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Abstract: Demand for clean energy has increased due to the proliferation of climate change impact
from excessive emission of greenhouse gases (GHG) from the combustion of fossil fuels. H2 is
a clean energy source since water vapor is the only byproduct after its combustion. Growing
microalgae offers a promising low-energy and low-cost approach for bioH2 production. In this study,
a bibliometric analysis was performed for the production of H2 using microalgae to evaluate the
conceptual, intellectual, and social structure of the dataset. In addition, a scoping review of articles
was conducted to highlight recent advancements and identify future research recommendations. A
total of 184 relevant publications over 23 years (2000–2022) were retrieved from the Scopus database
for analysis. The results demonstrated an exponential increase in citations from 283 to 996 in the
last decade, indicating the interest in bioH2 production from microalgae. Results also revealed
that the International Journal of Hydrogen Energy accounted for more than 25% of the published
articles, of which China contributed almost 28%. Oxygen sensitivity of the H2ase enzyme and sulfur
deprivation were highlighted as the main limiting factors of bioH2 production using microalgae.
It was also evident that the most widely studied microalgae species were green algae, especially
Chlamydomonas and Chlorella. Effective process modifications, particularly hybridizing microalgae
with bacteria consortium and implementing oxygen regulating strategies, were shown to give up to a
10-fold increase in H2 yield. This study also discusses recent developments in technologies, strategies,
microalgal species, and optimizing controlling factors affecting bioH2 production.

Keywords: bioH2; biohydrogen production; hydrogen production; microalgae; green algae; bibliometric
analysis

1. Introduction

Increases in environmental pollution, global warming, and climate change are mainly
associated with the emission of greenhouse gasses (GHGs) from the combustion of non-
renewable fuels. Therefore, alternative energy sources are required to control these emis-
sions. The Sustainable Development Goals and net-zero commitments of the United
Nations also urge nations to adopt alternative sustainable energy sources [1]. Hydrogen
(H2) is considered a viable alternative energy source because of its high energy density
by mass (142 MJ/kg) and pure combustion product, water (H2O) [2,3]. H2 energy can be
beneficial in alleviating the environmental problems caused by the fuel crisis and green-
house gas emissions. However, the high cost of H2 generation is a significant barrier to
developing the H2 economy. The primary method for producing H2 is by steam reforming
of methane, which uses a sizable amount of fossil fuel. The overall effectiveness might
be restricted to 60% in the case of H2 production from electricity based on electrolysis
technology [2,4]. BioH2 can be produced using several sources (feedstocks) [5,6]. There is
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currently a great need for a sustainable source of H2. Microalgae is a promising feedstock
and probably a higher efficiency route for the synthesis of H2, mainly because of its greater
carbon dioxide (CO2) fixation efficiency, higher growth rate, greater photosynthetic effi-
ciency, higher energy density, high lipid concentration, higher nutrient acquisition, and the
capacity to flourish in different circumstances [7–10].

Diverse microalgae can generate bioH2, including Chlorella sp., Scenedesmus sp., Mono-
raphidium sp., Platymonas sp., Tetraspora sp., Closterium sp., and Chlamydomonas sp. [11–14].
Even though green microalgae have high potential as a renewable energy source, only about
70 species from more than 30 genera have been researched so far [15]. Chlorella sp. is the
most favorable for a high bioH2 production potential. C. vulgaris var. vulgaris, C. pyrenoidosa,
C. sorokiniana, C. fusca, C. lewinii, C. homosphaera, and C. protothecoides are some important
Chlorella species [16,17]. Moreover, C. reinhardtii is a common microalga model to inves-
tigate for H2 generation. Sulfur-deprived C. reinhardtii could produce H2 continuously,
even in the absence of acetate or any other organic substrates in the medium under strictly
photoautotrophic conditions [18–20]. Blue-green algae, also known as cyanobacteria, can
produce H2. Moreover, cyanobacteria are filamentous nitrogen organisms with special cells
named heterocysts for nitrogen fixation. The classic nitrogen-fixing genera include species
like Anabaena, Calothrix, Nostoc, and Oscillatoria. Anabena has gained attention due to its
bioH2 production during nitrogen fixation, but its metabolic models have not yet been
utilized to study bioH2 production [14,21].

Different biological techniques can achieve bioH2 production from microalgae. Still,
the most distinguished techniques are bio-photochemical (direct or indirect photolysis),
fermentation process (light or dark), bio-electrochemical (microbial fuel and electrolysis
cells), and lastly, thermochemical conversion (pyrolysis and gasification) [22,23]. The
efficient production of biohydrogen yield from microalgae biomass depends on factors
such as nutrients, pH, temperature, light intensity, photoreactor configuration, substrate
concentration, and cell density. Various strategies can be adopted to improve hydrogen
production using microalgae, such as immobilization, pretreatment techniques, and genetic
engineering.

Many articles have already discussed the various aspects of bioH2 production using
microalgae [24,25]. However, this study is different from the previous works because
the main interest of this paper is to conduct a bibliometric analysis on bioH2 production
using microalgae. Bibliometric analysis is an important quantitative and statistical tool
to determine the growth and development of a specific research field by evaluating the
conceptual, intellectual, and social structure of the dataset [26]. It highlights the contribution
of authors, nations, journals, and their collaborations by carefully analyzing the networks
of keywords, authors, and articles. This allows researchers to understand several aspects,
such as key research topics, emerging themes, and novel strategies and to subsequently
identify the research gaps. Recently, bibliometric analysis was used to explore progress
in the production of bioH2 energy from food waste [26] and bioH2 production from dark
fermentation [27]. However, a bibliometric analysis focusing on bioH2 production using
microalgae has yet to be performed.

The main focus of this paper is to conduct a bibliometric analysis of the published
research, discuss the recent advancements, and identify future research recommendations
in bioH2 production from microalgae. A comprehensive bibliometric analysis of the
relevant literature published between 2000 and 2022 was conducted to answer the following
research questions:

1. What trends can be detected when analyzing literature investigating bioH2 production
from microalgae?

2. Who are the major contributors to this research area?
3. What are the recent advancements and research gaps?

The structure of this paper has six sections. Section 2 is a brief background on biohy-
drogen production using microalgae, while Section 3 provides the methodology employed
in this research. Next, Section 4 discusses the results obtained from the bibliometric anal-
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ysis. Then, Section 5 provides highlights of recent developments and future research
opportunities in the field of biohydrogen production using microalgae. Section 6 presents
the conclusion.

2. Background
2.1. The Techniques to Produce BioH2 Using Microalgae

Microalgae contain pigment molecules capable of absorbing solar energy and con-
verting it into chemical energy by simultaneously splitting water into oxygen (O2) and
protons (H+). The photosynthetic electron transfer constitutes light and dark reactions.
The light reaction helps to obtain electrons by splitting water in photosystem II (PSII)
and transfer the electrons through an electron transport chain from PSII to Photosystem I
(PSI). This results in the generation of Adenosine triphosphate (ATP) and strong reductants
(NAD(P)H). Photobiological bioH2 production is associated with photosynthesis, where
the final electron acceptor, ferredoxin (Fd), donates electrons to enzymes involved in H2
metabolism [28]. Biophotolysis is the initial step of microalgal bioH2 production. In direct
biophotolysis, microalgae convert solar energy into chemical energy, and H2 is derived from
the electrons and protons generated by the water splitting at PSII. Nevertheless, some of the
restrictions of biophotolysis include O2 generation by the activity of PSII, the requirement
for a customized photobioreactor, the sensitivity of H2ase to O2, and low yield [29,30]. For
indirect biophotolysis, electrons and protons are mainly supplied by the degradation of
intracellular carbon compounds. Indirect photolysis has two stages: first, the carbohydrate
biomass is generated from photosynthesis, and in the next stage, H2 and CO2 are produced
due to the fermentation of carbohydrate-rich biomass. In these two steps, oxygen and H2
will be separated. This prevents enzyme deactivation and removes CO2 from the H2 and
CO2 mixture, making H2 purification easier. Some drawbacks include high H2 selectivity,
the restricted effect of O2 on the H2ase, and low yield [31]. Figure 1 shows a schematic
diagram of hydrogen production by direct and indirect biophotolysis.
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Figure 1. Schematic diagram of bioH2 production through (a) direct biophotolysis and (b) indi-
rect biophotolysis.

Dark fermentation has gained attention because of its relatively high bioH2 production
rates. The complex organic substances (lipids, carbohydrates, and proteins) are subjected
to four stages: hydrolysis, acidogenesis, acetogenesis, and methanogenesis. Firstly, lipids,
carbohydrates, and proteins are hydrolyzed into sugars, fatty acids, and amino acids. In
the acidogenesis stage, the hydrolyzed products are acidified to form H2, CO2, fatty acids,
and other intermediates. In the next step, acetogenesis, the fatty acids produced are again
fermented to generate H2 and acetate. The final products, methane (CH4) and CO2, are
formed from the decarboxylation of acetate by the acetoclastic methanogens. H2-utilizing
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methanogens consume H2 gas as an electron donor while reducing the carbon dioxide
to methane. In dark fermentation, H2 is produced as an intermediate metabolite in the
acidogenesis and acetogenesis transformations. Two mechanisms which involve specific
coenzymes are responsible for the evolution of H2 gas, either by formic acid catabolic
transformation or by re-oxidation of nicotinamide adenine dinucleotide (NADH) catalyzed
by H2ase pathway; H2ase is the major enzyme in the process [32–34]. Dark fermentation
has many advantages: it is capable of continually producing H2 without depending on
sunlight, has high energy efficiency, is an eco-friendly and economical process, is easy
to commercialize, has a less complicated bioreactor design, and has a wide range of
organic acid as byproducts. The major disadvantages are low bioH2 production due to the
accumulation of O2, methanogenic bacteria utilizing H2 as an electron donor, more tedious
and expensive H2 recovery due to the generation of CO2 and other gaseous products, and
low substrate conversion efficiency [24,25,32].

In photo fermentation, H2 is produced by the photosynthetic bacteria by breaking
down the organic compounds with the help of nitrogenase (N2ase) enzymes under nitrogen-
deprived conditions. Atmospheric nitrogen is converted into ammonium ions used by
microorganisms as a nitrogen source through nitrogen (N2) fixation by nitrogenase. They
are only found in cyanobacteria and non-sulfur purple and green sulfur bacteria. These
bacteria consume acetic acid and use ATP as an energy source. This leads to the transfer of
the electrons by ferredoxin to the enzyme nitrogenase and results in N2 fixation. Moreover,
nitrogenase protons are converted to H2 in the absence of nitrogen [25,33]. The major
advantages are that photosynthetic bacteria use various spectral energy and substrates, can
treat effluents from dark fermentation, have higher substrate transformation efficiency, and
hence have a high H2 yield. One disadvantage is the requirement of a light source; the
photosynthesis efficiency directly depends on the availability of light. Moreover, it requires
a large area and an anaerobic bioreactor, which increases costs [24,32].

Thermochemical processes include liquefaction, gasification, and pyrolysis. The wet
microalgae biomass is converted into gaseous bioH2 during hydrothermal gasification. The
process includes heating biomass at higher temperatures in a compressed water medium.
The reaction is quick due to the higher temperatures; the main products obtained are H2,
CO2, and methane (CH4). The compressed water medium usually has a low percentage of
effluents and can be reused [35,36]. The microalgae should be dried up to low moisture
content in conventional thermal gasification for higher efficiency. Nevertheless, the high
moisture content of microalgae often results in high energy consumption during thermal
gasification. Thus, the main advantage of applying supercritical water gasification (SCWG)
is that it can be conducted without the drying process, but rather in an aqueous state. Lastly,
pyrolysis occurs in the absence of oxygen at higher temperatures. Dry microalgae are
needed to be fed to the reactor, which demands a large amount of energy. The conversion
efficiency of microalgae depends on parameters such as reaction temperature, retention
time, and the composition of feedstock [9,37].

Bioelectrochemical systems are an alternate method for bioH2 production. Microal-
gae catalyze the oxidation–reduction at the anode and cathode, respectively, and act as
electrochemical catalysts. Microbial fuel cells and microbial electrolysis cells are the two
categories of bioelectrochemical systems. Microbial Fuel Cells (MFCs) are eco-friendly
bioelectrochemical devices that produce electrical energy from chemical energy obtained
from biomass. The H2 forms at the cathodes as a result of the reduction reaction and is
collected by an external system. The primary restriction of MFC is membrane fouling,
which occurs due to the long-term growth of biofilm in separators. It can also occur due
to the accumulation of microbes, which leads to the formation of thick biofilm on the
surface of the membrane. This prevents the transfer of H2 ions from the anode to the
cathode. Another restriction is the removal of heavy metals, which causes lower efficiency
performance of microbes and pH imbalance. The higher cost of the membrane prevents
the large-scale expansion of MFC. Microbial Electrolysis Cells (MECs) are a different form
of MFC; the bioH2 is produced by the oxidation of organic matter, which is catalyzed by
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electroactive biofilms. It is yet to be developed in an efficient and scalable design. One
major advantage of MEC is the higher efficiency in metal ions removal. The drawbacks are
the higher cost as well as the H2 loss and contamination [25,38,39].

2.2. Factors Affecting BioH2 Production Using Microalgae

Efficient production of bioH2 yield from microalgae biomass depends on factors
such as nutrients, pH, temperature, light intensity, photoreactor configuration, substrate
concentration, and cell density. Compared to a near-neutral pH, higher H2 productivity
was observed when the pH was around 6. At a highly acidic pH, H2 yield declines because
of the inactivation of the acetate-producing bacteria. Temperature is another parameter that
influences the metabolic pathways of H2ase. A temperature range of 15–35 ◦C is good for
microalgal growth. Moreover, the proper configuration of the photoreactor is important as
it is critical for the effective use of light and the provision of sufficient surface area for the
growth of microalgae. Additive subtracts such as biotin, cyanocobalamin, and thiamine are
required to add to the culture to support the maximum cell growth and bioH2 production.
For optimal bioH2 production, the culture needs a balance of carbohydrate-based substrate.
Moreover, a carbon source is also required for the microalgae to flourish in all conditions
except photoautotrophic conditions [15,40].

Furthermore, high bioH2 production and good microalgal growth can be achieved
by introducing the proper fraction of nutrients such as nitrogen, phosphorus, and trace
elements. The nitrogen element mainly regulates the protein synthesis and growth metabo-
lites of microalgae, while the phosphorus element regulates most of the cell’s activities
and metabolism. The trace elements like magnesium, sodium, and zinc are important
supplements that play a role in improving microalgal cultivation. The problem associated
with the inhibition of H2ase is caused by the presence of oxygen and can be resolved by
sulfur deprivation. BioH2 production is relatively low at lower light intensities. Exposure
to high light intensity can increase bioH2 production rates by inhibiting photosynthetic
O2 [25,41]. In addition, optimal light conditions can reduce the lag period of microalgae
and increase H2 yield [25,41]. Cell density controls the amount of light that passes through
the microalgal cell, and it depends on the nature of the cultivation process. The low cell
concentration will not allow the uptake of the dissolved O2 into the microalgae culture. In
contrast, a high cell density may cause the cumulation of starch and hinder the productivity
rate. Therefore, to have significant bioH2 production, an active growth phase and cell
density for the culture should be maintained [15]. The application of bioH2 production
using microalgae is still limited due to the lack of proper distribution, capture, storage, and
transformation technologies.

2.3. Strategies to Improve the BioH2 Production from Microalgae

Various strategies can be adopted to improve bioH2 production using microalgae, such
as immobilization of microalgae, pretreatment techniques, nanoparticles, and genetic engi-
neering. The pretreatment immediately disrupts the microalgal cell walls and enhances the
accessibility of carbohydrates present in the cells. Different pretreatment methods include
chemical, thermal, mechanical, enzyme, and combined methods. The best pretreatment
method and its optimal conditions are yet to be determined [15,25].

Microalgal immobilization is the mechanism of the entrapment of microalgal cells
on or into solid support. It has many advantages, such as high cell density, alleviating
manipulation of cultures, and easy microalgae cell harvesting. Further, this approach
protects the cells from unwanted contaminations and sudden changes in other culture
parameters. This also results in high bioH2 production due to the enhanced permeability
of cell walls. In addition, the microalgal cells wash out, get reduced, and cause an overall
increase in H2 yields. The major drawbacks are the slow infusion of nutrients from the
medium into microalgae and the high sunlight gradient within the cells because of high
cell density [12,13]. Nanotechnology is capable of bioH2 production due to its role in intra-
cellular electron transfer, microalgal growths, and enzymes involved in bioH2 generation.
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Genetic engineering and metabolic engineering can be used to modify specific pathways
to increase bioH2 production. The photosynthetic barriers and inhibition factors can be
suppressed [24].

3. Methodology

The results presented in this paper are based on a bibliometric analysis of articles
published between 2000 and 2022 on bioH2 production from microalgae. The analysis uses
information from the published literature to answer the research questions, find research
trends, identify research gaps, and identify future research directions. In addition, a scoping
review of highly cited articles and recent publications helped outline recent advancements.
Figure 2 shows the framework for the bibliometric analysis.
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3.1. Data Collection

Scopus was chosen as the database for the present study. Scopus is one of the popular
abstracts and citation databases of peer-reviewed literature. It has stringent quality criteria
for indexation as well as more inclusive journals. It is the most commonly used database
and covers various subjects [42]. The search query targeted publications from January 2000
until November 2022. This time frame was selected because most publications happened
during this period, while only three journal articles related to bioH2 production using
microalgae were published between 1995 and 1999. The data were extracted on the 22nd of
November, 2022. The search string performed in Scopus was based on “title”. The search
query was as follows: (“Microalgae” OR “Micro-algae” OR “Green algae” OR “Alga*”)
AND (“Hydrogen” OR “Biohydrogen” OR “Bio-hydrogen” OR “BioH2” OR “Bio-H2” OR
“H2”). To further limit the search, only articles written in English were considered. The
initial search string produced 385 articles. Further screening and filtering to remove non-
relevant and duplicate articles resulted in a total of 184 articles (a list of articles included in
the analysis is included in Supplementary Materials S1).
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3.2. Software Selection

Many software tools such as VOSviewer, CitNetExplorer, CiteSpace, and Bibliometrix
support bibliometric analysis. VOSviewer is designed to address the graphical represen-
tation of bibliometric maps. These maps illustrate the structural and dynamic aspects of
the research in an easy-to-interpret manner [42,43]. Data from Scopus was imported into
VOS viewer (Visualization of Similarities) (version 1.6.18.0) and Microsoft Excel (version
16.0.11929.20288) for visualization and quantitative results.

3.3. Data Analysis

The Scopus database was employed to elucidate articles with the highest citations,
identify publication trends, and extract the keywords. The evaluation of journals and
countries was based on total publications (TP), total citations (TC), and the citations per
publication (CPP). TP can indicate a journal or country’s contribution to the research area,
while TC can represent the relevance and the quality of the papers published. CPP can
assess the consistency of contribution to knowledge. Moreover, for the top authors, the
ranking was performed using a normalized citation score. It is the total number of citations
of a particular publication in relation to the average number of citations of all the publica-
tions in the same year. Leading articles were ranked using local and global citation scores.
Global citations are the total number of citations across all indexing databases, whereas
local citations are those inside the selected 184 articles. Co-authorship between countries
was highlighted by a visualization map to determine which research collaborations are the
strongest. Co-citation analysis was performed by a network map. In addition, visualization
of keywords and their number of occurrences was also carried out. Furthermore, a scoping
review of articles was conducted to highlight recent advancements and identify future
research recommendations.

4. Results

The results of the bibliometric study on bioH2 production by microalgae are presented
in the following sections, which focus on the trend in publications, major keywords,
expressive journals, key authors, most cited articles, and influential countries.

4.1. Publication and Citations Trends

Figure 3 shows insights into the growing interest of bioH2 production using microalgae
by presenting the yearly distribution of 184 articles. Only six articles were published
between 1990 and 1999. However, starting from 2000, a gradual increase in the number of
articles was noted. The publication of articles was relatively low in the first decade, but from
2013 onwards, there was a considerable increase in the number of articles, reaching a peak
of 21 in 2022. The increasing number of articles may be due to the increased attention on
and advancements in bioH2 production using microalgae in recent years. However, there
was a drastic decline between 2019 and 2020. This could be due to the SARS-CoV-2 virus
pandemic and related lockdown, which resulted in the temporary closure of universities
and institutes. The citation trend of the articles is represented by the line graph. The number
of citations increased from 28 in 2004 to 996 in 2022. The results signify the strong interest in
bioH2 production using microalgae due to the growing demand for renewable bioenergy.

4.2. Keyword Analysis
4.2.1. Most Used Keywords

Figure 4 shows the keyword network map generated by VOSviewer using co-occurrence
analysis. A threshold value of 4 minimum occurrences was considered. It was observed that
out of the 433 keywords, only 27 met the threshold. Expected keywords related to bioH2,
such as “biohydrogen”, biohydrogen production”, “hydrogen” and “hydrogen production”
were removed to focus on unexpected keywords. Five clusters were formed based on their
similarities. The primary keyword in each cluster represents a particular area.
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Figure 4. The network map for the top keywords is subdivided into four clusters based on the
similarities. Keywords related to bioH2 were removed. (The size of the node represents the frequency
of occurrence, and the curved lines show the co-appearance between the keywords).

The main keyword “microalgae” in the green cluster links with several significant
keywords related with techniques to produce bioH2 using microalgae, such as “dark fermen-
tation” and “fermentation”. Other keywords present in the same cluster are “pretreatment”
and “methane”, which are related to the fermentation technique. BioH2 production from
microalgae by fermentation has considerably increased by applying various pretreatment
technologies [25]. Both violet and blue clusters have keywords related to different tech-
niques to produce bioH2 using microalgae, such as “supercritical gasification”, “pyrolysis”,
and “gasification”. Similarly, “green algae” in the red cluster links with different themes,
such as “H2ase”, “sulfur deprivation”, “photobioreactor”, and “photosynthesis”, which are
the other factors affecting bioH2 production using microalgae [15]. Among these, H2ase
and sulfur deprivation are critical factors. Several studies focused on optimizing factors and
techniques related to bioH2 production using microalgae [44,45]. The red and yellow cluster
algae contain keywords related to microalgae strains such as “Platymonas subcordiformis”
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and “Chlamydomonas reinhardtii”. These two belong to the division Chlorophyta of green
algae. Early research was more focused on Chlamydomonas reinhardtii [18,40]. It can be
inferred that green, blue, and violet clusters are primarily associated with the techniques
used to produce bioH2 using microalgae. The red and yellow clusters focus on the factors
affecting bioH2 production and investigate microalgae strains.

The co-occurrence relation between two keywords is denoted by a curved line known
as a “link.” The strength of the link is characterized by a number. A higher number indicates
a stronger connection. Table 1 shows the above keywords and their total link strength.
Microalgae were identified as the most occurring author’s keyword with the strongest
link of 22. Biomass, pretreatment, and photobioreactor have similar occurrences and total
link strength.

Table 1. The Total Link Strength of the 23 keywords that have at least four minimum occurrences.

Rank Keywords Occurrences Total Link Strength

1 Microalgae 34 22
2 Green algae 24 20

3 Chlamydomonas
reinhardtii 18 15

4 Hydrogenase 12 19
5 Algae 11 10
6 Methane 10 8
7 Photosynthesis 10 18
8 Renewable energy 7 7
9 Sulfur deprivation 7 11
10 Algal biomass 6 2
11 Biomass 6 6
12 Chlamydomonas 6 8
13 Photobioreactor 6 6
14 Pretreatment 6 6
15 Biofuels 5 5
16 Dark fermentation 5 4
17 Green alga 5 8
18 Fermentation 4 6
19 Gasification 4 4
20 Optimization 4 3

21 Platymonas
subcordiformis 4 5

22 Pyrolysis 4 2

23 Supercritical water
gasification 4 3

4.2.2. Emerging Keywords

Many keywords emerged in the last decade and have shown an increasing trend,
as shown in Figure 5. Nitrogen deprivation had lower occurrences; however, a recent
increase indicates it emerged as a critical factor in bioH2 yield. However, phosphorous
deprivation has yet to be thoroughly explored. Several studies investigated the effects of
different pretreatment methods such as autoclave, ultrasonication, ammonia, microwave,
and electrolysis in H2 generation. These methods increase the solubilization and liberation
of available organic material such as sugars, proteins, and lipids from algal cells, so H2
production performance is enhanced [15,46–48]. Dark fermentation showed a significantly
increasing trend of occurrences, indicating the focus on achieving higher bioH2 yield by
applying pretreatment techniques. Tetraspora sp. CU2551 had a significant increase even
though it only appeared since 2018. Mixed microalgae consortia and co-fermentation
showed similar growing behavior, indicating their strong correlation. Hydrothermal gasifi-
cation has not advanced in bioH2 production compared to supercritical water gasification.
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Figure 5. Emerging keywords in the field of biohydrogen production using microalgae.

4.3. Major Contributors to the Field

The analysis revealed that the top journals, based on total publications (TP), are
the International Journal of Hydrogen Energy (Int. J. Hydrog. Energy), Bioresource
Technology, Biotechnology for Biofuels, Energy, and Fuel with a TP of 47, 17, 7, 5, and
4, respectively. Similarly, in terms of total citations (TC), these journals have the highest
rankings after Energy and appeared in the top 10, as shown in Table 2. Int. J. Hydrog.
Energy had the highest number of publications during the years 2014 and 2021, with
37 articles out of 47 total publications. The most cited articles in Int. J. Hydrog. Energy
discuss the capability of new microalgal strains from freshwater and brackish water, such
as Chlamydomonas noctigama and Chlamydomonas Euryale. They produced significant bioH2
yield under anaerobic conditions and sulfur deprivation. However, none of the new strains
gave higher efficiency than the traditional strain Chlamydomonas reinhardtii. Furthermore,
a laboratory bioreactor which successfully studied bioH2 production was developed and
implemented. The important consideration during bioreactor construction was selecting
the material used to avoid toxic effects [49]. The following article evaluated the impact of
different pretreatment methods on the H2 fermentation of microalgae consortia. Methods
such as autoclaving, ultrasonication, and electrolysis were applied on mixed microalgae
consortia composed of Scenedesmus and Chlorella species [48]. Another article proposed
an enhanced integrated system for simultaneous bioH2 production, storage, and power
generation [9]. The most cited article in Bioresource Technology covered supercritical water
gasification of Chlorella vulgaris, Spirulina platensis, and Saccharina latissima in the presence
and absence of sodium hydroxide and nickel supported on alumina. BioH2 production
more than doubled in the presence of sodium hydroxide, compared to in its absence [50].
Although the journals Plant Physiology, Planta, and J. Biological Chemistry have high
TC and CPP, they had relatively lower TP compared to other journals. The most cited
article in Plant Physiology describes the photobiological H2 gas production from green alga
Chlamydomonas reinhardtii. This was the first work that showed the possibility to produce
and accumulate significant volumes of H2 gas using Chlamydomonas reinhardtii for several
days. The study outlines a unique method for sustained photobiological generation of H2
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gas by reversible hydrogenase pathway [51]. The most cited article in Planta discusses the
biochemical and morphological characteristics of Chlamydomonas reinhardtii [52].

Table 2. Top Journals ranked by TC, TP, and CPP.

Ranked by TP * Ranked by TC * Ranked by CPP *

Rank Journal Name TP Rank Journal Name TC Rank Journal Name CPP

1 Int. J. Hydrog. Energy 47 1 Int. J. Hydrog. Energy 1194 1 Plant Physiology 873
2 Bioresource Technology 17 2 Bioresource Technology 1016 2 Planta 341

3 Biotechnology for
Biofuels 7 3 Plant Physiology 873 3 J. Biological Chemistry 195

4 Energy 5 4 J. Biological Chemistry 391 4 BBA—Bioenergetics 165
5 Fuel 4 5 Planta 341 5 Eukaryotic cell 111

6 J. Applied Phycology 4 6 Biotechnology
for Biofuels 247 6 Dalton Transactions 97

7 Algal Research 3 7 Biochemical Eng. J 175 7 J. Bioscience and Bio. Eng 94

8 Asia-Pacific J.
Sci. Technol. 3 8 BBA—Bioenergetics 165 8 Biochemical Eng. J 87

9 Biotechnology Letters 3 9 Fuel 125 9 Nature Communications 80
10 Biotechnology Progress 3 10 PLOS One 124 10 Water Research 78

Note(s): * TP: Total Publications, TC: Total Citations, CPP: Citation per publication; Int. J. Hydrog. Energy:
International Journal of Hydrogen Energy, Asia-Pacific J. Sci. Technol: Asia-Pacific Journal of Science Technology,
J. Applied Phycology: Journal of Applied Phycology, J. Biological Chemistry: Journal of Biological Chemistry,
BBA—Bioenergetics: Biochimica et Biophysica Acta-Bioenergetics, Biochemical Eng. J: Biochemical Engineering
Journal, J. Bioscience, and Bio. Eng: Journal of Bioscience and Bioengineering.

An outline of the most influential countries is presented in Table 3, with a minimum
number of 5 publications. China and the USA have the highest number of articles and
citations. China is the world’s biggest polluter and its biggest green energy investor.
China initially started publishing in 2004, and after that, there was a gradual increase in
TP addressing various aspects of bioH2 production using microalgae, such as different
techniques, optimization of factors, alternate strains, and pretreatments. Although Thailand
is ranked third for TP with 17 publications, it is not ranked in the top ten of TC and CPP.
There was a four-year publishing gap over the period from 2010 to 2015. However, from
2017 until 2022, there have been continuous publications. Different microalgae strains
with successful bioH2 production rates were isolated [28,53,54]. The most cited article
by USA shows the possibility of producing and accumulating significant volumes of
H2 gas using Chlamydomonas reinhardtii for several days. The study outlines a unique
method for sustained photobiological generation of H2 gas by reversible hydrogenase
pathway [51]. Both USA and China established a series of programs supporting the research
and development of bioenergy technologies. The diverse reasons behind these programs
include energy security and independence, climate change, sustainability, and economic
development. Lastly, the most cited work by Germany characterized the interaction
between photosynthetic electron transport and bioH2 production in green algae, where it
was demonstrated that photosynthetic ferredoxin is essential for efficient electron transfer
between PSI and hydrogenase HydA1. The in-between electrostatic interaction process and
electron transfer was performed by site-directed mutagenesis [55].

In addition, the analysis of the top authors provides a better understanding of their
expertise in specific topics of bioH2 production from algae. VOS viewer was used to
determine the top authors from the 184-node network analyzed. A minimum number of
publications per author was set to 5, and hence 12 authors out of the 687 met that threshold.
The top 10 were filtered based on the normalized citations and are presented in Table 4.
From the normalized citation score, the top authors are Jerry D Murphy, Ao Xia, Maria
Lucia Ghirardi, Jie Cheng, and Lin Zhengyan. These five authors are considered the most
prominent in bioH2 production using microalgae. Table 5 shows the top 10 articles in terms
of global and local citations.
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Table 3. Influential countries ranked by TP, TC, and CPP.

Ranked by TP Ranked by TC Ranked by CPP

Rank Country TP Rank Country TC Rank Country CPP

1 China 51 1 USA 1944 1 Germany 96
2 USA 26 2 China 1636 2 USA 75
3 Thailand 17 3 Germany 1255 3 France 71
4 India 16 4 Australia 897 4 Australia 64
5 Australia 14 5 Japan 581 5 Ireland 50
6 Germany 13 6 United Kingdom 421 6 Japan 45
7 Japan 13 7 Ireland 397 7 United Kingdom 38
8 United Kingdom 11 8 France 355 8 South Korea 33
9 South Korea 10 9 India 335 9 China 32

10 Hungary 9 10 South Korea 326 10 Canada 31

Table 4. Top authors ranked by NCS.

Ranked by Normalized Citation Score (NCS)

Rank Author Affiliation Country NCS

1 Jerry D Murphy University College Cork Ireland 10
2 Ao Xia Chongqing University China 9
3 Maria Lucia Ghirardi National Renewable Energy Lab. USA 9
4 Jie Cheng Zhejiang University China 8
5 Lin Zhengyan Zhejiang University China 8
6 Mei Zhao Jiangnan University China 7
7 Michael Seibert National Renewable Energy Lab. USA 6
8 Ben Hankamer The University of Queensland Australia 6
9 Gopalakrishnan Kumar University of Stavanger Norway 6
10 Thomas Happe Ruhr-Universitat Bochum Germany 6

Table 5. Top articles based on local and global citations.

Ranked by Global Citations Ranked by Local Citations

Rank Article Global Citations Rank Article Local Citations

1 Melis et al. (2000) [51] 873 1 Melis et al. (2000) [51] 60
2 Zhang et al. (2002) [52] 341 2 Zhang et al. (2002) [52] 20
3 Kruse et al. (2005) [56] 286 3 Kruse et al. (2005) [56] 12
4 Antal et al. (2003) [57] 165 4 Guan et al. (2004) [58] 11

5 Onwudili et al. (2013) [50] 147 5 Maneeruttanarungroj et al.
(2010) [28] 9

6 Guan et al. (2004) [58] 142 6 Lakatos et al. (2014) [59] 7
7 Xia et al. (2016) [2] 134 7 Skjanes et al. (2008) [49] 7
8 Duman et al. (2014) [60] 124 8 Hwang et al. (2014) [61] 7
9 Nguyen et al. (2008) [62] 111 9 Antal et al. (2003) [57] 7
10 Srirangan et al. (2011) [4] 110 10 Onwudili et al. (2013) [50] 6

The top three impactful articles ranked by global citations are the same as the top three
articles ranked by local citations. Kruse et al. [56] developed a new approach to enhance
bioH2 production in engineered Chlamydomonas cells by increasing proton (H+) and
electron supply to the hydrogenase enzyme. The bioH2 production rates were 5–13-fold
higher than those of the wild-type strains. Antal et al. [57] demonstrate that any change in
PSII activity of Chlamydomonas reinhardtii deprived of sulfur is characterized by dramatic
changes during cell adaptation and nutrient stress. The main factor which controls the pho-
tochemical activity of PSII and bioH2 production under sulfur deprivation was the reduced
state of the plastoquinone pool. It regulates the remaining water-splitting capacity of PSII
and the electron transport to hydrogenase. Onwudili et al. [50] evaluated Chlorella vulgaris,
Spirulina platensis, and Saccharina latissimi. These three were processed under specific su-
percritical water gasification conditions. The bioH2 gas yields were more than two times
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higher in sodium hydroxide (NaOH) presence than in its absence. Xia et al. [2] assessed the
co-fermentation of micro and macroalgae to improve the performance of bioH2 production.
Guan et al. [58] demonstrated the photobiological bioH2 production by a marine green
alga, Platymonas subcordiformis. The dependence of bioH2 production on sulfur deprivation
revealed that bioH2 was greatly enhanced 13-fold when sulfur was deprived from the
medium. This result suggests that sulfur plays a critical role in the production of bioH2
evolution. An increase in bioH2 production was obtained when the medium pH was
greater than 5. A similar observation was made by Maneeruttanarungroj et al. [28]. A novel
unicellular H2-producing green alga belonging to family Tetraspora was isolated from a
freshwater pond in Thailand. BioH2 yield was increased with increased pH from 5.75 to
9.30, and using a medium lacking both nitrogen and sulfur resulted in about a 50% increase
in the bioH2 yield.

4.4. Nature of Collaboration

Country authorship analysis was conducted with a minimum of five co-authored pub-
lications per country. Out of the 47 identified countries, 18 met the criterion, as presented
in Figure 6. The round nodes represent the total number of publications for each country.
The larger the number of publications, the bigger the size of the bubble. The co-authorship
among these countries is depicted by the curved lines that connect one country to another.
Moreover, the thickness of the lines illustrates the term recurrence between the countries.
Notable collaborations exist between China and Ireland, with a link strength of 8. The
collaborative articles between these two countries mainly discuss co-fermentation and
novel pretreatment methods. The second highest collaboration was between China and
Australia and China and Japan, with a link strength of 5. The rest of the countries exhibit
low co-authorship of 3 links or less. Most countries (such as China, the USA, and India)
which focus on bioH2 production had total GHG emissions of more than 14 gigatons of
CO2 equivalent (GtCO2e), 5 GtCO2e, and 3 GtCO2e in 2020 [63].
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Furthermore, a co-authorship map was created between the authors, with the mini-
mum number of documents being 3. This resulted in 53 authors meeting this criterion out
of a total of 687. However, 33 authors were excluded from the analysis as no links were
found among them. The most significant collaboration was between Mei Zhao (Jiangnan
University, China) and Ruan Wunquan (Jiangnan University, China), Maria Lucia Ghirardi
(National Renewable Energy Laboratory, USA) and Michael Seibert (National Renewable
Energy Laboratory, USA), and Valeria Nagy (Institute of Plant Biology, Hungary) and
Szilvia Z Toth (Institute of Plant Biology, Hungary). All the co-authorship was among
authors from the same university. This hints that even though collaborations exist between
countries, as shown in Figure 6, these are between different authors, not amounting to the
threshold of 3 co-authored publications.
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4.5. Co-Citation Analysis

Bibliometric citation analysis uses various techniques, such as co-authorship, bib-
liometric coupling-citation, co-word, and co-occurrence analysis. Co-citation analysis
expresses the frequency of two or more articles cited by other articles. It gives different
research themes and aids in finding the origin and direction for future research in the re-
search area. The co-citation networks of bioH2 production using microalgae are visualized
in Figure 7. It is significant to note that some articles repeat more than once, which features
the presence of interconnection between them. The clustering network was created by
VOSviewer. A cutoff value of six co-citations was established to select the most influential
papers, resulting in the 18 articles shown in Figure 7 [64]. The bubble size represents the
number of citations of the articles and the strength of co-citations presented by the thickness
of the lines between nodes. Nodes were labeled by the authors’ names and article title.
However, the maximum size of the label was restricted to 30 characters. The five most
co-cited articles are discussed below.
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Zhang et al. [52] evaluated the biochemical and morphological characteristics of
Chlamydomonas reinhardtii. At the same time, Melis et al. [51] described a unique method
for sustained photobiological generation of H2 gas from the green alga Chlamydomonas
reinhardtii by preventing the severe O2 sensitivity of the enzyme H2ase. Melis [65] summa-
rized the recent advances and directions for future development in the bioH2 metabolism
of unicellular green algae. Furthermore, potential practical applications of bioH2 and the
biochemistry of anaerobic bioH2 photoproduction exist. Kosourov et al. [66] demonstrated
the effects of the addition of sulfur to a sulfur-depleted medium in the case of bioH2 by
Chlamydomonas reinhardtii cells in a self-made automated photobioreactor system. The
bioH2 production was optimized by a controlled amount of sulfur in the medium at the
time of sulfur deprivation. However, the addition of excess sulfur delayed the onset of
bioH2 production and lowered the final yield of H2. Hallenbeck et al. [67] analyzed the var-
ious techniques used in bioH2 production from microalgae and identified critical limiting
factors. They also discussed dark fermentation in detail. Gaffron et al. [68] demonstrated
the capability of Scenedesmus to liberate H2 slowly in the dark when the surrounding air is
replaced by nitrogen. They also showed the increase in bioH2 liberation by the illumination
of fermenting algae in the absence of CO2 and H2.

5. Discussion of Recent Developments

Highlighting recent developments in the field could help overcome difficulties in the
research area. This would consequently help identify the research opportunities and future
research directions. Table 6 groups the advancements into four main themes: (1) techniques
to produce bioH2 using microalgae, (2) optimization of factors affecting bioH2 production
using microalgae, (3) alternative and potential micro-algal species for bioH2 production,
and (4) strategies to improve the bioH2 production from microalgae.
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Table 6. Research themes and recent advancements in the field.

Research Theme Recent Advancement

Techniques to produce bioH2
using microalgae

Co-fermentation of cyanobacteria and glucose with Fe3O4 nanoparticles [69],
co-fermentation of pretreated rice residue and microalgae [70], anaerobic
co-digestion of Taihu Algae and food waste [71], bioH2 production without sulfur
using fermenter effluents enriched in acetate [72]. Effect of magnetite (Fe3O4)
supplement on bioH2 production of Clostridium Butyricum DSM 10702 by
anaerobic fermentation [73]. Dosing of nano zero-valent iron (nZVI) in the dark
co-fermentation system [74]. Pyrolysis of dry spirulina algae in an atmospheric
pressure microwave plasma reactor [75]. Integrated supercritical water gasification
(SCWG), syngas chemical looping (SCL), and H2ation system [76,77]. Catalytic
SCWG with Nickel (Ni)/zeolite catalysts [78], catalytic and non-catalytic
gasification with a hybrid functional mixture of waste eggshell-derived Calcium
oxide (CaO), Ni catalyst, and Yttrium oxide Y2O3 [79], Catalytic hydrothermal
gasification using noble metals Platinum (Pt) and Ruthenium (Ru) [35]. BioH2
production by Chlorella vulgaris var. vulgaris TISTR 8261 using frozen food
industrial wastewater [80]. Pressurized entrained flow pyrolysis of Chlorella
vulgaris microalgae [81]. Co-gasification of algae-plastic waste for bioH2
production by Aspen Plus simulation model [82]. Application of Calcium ions
(Ca2+) to enhance algal photolysis bioH2 production [83]. Chemical flocculation of
the green algae Chlorella pyrenoidosa to form aggregates for 11 days of continuous
photobiological hydrogen production [84].

Optimization of factors affecting bioH2
production from microalgae

Response surface methodology to optimize sulfur concentration, run time, and
algal biomass concentration [44,85], response surface methodology with central
composite design for optimization of factors such as crude glycerol, microalgal
biomass, and inoculum of bioH2 production from co-digestion of crude glycerol
and microalgae by anaerobic sludge [86]. Potassium deprivation conditions to
enhance bioH2 production [87]. Nitrogen-deprived conditions gave 4–5-fold more
bioH2 [88]. Optimization of conditions for supercritical gasification using GAMS
software [45]. Optimization of essential process parameters such as reaction time,
sulfur concentrations, and the medium pH for bio photolytic cyclic process [89].
Optimization of temperature, catalyst loading reaction time for catalytic
gasification by central composite design [11], integrated pyrolysis and air
gasification processes of algal waste, Chlorella vulgaris, Rhizoclonium sp., and
Spirogyra by simulation model developed using Aspen Plus software to optimize
the gasifier temperature, gasifier pressure, and air flowrate [22].

Alternative and potential microalgal species

Newly isolated green algae Chlorella sp. KLSc59: [53], Chlorella sp. KLSc61 [90].
Another newly isolated green alga, Scenedesmus acuminatus from Thailand [54],
Parachlorella kessleri isolated from Armenia [91], and Chlorococcum minutum [92].
Chlamydomonas reinhardtii having PSI-H2ase chimera polypeptide for enhanced H2
production [93].H2 generation from the diatoms by culturing it in various solar
panel photobioreactors [94].

Strategies to improve the bioH2 production
from microalgae

Anaerobic co-digestion of food waste and high-pressure homogenization
pretreated Taihu lake wet algae [3], hydrothermal sulfuric acid pretreatment to
improve fermentative bioH2 of Dianchi Lake algal bloom [46,95]. An innovative
free ammonia pretreatment technology [47]. Immobilized cells of Tetraspora sp.
CU2551 in alginate matrix under aerobic sulfur deprivation and under anaerobic
sulfur deprivation to maximize bioH2 production [12,13]. The entrapment of
microalgae in silica gels [96]. Microalgae-bacteria consortiums such as
Chlamydomonas sp. and Pseudomonas sp. strain D [97], Chlamydomonas and Chlorella
genera with a starch-degrading bacterium from the Bacillus genus [98], Chlorella
vulgaris MACC360, and Archaea [99]. Removal of flavodiiron proteins in
Chlamydomonas reinhardtii showed increased bioH2 [100], regulation of photo
bioH2 production in Chlamydomonas reinhardtii by an endogenous microRNA [101],
Optogenetic regulation of artificial microRNA in Chlamydomonas reinhardtii [102]
and Chlamydomonas defective in thylakoid proton gradient overcame the limitation
due to O2 and carbon fixations [103].
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Some researchers have illustrated that bioH2 production can be dramatically enhanced
with the presence of metal and metal oxide nanoparticles like nickel oxide (NiO) and iron
oxide (Fe2O3) [24,69]. Co-fermentation of pretreated rice residue and microalgae in a mix
ratio of 5:1 showed a 10.7-fold higher yield than fermentation of pretreated microalgae
alone. The addition of glucose almost doubled the bioH2 yield of Chlorella pyrenoidosa.
The exogenic glucose acts as an electron donor for hydrogenases [104]. Co-fermentation
of Lyngbya limnetica and glucose for bioH2 production has been explored. The elements
such as iron, cobalt, and nickel are the main components of nutrient media. Therefore,
the presence of nanocatalysts based on these elements fastens the growth of fermentative
microorganisms, subsequently increasing bioH2 production [69]. Future research can focus
on optimizing operational factors, like sludge/algae ratio, initial pH, and temperature.
Furthermore, magnetite (Fe3O4) was shown to be an effective supplement as it resulted in
higher bioH2 production by Clostridium butyricum DSM 10702 under anaerobic fermentation
conditions, even when subjected to the inhibitory conditions of mixed sugar composition
and various concentrations of toxic materials [73]. Similarly, results of nZVI dosing in
a dark co-fermentation system showed that the cumulative H2 increased by 29.20% [74].
Since non-catalytic gasification has a low reaction rate, low efficiency, and high carbon
monoxide fractions, recent research investigated the ability of catalytic gasification to
decrease the reaction temperature while maintaining the same gasification efficiency. The
most prominent methods among that line of research include utilizing SCWG with Nickel
(Ni)/zeolite catalysts [78], Ni catalyst and Yttrium oxide Y2O3, catalytic and non-catalytic
gasification with a hybrid functional mixture of eggshell-derived calcium oxide (CaO) [79],
and catalytic hydrothermal gasification using noble metals platinum (Pt) and ruthenium
(Ru) [35].

Optimization of parameters can be acheived by technology, such as modeling of re-
action kinetics via an empirical logistic model and Aspen Plus V11, a commercial process
simulator, to optimize the essential process parameters such as time, sulfur concentrations,
and the pH of the medium [89], and application of Gibbs energy minimization and entropy
maximization methodologies using GAMS software for optimization of conditions for
supercritical gasification [45]. One recent article in 2022 studied the ability of Parachlorella
kessleri RA-002 to generate bioH2 in two different media with and without nitrogen de-
privation. The highest H2 yield was found during algae growth under nitrogen-deprived
conditions, which was 4–5 times higher than in cells cultivated without nitrogen depriva-
tion [88]; the potassium deprivation condition is also a promising choice to enhance bioH2
production in biological systems [87].

Around 200,000–800,000 species in various algae genera have been discovered so far [25].
Chlamydomonas reinhardtii was the most investigated microalgae for bioH2 production using mi-
croalgae [18,40]. After 2017, the researchers focused more on Chlorella sp. [105,106]. Scenedesmus
sp. and Tetraspora sp. are the other microalgae strains explored after Chlorella sp. [87,88,107].
Duangjan et al. [108] revealed that under conditions of nutrient deficiency, the order Chlorel-
lales and Volvocales could produce bioH2. The genus Chlorella and Chlamydomonas belong to
these orders, respectively. Furthermore, there are studies based on microalgal modifications
for enhanced bioH2 yield. For instance, a new PSI-H2ase chimera polypeptide expressed in a
Chlamydomonas reinhardtii strain lacking endogenous H2ases drastically diminished CO2 fixation
and O2 scavenging and allowed bioH2 production for at least four days [93]; the possibility of
H2 generation from the diatoms by culturing it in various solar panel photobioreactors [94] and
Tris-acetate-phosphate medium (TAP) with 0.2 mg/L of Co to improve the growth and biomass
in C. reinhardtii cultures; and subsequently, biofuel generation [109].

The concentrations of disintegration degree and soluble chemical oxygen demand
increased after high-pressure homogenization pretreatment of Taihu lake wet algae. It
enhanced bioH2 generation from pre-treated wet algae and food waste by anaerobic co-
digestion [3]. Maswanna et al. [12] observed that immobilized cells of Tetraspora sp. CU2551
in an alginate matrix and under aerobic sulfur deprivation could produce maximum bioH2
production. The calcium alginate gels restricted the diffusion of O2 to the H2ase, further
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enhancing bioH2 production. It could also produce H2 when the medium was refreshed for
up to six cycles over 43 days. Another study by the same authors on immobilized cells of
Tetraspora sp. CU2551 in an alginate matrix and under anaerobic sulfur deprivation results
in enhanced H2 production and shortened incubation time compared to other microalgae
such as Cyanobacteria, Chlamydomonas reinhardtii CC-124, and Anabaena PCC 7120 under
the same conditions [13]. From this brief discussion, some research opportunities can be
identified as follows:

• Designing customized photobioreactors for investigating direct biophotolysis.
• Developing techniques to prevent the inhibition of biophotolysis by limiting high light

intensity and O2 formation.
• Assessing the possibility of limiting the amount of accumulated biomass during the

growth phase and improving light transformation efficiency in indirect biophotolysis.
• Investigating alternative methods to improve substrate transformation efficiency and

H2–CO2 mixture separation and to control O2 accumulation during dark fermentation.
• Improving H2 conversion efficiency, light transformation efficiency, and control inho-

mogeneity in the light distribution in photo fermentation.
• Exploring different strains of microalgae for higher bioH2 yield.

6. Conclusions and Future Directions

The bibliometric analysis revealed important findings regarding research in the field
of bioH2 production from microalgae. Results revealed that the number of publications
increased from three in 2000 to 996 in 2022. The identified prominent research themes
focused on investigating the factors affecting the process efficiency and on the impact of
using different microalgae strains. Moreover, the analysis highlighted key emerging trends,
the most compelling of which included “pretreatment”, “supercritical water gasification”,
and “dark fermentation”. It was also revealed that China, USA, Thailand, India, and
Australia are the leading countries on this research topic. The greatest collaboration was
between China and Ireland. The articles from the collaboration between these countries
mainly discuss co-fermentation and novel pretreatment methods. All the co-authorship
was among authors from the same university/country, which indicates that the number of
international collaborations between countries is low.

The identified recent developments and research gaps will aid future research to better
advance bioH2 production from microalgae. The following are the key recommendations
that can be adopted for future studies:

• More investigations on identifying genetic strategies to reduce the O2 sensitivity of
the H2ase enzyme.

• Investigations to find different co-culture methods, such as algae-bacteria consortium
for a continuous bioH2 yield.

• Emphasis on reducing the operation cost and realistic pilot studies for scaling up
the process.

• Investigations to find effective pretreatment combinations.
• Studying the potential of nanoparticles to enhance bioH2 yield.
• Focusing on Life Cycle Assessments to scale up microalgal bioH2 production.
• Exploring the possibilities to incorporate genetic engineering.

This study might be affected by some limitations since the analysis only included
publications after the year 2000. This may have resulted in excluding earlier contributions
to the research area. Moreover, as the search focused on the occurrence of the keywords
in the “title” rather than “all fields”, this could have resulted in missing some relevant
articles from the analysis. Limiting the document type to only journal articles written in
English and not including conference papers or book chapters might have eliminated some
relevant publications from the analysis; however, novel ideas are usually presented in
journal articles.
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