/C ratio increased from
2 to 3, which is advantageous for H, production. Hammoud et al. converted methanol
into Hp at almost 52% efficiency against the stoichiometric potential, using Cu-based
catalysts for steam reforming. The best performance was achieved with a 10% Cu catalyst.
This particular process was operated in a fixed-bed reactor at a temperature range of
200-250 °C [36]. Charisiou [37] and Remon [38] point to steam reforming as a viable
method of producing hydrogen from glycerin—a by-product of biodiesel production from
vegetable oil and bioethanol.

Steam reforming is performed in sorption reactors, continuous reactors, and mem-
brane biological reactors. This method requires a low ratio of water vapour to carbon in
order to maximize thermal efficiency and hydrogen yields. Also important is the separation
of the gas constituents, particularly CO,, with increasing focus being put on combining the
two processes to increase the fuel-to-hydrogen conversion efficiency [39].
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Another thermochemical H, production technology described in the literature is the
partial oxidation of organic compounds at 1127-1427 °C and 3-10 MPa [40]. This process
is based on converting hydrocarbons to syngas with a suitable H, /CO ratio [41]. The
procedure is carried out in the presence of pure oxygen, using Ni-based catalysts with
platinum, rhodium, palladium or ruthenium compounds [42]. Partial oxidation systems can
take most gaseous and liquid hydrocarbons as a feedstock. It is a time-efficient, exothermic
process with short thermochemical reaction times [43]. Effective, economically-viable and
technologically-feasible systems have been sought for partial oxidization of feedstocks like
bioethanol, methane or butanol, where oxidization is achieved by airborne oxygen, thus
reducing costs and operational difficulties associated with pure oxygen feeds [44]. Huang
et al. used Ni-based catalysts to improve the hydrogen production efficiency in partial
oxidation of n-butanol. During the process, butanol was converted and oxidized to Hy,
CO, and CO;,, with the conversion efficiency range calculated at 93% to 100%, and a CO
separation efficiency of 70% [45]. According to the literature, partial oxidation can also be
used to convert methane into hydrogen [8].

The conversion of conventional energy carriers to hydrogen by partial oxidation has
a 20%+ efficiency, with the exact ratio determined by the catalysts used. Some authors,
such as Chen et al. observed 95% methane-to-hydrogen conversion when using glycine-
based catalysts with 99% CO separation efficiency [46]. Zhang et al. obtained a methane
conversion rate of 72-93% over Ni-based catalysts at 650-700 °C. H; selectivity ranged
from 83-98%; while CO separation did not exceed 90% [47]. Shan et al. converted methane
to hydrogen through partial oxidation at rates no higher than 70%. This process was
operated between 500 and 900 °C [48]. Researchers have demonstrated that conversion ef-
ficiency is mainly determined by the catalyst, process temperature, and hydraulic retention
time [47,49].

Partial oxidation of organic compounds is mainly performed in fixed-bed reactors,
with ongoing research efforts aiming to increase the efficiency of the process and the
selectivity of the produced gases [50].

Autothermal reforming is a hybrid method combining the two previous processes [51].
It does not require any external heat to be supplied, relying instead on to the energy released
from oxidizing organic feedstock, which increases the temperature and activates the thermo-
chemical conversion cascade [52,53]. The most commonly cited limitations of this method
include coke formation, decreasing catalyst efficiency, and catalyst deactivation, which can
be caused by sulphur compounds in the fuels. For the process to be efficient and optimal, a
suitable catalyst must be used. As with the previous methods, the most common choices are
Ni-based catalysts and precious metals, such as platinum, rhodium, and ruthenium [54,55].
Likewise in other thermochemical methods, catalysts for autothermal reforming should be
low-cost, highly reactive and durable [56]. The primary feedstocks used in autothermal
reforming processes are petrol and diesel oil, though ethanol or methane are often used as
well [57].

Palma et al. examined the viability of extracting hydrogen from natural gas in an
autothermal reforming process. The authors used catalysts containing ZrO, and Al,Os3,
achieving 95% and 88% methane-to-hydrogen conversion respectively [58]. In a study
by Czernik and French, the authors reported yields corresponding to 70-83% of the stoi-
chiometric potential, converting pyrolysis-derived bio-oil to hydrogen. The process was
run in a reformer at 800-850 °C with platinum-based catalysts, yielding 9-11 g H,/100 g
bio-oil [59]. Gallucci et al. carried out an autothermal ethanol reforming process in a
fluidised-bed membrane reactor, achieving 100% conversion of the tested organic feedstock
into synthetic gas. The study also noted a 97% rate of pure hydrogen recovery from the
gas mixture [60]. Steam reforming is usually done in multi-section membrane reactors and
fluidised-bed membrane reactors. The main function of membrane reactors is to integrate
the production and separation of hydrogen in a single unit [60,61].

Gasification of coal or coke is a high-temperature process very similar to steam re-
forming [62]. The feedstocks used in this technology are highly important for hydrogen
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production due to their widespread use, availability and low market price [63]. The tech-
nology is based on incomplete combustion in limited oxygen [64]. S installations usually
provide for controlling the input of steam/air into the syngas-producing system, with the
resulting gas composed primarily of H, and CO [65]. Water vapour, oxygen, hydrogen, air,
and carbon dioxide can all act as gasifying agents [66]. The gas produced by gasification can
be used in a multitude of applications, including for power generation and home heating,
for fuel in gas turbines, as well as for manufacturing chemicals, methanol, hydrogen, and
liquid fuels [67].

Gasification is a highly efficient and cost-effective process of producing energy and
is in fact one of the principal technologies for converting coal to hydrogen [68]. The
barriers to further development of this method mainly lie in its high investment costs,
technological problems, and significant CO, emissions into the atmosphere [69]. Numerous
researchers have noted a correlation between the efficiency of the process and optimal
O, /C ratios. Studies confirm that coal to syngas conversion increases proportionally to the
O, /C ratio [70]. The efficiency of the process and the composition of the resulting gas are
closely linked with temperature and the steam-to-carbon ratio, among other parameters.
As these values increase, so does the process efficiency and H, /CO ratio in the produced
gas [71].

Gasification of coal or petcoke is currently done in three types of reactors and their
modifications: moving-bed, fluidized-bed, and entrained-bed [72]. Temperature and
pressure parameters are kept in the ranges of 1200-1600 °C and 5-8 MPa, depending on
the reactor design and type, which also determines the dosing method and fuel flow in the
reaction zone. Using conventional substrates leads to a near 100% gasification efficiency,
whereas biomass-based systems produce 45 to 70% of the stoichiometric values [73].

Deniz et al. achieved a hydrogen production efficiency of 62.5% using Posidonia
oceanic seaweed as the gasification substrate. The process was operated at a temperature
of 600 °C [74]. Calzavara et al. reached their peak efficiency (76%) through gasification
of maize at 745 °C and 2.8 MPa [75]. Other researchers have attained 70% efficiency by
gasifying chicken manure [76]. Ge et al. achieved 100% gasification of coal in a microreactor
at 700 °C and 25 MPa over a K,COj catalyst. Hydrogen accounted for 60% of the resultant
gas [77].

Hydrogen can also be produced using plasma technology. In this process, hydrocar-
bons are separated into hydrogen and solid carbon at 1600-2000 °C in the presence of air or
pure nitrogen [78]. The efficiency of plasma technology is highly determined by how the
plasma flame and the fuel are made to interact. Gasification efficiency can be improved by
supplying feedstock to the centre of the plasma flame and increasing its residence time in
the flame, resulting in an increased Hj fraction and calorific value of the gas [79]. Syngas
composition was found to vary significantly depending on the oxygen/feedstock ratio [80].
High concentrations of H, and CO have been noted for low O, /substrate ratios, ranging
from 0.0 to 0.3. Syngases have been found to contain high quantities of CO;, if this value
exceeded 0.8. [81].

Microwave plasma technologies, where the gasifying agents are steam and air, are
becoming increasingly popular due to their hydrogen productivity [82]. Yoon et al. (2013)
explored gasification of glycerin—a by-product of biodiesel production—using plasma
technology. The researchers used microwaves to generate the plasma. The process pro-
duced a gas comprising of: Hy—57%, CO—35%, CO,—65% and CH4—1%. Hy and CO,
levels increased with steam input, while CO decreased. The gas composition did not change
significantly between steam-to-fuel ratios of 1.6 to 2.4 [81]. In another study, Yoon and
Lee examined the use of microwave plasma for coal gasification. They showed that it was
possible to produce syngas with a hydrogen content of 60% with no oxygen present, though
at lower feedstock conversion efficiencies and gas yields [79]. In turn, Hong et al. exposed
coal to a microwave plasma torch, resulting in a biogas composed of: Hy—48%, CO—23%,
CO,—25% and CH4—4%, and maximum performance achieved with a carbon/steam ratio
of 1.36 [83].
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Water electrolysis is an electrochemical process in which the electrical energy supplied
to the system is used to separate the water molecule into atomic oxygen and hydrogen
gas [84]. The cathodes are usually mild steel or nickel-based electrodes, the anodes are
usually made of or coated with nickel [85]. This process has an efficiency of 65-80% and
produces highly pure hydrogen (99.999%) without traces of other gases [86]. The technolo-
gies for hydrogen production can be divided into three categories based on the electrolyte
used: liquid-electrolyte alkaline electrolysis, membrane electrolysis, and high-temperature
(steam) electrolysis [87]. The most important factors in the practical applicability of this
hydrogen production technology are the cost and the availability of energy [88]. Fiegen-
baum et al. achieved electrolysis efficiencies between 93 and 99% using a combination
of tetrafluoroborate acid and triethylammonium propanesulfonic acid as an electrolyte,
and a platinum electrode. The process was run at 25-80 °C [89]. Perez— Herranz et al.
managed to increase energy efficiency from 57.8% to 70% by increasing the operating
temperature of the electrolyser from 33 °C to 45 °C. A 30% NaOH solution was used as
the electrolyte [86]. Hug et al. also achieved an electrolysis efficiency of over 70% in a
10 kW alkaline electrolytic cell [90]. Ando and Tanaka reached 90% efficiency of electrolysis
using a system that produced hydrogen and hydrogen peroxide simultaneously. Hydrogen
electrodes with platinum and hydrogen peroxide electrodes with carbon material operated
in a NaOH solution electrolyte [91].

3. Thermochemical Methods of Producing Hydrogen from Biomass

Biomass gasification is a process that converts the feedstock into a gas mixture of Hp,
CO, CO,, and CH4 at temperatures above 1000 K and in the presence of a gasification agent,
such as steam, oxygen or air [92]. The literature data confirms that 60% hydrogen content
in the gas mixture can be achieved given optimal operating conditions, i.e., temperatures
between 900 and 1400 °C, and biomass moisture content of 10-20% [93]. Feedstocks used
for gasification usually contain less than 35% water [94]. The main practical limitations
of biomass gasification lie in the formation of tar and significant amounts of ash and
volatile impurities, including carbon particles, alkali metals, nitrogen/sulphur oxides,
and chlorides [95]. Another significant hurdle is the difficulty in maintaining a constant
process efficiency and syngas composition [96]. Analyses to date have detected significant
discrepancies in the final composition of the syngas, even when the operational conditions
and the compositional / physical parameters of the supplied biomass were the same [97].

Biomass used for gasification includes agri-food industry waste, forestry waste, and
agricultural waste [98,99]. There have also been reports indicating successful use of aquatic
plant biomass for gasification [100]. Research is underway to test the gasification of coal-
biomass and coke-biomass blends [101]. This technology reduces the proportion of fossil
fuels needed to produce syngas, CO, emissions, the amount of tar in the final gas, and
provides a more stable process [102]. Improving the operation of reactors is crucial for the
development of biomass gasification technology Industrial-scale experiments and systems
usually operate on fixed-bed, fluidised-bed, and entrained-bed designs [103].

Literature reports confirm that processes based on algal biomass gasification are feasi-
ble [74]. For instance, Werle conducted a comparative study to investigate thermochemical
conversion of algal (Phaeophyta) biomass and granulated sewage sludge. The process was
run in a fixed-bed system. An analysis of the gas composition showed that fuel from
gasification of algae had two times the methane and much lower CO compared to the gas
produced by sludge incineration, while having a similar hydrogen content (around 5%
by volume) [103]. In turn, Song et al. gasified biomass in a fluidised bed and analysed
the efficiency of the process in relation to the temperature. The biomass was gasified at
720-920 °C. As the temperature increased, the H; fraction in the final gas decreased from
71.5 to 52.7%, with CO proportion increasing instead. The highest carbon-to-hydrogen
conversion rate and the most favorable composition of the final gas (approx. 60% Hj) was
achieved at 820 °C [104].
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Biomass pyrolysis is a process conducted at 650-1000 K and 0.1-0.5 MPa in the absence
of oxygen [105]. The technology can be used to convert organic substrates into liquids (a
mixture of hydrocarbons), solids (coal), and a mixture of gases (Hy, CHy4, CO, and CpHg,
CyHy) [106]. The liquid fraction can then be steam reformed to boost hydrogen produc-
tion [107]. In fact, most gaseous compounds can be converted to hydrogen given suitable
conditions. If sufficiently high temperature (above 900 °C), rapid heating, and extended
volatile phase residence times are ensured during biomass pyrolysis, the resultant hydro-
gen yields are higher [105]. Zhao et al. subjected rice husks to pyrolysis and secondary
steam reforming. The pyrolysis was done at 923 K with 18 min of residence time. The
resultant oil and gas fractions were further processed via steam reforming at 1123 K and
steam-to-carbon ratio of 2. The process produced a hydrogen yield of 65 g H, /kg biomass
and over 60% Hj content in the gas [107]. Alvarez et al. used a combined process (pyrolysis
+ steam reforming) to boost hydrogen yield. The wood sawdust feedstock was amended
with polypropene at different weight ratios. A 80:20 biomass-to-polypropene was found to
produce the best results, with a hydrogen concentration of 36.1%. When a Ni/Al,O3 was
introduced to the steam reforming process, the H, fraction increased to 52.1% [108].

Literature reports point to the possibility of using the biomass of aquatic plants,
including algae, as a feedstock for pyrolysis [109]. Table 1 shows the productivity of
different alga species used in this process in different studies.

Lin et al. examined hydrogen yields in a plasma reactor at different microwave power
levels (800-1000 W range). Spirulina algae were chosen as the feedstock for pyrolysis. A
near 45% gas-volume fraction of hydrogen was achieved at peak yields (31 mg H,/g dry
mass algae) in the group treated with 1000 W microwaves [110]. A study by Maddi et al.
compared the efficiency of pyrolysis between lignocellulosic biomass, Lyngbya sp. and
Cladophora sp. algae sampled from eutrophic water bodies. The process temperature was
600 °C. The best performance was achieved with Lyngbya sp., resulting in a 48.7% hydrogen
fraction in the pyrolytic gas, compared to the 44.5% in the gas derived from pyrolysis of
corncob [111].

Hydrogen production via supercritical substrate conversion involves subjecting water
to a pressure of 22 MPa and temperatures in the range of 400 to 650 °C. Under these
conditions, water exhibits both liquid-like and gas-like properties. The supercritical water
is used to depolymerise the biomass (feedstock for hydrogen production) [112]. The
heating rate is a key determinant of efficiency and final gas composition. Temperatures
over 500 °C with higher heating rates lead to higher yields and inhibit the formation of
harmful chemicals, such as tars, phenols, and furfurals [113]. The advantage of supercritical
biogas conditioning is that it avoids feedstock drying, eliminating several processing steps
required by other thermochemical hydrogen production methods [114]. This makes it a
very promising technology for harnessing algal biomass as a substrate for supercritical
conversion [115]. Alvarez et al. produced hydrogen via supercritical conversion of the
substrate (sawdust). Hydrogen yields were maximised (80 mol/kg biomass) at 25 MPa
and 600 °C. Moisture content in the feedstock is also a significant factor—the best results
were achieved with biomass containing 95% water [108]. Similarly, Lu et al. have found
that the highest hydrogen yields (90 mol/kg biomass) were generated from feedstock with
95% water content at 25 MPa and 900 °C. Less water in the substrate led to sharp losses in
hydrogen yields [116]. Lu et al. (2008) gasified corncob amended with sodium salt in the
presence of carboxy methyl cellulose in a fluidised-bed reactor, reaching a hydrogen yield
of 12 mol/kg substrate. The maximum performance was achieved when the feedstock
contained 3% corncob and 2% salt, with 60 s of reaction time. Hydrogen fractions in the
resultant gas ranged from 32 to 36%. The operating conditions were as follows: 25 MPa;
650 °C [117].
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Table 1. Comparison of pyrolysis products from different taxonomic groups of algae.

Microalgal Tem Products [%] Energy
Strains/ Process Alga Type Reactor Type [K]P- oil Gas Solid l\\/{li?i(d Ref.
Biomass Fraction Fraction Fraction [MJ/k8l
Direct
Nannochlorsis pyrolys.ls Nannochlorsis Fixed-bed 573- 20.0-31.1 18.9-335 24.2-453 246 [109]
sp. catalytic sp- reactor 773
pyrolysis
N“””OZIZZWOP o N“””O&leomp o 10.0-19.0 11.0-340 56.0-19.0 327
Chlorella Rapid Chlorella e
Fluidised-
protothecoide pyrolysis protothecoide ué ease 773 17 28 % 290 [118]
Mzcrocystzs Catalytl'c Mzcroc'ystzs reactor 23 56 21 300
Aeruginosa pyrolysis Aeruginosa
. Fluidised-
Chlorella Rapid Chlorella bed 773 58 30.0 12.0 410 [119]
protothecoides pyrolysis  protothecoides
reactor
Tetraselmis chuii Tetmse‘l?ms 43 20 37 34
chuii
Chlorel‘la Slow Chlorel?a Conventional 41 25 34 18
vulgaris rolvsis vulgaris tubul 773 [120]
Chiorella like Y™V Chiorella like ~ tPWaroven 41 22 37 48
Chaetocerqus Chaetocerqus 33 14 53 12
muelleri muelleri
Dunaliella Dunaliella
tertiolecta tertiolecta 24 13 63 24
Synechococcus Synechococcus 38 18 44 1.4
BGAB BGAB
blue-green algae . blue-green algae Fixed-bed 26.66— 16.25- 57.09-
(>90% Pyrolysis (>90% reactor B 57 4133 2039 319 121]
Microcystis) Microcystis)

4. Biological Methods of Producing Hydrogen from Biomass
4.1. Fermentation

Many authors contend that bacterial fermentation is the most efficient method of
converting biomass to hydrogen [122,123]. The literature includes accounts of hydrogen-
production processes that utilize organic feedstock with various parameters, including
organic waste from agricultural, food, meat, and paper industries, as well as livestock
manure, slurry, and effluent [124,125]. The types of fermentation most crucial to hydrogen
production are butyrate/butanol fermentation, typical of the genus Clostridium sp., and
mixed-acid fermentation, mostly used by the family Enterobacteriaceae (Escherichia coli,
Enterobacter aerogenes, Klebsiella pneumoniae, Vibrio cholerae, Shigella dysenteriae) and Bacillus
sp. [126].

The mechanism of biohydrogen formation in anaerobic processes involves the reduc-
tion of protons by hydrogenase, using electrons donated by ferredoxin. The electrons are
released by the degradation of glucose to pyruvate, which is then oxidised to acetyl-CoA
and CO,. A diagram of an example biohydrogen production by Clostridium sp. bacteria is
presented in Figure 1.

Kumar and Das [127,128] provide a detailed outline of hydrogen production mecha-
nisms via fermentation by Enterobacter cloacae IIT—BT 08, using different sources of organic
matter. Using sucrose and cellobiose as feedstock led to the highest hydrogen yields at
6.0 Hy mol/mol substrate and 5.4 H, mol/mol substrate, respectively, with a production
rate of 35.6 mmol Hy /dm3-h. The authors surpassed this production rate in a different
study, reaching 75.6 mmol H,/dm3-h. In this case, the reactor used to grow anaerobic
bacteria was packed with lignocellulosic materials, including rice straw, bagasse, and
coconut coir. The reactor packed with coir performed the best. The authors attribute this
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finding to the higher cell density in the coir matrix, perhaps due to the largest active surface
area available to cells. A study by Wu et al. investigated fermentation of swine manure
supplemented with glucose. Hydrogen production was 2.25 dm3/dm?.d, whereas the
hydrogen content of biogas peaked at 36.9%. The authors also looked at optimum pH for
fermentation and noted the best performance at pH 5.0, which ensured stable hydrogen
production and concentration throughout the experiment (22 d). The experiment used
an ASBR system, with a glucose degradation efficiency ranging from 98.5 to 99.6% [129].
Fang and Liu tested a dark hydrogen fermentation process in a 3 L reactor at a pH range
of 4.0-7.0. A synthetic medium with 7.0 g/dm3 glucose was fed into a digester. The
process turned stable after 14 days and degraded 90% of the glucose. The hydrogen yields
at optimal pH (5.5) reached 2.1 mol H; /mol glucose with 64% hydrogen content in the
biogas [130]. Kim et al. achieved a hydrogen production of 128 cm3/ g CODyemoved- The
hydrogen yield was close to 110 cm3/dm3-h. Food waste was fermented using Clostridium
beijerinckii KCTC 1785. The process was run at pH 5.5 and 40 °C [131]. Song et al. used cow
dung compost for dark fermentation and obtained a hydrogen yield of 290.8 cm?/dm?
culture. The feedstock input into the system had a concentration of 10 g/dm?. Initial pH
was around 7.0. The dominant hydrogen producers were Clostridium sp. and Enterobacter
sp. [132].
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Figure 1. Diagram of hydrogen production by Clostridium sp.

Fermentative hydrogen production is influenced by many factors and system param-
eters, including substrate type, substrate concentration, hydraulic retention time (HRT),
type of digester, pH, temperature and microbial strain [133]. Even trace amounts of oxy-
gen in the system inhibit hydrogenase activity in obligate anaerobes, which is why it is
usually the safer choice to use facultative anaerobes, with Clostridium sp. and Enterobacter
sp. being the most common. This is due to the fact that these bacteria better tolerate
oxygen in bioreactors [134]. Optimal pH for efficient hydrogen production ranges from
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5.0 to 6.0. Lower values have a direct effect in switching microbial metabolism towards
biochemical processes that lead to different make-up of the resultant gas and decreased
hydrogen production. Furthermore, pH under 4.0 can inhibit microbial growth [129].
Conversely, increased pH induces methanogenic bacteria to grow, consuming hydrogen
to produce methane [135]. One simple technological procedure, commonly used to elim-
inate methanogenic bacteria from the communities in anaerobic sludge, is to perform
heat treatment at 80-104 °C [136]. Heat conditioning of anaerobic microflora ensures the
survival of hydrogenous spore-forming microbes, including Clostridium sp. and Bacillus
sp. [137]. Short hydraulic retention times (12 h or less) can also be used to limit the growth
of bacteria that compete with hydrogen-producing microbes [138]. The efficiency of hydro-
gen fermentation can be hampered by undissociated volatile fatty acids generated in the
reactor [135]. Partial pressure of gaseous hydrogen has also been identified as an important
factor. Excessive hydrogen levels in the system lead to accumulation of propionic acid
and butyric acid, reducing hydrogen production. Reducing the pressure—and thus, the
hydrogen concentration—can significantly improve performance [139]. Other parameters
are also important, including substrate profile, nitrogen levels (used as a nutrient by mi-
croorganisms) or iron levels (involved in hydrogenase activity). According to literature
data, iron levels should be kept between 10 and 100 mg/dm? [126].

4.2. Photofermentation

Photofermentation is done by anaerobic bacteria capable of converting organic acids to
hydrogen and CO, [140]. Most common photosynthesizers include green/purple sulphur
and non-sulphur bacteria. The species most widely covered in the literature are: Rhodobac-
ter spheroides, Rhodobacter capsulatus, Rhodobacter sulidophilu, Rhodopseudomonas palustris,
Rhodopseudomonos sphaeroides, and Halobacterium haobium [141]. Nitrogenase is the pri-
mary photofermentative enzyme, capable of catalyzing its reaction in either direction [142].
In the presence of inhibitory nitrogen, electrons are transferred by ferredoxin and used
by microorganisms to reduce molecular nitrogen into ammonia. In a nitrogen-deprived
environment, electrons carried by nitrogenase reduce protons into molecular hydrogen.
Nitrogenase activity can be inhibited by oxygen, ammonia or excessive C/N [143]. The
biochemistry of photofermentative hydrogen production involves the transfer of electrons
released during the decomposition of organic substrate by ferredoxin, which are taken up
by nitrogenase and used to reduce protons to molecular hydrogen. The energy necessary
for protein-mediated electron transfer is derived from the light source. A diagram of the
photofermentation process is presented in Figure 2.

Achieving suitable conditions for photofermentation requires a source of bright
400-1000 nm light (6-10 klux), a temperature between 30 °C and 36 °C, and near-neutral
pH (6.8-7.5) [144]. Optimal illumination intensity boosts hydrogen production rates and
yields. However, due to the high running costs of such a solution, alternating light-dark
cycles are usually used instead. The cycles tend to be equal in length, 12/12 h being the
most common regime [145]. Hydrogen yields produced through photofermentation are
also largely and directly determined by the type and design of the bioreactor [146]. Tubular,
column and flat-plate reactors are the most common [147]. These units are typically closed
and hermetically sealed, preventing contamination, oxygen penetration and growth of
competing microbial species. Bioreactors currently used for photofermentation are similar
in design to those used for cultivating and growing microalgae [148].

Yetis et al. studied photofermentative hydrogen production by Rhodobacter spheroides
0.U.001 using sugar refinery wastewater as feedstock. The hydrogen yield was
3.8 cm3/dm3-h. When malic acid was added to the feedstock, production rate increased to
5.0 cm3/dm3-h [149]. Eroglu et al. demonstrated that colored and organic-rich wastewa-
ter needs to be diluted. Dilution of olive mill wastewater led to hydrogen production of
13.9dm> H, /dm?> by Rhodobacter sphaeroides O.U.001 [141]. Oh et al. used Rhodopseudomonas
palustris P4 for photofermentation, producing 2.4-2.8 mol Hp /mol acetic acid [150]. Argun
and Kargi investigated the effect of different light sources and intensities on photofer-



Energies 2021, 14, 6025

10 of 27

mentative hydrogen production by Rhodobacter sphaeroides—RV. Fatty acids derived from
ground wheat starch served as the feedstock. Tests with halogen lamps led to the highest
hydrogen production of 252 cm?® and production efficiency of 781 cm® H, /g fatty acids. A
light intensity of 5 klux provided the best performance in terms of hydrogen production at
1037 cm3 /g fatty acids [151]. Laocharoen and Reungsang ran a photofermentative process
using Rhodobacter sphaeroides KKU—-PS5. The operational parameters of the fermentation
were as follows: temperature—30 °C; light intensity—6 klux; initial pH—7.0. Malic acid at
a concentration of 30 mmol/dm?3 served as the primary feedstock for the microorganisms.
Hydrogen production yields and rates were 1330 cm? H,/ dm?3, 3.80 mol/mol malate, and
11.08 cm® Hy /dm3-h respectively [152]. The efficiencies of photofermentative biohydrogen
production, according to literature data, are presented in Table 2.

H
Substrate (carbon source) 2

e organic acids
e \wastewater

_ i 2e NITROGENASE
Bacterial
culture —_— \
ATP N W<

2 H*

Figure 2. Diagram of photofermentative hydrogen production by microbes.

Literature data indicate that a combination of dark and photofermentation is a valid
method of enhancing hydrogen production [153]. Dark fermentation produces organic
acids and alcohols as by-products, which serve as a carbon source for the bacteria involved
in photofermentative hydrogen production [154]. Integrated biological processes signifi-
cantly improve the ratio of energy stored in the hydrogen to the energy needed to maintain
the culture. This ratio was 3.0 in studies by Manish and Banerjee [155].

Nath et al. applied glucose for hydrogen production by Enterobacter cloacae strain
DM11, with dark fermentation as the first stage of the process. The gas yield amounted
to 1.86 mol Hy /mol glucose. The spent medium from the fermentation, which mainly
contained acetic acid, was then used as a source of carbon for photofermentation by
Rhodobacter sphaeroides O.U.001, which resulted in an additional 1.5 to 1.72 mol Hp /mol of
acetic acid [156]. Yokoi et al. increased the gas production twofold by using Clostridium
butyricum and Rhodobacter sp. M-19, with a total yield of 6.6 mol H, /mol glucose [157].

Khanal et al. produced 7.2 mol Hy /mol glucose by using starch production waste as
the basic feedstock for fermentation, and photofermented the residue (which contained
lactic, butyric and acetic acids) [164]. Yokoi et al. have produced similar results using
Clostridium butricum, Enterobacter aerogenes, and Rhodobacter sp. M-19 grown on potato-
processing waste [165]. Cheng et al. conducted a two-stage hydrogen production process
using Arthrospira platensis pre-treated with microwaves and HySO4. Dark fermentation of
the feedstock (containing 10 g/dm3 glucose) resulted in a hydrogen yield of 96.6 cm3/g
dry matter. The spent solution had a high NH4* content of 31.6-96.6 mM. This residue
was then treated by ion exchange to prevent interference with subsequent biochemical
processes, removing 91.8-95.8% ammonium ions. The treated residue could then be further
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photofermented, resulting in hydrogen production of 240.4 cm3/g dry matter. The entire
system produced a total of 337 cm® H, per gram of dry matter feedstock [166].

Table 2. Comparison of literature data on photofermentative hydrogen productivity.

. Light Intensity Temp. .

Organism Substrate [W/m2] [°C] H; Production Ref.
RhOdOb(gtg (s)gqaerozdes olive mill wastewater 150 30 35 dm? Hy /dm3g pstrate [141]
RhOdOb”Cff)gi”p sulatus glucose 175 30 5.5 mol Hy /molgycose [158]

sucrose (sugar

Rhodobacter capsulatus industry molasses) 200 30 10.5 mol Hy /molgycrose [159]
Rhodobacter capsulatus sucrose 200 30 14 mol Hy / molsycrose [159]
Rhodobac;;giap sulatus glucose 200 30 3.3 mol Hy /molgjycose [160]

Rhodobacter sphaeroides milk industry 3 3
0.U. 001 wastewater 116 28 3.2 dm” Hy/dm®supstrate [161]

. . soy sauce production

Rhodobium marinum wastewater 240 30 2.14 molH; /molgycose [162]
Rhodobium marinum sugar cane bagasse 240 30 41 cm® H, [162]
Rhodobacter capsulatus malonate 200 30 3.7 mol Hyp /molgpstrate [163]
Rhodobacter capsulatus acetate 200 30 2.5 mol Hj /molgpstrate [163]

The performance of hybrid systems was also examined by Su et al., who set up
an integrated dark and photo fermentation process with cassava starch as the substrate
(10-25 g/dm? concentration). The dark fermentation stage produced 240.0 cm? hydrogen
per gram of starch at a concentration of 10 g/dm?, with the maximum production rate
being 84.4 cm® Hy /dm?-h at a concentration of 25 g/dm?. The by-products of this stage—
acetate and butyrate—were then used as substrates for fermentation in the presence of
Rhodopseudomonas palustris. The yield at this stage amounted to 131.9 cm3 H, /g starch at a
rate of 16.4 cm® Hy/dm3-h. Acetate and butyrate conversion capacities were respectively
89.3% and 98.5%. The total hydrogen yield of the two-stage process was 402.3 cm?/g
starch [167]. In another study, Su et al. presented a method for improving hydrogen yields
in a two-stage process. Hydrogen production during the dark fermentation stage reached
1.72 mol/mol glucose at a rate of 100 cm® Hy/dm3-h. In the photofermentation stage, the
yield was 4.16 mol/mol glucose. Metabolites from the dark cycle were converted in this
stage with an efficiency of 92.3% (acetate) and 99.8% (butyrate). The two-step process
yielded 5.48 mol Hy /mol glucose [168].

There has been an increasingly prevalent opinion that hybrid systems are capable of
producing 12 mol Hy /mol glucose at their peak, which had once been considered a purely
theoretical threshold [169].

5. Hydrogen Production Using Algae

The production of hydrogen through biological processes carried out by algae involves
direct biophotolysis with photosynthetic production of hydrogen from water, using photo
energy to break down the water molecule into hydrogen and oxygen [170]. This is mainly
mediated by hydrogenase activity, which catalyses reversible H, oxidation and generates
gaseous hydrogen by reducing protons [171]. Hydrogen production through microalgal
photolysis is facilitated by two transmembrane peptide complexes: photosystem I (PSI)
and photosystem II (PSII). The exposure of both complexes to solar radiation results in
the breakdown of the water molecule. PSII produces O,, while PSI uses the electrons
generated in the process to reduce CO, and construct cellular material (under aerobic
conditions); alternatively, the electrons are transferred by ferredoxin to hydrogenase and
used for hydrogen production. Anaerobic conditions are required to induce hydrogen
production and hydrogenase activity. Sulphur deprivation causes reversible inactivation of
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PSII, leading to the inhibition of oxygen evolution by photosynthesis. Oxygen levels drop
below those used up by respiratory metabolism. However, photosystem I (PSI) remains
active, transferring the electrons to hydrogenase through ferredoxin, and thus activating
hydrogen production [93]. A diagram of the biochemical hydrogen production process via
direct biophotolysis of water by specialized microalgae is shown in Figure 3.

LIGHT STAGE DARK STAGE
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- /‘// \\
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Figure 3. Diagram of direct water photolysis.

In the presence of organic substrates, the hydrogen-producing microalgal species
can grow mixotrophically during light periods via growth and heterotrophically in the
dark [172]. When the light supply to the culture system is limited, the algae metabolise the
available simple organic compounds and use them for maintaining cellular processes and
synthesising biomass [173].

It has been demonstrated that environments with oxygen levels kept below 0.1%
provide the best conditions for cell systems to produce hydrogen [174]. The most common
strategy for removing sulphur from the growth medium is to centrifuge the algal culture,
and then suspend the concentrated and dewatered biomass in the medium, which has
its sulphur replaced with chlorine compounds [175]. This centrifugation-based process
has been shown to be costly and time-consuming, while also destroying some of the
cellular material. Alternatively, the culture medium can be diluted to reduce sulphur in
the system. However, this procedure requires more time for depleting the sulphur and
reaching anaerobic conditions [174].

It is also difficult to pinpoint the right cultivation time and moment of initiating
hydrogen production. Some authors have stated biomass production should be terminated
in the middle of the exponential growth phase [176], whereas others have argued that
higher algal cell densities directly improve efficiency and increase hydrogen production
time [24]. Ji et al. have produced, at a cell density of 0.5 g/dm3, a hydrogen yield of
16 cm® /g biomass, whereas higher cell densities (3.2 g/dm?) ultimately led to a production
of 49 cm?® H, /g biomass. The conversion of light to hydrogen energy was 0.3% Higher
substrate density led to a near-tenfold increase in the gas production rate [24].

Most of the scientific publications on the subject have reported that single-cell algae
are capable of producing H, with high efficiency. The species most commonly used by
researchers is Chlamydomonas reinchardtii, commonly found in soil and saltwater [174].
Studies using this species report Hy yields of 90-110 cm?®/dm3 [177], with even higher
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levels of 80-140 cm®/dm3 reached in some cases [178]. Faraloni et al. achieved a hydrogen
production of 150 cm3®/dm? in a Chlamydomonas reinhardtii culture grown in olive mill
wastewater [179]. A study by Skjanes et al. examined the hydrogen production capacity
of 21 green algae species in an isolated anaerobic environment. The most productive
strains were: Chlamydomonas reinhardtii, Chlamydomonas euryale, Chlamydomonas noctigama,
Chlamydomonas vectensis, Chlorella pyrenoidosa, Oocystis, Desmodesmus subspicatus, and Pseu-
dokirchneriella subcapitata. The top producer (at almost 140 cm3/dm?3) was Chlamydomonas
reinhardtii, followed by Chlamydomonas noctigama at 80 cm3/dm3 and Chlamydomonas euryale
at22 cm3/dm?3 [178].

The algae of the genus Chlorella sp. have significant potential for producing hydro-
gen [180]. The species is attractive due to its eurybiontic nature, its great adaptability to
changing environmental conditions, its resistance to pollution, and fast growth rate [181].
Scientific studies confirm that Chlorella sp. algal biomass can be used for efficient hy-
drogen production, comparable to other algal species more commonly used with this
technology [25]. Zhang et al. investigated how nutrient-deprived media affected hydrogen
production by Chlorella protothecoides algae. The hydrogen yield from the nitrogen-deprived
medium was 110.8 cm?®/dm? culture. Simultaneous nitrogen and sulphur deprivation
increased the yield to 140.4 cm®/dm3 culture [180]. Chader et al. compared hydrogen pro-
ductivity and tolerance to oxygen across three algae species: Chlorella sorokiniana, Chlorella
salina, and Chlorella sp. Ultimately, C. sorokiniana proved to be the best hydrogen producer
with an output of 147 cm?® during the 220-h experiment. However, this strain had low
tolerance to environmental oxygen at 2%. The other two microorganisms produced lower
hydrogen yields, but were able to tolerate oxygen levels between 11% and 15.4% [182]. In
turn, Song et al. achieved hydrogen yields ranging from 260 to 480 cm®/dm3 with Chlorella
sp. The system performed best at 37-40 °C, with yields of 183 do 238 cm3/dm3-h at
30 mM initial glucose [25]. Genetic modifications of Chlorella sp. have been shown to enable
hydrogen production without alternating between anaerobic and aerobic conditions and
limiting sulphur in the culture [183]. Amutha and Murugesan investigated hydrogen pro-
duction by Chlorella vulgaris MSU 01 algae, growing the biomass and producing hydrogen
on different carbon substrates, including corn stalks. The algal biomass grew fastest on
corn stalks at a concentration of 4 g DM/dm?. The biomass was used to produce hydrogen
in a 0.5 dm? bioreactor, yielding 220 cm®/dm? culture after 6 days of the experiment. The
average hydrogen production rate was 26 cm3/dm?>-d [184].

Other works have examined the use of Platymonas subcordiformis for biohydrogen
production in alternating light and dark conditions, with external carbon sources such as
acetate, glucose, sucrose or other simple carbohydrates. Average hydrogen production effi-
ciency ranges from 78 cm®/dm? to a high as 158 cm?3/dm? culture [185]. Ji et al. explored
the production of hydrogen by Tetraselmis subcordiformis in media deprived of different
nutrients, such as nitrogen, sulphur, and phosphorus. The nitrogen-depleted experimental
variants performed the best, yielding 55.8 cm?3/dm? culture [186]. This species is of interest
for the production of organic substrates and biological hydrogen, as it is fast and easy to
grow in reactors. There is a growing body of research on harnessing this species of mi-
croalgae as an immediate product in energy-carrier production technologies [185,186].
Biohydrogen yields from microalgae, as reported in literature data, are presented in
Table 3. Biohydrogen production using algal biomass is comparative to that of cellulose-
based biomass (Table 4).
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Table 3. Comparison of literature data on microalgal hydrogen productivity.

Microaleal Performance
croatga Condition H; Production Ref.
Strains/Biomass 3713
[em?/dm?]
Platymonas torus photobioreactor two-phase 157.7 [24]
Subcordiformis incubation 0-1000 wmol photon/m?-s ’
Chlamydomonas CST-PBR (continuously stirred type 321.0 [175]
reinhardtii photobioreactor) 140 pE/ m?2-s, 100 rpm ’
Chlamydomonas s 2 o
reinharddii cylindrical flasks, 100 pE/m*-s, 28 °C 180.0 [177]
Chlamydomonas glass photobioreactors, 300 uE/m?-s, 120.0 [178]
reinhardtii 30 + 1.5 °C, 400-500 rpm ’
Chlorella vulgaris MSU  illumination of 8 klux (2 nos.)—halogen 220 [184]
01 lamps
Tetraselmis two-phase incubation, 160 uE/ m?-s, 25 558 [186]
Subcordiformis °C, 150 rpm '
Chlamydomonas flat PBRs, two-phase incubation,
reinhardtii 70 x 2 pE/m?-s 2109 [187]
Platymonas ) 50.0 [188]

Subcordiformis

Table 4. Comparison of literature data on algal and cellulose-based biomass for biohydrogen

production.

Feedstock Condition Performance3H2 Production Ref.

[em°/gTS]
Arthrospira platensis batch, 35 °C 96.6 [166]
Chlamydomonas reinhardtii batch, 37 °C 40.0 [189]
Chlorella sp. batch, 35 °C, pH=6.5 6.1 [190]
Chlorella Pyrenoidosa sp. batch, 35 °C, pH=6.0 8.8 [191]
Chlorella vulgaris batch, 35 °C 41.2 [192]
Chlorella vulgaris ESP6 batch, 35 °C 81.0 [193]
Nannochloropsis Oceanica sp.  batch, 35 °C, pH=6.0 0-2.0 [194]
Scenedesmus obliquus batch, 37 °C 90.3 [195]
Corn cob batch, 60 °C, pH=7 3.23-3.27 [196]
Corn stalk batch, 60 °C, pH=7 3.28-3.47 [196]
Corn stalk batch, 36 °C, pH=7.5 79.8 [197]
Corn Straw batch, 35 °C, pH=6.0 69.6-93.4 [198]
Delignified wood batch, pH="7 2.5-7.8 [199]
Grass batch, 35 °C, pH=7 72.2 [200]
Grass silage batch, 37 °C, pH=7 37.8 [201]
Poplar leaves batch, 35 °C, pH=7 33.45 [202]
Rice Straw batch, 55 °C, pH=6.5 24.8 [203]

Another biochemical hydrogen production process mediated by algae is indirect
biophotolysis. It has been demonstrated in cyanobacteria, which (via photosynthesis)
accumulate carbohydrates from CO, reduction, which in turn are decomposed by fermen-
tation. The process is mediated by photosystem I. The PSI proteins transfer electrons to
ferredoxin using light energy [204]. Carbon dioxide and enzymes play an important role
in the indirect biophotolysis process. CO, is a carrier of electrons and protons formed
during the water molecule degradation, whereas enzymes, including nitrogenase and
two NiFe hydrogenases, catalyse the reduction of atmospheric nitrogen to ammonia with
simultaneous proton reduction and hydrogen release, as in Equation (1) [205]:

N, + 8H" + 8¢~ + 16ATP — 2NH; + Hy + 16ADP + 16P;

M
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nitrogenase can also reduce protons into molecular hydrogen, as in Equation (2):
2H" +2e” + 4ATP — H, + 4ADP + 4P; )

Blue-green algae are a particularly promising taxonomic group for hydrogen produc-
tion. Their value lies in the fact that they are susceptible to genetic modification, have
low environmental requirements, and do not need any specific nutrients to be fed into the
system [205,206].

An experiment performed by Troshina et al. is one of the examples of using blue-green
algae biomass to produce hydrogen [207]. A population of Gloeocapsa alpicola Calu 743
was grown in limited nitrate to boost hydrogen production. This resulted in high H,
production at 25 uL/h per mg dry matter. It was found that the hydrogen was produced
by means of biodegrading the glycogen accumulated in the cells during photoautotrophic
growth [207]. A similar study was conducted by Aoyama et al. using the filamentous blue-
green algae strain Spirulina platensis NIES— 46. Hydrogen was produced at an efficiency
of around 2 umol/mg dry matter [208]. The process also produced ethanol and low-
molecular-weight organic acids (primarily acetic acid). Khetkorn et alinvestigated the
viability of hydrogen production by cyanobacteria (Anabaena siamensis TISTR 8012). An
exogenous carbon source in the form of 0.5% fructose was fed into the system to boost
biochemical conversion processes. The process was run under continuous illumination
of 200 pE/m?-s. The hydrogen yield amounted to 32 pmol/mg Chle-h [209]. The same
authors later conducted another experiment with this species, reaching a production rate
of 29.7 umol/mg Chlec-h [210].

Due to the hazards associated with conventional methods of producing hydrogen, bio-
logical processes are becoming an increasingly attractive alternative. Among the presented
methods of obtaining hydrogen fuel, intracellular direct biophotolysis by microalgae seems
to be the most environmentally sustainable. This technology also supports a wide range of
species and process conditions. The experiments are conducted in variable environmental
conditions to produce high concentrations of algal biomass and hydrogen. As such, the
potential shown by biological and biochemical processes in microbial cells warrants more
attention.

The literature reports show that Platymonas subcordiformis can be a source of value-
added substances such as sugars, proteins or fats, given optimal culture conditions [211,212].
The great potential of Platymonas subcordiformis algae lies in their fast biomass growth,
resistance to various types of pollution, high adaptability, and compatibility with different
culture media of various physico-chemical parameters, including industrial and municipal
wastewater [213,214]. There is also a fast-growing body of research on harnessing Platy-
monas subcordiformis planktonic algae by switching their metabolism towards hydrogen
production [215].

Most publications focus on producing Platymonas subcordiformis biomass on media
prepared from distilled water and chemical reagents that provide optimal conditions for
microalgal growth [175,185]. Xie et al. has reported a Platymonas subcordiformis biomass
of 3680 mgpon /dm?® grown on the same type of medium [216], while Ji et al. achieved a
biomass production of 3200 mgponm / dm? in similar conditions [24].

Ran et al. cultivated Platymonas subcordiformis in a medium prepared with water
from the southern part of Bohai Bay (China). This led to the conclusion that a satisfactory
rate of algal growth can only be achieved if the bay waters were supplemented with
micronutrients. The final biomass measured by the density of microalgal cells in the culture
medium ranged from 1.85 to 2.0-10° cells/cm?3 [217].

There are also literature reports confirming that Platymonas sp. algae can be grown in
a blend of municipal sewage and industrial (textile) sewage [218]. The assayed chlorophyll
levels were 2.8 ug/cm? for Platymonas suecica and 7.3 pg/cm3 for Platymonas chuii. In
another study, a population of Platymonas subcordiformis was found to exhibit high rates of
nutrient take-up from aquaculture wastewater. Nitrogen and phosphorus removal were in
the ranges of 87.0-95.0% and 98.0-99.0% respectively [214].
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Most studies use closed culture systems due to the need to monitor and culture
multiple process parameters that directly affect microalgal growth in hydrogen production
systems [219,220]. Most literature reports focus on photobioreactors with an active volume
range of 250-5000 mL. Low-volume bioreactors can be placed in incubators to stabilise
culture conditions [185,221]. Dasgupta et al. [219] and Oncel and Kose [222] present a wide
variety of reactor types used to cultivate algal and produce hydrogen. Flat-panel reactors,
tubular reactors (horizontal or vertical), and various digesters are all cited as viable options.
A Platymonas subcordiformis biomass grown by Guo et al. in a column reactor reached levels
that correspond to a phytoplankton concentration of 4.0-10° cells/cm?, which translates
to algal dry matter of 2500 mgpn/ dm? [188]. Ji et al. obtained a Platymonas subcordiformis
biomass concentration of 1800 mgpy/dm? in a study conducted in an air-lift tubular
reactor with a working volume of 500 cm? [186]. Due to the strictly controlled nature of
microalgal biomass production, the equipment enabled multiparametric monitoring of the
culture. Units of this type are often fitted with additional valves for transporting gas out or
air/CQO; into the reactor [223]. One example of this design is the photobioreactor used by
Ji et al. to cultivate Platymonas subcordiformis. The set-up was used both to grow biomass
and produce hydrogen. The authors obtained a microalgal biomass concentration of
3200 mgpy/dm? [24].

Xie et al. used an analogous type of photobioreactor to produce similar levels of Platy-
monas subcordiformis biomass at 3680 mgpy/dm?>. The culture was grown in mixotrophic
conditions with glucose as an exogenous source of carbon. Initial glucose levels in the
medium were 24 g/dm? [200], confirming that hydrogen-producing Chlamydomonas rein-
hardtii algae can produce high yields using process parameters similar to those presented
in our paper. Experiments Oncel and Vardar-Sukan [175] and Oncel and Sabankay [207]
indicate that culture conditions—such as temperature, pH, light intensity, and the regime
of dark/light cycles—should be precisely controlled.

Xie et al. found a decrease in chlorophyll content in Platymonas subcordiformis cultures
stimulated by added glucose. The chlorophyll content in the photoautotrophic culture
(without external carbon source) was, on average, twice as high than in the mixotrophic
culture, where glucose was added to the culture medium [216]. A similar trend was
observed by Faraloni et al. in a Chlamydomonas reinhardtii culture grown in a medium made
from wastewater rich in organic acids and carbohydrates. The chlorophyll content was
25mg/ dm3, being significantly lower than in the control microalgae grown in a mineral
medium, which were found to contain 50 mg/dm?> chlorophyll (a). The culture was grown
mixotrophically at 28 °C, and exposed to a light intensity 70 pmol E/m?-s. In the control,
the chlorophyll concentration grew throughout the experiment (70 h) and only stabilised at
the last stage of growth. In contrast, the same parameter stabilised as soon as after 20 h of
the incubation of the culture supplemented with industrial wastewater and remained so
throughout [179].

Fluctuations in the level of photosynthetic pigments can occur in response to changes
in microbial metabolism in photoautotrophic and mixotrophic conditions. In the au-
totrophic culture, microalgal growth is fuelled directly by photosynthesis (driven by light
energy). In mixotrophic environments, an additional source of energy is provided in the
form of an exogenous carbon substrate (easily degradable organic compounds). Photo-
synthesis, which stimulates the formation of pigments in microalgae such as Platymonas
subcordiformis, is inhibited by such input [224].

The addition of glucose can cause a successive reduction in pH during the culture
process. The significant decrease in pH can be caused by the biological conversion of
glucose to soluble carbon dioxide. This process has been shown to cause photosynthesis
inhibition, which leads directly to reduced growth of algal populations [179].

The same was observed by Guo et al. after feeding large quantities of CO, into the
system. By the end of the experiment, the pH in purely air-mixed photobioreactors grew to
9-1. In contrast, the variants where cultures were saturated with CO,-supplemented air (at
15% COy), the pH gradually fell to 5-6 [188]. In another study, Guo et al. suggested that
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reduced microalgal growth may also be caused by excessive biomass concentrations which
limit the passage of light. This was further evidenced by an analysis of nutrient removal in
the growth medium, which showed that the take-up of biogenic compound slowed down
after a few days of culture [214].

The growth of Platymonas subcordiformis algae is highly determined by the salinity of
the medium [225]. Khatoon et al. showed that 30 ppt salinity maximised the growth of
Platymonas subcordiformis biomass cultivated under controlled conditions. Higher (40 ppt)
or lower (20 ppt) values led to significantly reduced final biomass, while also adversely
affecting intracellular protein, lipid, and carbohydrate levels. The authors also sought to
identify the best pH levels for fast biomass growth and found that pH levels below 7.5
and above 8.5 limited the growth rate of Platymonas subcordiformis populations and the
content of value-added substances in the cells [211]. These findings are corroborated by
Yao et al., who noted that algal production was maximised at 27.0 g/dm? NaCl, which
corresponds to 30-33 ppt salinity. The biomass concentration was 4.6 gpy;/dm? growing at
a rate of 0.68 gpy/dm?-d [212]. Another study examining the starch accumulation capacity
of Platymonas subcordiformis showed that the microalgae in the reactor grew to 5.7 gpp/dm?
and contained 40 do 60% dry matter starch. Culture conditions were determined by the
initial KNOj in the medium. The system performed best at 37-40 °C at 11 mM KNOj3 [226].
These levels of pH and salinity in the medium have also been found to be optimal by Guan
et al. [185] and Ji et al. [24]. In a study by Guan et al., Platymonas subcordiformis algae were
grown in a medium with 30-33 ppt salinity at 25 °C and a pH of 8.2 [185]. Ji et al. (2010)
used similar cultivation conditions, with identical salinity ranges and temperatures, but
lower pH (7.5) [24].

Ji et al. [186] and Guo et al. [188] and Ran et al. [217] for producing Platymonas
subcordiformis biomass used an alternating illumination regime with a 14 h light cycle and
10 h dark cycle. In these cases, the microalgae were grown in tubular photobioreactors.
Other researchers explored different light periods—12 h or 8 h [218,227]. In a study by
Oncel and Vardar-Sukan, extending the dark period led to decreasing hydrogen yields and
biomass content. The author reported inferior performance compared to cultures grown
autotrophically, regardless of the light/dark regime used [187].

Due to the specific metabolic processes in Platymonas subcordiformis cells, this microal-
gal species is considered to be a strong contender among potential biohydrogen sources.
Hydrogen production is induced by removing sulphur from the medium and maintaining
anaerobic conditions to activate hydrogenase [60]. The literature includes two methods
of inducing hydrogen production in Platymonas subcordiformis biomass. One commonly
used method calls for concentrating and dehydrating the microalgal biomass via centrifu-
gation, after which the biomass is fed into the culture medium (which has had its sulphur
replaced with chlorine compounds). However, research to date has demonstrated that
centrifugation is a costly and time-consuming procedure that is difficult to automate [174].
It does, however, boast the clear benefit of effectively removing the sulphur-rich culture
medium [175,221]. One alternative presented in the literature is the dilution of sulphur-rich
media, which directly reduces the sulphur fraction in the system. However, despite its
effectiveness, this procedure requires much more time for reaching anaerobic conditions,
inducing hydrogenase activity and initiating hydrogen production [215]. Research to date
has clearly shown that efficiency of microalgal biohydrogen production is directly affected
by the method used to limit sulphur in the culture medium [228].

Laurinavichene et al. tested a hydrogen production process using Chlamydomonas
reinhardtii cultures. In the course of the experiment, two sulphur-deprivation procedures
were compared, i.e., centrifugation and dilution. Centrifugation was found to provide
better performance in terms of eliminating sulphur from the medium, establishing anaero-
bic conditions and producing hydrogen. Total hydrogen production post-centrifugation
amounted to 180 mL/dm? whereas dilution led to a 22% lower yield [177].

Debowski et al. examined a novel and heretofore untested method of separating
microalgae biomass based on membrane microfiltration. It was hypothesised that this
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alternative method of separating and dewatering microalgae biomass would lower the cost
of the process and improve performance [229]. Literature reports also prove that centrifu-
gation often destroys algal cells and intracellular structures, which reduces the population
of active organisms and thus the amount of gaseous metabolic products [177,228].

A study by Tamburic et al. compared how three sulphur-deprivation procedures—
dilution, centrifugation, and sulphur control in the biomass—affected hydrogen produc-
tivity. The experiment used Chlamydomonas reinhardtii microalgae grown in plate photo-
bioreactors. Diluted cultures produced a hydrogen yield of 23.6 cm3/dm3 at a rate of
0.18 cm®/dm?3-h. Centrifugation resulted in much higher hydrogen production efficiency,
yielding 102.7 cm?/dm?3 at a rate of 1.11 cm3/dm3-h. Finally, by controlling nutrient levels
during microbial cultivation, including sulphur and acetate, the authors achieved a hydro-
gen production efficiency of 130 cm®/dm? at a rate of 1.30 cm® /dm?-h, thus exceeding the
performance of the centrifugation-based system by 9.7% [228].

Jietal. presented a different strategy of activating hydrogenase. The authors tested
hydrogen production efficiencies in relation to the nutrient-depletion procedure. Platymonas
subcordiformis were chosen as the biological specimen for testing, grown until reaching the
exponential growth phase. The biomass was then suspended in one of the three media,
which were deprived of either nitrogen, phosphorus or sulphur, depending on the variant.
Hydrogen yields were maximised in the N-depleted system, reaching 55.8 cm®/dm?. The S-
and P-depleted variants provided only a third and a sixth of this amount, respectively [186].

A study by Faraloni et al. confirms that mixotrophic culture conditions enhance
hydrogen production by microalgal cells. A medium prepared with olive mill wastewater
as the base directly promoted accumulation of carbohydrate compounds in algal cells,
which boosted hydrogen productivity. The exact biohydrogen yield in this case was
150.8 cm® H, /dm?3. By comparison, a biomass grown on typical synthetic medium yielded
100.2 £+ 9.5 cm?® H, /dm? [179].

This positive effect of mixotrophic cultures on hydrogen production by Platymonas
subcordiformis has been corroborated by Ran et al. This group explored hydrogen production
enhancement by using media amended with exogenous carbon sources and phosphorus.
The addition of glucose to the medium resulted in a hydrogen yield of 146.35 + 11.01 cm®—
offering a 10-19% improvement over purely autotrophic systems [217]. Algal cultures
grown on carbon-enriched media accumulate larger intracellular reservoirs of nutrient
stores. These deposits help microalgae survive in the adverse environments maintained at
the hydrogen production stage [230].

Laboratory-scale research is underway to develop an efficient hydrogen production
method using Platymonas subcordiformis algae and focuses primarily on identifying optimal
technological parameters for best performance. There have been divergent reports on how
much biohydrogen can be extracted. The highest production by volume has been reported
by Ji et al., who achieved 157.7 cm?®/dm? hydrogen at 3.2 g/dm? algal density [24]. By
comparison, the hydrogen yields achieved by Guo et al. did not exceed 50 cm3/dm3 with
Platymonas subcordiformis growth in the system being around 3.8 x 10° cells/cm? [188].
Ji et al. reported similar performance, obtaining obtained 55.8 cm®/dm? hydrogen by
maintaining a biomass concentration of 6 x 10° cells/cm? [186].

6. Conclusions

One of the priorities for researchers, designers, and operators of energy systems is
the development and effective deployment of clean energy technologies on an industrial
scale. This is due to the need to reduce carbon dioxide emissions, thus directly mitigating
the fast-progressing climate change and related phenomena. Even now, there are studies
available that substantiate the viability of efficient, cost-effective production and use of
biofuels, which will stabilise the prices of conventional energy carriers. Biofuels will enable
countries without access to fossil fuel deposits to achieve partial energy independence,
create jobs in the fuel and energy sector, and make a push towards a low-carbon economy.
There are high hopes that hydrogen will be one such fuel.
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Attempts to deploy biofuel production systems have shown that such installations are
technologically complex, difficult to maintain, and require high investment costs, which
directly hampers their commercial viability. Therefore, new, alternative, and competitive so-
lutions need to be sought, ones which would balance cost-effectiveness with environmental
benefits.

Use of microalgae is a highly promising method of producing hydrogen via biological
processes. There is sufficient data from laboratory-scale studies to start experiments in pilot
systems on a semi-industrial scale. However, validation tests must be carried out to verify
whether natural water or wastewater can be used as nutrient sources. Other technological
issues to be addressed are ways to enrich, refine, store and use biohydrogen.
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