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Abstract: Confronted by declining fossil fuels and the need to mitigate the effects of climate change,
organic-based biomass is increasingly used to produce renewable energy, and this is receiving sig-
nificant attention. Biohydrogen production by dark fermentation is a promising alternative to the
conventional method since it is non-polluting and energy-saving. In this review paper, a biblio-
metric analysis was performed to understand the current status of biohydrogen production by dark
fermentation. A total of 122 articles were analyzed from PubMed between 2013 and 2022 to under-
stand the current trend in the dark fermentative production of hydrogen. The findings revealed that
there had been increasing research in the domain of dark fermentation over the past decade, signi-
fying an increased interest in biohydrogen production through dark fermentation. Significant in-
crease in studies geared towards optimizing the processes, including pretreatment and designing of
bioreactors and choosing the right types of biomass was herein potentially identified. This study
concludes that a new perspective on biohydrogen production is needed particularly focusing on
optimization of the dark fermentative process
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Introduction

The increasing global population has resulted in increased consumption of global
energy. The growing energy demand is covered by 85% of fossil fuels, which are finite
and non-renewable[1]. Besides being scarce and expensive, fossil fuels such as oil consti-
tute to one of the major causes of human-driven climate change. Further, fossil fuel re-
serves are localized in few countries and thus, this contributes to the most common causes
of international conflicts threatening human existence. The limitations of overreliance on
fossil fuels have driven researchers to explore alternative energy sources. As a result, fer-
mentative technologies are currently receiving a revived interest as an economically via-
ble means of producing renewable energy carriers, such as hydrogen, ethanol, and me-
thane, from waste material or cheap biomass [2]. Among the renewable energy carriers,
hydrogen holds a promising potential because of its beneficial features. Hydrogen is a
clean energy carrier since its combustion products are water and oxygen which do not
pollute the environment. In addition, water has a high energy density that can be con-
verted to electricity, and can be produced from biologically degradable waste, which is in
tandem with energy recycling [3].

The challenges of hydrogen as an energy carrier lie in its sustainable production. Sev-
eral commercial hydrogen production methods include coal gasification, steam refor-
mation, and water electrolysis. Currently, steam-reforming methane and water electroly-
sis is regarded as the practical way of producing hydrogen [4]. However, its production is
very costly for the equivalent amount of energy with gasoline. Therefore, renewable hy-
drogen production sources can be the keys to unlocking sustainable fuels. One of the sus-
tainable means of producing hydrogen is from organic biomass.

Organic biomass comprises all masses of living organisms, including plants, animals,
fungi, bacteria, and their remains [3]. Hydrogen can be obtained from organic biomass by
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naturally occurring bacterial communities. Dark fermentation is a bioprocess, where an-
aerobic bacteria ferment organic materials to release hydrogen gas [5]. Dark fermentation
(DF) is a promising and cheaper way of producing biohydrogen because it achieves two
goals simultaneously, the production of clean energy and, at the same time reduction of
environmental burden. Moreover, DF can use a complex variety of waste biomass as feed-
stock and produces biochemical byproducts of economic interest. Other excellent proper-
ties of DF include having the potential to produce hydrogen day and night since it doesn't
depend on light. The DF can produce hydrogen at a higher rate than biophotolysis and
photo-fermentation. Also, it can utilize existing reactors and thus can be easily scaled up
by designing the bioreactor|[5].

Despite being a promising method, DF still has a major limitation of low hydrogen
yield making it difficult for industrial production [6]. The challenge of low yield can be
overcome by optimizing the fermentative production process and screening for better bac-
terial strains. This paper will illuminate the current status of biohydrogen production
through dark fermentation, challenges, and opportunities for its production.

Factors influence hydrogen production by Dark Fermentation

Temperature

Temperature has an effect on the production rate of hydrogen and activities of hy-
drogen producing bacteria. The dark fermentative hydrogen production can be operated
at different temperatures depending on the microbial strain under consideration. It can be
operated at mesophilic temperature (25-40°C), thermophilic (40-65°C), extreme thermo-
philic (65-80°C) and hyperthemophilic (above 80°C) [7]. Currently, most DF are run at a
temperature of 35-55°C. Extreme thermophilic temperature range is preferred owing to
numerous advantages compared to mesophilic range. Under extreme thermophilic tem-
perature, a higher yield of hydrogen can be achieved. At the same time, majority of path-
ogenic and hydrogen consuming microbes such as methanogens are destroyed at extreme
temperatures [7].

Medium pH

The levels of pH have a huge impact on enzyme activity for each microbe since each
enzyme has a specific pH and can only be reach maximum activity at optimal pH. The
hydrogen production pathway under DF is sensitive to pH. Various research has shown
that control of pH was paramount for optimal production of hydrogen under DF[8]. Op-
erating under suboptimal pH shifts hydrogen fermentation towards solvent production.
Some studies have reported optimal pH for hydrogen production to be in the range of 5.0
to 5.5 for mesophilic microbes [9]. However, for extreme thermophilic temperature a pH
range of between 6.5 -7.5 is recommended [8].

Hydraulic Retention Time (HRT)

Hydraulic retention time (HRT) measures the average time a soluble compound re-
mains in a bioreactor. In most hydrogen bioreactors, such as continuous stirred tank reac-
tors (CSTR), a short HRT is preferred since it helps wash away slow-growing methano-
gens that can easily consume the hydrogen produced [10]. Importantly, short HRT results
inlow pH. An HRT of less than three days is preferred since methanogens such as archaea
require more than three days to grow [10].

Hydrogen Partial Pressure

The concentration of hydrogen in the liquid phase, which relates to hydrogen partial
pressure, is an important determinant in hydrogen production through DF. The synthesis
of hydrogen through dark fermentation is sensitive to hydrogen concentration. As hydro-
gen concentration increases, hydrogen synthesis decreases, and the overall metabolic
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pathway shifts to the production of reduced substrates such as butanol, acetate, and eth-
anol. However, an increase in temperature will likely not affect hydrogen synthesis in
DF[11].

Carbon (IV) oxide (CO2) Partial Pressure

A high concentration of carbon (IV) oxide favors the production of reduced sub-
strates such as succinate and fumarate. Fumarates and succinates consume electrons,
thereby reducing the production of hydrogen. Some studies have pointed out that the re-
moval of CO2 from the reaction can lead to improved hydrogen production. However, the
study [12] reported findings with doubling hydrogen after carbon dioxide removal. .

Substrate Composition

Most previous studies have focused on using simple sugars such as sucrose and glu-
cose as model substrates. Fewer researchers have used substrates such as agricultural
wastes, industrial wastewater, industrial waste, and those from food processing in dark
fermentation.

Substrates rich in carbohydrates are ideal for hydrogen-producing microbes[13]. As
a result, wastes from factories such as potato processing industries and sugar plants are
rich in carbohydrates and offer a good choice for anaerobic fermentation. During hydrol-
ysis, substrates rich in carbohydrates are broken down by hydrolytic bacteria into low
molecular weight sugars such as xylose and glucose. The bacteria further break down
these low molecular weight sugars to produce biohydrogen [13]. The primary sources of
lipids include food from processing wastes, dairy products, and oil products. Hydrolysis
of lipids is facilitated by lipase enzymes found in some bacteria. The hydrolysis of lipids
produces free fatty acids and glycerols, which can further be hydrolyzed to acetyl-COA,
acetate, and hydrogen[14]. However, the production process of hydrogen from lipids is
relatively slower than carbohydrates due to the formation of volatile fatty acids, which
inhibits biohydrogen production.

Proteins are compounds rich in polypeptides of amino acids. Some of the protein-
rich substrate sources include food processing wastes from fish, cheese, eggs, and meat.
During hydrogen production, bacteria break down proteins to their simpler forms with
the help of the protease enzyme[15]. Some of the proteins' low molecular weight products,
such as amino acids, are further broken into volatile fatty acids, carbon dioxide, and hy-
drogen gas. Agricultural wastes are majorly composed of cellulose, hemicellulose, and
lignocellulose components. This means they comprise different sugars that can be har-
nessed for biohydrogen production. However, the problem with these materials is that
cellulose is hardly biodegradable by most microbes. Therefore, a pretreatment stage is
required to utilize these materials for hydrogen production, including chemical treatment,
alkaline or acidic treatment, and steam explosion to release sugars for hydrogen produc-
tion[15].

Types of Seed Culture

Production of hydrogen can be impacted by the type of seed culture used, which can
either be pure or mixed culture. A pure culture fermentation involves a fermentative pro-
cess that uses a single strain of a microbe throughout the process, while a mixed culture
is a fermentative process achieved by several strains of microbial culture [16]. The ad-
vantage of pure culture is that it lacks interference from hydrogen consuming bacteria
such as methanogenic archaea and sulphate-reducing bacteria [16]. Nevertheless, pure
culture can easily be contaminated by other strains; hence aseptic technique must be ob-
served. On the other hand, mixed culture contains diverse microbes which can utilize dif-
ferent substrates and this makes it suitable for diverse applications.

Organic Loading Rate

The organic loading rate (OLR) is the volume of organic feedstock fed into a reactor
over a specific period. In industrial applications, a high OLR is regarded as advantageous,
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since it reduces the energy needed for operation. Further, a high OLR could increase the
hydrogen production rate (HPR) if well managed [17]. However, increased substrate con-
centration leads to a build-up of volatile fatty acids and hydrogen partial pressure, inhib-
iting HPR. Therefore, a high HPR may be achieved at a low substrate concentrations [17].

Methodology

The findings presented in this paper were obtained from a bibliometric analysis of
articles published in the last ten years (2013 to 2023) on biohydrogen production through
dark fermentation. The analysis used published articles to arrive at the current trends in
the dark fermentative production of hydrogen and the existing knowledge gap. The Pub-
Med database was used in obtaining the articles for analysis as shown in Figure 1.

Data Retrieval

Data extraction Results of Screening and

= search > filtering
from PubMed query(n=1,137) (n=122)

Bibliometric Analysis

PubMed Database Major Keywords,

Microsoft Excel > CO'C'@'O” )
VOSviewer analysis, trends in
' publication

Figure 1. A summary of methodology (n=number of articles retrieved).

Data collection

The relevant literature was identified through PubMed database search. The PubMed
database is one of the reliable sources of scholarly peer-reviewed scholarly articles with
more inclusive articles, making it a preferred database for this paper [18]. The search for
relevant literature was performed between 2013 to 2023 mainly because this period depicts
changes in the literature on Dark fermentation. Therefore, performing literature analysis
in the past ten years yielded significant research contributions. The literature search per-
formed on PubMed was based on keywords including dark fermentation, biohydrogen
production, hydrogen, and biohythane. The articles were only limited to those written in
English. The initial search yielded 1,137 articles, but further screening and filtering to re-
move irrelevant literature produced 122 articles.

Data Analysis

A PubMed database was used in extracting articles in dark fermentation with the
highest citation and in extracting keywords. The evaluation of the articles was based on
total number of publications. Importantly, the total number of publication indicates the
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contribution of each research institution in different countries to the selected research
theme. Visualization and co-occurrences of keywords was performed on VOSviewer soft-
ware.

Data Management

The VOSviewer (version 1.6.19.0) and Microsoft Excel (version 2302) software were
used in data visualization and qualitative analysis, respectively. VOSviewer is good at the
graphical presentation of bibliometric maps in a manner that is easy to interpret [19]. The
data were imported into the VOSviewer software, and bibliometric analysis was per-
formed.

Results and Discussion

There has been a growing interest in biohydrogen production through dark fermen-
tation over the past decade, as shown in figure 2. Only nine articles were published be-
tween 2013 and 2014. However, there was an upward trend in publications starting from
2015 onwards, reaching a peak in 2021 and 2022. In a similar study,[20] noted an increase
in the global trend in biohydrogen production, majorly due to an increase in government
incentives toward studies on the domain of biohydrogen production. Another reason for
a progressive increase in studies on biohydrogen production could be an increased de-
mand for alternative energy that is ecologically friendly and sustainable. Moreover, re-
search by [21]concluded that there was an upward trend in publications on the biohydro-
gen economy with a focus on multidisciplinary facets such as the production, storage,
application, and transportation of hydrogen. Notably, there was a decline in publications
between 2019 and 2020. The decline in publications between 2019 and 2020 could be at-
tributable to the lockdown occasioned by the COVID-19 pandemic and the consequent
shutting down of universities and research institutions. The decline in publication ob-
served in this paper agrees with the findings of [22],who noted an 18% decrease in publi-
cation on non-COVID-19 research during the pandemic period. Overall, the results of the
publication trend indicate a growing interest in dark fermentation, resulting from a grow-
ing demand for green renewable energy and sustainable carrier.
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Figure 2. A summary of the number of articles published on dark fermentation over the
past 10 years.

Keyword Analysis

Figure 3 illustrates the results of keyword analysis generated from VOSviewer using
co-occurrence analysis. The threshold used in the study was a minimum of five occur-
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rences. It was noted that out of 554 keywords, only 38 met the threshold. Common key-
words associated with biohydrogen production were removed so that the study could
focus on unexpected keywords. Such keywords included “hydrogen,” “hydrogen pro-
duction,” and “biohydrogen.” The finding yielded five clusters based on the similarities,
each representing a specific area.

The primary keyword used, dark fermentation, is the green-colored cluster con-
nected to other significant keywords associated with biohydrogen production, such as
“microalgae” and “photo fermentation.” Moreover, other keywords such as “biofuels,”
“bioenergy,” and “renewable energy” are in the same cluster, which indicates that the
product of the process of dark fermentation process produces a clean, renewable energy
carrier. The violet cluster links various keywords such as “biomass,” “lignin,” “pretreat-
ment,” and “hydrolysis,” which are factors that affect dark fermentation [23]. The red
cluster connects the bioreactor to various important components such as “methane,”
“waste management”, and “refuse disposal.” Importantly, the type of bioreactor used af-
fects the dark fermentation process; at the same time, methane gas can be produced in a
bioreactor (N. Ren et al., 2011). From the analysis of the keywords, it can be concluded
that the keywords such as “dark fermentation,” “fermentation,” “bioreactor,” and “bio-
mass” were used by many authors, which shows the significance of hydrogen production

by these methods.
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Figure 3. A network map obtained from VOSviewer showing major keywords.

Institutional Collaborations

Institutions in the Republic of Korea and Norway eclipsed others in the num-
ber of articles published related to dark fermentation (Table 1). These findings
contradict [20], which established that the institutions in Germany and China were
leading in a publication related to biohydrogen production. The difference between
our findings and other studies was the fact that the present study focused on dark
fermentative hydrogen production, compared to other researchers who focused on
biohydrogen production through electrolysis. The plausible reason for high publi-
cation on the theme of dark fermentation is that countries are looking for a sus-
tainable method of producing clean energy, and dark fermentation is one of the
promising methods. Further, Institutional collaboration was conducted with a mini-
mum of 3 co-authored publications per institution. Out of 418 organizations, only 8 or-
ganizations met the minimum threshold set, as shown in Table 1. The larger the link
strength, the stronger the collaboration among the authors. The results show a stronger
collaboration between authors at Yonsei University in the Republic of Korea, followed by
the University of Stavanger in Norway, with total link strengths of 5 and 6, respectively.
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Other institutions domiciled in Taiwan and Vietnam reported low collaboration among co-author-
ships in the field of dark fermentation. [19] noted the same trend of low international col-
laboration in studies related to biohydrogen production. The low collaboration
could be attributed to difficulties in connecting potential collaborators in different
countries, acquiring funding for the projects, and evaluating and sustaining the pro-
jects between collaborating international institutions are some of the barriers im-
peding successful international collaborations.[24].

Table 1. A summary of institution and their collaboration strengths in dark fermentation.

I Total Link
Institutions Country Documents Strength
Konkuk University Republic of Korea 3 4
National Cheng Kung University Taiwan 3 2
National Taiwan University Taiwan 3 2
Aditanar College Of Arts and Science India 3 3
Ton Duc Thang University Vietnam 4 2
University of Stavanger Norway 4 6
Nguyen Tat Thanh University Vietnam 3 0
Yonsei University Republic of Korea 9 5
Yonsei University Republic of Korea 3 2
Authorship Analysis

The map in Figure 4 indicates authors with at least three publications on biohydrogen
production by dark fermentation. On the map, the size of the node represents the number
of publications by the authors, while the curved lines show the collaboration among the
authors. Based on the finding, the author Kumar Gopalakrishnan from the University of
Stavanger is the leading author with many publications on dark fermentative biohydro-
gen production. Also, Gopalakrishnan is leading in terms of co-authorship with other au-
thors, as shown in figure 4. Among Gopalakrishnan's notable publications include fer-
mentative biohydrogen production, lignocellulose biohydrogen production, and pretreat-
ment technologies for enhanced hydrogen and methane production. Researchers play an
important role in supporting research and development in biohydrogen production.
Moreover, researchers are the human resources with knowledge and with support they
can provide sustainable and comprehensive development in biohydrogen production[25].
Therefore, there is a need for more collaboration among researchers in promising methods
of biohydrogen production, such as dark fermentation.
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Figure 4. A visualization of a list of authors who have published more at least 3 publications in dark
fermentation.

Conclusion

The results of bibliometric analysis have revealed that there has been a progressive
increase in research on biohydrogen production through dark fermentation since 2013.
The outcome of the analysis also spotlighted significant trends in research themes, includ-
ing pretreatment, and types of biomass, which affect dark fermentation. The greatest col-
laboration in dark fermentation was institutions in the Republic of Korea, Vietnam, India,
and Norway. Moreover, the co-authorship was between institutions in the same countries,
which clearly indicates low international collaboration among researchers and institutions
working on dark fermentation.
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