AIMS Energy, 7(1): 1–19.
DOI: 10.3934/energy.2019.1.1
Received: 06 September 2018
Accepted: 07 December 2018
Published: 02 January 2019
http://www.aimspress.com/journal/energy

Review

Sustainability of biohydrogen as fuel: Present scenario and future
perspective
Dheeraj Rathore1, Anoop Singh2, Divakar Dahiya3 and Poonam Singh Nigam3,*
1

2

3

School of Environment and Sustainable Development, Central University of Gujarat,
Gandhinagar, India
Department of Scientific and Industrial Research, Ministry of Science and Technology,
Technology Bhawan, New Delhi, India
Biomedical Sciences Research Institute, Ulster University, Coleraine, Northern Ireland,
United Kingdom

* Correspondence: Email: p.singh@ulster.ac.uk.
Abstract: Depleting fuel resources and global warming potential of fossil fuel raise a concern over
its sustainability. Among the four strategically important alternative fuel sources viz. biofuels,
hydrogen (H2), natural gas and syngas (synthesis gas), hydrogen emerges as a superior fuel. For the
reasons, that hydrogen gas is renewable, free from greenhouse gases emission and liberates large
amount of energy per unit weight during combustion, and it also gets converted into electricity by
fuel cell easily. The utilization of biohydrogen as an energy source could be able to provide
environmental safety as it does not liberate GHGs during combustion. The biohydrogen production
could be economical with the latest developments and society will be benefitted with pollution
control, which is added into environment during the combustion of other energy sources. The present
review discusses various aspects with conclusions that considering social, economic and
environmental benefits, biohydrogen energy could be considered as a sustainable source of future
clean energy.
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1.

Introduction

Population growth and changing lifestyle with industrialization and urbanization are the added
sinks for soaring energy demand. Present energy security is predominantly drifting around the fossil
resources and alternative fuels are being searched [1]. However, the faster depletion of fossil
resources and accelerated accumulation of greenhouse gases (GHGs) in the environment that already
has exceeded the “dangerously high” threshold of 450 ppm CO2, stressing the fossil fuel to be an
unsustainable source of energy. The conventional fossil-based fuels contributed major share in the
global primary energy consumption [2]. Global dependence on fossil fuels has led to the release of
over 1,100 GtCO2 into the atmosphere since the mid-nineteenth century. Currently, energy related
GHG emissions, mainly from fossil fuel combustion for heat supply, electricity generation and
transport, account for around 70% of total emissions including carbon dioxide, methane and some
traces of nitrous oxide [3].
The concerns related to energy security, environmental safety and sustainability have
encouraged researchers towards alternative, renewable, sustainable, efficient and cost effective
energy sources with lesser emissions [4]. Renewable energy can play a decisive role at global and
national levels in dealing with the concerns related to energy security, climate change,
eco-friendliness and sustainability [5–9]. With the situation of increasing energy demand, its prices
and implementation of policies for global warming reduction, the sources of renewable energy have
popularized [10,11]. Renewable energy is not only providing the sustainable energy, but also
considered as a tool to solve several other problems associated with the fossil energy, viz., improving
the energy security, resolving the health and environmental anxiety, decreasing greenhouse gas
emissions and reducing poverty by increasing employment [2].
The increasing demand for biofuels has encouraged researchers and policy makers to find
sustainable biofuel production systems in accordance with regional conditions and needs. The
sustainability of a biofuel production system must include energy and greenhouse gas (GHG) saving
along with environmental and social acceptability [12].
The studies reviewed in various publications are mainly focused on very specific aspects of
bio-hydrogen production such as reactor design, molecular tools, production pathway, etc., however,
this article exclusively reviews the biological production of hydrogen and its sustainability as an
economical clean fuel in present scenario and also discusses its future perspective.
2.

Classification of biofuel

There are some recent publications on types of biofuels and their production from different
substrates [13] and waste bioresources [10,14]. Biofuels can broadly be categorised into two groups:
Primary biofuel: In this category, all those biomass materials can be included which
were traditionally used i.e. firewood, wood chips, pellets, animal waste, forest, crop residue,
landfill gas etc.
Secondary biofuel: In this category, all other products and processes, which use biomass and
provide fuel in the form of liquid, solid or gas. On the basis of substrate utilization, this group can
further be divided into three categories viz. 1st, 2nd and 3rd generation biofuel (Figure 1).
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Figure 1. Classification of biofuels [13].
3.

Biohydrogen production

3.1. Scientometric analysis
Though, research on the biohydrogen production is not new and basic photolytic hydrogen
production during photosynthesis was explained long back, currently a possibility for industrial
production of hydrogen from biological sources provides a boost in the field. After the possibility of
hydrogen usage as transportation fuel, the research in this field has fuelled up and a tremendous
improvement is seen since 2003. Published databases showed as much as 146 journals are publishing
research results on biohydrogen. Among them, some are completely devoted towards the bioenergy
i.e. International Journal of Hydrogen, Energy, Renewable and Sustainable Energy Reviews.
Biohydrogen research are being conducted by more than 100 nations and around 7834 papers have
been published since 1984 (Figure 2). Major contribution on this research have come from China
followed by USA. India hold third position on this research (Figure 3) [2]. Most of the publications
on biohydrogen are research articles (73%) followed by conference papers (11%) and Review
articles (10%) (SCOPUS, 2016).

Figure 2. Year wise publication on biohydrogen (Source: SCOPUS).
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Figure 3. Top ten countries publishing research on biohydrogen (Source: SCOPUS).
3.2. Production processes
Present hydrogen production system (Figure 4) is mainly based on electrolysis of water, and
thermocatalytic reformation of hydrogen rich compounds, but these processes are energy intensive.
Biological hydrogen production can solve this problem by utilizing biomass and microorganisms.
Biohydrogen can be produced in two broad ways: By photosynthesis using microalgae, and by
fermentation [15–19]. The organism involved and maximum H2 yield in different process are
summarized in Table 1, and the pros and cons of different process are summarized in Table 2.

Figure 4. A systematic flow chart of bio-hydrogen production pathways.
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Table 1. Comparison of production rate of biological H2 in different processes [20].
Production-Process

Maximum production rate
(mmol H2/L h−1)

Employed Microorganism

Direct Bio-photolysis

0.07

Chlamydomonas reinhardtii

Indirect Bio-photolysis

0.36

Anabaena variabilis

Photo-Fermentation

0.16

Rhodobacter spheroides

Dark-Fermentation

64.5–75.6

Enterobacter cloacae DM 11,
Clostridium sp. strain No. 2

Two-stage fermentation
(Dark fermentation + Photolysis)

47.9–51.2

Enterobacter cloacae DM 11 + Rhodobacter
Sphaeroides OU 001 Mixed microbial flora +
Rhodobacter sphaeroides OU 001

51.20

Table 2. Advantages and disadvantages of biohydrogen production processes [21].
Production-Process

Advantages in Process used

Disadvantages in Process used

Direct Bio-photolysis

1. water and sunlight produce hydrogen
2. Ten-fold conversion of Solar energy than
in crops and trees

1. Requirement of High light intensity
2. Oxygen can be hazardous for the system

Indirect Biophotolysis

1. Produces hydrogen from water
2. Ability to fix nitrogen from atmosphere

Dark-Fermentation

1. A range of feedstock can be used
2. Hydrogen production in dark
3. Metabolites can be used as added-value
products
1. Wide-spectrum light energy is used
2. A range of feedstock can be used

1. Removal of hydrogenase enzymes to avoid
degradation of hydrogen
2. Lower photochemical efficiency
3. Oxygen presence at 30%
4. Presence of oxygen is inhibitory for enzyme
nitrogenase
1. Gas mixture requires cleaning from the
presence of CO2
2. Yields of hydrogen is low

Photo-Fermentation

3.2.1

1. Light conversion efficiency is low
2. Presence of oxygen is inhibitory for enzyme
hydrogenase

Photosynthetic biohydrogen production

Photosynthetic biohydrogen is either direct photolysis of water or indirect photolysis using
sunlight. Unfortunately, H2 released by microorganisms during the photosynthetic process are in low
yields. The increased order-of-magnitude of its volumetric productivity will be required before
becoming reasonable for industrial-scale production. Further, the oxygen sensitivity of hydrogenase
restricts the process in natural conditions. The Present photosynthetic biohydrogen production
research is directed towards the enhancement of hydrogenase activity by identifying new organisms
or using engineered organisms. Since the Rhodospirillum rubrum was found to produce H2
photosynthetically using organic acids as a carbon source and amino acid as a nitrogen source [22],
many photosynthetic bacteria have been reported with hydrogen production efficiency under
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appropriate conditions [23–26]. Hwang et al. [27] reported enzymatic hydrogen production of
Chlorella vulgaris YSL01 and YSL16 using CO2 as a carbon source under atmospheric conditions.
Cyanothece sp. strain ATCC 51142 is capable of performing simultaneous oxygenic photosynthesis
and H2 production by dinitrogenase NifHDK, an enzyme complex [28]. Bayro-Kaiser, V. and
Nelson [29] randomly mutagenized the green microalgae Chlamydomonas reinhardtii to generate
mutants that exhibited temperature-sensitive photoautotrophic growth. Eilenberg et al. [30]
engineered the HydA enzyme and reported that the in vivo photosynthetic activity of the Fd-HydA
enzyme surpasses that of the native HydA and shows higher oxygen tolerance. Recently, Batyrova
and Hallenbeck reported another genetically modified Chlamydomonas reinhardtii strain
cy6Nac2.49, which activates photosynthesis in a cyclical manner, so that photosynthesis will not
be active in the presence of oxygen, but only in response to a metabolic trigger i.e. anaerobiosis [31].
Krassen et al. showed the stepwise assembly of a hybrid complex consisting of photosystem I and
[NiFe] hydrogenase on a solid gold surface which can give rise to light-induced H2 evolution which
converted solar energy to hydrogen energy [32].
3.2.2

Fermentative biohydrogen production

Present fermentative biohydrogen production research are concentrating on feedstock selection
and process optimization. Azman et al. [33] used de-oiled rice bran, obtained after the extraction of
oil content of rice bran, for dark fermentative biohydrogen production. Oil-extracted rice bran was
hydrolyzed by dilute H2SO4 (1%, v/v) to obtain de-oiled rice bran hydrolyzate as a substrate for
hydrogen generation. A recent comprehensive literature survey, on efficient biohydrogen generation
and long-term operation in microbial fuel cell (MFC), concluded that to obtain high process
efficiencies, cell design ought to be of primary concern [34]. Stanislaus et al. [35] used Ipomoea
aquatica as a substrate with digested sludge as inoculum for biohydrogen production. Process
optimization in this experiment through response surface methodology indicated 90 ºC temperature
for 60 min as the optimum pre-treatment condition of inoculum. Also, frozen dry I. aquatic
demonstrated the highest hydrogen yield among all the other substrate pre-treatment conditions along
with positive energy production. Kirili and Kapdan [36] applied a novel technique for biohydrogen
production process enhancement, by adding microbial support particles namely; plastic scouring
sponge pad, plastic nylon sponge, black porous sponge, plastic scouring sponge pad with metal mesh,
and plastic nylon sponge with metal mesh, using waste wheat as feedstock. The experiment resulted
into increased yield with decreasing retention time from 5 days to 1 day for all particles and achieved
maximum yield with metal mesh covered plastic scouring sponge pad at 1 day retention time in
repeated batch operation. Sarkar and Venkata Mohan [37] also concluded that application of pretreated inoculum as biocatalyst and high substrate concentration resulted in substantial enhancement
of both hydrogen and volatile fatty acid production. Radha and Murugesan [38] suggested that pretreatment of marine microalgae is effective in removing phenolic content and enhancing biohydrogen
production.
Bharathiraja et al. [39] reviewed the variable feedstock resources and process enhancement
criterion for dark fermentative biohydrogen production. Sivagurunatahn and Lin [40] conducted a
process optimization experiment using beverage wastewater as a feedstock with enriched mixed
microflora dominated by Clostridium sp. in a continuously-stirred tank reactor (CSTR) under mesophilic
conditions. The results revealed that a peak hydrogen production rate was observed at HRT 1.5 h while,
AIMS Energy

Volume 7, Issue 1, 1–19.

7

maximum hydrogen yield was achieved at HRT 6 h. Another experiment with psychrophilic G088 strain
(EU636029), closely related to Polaromonas rhizosphaerae (EF127651) was evaluated for its
hydrogen production efficiency using different carbon sources, such as xylose, glucose, fructose,
galactose, lactose or sucrose [41]. Experiment results showed glucose as the substrate with the
highest consumption rate, accompanied by the maximum values of biohydrogen production rate and
yield. Wen et al. [42] achieved stable and efficient photo-fermentative hydrogen production by
forming biofilm on the surface of carrier in the biofilm reactor.
Dark fermentation process is considered to be promising and favourable over the photo
fermentation process. Although, selection of one process over the other depends on several factors,
such as availability of feedstock, selection of process organism, process condition for consortium,
compatibility of feedstock with applied microorganism etc. Some workers also used the hybrid
reactor to combine photo and dark fermentation processes. A combined process showed a positive
result and an increase in total hydrogen yield. Several other researchers with variable feedstock and
optimised process conditions also reported potential of industrial hydrogen production [43–49].
However, most of these results are limited to laboratory scales, none of them reached to the industrial
production and failed to contribute in the hydrogen economy.
3.3. Benefits of biohydrogen
Among the four strategically important alternative fuel sources viz. biofuels, hydrogen (H2),
natural gas and syngas (synthesis gas), hydrogen emerges as superior, since it is renewable, does not
emit the greenhouse gases, liberates large amount of energy per unit weight in combustion and can
be easily converted into electricity by fuel cell. Biological H2 production delivers clean H2 in a
sustainable manner with simple technology and more attractive potential than the current chemical
production of H2. Biohydrogen holds the potential for a substantial contribution to the future
renewable energy demands. Biohydrogen production delivers clean H2 in a sustainable manner using
simple technology and has more attractive potential than the current chemical production of H2,
since it is suited for the conversion of a wide spectrum of substrate utilization such as organic
wastes, industrial manufacturing process by-products and biomass as feedstock, mostly available
free or at a low cost [50]. The sustainability of all products depends mainly on its impact on
society, economy and environment. Figure 5 summarizes the social, economic and environmental
benefits of biohydrogen.
3.4. Limitations
The main limitation of biological hydrogen production is lower rate and yields as compared to the
other hydrogen production methods. Therefore, there is a necessity to develop strategies to increase the
yield and production rate of biohydrogen. The main obstacles to achieve high rates and yields include,
partial pressure of hydrogen gas in the produced gas mixture, competing reactions, bioprocess
technology, insufficient active hydrogenase enzyme, and efficient hydrogen-producing
cultures [51,52]. Hallenbeck [51] suggested that partial pressure of hydrogen can be reduced by
sparging inert gas to derive electrons form NADH, while there is a need to develop a cost-effective
and technologically sound method for the same [52].
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The metabolic shift from acetic acid generation to solvent or hydrogen-consuming organic acid
generation, and consumption of hydrogen by uptake of hydrogenase and homoacetogens, reduces
biohydrogen production [51,53]. The metabolic shift can be controlled by using a bioreactor, which has
been reviewed in detail by Argun et al. [52]. The purity of hydrogen in gas phase is also a challenge, as it
varies from 30–60%. The separation of hydrogen by using selective membranes in the production process
could help in reducing hydrogen partial pressure and increasing purity of hydrogen [52,54].

Figure 5. Benefits of biohydrogen for its suitability to sustainable fuel.
4.

Sustainability assessment of biohydrogen

The sustainability of biohydrogen production is driven by production rate and its purity, to get
biohydrogen at an affordable cost. Physicochemical methods are highly efficient in both productivity
and purity of hydrogen but they are not cost-effective due to high energy demands during the
production. However, the use of biological methods for hydrogen production have acquired
significant attention in the last decades as they operate in mild conditions and have lower energy
demands, which make the process cost-effective. There are some other factors seeking the attentions
of researchers and industrialists for biohydrogen production, such as utilization of organic residues;
but it involved high technologies to operate safely and to convert it into biohydrogen in an
environmentally-acceptable form [52].
The criteria for sustainability assessment concerns three aspects, including economics,
environmental performance and social issues. Sustainability usually refers to simultaneously
achieving economic prosperity, environmental cleanness and social parity [55]. Several
investigations have been conducted to improve the biological hydrogen production and develop a
biohydrogen economy. However, development of biofuel industries is recognized as a complex
system and besides experimental studies, social, economical and environmental aspects of biofuel
system in a country or region should be considered. Aspects are estimated by feasibility assessments,
evaluation of biofuels sustainability, and life-cycle and techno-economic analysis [56]. The energy
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ratio and GHG emissions of biohydrogen compared favourably with diesel and other H2 production
pathways. The energy ratio (may be called as Net Energy Ratio or Energy Balance) of biohydrogen
production pathways must be positive for sustainable replacement of fossil sources. Consequently,
biohydrogen is worthy of consideration in the planning and development of a H2 economy, both from
an energy and from an environmental perspective [57].
4.1. Economic feasibility of biohydrogen
A detailed financial feasibility analysis by Lee [58], indicated that an attractive investment
proposal or business plan, is critical in attracting investment for long-term biohydrogen production
on a small or commercial scale. His results explained that the levelized cost of energy (LCOE) of
biohydrogen will be approximately USD 2 to 3 kg. All financial indices revealed that biohydrogen is
economically feasible of investment and will be commercialized successfully before the timelines in
many official reports. Results revealed decision-making criteria should include the economic
incentives. LCOE of biohydrogen is less sensitive to the cost of biomass feedstock, which is more
sensitive to the capital cost, operating and maintenance cost. Another study by Lee [59] reported that
the biohydrogen and biobutanol can replace fossil fuels with high economic feasibility. Biohydrogen
has the most flexibility under variation in the production cost of biomass feedstock. Algae biodiesel
is less financially competitive than biohydrogen and biobutanol.
Three sources of bioenergy are cost-competitive with fossil fuels under ideal conditions. Lee
and Chiu [60] investigated the development of the biohydrogen sector in four countries, US, Japan,
China and India. His study stated China as the largest biohydrogen market with the highest total
output multiplier by 2050, followed by the US, Japan and India (in that order). High investment will
encourage the rapid development of the biohydrogen industry in all four countries. Therefore,
investing US$1 in the biohydrogen industry will generate a total output of US$3.22, 3.50, 3.09 and
3.00 in the four economies, respectively, in 2011–2050. Study also revealed that investing in the
development of biohydrogen technology will provide more benefits than investing in hydrogen
infrastructure. Han et al. [61] conducted a techno-economic analysis for fermentative hydrogen
production from food waste. Study exhibited 26.75% return on investment (ROI) and 24.07%
internal rate of return (IRR) within 5 years of payback period (PBP).
4.2. Societal parity of biohydrogen
However, societal impact of biohydrogen production and its use were less quantified due to
complexity in societal structure, a few reports suggested an edge of biohydrogen on other fuels.
Ren et al. [55] described ten societal criteria to assess the societal aspect in a sustainability study.
The criterion were: Inherent safety index, occupational index, social attractiveness, human health and
safety of employees, per capita GDP contribution, taxes contribution, cultural influence, political
acceptability, security of primary supply and contribution for energy sufficiency. Sun et al. [62]
quantified potential societal benefits of hydrogen fuel cell vehicles (FCVs) using the societal lifetime
cost (SLC). The study included the vehicle retail cost (a function of vehicle performance), the cost of
energy use (a function of vehicle fuel economy), operating and maintenance costs, externality costs
of oil-use, damage costs of noise and emissions from air pollutants and GHGs, and other factors.
Results of the study showed the cost difference between FCVs and gasoline vehicles is initially very
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large. FCVs eventually become lifetime cost competitive with gasoline vehicles, as their production
volume increases, even without accounting for externalities. High valuation of externalities and high
oil price could reduce the buy-down cost (the cumulative investment needed to bring hydrogen FCVs
to lifetime cost parity with gasoline vehicles by $10 billion relative to the reference case. According
to Ogden et al. [63] “the hydrogen fuel cell car stands out as having the lowest externality costs of
any option, and when mass produced with high valuations of externalities, the least projected
lifecycle cost”. These costs are estimated over the full fuel-cycle from “well-to-wheels” and the
entire vehicle lifetime and include adjustments for non-cost social transfers, such as taxes and fees,
and producer overhead costs associated with fuel and vehicles [62].
In a study Stanislaus et al. [35] has studied the production of biohydrogen from Ipomoea
aquatica using digested sludge as inoculum and reported that the energy consumed in the
fermentation process was lesser than energy produced in the process, which shows a positive energy
balance or NER. The biohydrogen system succeeds in obtaining a negative global warming impact
with a low cumulative non-renewable energy demand. This indicates that biohydrogen can be
produced with positive NER, which could be a sustainable approach. Sekoai and Daramola [64] and
Singh et al. [65] reviewed the published reports and concluded hydrogen as the safest fuel due to its
non-toxicity, dispersive in nature, and with the least dangers in terms of a fire hazard. Although, it
can cause fire but the clear flame cannot perch skin at a distance because of the little thermal
radiation emitted by the flame due its lack of soot content.
4.3. Environmental safety through biohydrogen
Romangnoli et al. [66] conducted an LCA study of biohydrogen by photosynthesis and the
results of the analysis, showed that using biohydrogen to produce electricity offers more
environmental benefits than using a fossil fuel based source. Wulf and Kaltschmitt [67] estimated
that total 29.9 Mio t CO2-eq could be reduced by using compact class hydrogen fuel cell vehicle over
compact class gasoline vehicle over the 15 years life time. The life cycle study of Djomo and
Blumberga [57] compared the energetic and environmental performances of hydrogen from wheat
straw (WS-H2), sweet sorghum stalk (SSS-H2) and steam potato peels (SPP-H2), and found
comparable energy ratios (ER) among the three raw materials used i.e. 1.08 for WS-H2, 1.14 for
SSS-H2 and 1.17 for SPP-H2; and a GHG savings by 52–56% compared to diesel and by 54–57%
compared to steam methane reforming production of H2.
Dadak et al. [68] carried out an exergy analysis and concluded that the eco-exergy concept
could provide unique insights beyond those of conventional exergy analysis, which thereby provides
a useful design tool for photobiological hydrogen production. The researchers further added that the
sodium acetate concentration of 1 g L−1 and light intensity of 1000 lux were found to be the most
suitable conditions for biohydrogen production, according to the normalized exergy destruction
obtained using both concepts. In another exergy analysis, no noticeable changes were observed in the
conventional exergetic and eco-exergetic performance parameters of the bioreactor over 540 h of
continuous operation. Nevertheless, eco-exergetic analysis owing to the inclusion of the work of
information embedded in the genomes of living organisms is still recommended for improving the
design features of photobioreactors for hydrogen production [68]. In a study with
Rhodopseudomonas palustris PT, Hosseini et al. [69] provided a comprehensive insight into the
exergetic parameters of a bioreactor for hydrogen production using a locally isolated light-dependent
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photosynthetic bacterium to select the best carbon source dosage for efficient and eco-friendly
biohydrogen production. According to the experiment normalized exergy destruction and
sustainability index, 1.5 g/L sodium acetate dosage was found to be an optimal carbon source for the
industrial applications phase.
Wulf et al. [70] has performed a life cycle assessment of different biohydrogen production
processes to examine environmental impact, such as anthropogenic climate change, acidification,
eutrophication and human toxicity. They considered biohydrogen production from biomass sources
derived from forestry and short rotation coppice (SRC), herbaceous biomass, energy crops and
biowaste in Germany. They reported that biomass source has significant influence on the environmental
impact of biohydrogen production pathways, and concluded that the gasification and the reforming of
biomass have the potential to be climate friendly. They also reported that steam methane reforming
(SMR) technology is the most promising technology regarding the environmental impact [70].
4.4. Challenges in development of sustainable biohydrogen
Though the biohydrogen production and its utilization seems to be an environmentally safe and
feasible alternative for fossil based fuel however, shifting from present fuel economy to biohydrogen
economy is still in its infancy stage. Despite being several research groups working on it, its
industrial production, storage and transportation have not yet reached on a satisfactory level. The
major constraints in biological hydrogen production processes are raw material cost, low hydrogen
evolution rate and yield at large scale [71].
Dadak et al. [68] suggested eco-exergy concept as an effective tool to assess the sustainability
and productivity of biohydrogen production from a thermodynamic point of view. Bretner et al. [72]
and Miandad et al. [20] summarised the technological challenges for sustainable use of biohydrogen
fuel. Briefly these challenges are:
1. Low Photochemical efficiency.
2. Efficiency of employed bacterial strain.
3. Instability of hydrogenase over-expression.
4. Sensitivity of hydrogenase to oxygen and feedback inhibition.
5. Competition for reductant from ferredoxin between hydrogenases and other cellular functions.
6. Suitability of low cost substrates.
7. Industrially feasible production process and yield. Substrate use competence of used strain.
8. Kinetics suitable design of reactors.
9. Thermodynamic barrier.
10. Low cost material for hydrogen storage for economic feasibility.
5.

Future perspective

Biohydrogen production provides clean H2 with the help of simple technology and a more
attractive potential than the current chemical production of H2, makes it sustainable. Although,
present hydrogen production industries are based on chemical processing units, but the research trend
on biohydrogen production promises a booming potential of industrial biohydrogen production in the
near future. Global utilization of confined and trader hydrogen is projected to increase more than 300
billion cubic through 2018 with an annual growth rate of 3.5%. Recent global research trends
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showed that the world’s largest hydrogen consumption will continue with US having the maximum
share of growth, although in 2018 it is likely to occur in China.
Biohydrogen production from the Asian countries is mainly focusing on dark fermentation
while the European countries are focusing on dark and photo fermentation. So far, the current
biohydrogen production system is appropriate for decentralized small scale systems, integrated with
waste from agriculture and industries or from waste processing facilities, using reactors operating
with mixed microflora (aerobic, anaerobic, thermophillic, photo non-sulphur producing bacteria) or
pure cultures enriched from natural sources. Seed inocula for biohydrogen production have been
obtained from heat sludge, compost, waste water, and food waste etc.
Production of hydrogen using biological tool is the predominant challenge for biotechnology,
concerning present and future environmental problems. Future of biological hydrogen production is
not only determined by research advances, including genetic engineering of microorganisms for
efficiency improvement and designing complications of bioreactor, but also by fuel economics (cost
of fuel), societal adaptation and the development of systems for hydrogen energy [73]. Current
strategies geared towards improving biohydrogen production include microbial culture
immobilisation, bioreactor modifications, the optimisation of process conditions (temperature, pH,
OLR and HRT), culture selection and enrichments, substrate choice and the metabolic engineering of
biohydrogen specialists [74–77].
Cost factor is an important aspect for sustainability of fuel. Metabolic and genetic engineering
can play a vital role in bringing down the production cost and increasing the H2 yield. By an
estimate 80 kg of hydrogen per acre per day could be produced by diverting the entire photosynthetic
efficiency of the algae toward hydrogen production. In a realistic efficiency of 50%, hydrogen
production cost comes close to a $2.80 a kilogram [78]. However, in the current scenario below, 10%
of the algae’s photosynthetic capacity was utilized for biohydrogen production [79,80]. Research on
biotechnological approach to improve algal photosynthetic biohydrogen production are underway
and demonstrating a promising result [81]. There are two major factors that would have an important
impact on the cost of biohydrogen production for commercial use: The cost of the
photo-bioreactor and storage system has to be brought down, which will depend on appropriate and
less expensive materials to be used in the fabrication of the photo-bioreactors.
The reports published by several researchers have clearly indicated that the cost-effective
production of biohydrogen with a positive energy balance is the key feature to get sustainable
biohydrogen production, as summarised in Table 3.
Table 3. Sustainability assessment of biohydrogen.
S. No.

Methodology

Social
Sustainability

Economical Sustainability

1.
2.

Exergy Model
Exergy Model

High

3.

Input-output (IO)
Model

Investing US$1will
generate US$3.22 to 3.50

Environmental
Sustainability

Reference

Higher eco-exergy
1.5 g/L sodium acetate
was an optimal carbon
source for higher exergy

[68]
[69]

[60]
Continued on next page
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S. No.

Methodology

Social
Sustainability

4.

Societal lifetime
cost (SLC)
Societal lifetime
cost

Positive lifetime
cost in long term
lowest externality
costs of fuel cell
vehicle

5.

6.
7.
8.
9.
10.
11.

Financial feasibility
analysis
Financial feasibility
analysis
Life cycle
assessment (LCA)
Life cycle
assessment
Life cycle
assessment
Life cycle
assessment

12.

Techno-economic
analysis

13.

Literature review

14.

Comparative LCA

15.

LCA survey

16.

Process optimization
through response
surface methodology

Economical Sustainability

Environmental
Sustainability

[62]
[63]

Low levelized cost of
energy
High economic feasibility

Positive energy
balance

[58]
[59]
CO2 saving

[67]

Environmental Benefit

[66]

Reduction of GHG
emission
GHG Saving

[57]

26.75% return on
investment and 24.07%
rate of return in 5 year
payback period.
Safest fuel in term
of toxicity and
fire hazard
Positive energy
balance of
biohydrogen than
non-renewable
hydrogen

Positive energy
yield

Reference

[57]
[61]

Zero emission fuel with
consequential local air
quality benefits
Better performance of
biohydrogen in term of
abiotic depletion impact
potential, cumulative nonrenewable energy demand,
and ozone layer depletion
impact potential
Biohydrogen in MECs
provide environmental
protection
Water purification and
clean energy

[65]

[82]

[34]

[35]

After reviewing all information this can be emphasized that the sustainable biohydrogen
production can be generated in the future by exploration of the following technologies:
a. Utilization of molecular tools for identification of robust hydrogen producing micro-organisms.
b. Advancement in the bioreactor development.
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c. Fine tuning of pre-treatment techniques.
d. Integration of other energy generation systems such as biogas, bioethanol, etc.
6.

Conclusion

The studies reviewed in various publications are mainly focused on very specific aspects of
bio-hydrogen production, such as biomass gasification [82], reactor design [83], molecular tools [84],
and production pathway [85], etc. However, this article has exclusively reviewed the biological
production of hydrogen and its sustainability as an economical clean fuel currently and has also
discussed its future perspective.
This review with the following points concludes that biohydrogen is a renewable and
sustainable source of energy and a clean economical fuel in comparison to other biofuels [86] for the
near future:
• Various types of biomass can be used for sustainable biohydrogen production.
• The selection of pre-treatment technology for biohydrogen production process depends on
substrate composition.
• The simultaneous use of more than one pre-treatment technology can lead to improvements in
substrate-biodegradability along with increase in hydrogen production.
• Development of biohydrogen economy is a feasible alternative for sustainable fuel as it
provides energy security, societal parity and environmental safety.
• Hybrid or biorefinery concept can lead to commercialization of biohydrogen production.
• Metabolic and genetic engineering can play a vital role in bringing down the production cost
and increasing the yield of biohydrogen.
Conflict of interest
The authors declare there are no conflicts of interest in this paper.
References
1.
2.

3.

4.

Nigam PS (2017) An Overview of Microorganisms’ Contribution and Performance in Alcohol
Fermentation Processing a Variety of Substrates. Curr Biotech 6: 9–16.
Singh A, Rathore D (2017) Biohydrogen: Next Generation Fuel, In: Singh A, Rathore D (Eds.),
Biohydrogen Production: Sustainability of Current Technology and Future Perspective, India,
Springer, 1–10.
Sims REH, Schock RN, Adegbululgbe A, et al. (2007) Energy supply, In: Metz B, Davidson OR
(Eds)., Climate change 2007: mitigation. Contribution of working group III to the fourth
assessment report of the intergovernmental panel on climate change, Cambridge, UK,
Cambridge University Press.
Singh A, Olsen SI (2012) Key issues in life cycle assessment of biofuels, In: Gopalakrishnan K,
et al. (Eds.), Sustainable bioenergy and bioproducts, green energy and technology, London,
Springer-Verlag, 213–228.

AIMS Energy

Volume 7, Issue 1, 1–19.

15

5.

6.
7.
8.
9.
10.

11.

12.
13.
14.

15.
16.

17.
18.
19.

20.

21.

22.

Singh A, Pant D, Korres NE, et al. (2010) Key issues in life cycle assessment of ethanol
production from lignocellulosic biomass: Challenges and perspectives. Bioresource Technol
101: 5003–5012.
Singh A, Smyth BM, Murphy JD (2010) A biofuel strategy for Ireland with an emphasis on
production of biomethane and minimization of land-take. Renew Sust Energ Rev 14: 277–288.
Singh A, Nigam P, Murphy JD (2011) Mechanism and Challenges in commercialisation of algal
biofuels. Bioresource Technol 102: 26–34.
Singh A, Nigam P, Murphy JD (2011) Renewable fuels from algae: An answer to debatable land
based fuels. Bioresource Technol 102: 10–16.
Singh A, Olsen SI, Nigam P (2011) A viable technology to generate third generation biofuel. J
Chem Technol Biot 86: 1349–1353.
Pant D, Singh A, van Bogaert G, et al. (2011) Bioelectrochemical systems (BES) for sustainable
energy production and product recovery from organic wastes and industrial wastewaters. RSC
Adv 2: 1248–1263.
Singh A, Nigam P (2014) Microbial biofuels production, In: Darvishi FH, Hongzhang C (Eds.),
Microbial Technology: Progress and Trends, USA,CRS Press Taylor & Francis Group, ISBN
9781482245202, 428–440.
Rathore D, Nizami AS, Singh A, et al. (2016) Key issues in estimating energy and greenhouse
gas savings of biofuels: Challenges and perspectives. Biofuel Res J 10: 380–393.
Nigam P, Singh A (2011) Production of liquid biofuels from renewable resources. Prog Energ
Combust 37: 52–68.
ElMekawy A, Sandipam S, Bajracharya S, et al. (2015) Food and agricultural wastes as
substrates for bioelectrochemical system (BES): The synchronized recovery of sustainable
energy and waste treatment. Food Res Int 73: 213–225.
Sinha P, Pandey A (2011) An evaluation report and challenges for fermentative biohydrogen
production. Int J Hydrogen Energ 36: 7460–7478.
Show KY, Lee DJ, Jhang ZP (2011) Production of biohydrogen: Current perspectives and future
prospects, In: Pandey A, Larroche C, et al. (Eds.), Biofuels alternative feedstocks and
conversion processes, Amsterdam, Academic Press, 467–479.
Show KY, Lee DJ, Chang JS (2011) Bioreactor and process design for biohydrogen production.
Bioresource Technol 102: 8524–8533.
Rathore D, Singh A (2013) Biohydrogen production from microalgae, In: Gupta VK,
Tuohy MG (Eds.), Biofuels technologies recent developments, Berlin, Springer, 317–333.
Basak N, Jana AK, Das D, et al. (2014) Photofermentative molecular biohydrogen production by
purple-non-sulfur (PNS) bacteria in various modes: The present progress and future perspective.
Int J Hydrogen Energ 3: 6853–6871.
Miandad R, Rehan M, Ouda OKM, et al. (2017) Waste-to- Hydrogen energy in Saudi Arabia:
Challendes and Perspectives, In: Singh A, Rathore D (Eds.), Biohydrogen Production:
Sustainability of Current Technology and Future Perspective, India, Springer, 237–252.
Korres NE, Norsworthy JK (2017) Biohydrogen Production from Agricultural Biomass and
Organic Wastes, In: Singh A, Rathore D (Eds.), Biohydrogen Production: Sustainability of
Current Technology and Future Perspective, Springer, India, 49–68.
Gest H, Kamen MD (1949) Photoproduction of molecular hydrogen by Rhodospirillum rubrum.
Science 109: 558–559.

AIMS Energy

Volume 7, Issue 1, 1–19.

16

23. Hallenbeck PC, Liu Y (2016) Recent advances in hydrogen production by photosynthetic
bacteria. Int J Hydrogen Energ 41: 4446–4454.
24. Liu Y, Hallenbeck PC (2016) A kinetic study of hydrogen production by a Calvin-Benson-Bassham
cycle mutant, PRK (phosphoribulose kinase), of the photosynthetic bacterium Rhodobacter
capsulatus. Int J Hydrogen Energ 41: 11081–11089.
25. Zhang H, Chen G, Zhang Q, et al. (2017) Photosynthetic hydrogen production by alginate
immobilized bacterial consortium. Bioresource Technol 236: 44–48.
26. Meng F, Yang A, Wang H, et al. (2018) One-step treatment and resource recovery of
high-concentration non-toxic organic wastewater by photosynthetic bacteria. Bioresource
Technol 251: 121–127.
27. Hwang JH, Kim HC, Choi JA, et al. (2014) Photoautotrophic hydrogen production by
eukaryotic microalgae under aerobic conditions. Nat Commun 5: 3234.
28. Sadler NC, Bernstein HC, Melnicki MR, et al. (2016) Dinitrogenase-driven photobiological
hydrogen production combats oxidative stress in Cyanothecesp. strain ATCC 51142. Appl
Environ Microbiol 82: 7227–7235.
29. Bayro-Kaiser V, Nelson N (2016) Temperature-sensitive PSII: A novel approach for sustained
photosynthetic hydrogen production. Photosynth Res 130: 113–121.
30. Eilenberg H, Weiner I, Ben-Zvi O, et al. (2016) The dual effect of a ferredoxin-hydrogenase
fusion protein in vivo: Successful divergence of the photosynthetic electron flux towards
hydrogen production and elevated oxygen tolerance. Biotechnol Biofuels 9: 182.
31. Batyrova K, Hallenbeck PC (2017) Hydrogen Production by a Chlamydomonas reinhardtii
Strain with Inducible Expression of Photosystem II. Int J Mol Sci 18: 647.
32. Krassen H, Schwarze A, Friedrich B, et al. (2009) Photosynthetic Hydrogen Production by a
Hybrid Complex of Photosystem I and [NiFe]-Hydrogenase. ACS Nano 3: 4055–4061.
33. Azman NF, Abdeshahian P, Kadier A, et al. (2016) Biohydrogen production from de-oiled rice
bran as sustainable feedstock in fermentative process. Int J Hydrogen Energ 41: 145–156.
34. Kumar G, Bakonyi P, Zhen G, et al. (2017) Microbial electrochemical systems for sustainable
biohydrogen production: Surveying the experiences from a start-up viewpoint. Renew Sust
Energ Rev 70: 589–597.
35. Stanislaus MS, Zhang N, Zhao C, et al. (2017) Ipomoea aquatica as a new substrate for
enhanced biohydrogen production by using digested sludge as inoculum. Energy 118: 264–271.
36. Kirili B, Kapdan IK (2016) Selection of microorganism immobilization particle for dark
fermentative biohydrogen production by repeated batch operation. Renew Energ 87: 697–702.
37. Sarkar O, Mohan SV (2016) Deciphering acidogenic process towards biohydrogen, biohythane
and short chain fatty acids production: Multi-output optimization strategy. Biofuel Res J 11:
458–469.
38. Radha M, Murugesan AG (2017) Enhanced dark fermentative biohydrogen production from
marine macroalgae Padina tetrastromatica by different pretreatment process. Biofuel Res J 13:
551–558.
39. Bharathiraja B, Sudharsanaa T, Bharghavi A, et al. (2016) Biohydrogen and biogas—an
overview on feedstocks and enhancement process. Fuel 185: 810–828.
40. Sivagurunatahn P, Lin CY (2016) Enhanced biohydrogen production from beverage wastewater:
Process performance during various hydraulic retention times and their microbial insights. RSC
Adv 6: 4160–4169.
AIMS Energy

Volume 7, Issue 1, 1–19.

17

41. Alvarez-Guzmán CL, Oceguera-Contreras E, Ornelas-Salas JT, et al. (2016) Biohydrogen
production by the psychrophilic G088 strain using single carbohydrates as substrate. Int J
Hydrogen Energ 41: 8092–8100.
42. Wen HQ, Du J, Xing De, et al. (2017) Enhanced photo-fermentative hydrogen production of
Rhodopseudomonas sp. nov. strain A7 by biofilm reactor. Int J Hydrogen Energ 42: 18288–18294.
43. Morsy FM (2015) CO2-free biohydrogen production by mixed dark and photofermentation
bacteria from sorghum starch using a modified simple purification and collection system.
Energy 87: 594–604.
44. Budiman PM, Wu TY (2016) Ultrasonication pre-treatment of combined effluents from palm oil,
pulp and paper mills for improving photofermentative biohydrogen production. Energ Convers
Manage 119: 142–150.
45. Sekoai PT (2016) Modelling and Optimization of Operational Setpoint Parameters for
Maximum Fermentative Biohydrogen Production Using Box-Behnken Design. Ferment 2: 15.
46. Palomo-Briones R, Razo-Flores E, Bernet N, et al. (2017) Dark-fermentative biohydrogen
pathways and microbial networks in continuous stirred tank reactors: Novel insights on their
control. Appl Energ 198: 77–87.
47. Goud RK, Arunasri K, Yeruva KDK, et al. (2017) Impact of selectively enriched microbial
communities on long-term fermentative biohydrogen production. Bioresource Technol 242:
253–264.
48. Angeriz-Campoy R, Fdez-Güelfo LA, Álvarez-Gallego CJ, et al. (2017) Inhibition of the
Hydrolytic Phase in the Production of Biohydrogen by Dark Fermentation of Organic Solid
Waste. Energ Fuels 31: 7176–7184.
49. Hay JXW, Wu TY, Juan JC, et al. (2017) Effect of adding brewery wastewater to pulp and
paper mill effluent to enhance the photofermentation process: Wastewater characteristics,
biohydrogen production, overall performance, and kinetic modeling. Environ Sci Pollut R 24:
10354–10363.
50. Mohan SV (2010) Waste to renewable energy: A sustainable and green approach towards
production of biohydrogen by acidogenic fermentation, In: Singh OV, Harvey SP (Eds.),
Sustainable biotechnology, Amsterdam, Springer, 129–164.
51. Hallenbeck PC (2009) Fermentative hydrogen production: Principles, progress, and prognosis.
Int J Hydrogen Energ 34: 7379–7389.
52. Argun H, Gokfiliz P, Karapinar I (2017) Biohydrogen Production Potential of Different
Biomass Sources, In: Singh A, Rathore D (Eds.), Biohydrogen Production: Sustainability of
Current Technology and Future Perspective, India, Springer, 269–289.
53. Mathews J, Wang G (2009) Metabolic pathway engineering for enhanced biohydrogen
production. Int J Hydrogen Energ 34: 7404–7416.
54. Neves LA, Nemestóthy N, Alves VD, et al. (2009) Separation of biohydrogen by supported
ionic liquid membranes. Desalination 240: 311–315.
55. Ren J, Manzardo A, Toniolo S, et al. (2013) Sustainability of hydrogen supply chain. Part I:
Identification of critical criteria and cause-effect analysis for enhancing the sustainability using
DEMATEL. Int J Hydrogen Energ 38: 14159–14171.
56. Asadi N, Alavijeh MK, Zilouei H (2017) Development of a mathematical methodology to
investigate biohydrogen production from regional and national agricultural crop residues: A
case study of Iran. Int J Hydrogen Energ 42: 1989–2007.
AIMS Energy

Volume 7, Issue 1, 1–19.

18

57. Djomo SN, Blumberga D (2011) Comparative life cycle assessment of three biohydrogen
pathways. Bioresource Technol 102: 2684–2694.
58. Lee DH (2016) Cost-benefit analysis, LCOE and evaluation of financial feasibility of full
commercialization of biohydrogen. Int J Hydrogen Energ 41: 4347–4357.
59. Lee DH (2016) Levelized cost of energy and financial evaluation for biobutanol, algal biodiesel
and biohydrogen during commercial development. Int J Hydrogen Energ 41: 21583–21599.
60. Lee DH, Chiu LH (2012) Development of a biohydrogen economy in the United States, China,
Japan, and India: With discussion of a chicken-and-egg debate. Int J Hydrogen Energ 37:
15736–15745.
61. Han W, Fang J, Liu Z, et al. (2016) Techno-economic evaluation of a combined bioprocess for
fermentative hydrogen production from food waste. Bioresource Technol 202: 107–112.
62. Sun Y, Ogden J, Delucchi M (2010) Societal lifetime cost of hydrogen fuel cell vehicles. Int J
Hydrogen Energ 35: 11932–11946.
63. Ogden JM, William RH, Larson ED (2004) Societal lifecycle cost comparison of cars with
alternative fuels/engines. Energ Policy 32: 7–27.
64. Sekoai PT, Daramola MO (2015) Biohydrogen production as a potential energy fuel in South
Africa. Biofuel Res J 6: 223–226.
65. Singh S, Jain S, Venkateswaran PS, et al. (2016) Hydrogen: A sustainable fuel for future of the
transport sector. Renew Sust Energ Rev 51: 623–633.
66. Romangoli F, Blumeberga D, Pilicka I (2011) Life cycle assessment of biohydrogen production
in photosynthetic processes. Int J Hydrogen Energ 36: 7866–7871.
67. Wulf C, Kaltschmitt M (2013) Hydrogen as a Fuel in the German Transport Sector. Zeitschrift
für Energiewirtschaft 37: 127–141.
68. Dadak A, Aghbashlo M, Tabatabaei M, et al. (2016) Exergy Analysis as a Tool for Decision
Making on Substrate Concentration and Light Intensity in Photobiological Hydrogen Production.
Energ Technol 4: 429–440.
69. Hossein SS, Aghbashlo M, Tabatabaei M, et al. (2015) Thermodynamic evaluation of a
photobioreactor for hydrogen production from syngas via a locally isolated Rhodopseudomonas
palustris PT. Int J Hydrogen Energ 40: 14246–14256.
70. Wulf C, Thormann L, Kaltschmitt M (2017) Comparative Environmental Life Cycle Assessment
of Biohydrogen Production from Biomass Resources, In: Singh A, Rathore D (Eds.), Biohydrogen
Production: Sustainability of Current Technology and Future Perspective, India, Springer, 269–
289.
71. Boodhun BSF, Mudhoo A, Kumar G, et al. (2017) Research perspectives on constraints,
prospects and opportunities in biohydrogen production. Int J Hydrogen Energ 42: 27471–27481.
72. Bretner LB, Peccia J, Zimmerman JB (2010) Challenges in developing biohydrogen as a sustainable
energy source: Implications for a research agenda. Environ Sci Technol 44: 2243–2254.
73. FAO (1997) Hydrogen production, In: Renewable biological systems for alternative sustainable
energy production, Food and Agriculture Organization of the United Nations, Miyamoto K (ed.),
Available from: http://www.fao.org/docrep/w7241e/w7241e0g.htm.
74. Arimi MM, Knodel J, Kiprop A, et al. (2015) Strategies for improvement of biohydrogen
production from organic-rich wastewater: A review. Biomass Bioenerg 75: 101–118.

AIMS Energy

Volume 7, Issue 1, 1–19.

19

75. Kumar G, Bakonyi P, Sivagurunathan P, et al. (2015) Improved microbial conversion of deoiled Jatropha waste into biohydrogen via inoculum pretreatment and process optimization by
experimental design approach. Biofuel Res J 5: 209–214.
76. Kumar G, Zhen G, Sivagurunathan P, et al. (2016) Biogenic H2 production from mixed
microalgae biomass: Impact of pH control and methanogenic inhibitor (BESA) addition. Biofuel
Res J 11: 470–474.
77. Soydemir G, Keris-Sen UD, Sen U, et al. (2016) Biodiesel production potential of mixed
microalgal culture grown in domestic wastewater. Bioproc Biosyst Eng 39: 45–51.
78. Melis A, Happe T (2001) Hydrogen production. Green algae as a source of energy. Plant
Physiol 12: 740–748.
79. Show KY, Lee DJ, Tay JH, et al. (2012) Biohydrogen production: Current perspectives and the
way forward. Int J Hydrogen Energ 37: 15616–15631.
80. Singh A, Pant D, Olsen SI, et al. (2012) Key Issues to Consider in Microalgae Based Biodiesel
Production. Energy Educ Sci Technol Part A 29: 687–700.
81. Oncel SS, Kose A, Faraloni C (2015) Genetic optimization of microalgae for biohydrogen
production. Handbook of marine microalgae. Biotechnology advances, Academic Press, 383–
404.
82. Susmozas A, Iribarren D, Zapp P, et al. (2016) Life-cycle performance of hydrogen production
via indirect biomass gasification with CO2 capture. Int J Hydrogen Energ 41: 19484–19491.
83. Aslam M, Ahmad R, Yasin M, et al. (2018) Anaerobic membrane bioreactors for biohydrogen
production: Recent developments, challenges and perspectives. Bioresource Technol 269: 452–
464.
84. Kumar G, Cho SK, Sivagurunathan P, et al. (2018) Insights into evolutionary trends in
molecular biology tools in microbial screening for biohydrogen production through dark
fermentation. Int J Hydrogen Energ 43: 19885–19901.
85. Kumar G, Shobana S, Nagarajan D, et al. (2018) Biomass based hydrogen production by dark
fermentation-recent trends and opportunities for greener processes. Curr Opin Biotech 50: 136–
145.
86. Dahiya D, Nigam PS (2018) Bioethanol synthesis for fuel or beverages from the processing of
agri-food by-products and natural biomass using economical and purposely modified
biocatalytic systems: A Review. AIMS Energy 6(6): 979–992.
© 2019 the Author(s), licensee AIMS Press. This is an open access
article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/4.0)

AIMS Energy

Volume 7, Issue 1, 1–19.

