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Microalgal biohydrogen production from marine strains is a promising renewable energy source, leveraging high 
photosynthetic efficiency and CO₂ sequestration. In this review, a Systematic Literature Review (SLR) of 174 recent 
research articles (2023 – 2025) quantitatively and qualitatively evaluates marine microalgal biohydrogen production.  
The study reveals that among various pathways, dark fermentation with strains such as Chlorella vulgaris yields up to 
190.9 mL H₂/g-VS (Volatile Solids) at pH 5.5 and 35 °C, closely paralleled by Nannochloropsis oceanica at 183.9 mL H₂/g-VS, 
while Chlorella saccharophila achieves 169.3 mL H₂/g-VS under similar conditions. Another fermentative pathway for 
biohydrogen production, photofermentation using Rhodobacter sp. produced 5.24 mL H₂/L/h at pH 7.0 and 25.6 °C.  
High-carbohydrate strains such as Tetraselmis suecica (31.72 – 32.06 %) and Isochrysis galbana (up to 32.05 %) exhibit 
superior fermentative potential, and process enhancements, such as Fe₃O₄/TiO₂ nanoparticle pretreatment, can increase 
hydrogen yields by up to 53 %. However, biophotolysis with Tetraselmis subcordiformis reaches 162 cm³ H₂/L, whereas 
microbial fuel cells achieve 9.8 mL H₂/L/day with Scenedesmus sp., showcasing the potential of different pathways in 
biohydrogen production. This review concludes that systematic pathway selection, hybrid intensification, and the 
exploitation of high-yield microalgal strains are essential for transitioning marine microalgal biohydrogen from promising 
research to practical, eco-friendly, and scalable energy solutions in the emerging green hydrogen economy. 

[Keywords:  Anaerobic fermentation, Bioenergy, Biorefinery, Metabolic engineering, Microalgal biotechnology, 
Photofermentation] 

Introduction 
Hydrogen, generated through biological processes, 

is considered biohydrogen. Biohydrogen as a fuel has 
a high energy density of 120 to 142 MJ/kg, providing 
additional benefits by promoting resource 
sustainability and creating new economic prospects1. 
Current hydrogen production methods mainly rely on 
fossil fuels, raising concerns about greenhouse gas 
emissions and environmental impact2. Earlier 
projections suggested that hydrogen could supply 10 % 
of the global energy market by 2025. However, as of 
2025, hydrogen accounts for less than 1 % of the 
global energy supply, with the vast majority still 
produced from fossil fuels, and green hydrogen 
representing a very small fraction3,4. Currently, global 
hydrogen production exceeds 1 billion cubic meters 
per day, with steam methane reforming accounting for 
nearly half (48 %) of that production. Petroleum-
based sources contribute approximately 30 % to 

hydrogen production, primarily through naphtha 
reforming processes5. Coal contributes about 18 % of 
hydrogen, primarily through coal gasification.  

Although water splitting electrolysis is a smaller 
player at 3.9 %, this clean method using renewable 
electricity holds significant promise for the future6. 
Microalgal biohydrogen production has recently 
gained significant interest7. Marine microalgae are a 
diverse group of microorganisms that flourish in 
marine conditions with salinity levels of around  
30 – 40 parts per trillion8. They possess high growth 
rates and carbon dioxide (CO₂) sequestration 
capabilities, and, hence, are a viable feedstock for 
biohydrogen production9. The carbohydrate content in 
these microorganisms is important for biohydrogen 
production because it serves as a substrate for 
fermentation reactions10. Microalgal biomass may be 
considered a substitute for fossil fuels due to its short 
doubling time and zero greenhouse gas emissions.  
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Microalgae offer several benefits over other 
biological sources, such as reduced energy 
requirements and no need for high-energy pretreatment 
methods, since they do not have lignin composition11. 
Fermentative processes require minimal pretreatment 
to expose the reducing sugars, since algal biomass 
comprises complex carbohydrates, proteins, and lipids, 
which cannot be used directly12. Hence, to hydrolyse 
the complex polymers into simple fermentable sugars, 
various pretreatment techniques, such as enzymatic 
hydrolysis, sonication, microwave irradiation, etc., are 
employed13. Apart from this, alkali pretreatment, often 
using sodium hydroxide, is preferred for its ability to 
delignify biomass, swell cellulose, reduce crystallinity, 
and increase the internal surface area of microalgal 
cells, thus improving carbohydrate availability for 
fermentation. This method causes less sugar 
degradation compared to acid treatments and is 
considered cost-effective. Optimal pretreatment 
conditions (pH 5.5 – 7.0, temperature 30 – 37 °C) 
improve hydrogenase activity, which is vital for 
biohydrogen production efficiency14. 

During the acetogenesis phase of fermentation, the 
facultative bacteria convert simple sugars into organic 
acids (propionic acid, acetic acid, and butyric acid) by 
secreting extracellular enzymes15. During this process, 
bacteria generate carbon dioxide (CO2), hydrogen, 
and acetate16. Microalgae utilise 1.83 kg of carbon 
dioxide in photosynthesis to produce one kg of algal 
biomass17. This review discusses the potential of 
marine microalgae strains as feedstock for 
biohydrogen production and for the production of 
value-added products from residual biomass.  
A systematic literature review has been conducted to 
understand the topic in detail, particularly in the 
Indian region, and it shows that only 174 research 
articles have been published from India in this 
research area. This demands further research and 
potential applications in this field to harness the 
maximum efficiency of marine microalgal biomass 
for bioenergy and biorefinery.  
 
Materials and Methodology  

The Systematic Literature Review (SLR) was 
conducted using the Web of Science (WoS) database to 
identify appropriate research articles on marine 
microalgae and biohydrogen production published in 
India during 2023 – 2025. The search was conducted 
using the keywords "Marine microalgae" OR  
"Marine algae" AND "Biohydrogen" OR "Hydrogen" 
including publications from inception until March 20, 

2025 (Fig. 1). The keyword was selected based on the 
most frequently used keywords in the area. The initial 
search returned 12,741 records, which were filtered by 
excluding 727 review articles and selecting only 
research articles, reducing the dataset to 12,014. Further, 
research articles from 2023 to 2025 led to additional 
exclusions of 10,082 documents, bringing the number 
down to 1,932 articles. Filtering for the engineering 
research category removed 762 articles, bringing the 
total to 1,170. Finally, all open-access articles were 
excluded, and the selection focused on publications from 
India, resulting in final dataset of 174 research articles 
that met the predefined inclusion and exclusion criteria 
for this systematic review. This step-by-step filtering 
ensured a targeted dataset for assessing recent advances 
in biohydrogen production from marine microalgae in 
the engineering field. The collected data were analysed 

 

Fig. 1 — Methodology of Systematic Literature Review (SLR)
representing search criteria, timeline, research area, region,
inclusions and exclusions 
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using RStudio software, and the visualisations were 
prepared to depict the prevailing research trends (Fig. 2). 
Additionally, a word cloud of the most relevant 
keywords in these studies is shown in Figure 3.  
 
Marine microalgal strain in biohydrogen production  

Algae and cyanobacteria hold immense potential 
for sustainable hydrogen production. Over 70 species 
of algae and cyanobacteria across more than 30 
genera have been explored for their potential in 
biohydrogen production. That is a significant number, 
demonstrating the widespread interest and diverse 
possibilities within these microorganisms18. Marine 
algae are found in the salty water of seas and oceans.  

Isochrysis galbana, Chaetoceros calcitrans, 
Tetraselmis suecica, Nannochloropsis oculata, 
Aphanocapsa spp., Dunaliella tertiolecta, Chlorella 
vulgaris, Synechococcus elongatus, Spirulina platensis, 
Scenedesmus sp., C. noctigama, C. pulsatilla,  
C. vectensis, Chlorella ovalis, C. pyrenoidosa,  
C. vulgaris, Chlorococcum sp., Pseudokirchneriella 
subcapitata, Cladophora glomerata, Rhizoclonium sp., 
Chlamydomonas sp., Anabaena sp., Chlamydomonas 

reinhardtii, Spirulina sp., Nostoc sp., Desmodesmus 
subspicatus, C. cf. obesa, Spirogyra, Clostridium 
beijerinckii, Ulothrix, C. rapa, C. Euryale, Clostridium 
pasteurianum, and Enterobacter sp. are some of the 
documented marine microalgal strains that have the 
potential to be implemented for biohydrogen and other 
value-added products production because of their 
biochemical compositions (Fig. 4; Table 1)8,19,20. The 
major advantages and limitations of using marine 
microalgal biomass as feedstock for biohydrogen 
production are presented in Table 2. 

 
 

Fig. 2 — Distribution of published research articles on marine
microalgal biohydrogen production and allied topics across
leading scientific journals (2023 – 2025) 

 
Fig. 3 — Word cloud illustrating the most frequently used
keywords in research on marine microalgal biohydrogen
production from 2023 to 2025 
 

 
 

Fig. 4 — Potential marine microalgal strains in biohydrogen and
value-added products production  
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These strains exhibit significant variations in their 
biochemical profiles, which directly influence their 
potential for hydrogen production and other 
biotechnological applications21. The protein content 
varies across these strains, with Isochrysis galbana 
containing 16.25 – 22.70 %, Chaetoceros calcitrans 
20.86 – 26.86 %, Tetraselmis suecica 8.9 – 13.61 %, 
Nannochloropsis oculata 18.14 – 22.68 %, and 
Aphanocapsa sp. 8.15 – 21.42 %, depending on the 
culture conditions22. Lipid accumulation is also a 
crucial factor for biofuel applications, with N. oculata 
exhibiting the highest lipid content (24 – 32 %) and  
C. calcitrans the lowest (2 – 9.22 %) under different 
salinity and media conditions. Carbohydrate content, 
which is essential for fermentation-based hydrogen 
production, is highest in T. suecica (31.72 – 32.06 %) 
and ranges from 29.15 – 32.05 % in I. galbana, 16.44 
– 23.81 % in C. calcitrans, and 29.62 – 31.56 % in 
Aphanocapsa sp.23. 

Fatty acid profiles of these microalgae also 
complement their implementation for biohydrogen 
and biofuel production. Saturated fatty acids like 
palmitic acid (C16:0) and stearic acid (C18:0) are 
found in different concentrations, with N. oculata 
having the highest content of palmitic acid (6.2 mg/g). 
Monounsaturated and polyunsaturated fatty acids like 
oleic acid (C18:1) and linoleic acid (C18:2) in these 
strains make them more suitable for bioenergy 
applications24. Microalgal hydrogen production 

pathways primarily depend on nitrogenase and 
hydrogenase enzymes that operate under anaerobic 
and light-dependent conditions. Growth parameter 
optimisation, such as salinity, light intensity, and 
nutrient availability, adversely affects biomass 
accumulation and hydrogen production25. Different 
growth media, such as Conway and f/2, which vary in 
nutrient composition and salinity levels, have been 
shown to influence the biochemical composition of 
marine microalgal strains. These media affect the 
accumulation of key biomolecules, such as proteins, 
lipids, and carbohydrates, thereby impacting the 
overall metabolic profile and productivity of the 
microalgae26. 

Apart from biohydrogen, these microalgal strains 
also have value-added uses in bioplastics and 
pharmaceuticals because of their bioactive 
compounds. Tetraselmis suecica, for example, is very 
effective as an antibacterial against Vibrio harveyi and 
Staphylococcus aureus, with a maximum inhibition 
zone of 20 mm27. In addition, the presence of essential 
minerals like sodium, potassium, calcium, and 
phosphorus in these microalgae makes them a good 
candidate for nutritional and nutraceutical purposes, 
including the synthesis of essential amino acids, 
dietary fibre, and omega-3 and omega-6 fatty acids23. 
The integration of these marine microalgae into 
bioreactor systems for large-scale biohydrogen 
production is also an active area of research to 

Table 1 — Biochemical composition of different microalgal strains 
Microalgal strain Carbohydrate (%) Protein (%) Lipid (%) Reference 
Chlorella proteinucleus 21 50 10 Yu et al.87 
Chlorella vulgaris 11 32 18 Rodrigues et al.88 
Chlorella pyrenoidosa 14.87 57.30 NA Cheng et al.89 
S. obliquus UTEX 393 32.05±0.40 45.20±0.80 18.20±0.06 Singh et al.90 
S. obliquus, C. vulgaris, O. tenuis 32.39 41.97 11.61-11.96 Zhang et al 91  
Chlorella and Phormidium 28 33 43 Choudhary et al.92  
Scenedesmus sp., Chlorella sp., or Oscillatoria tenuis 20.29-25.93 30.35-36.73 20.10-23.20 Zhang et al.93 
N. granulata  10.89 ± 0.11 32.7 57.33 ± 0.09 Dong et al.94 

 

Table 2 — Advantages and disadvantages of marine microalgal feedstock for biohydrogen production 
Advantages of microalgal biomass as feedstock Disadvantages of microalgal biomass as 

feedstock 
High photosynthesis rate, and higher growth rate compared to plants (10 – 50 times). Requires temperature maintenance (25 – 30 °C) 
CO2 sequestration Microbial contamination 
Cultivation on non-arable land Cultivation requires high nutrients and water  
High tolerance for SOx and NOx Energy intensive drying and harvesting process  
High carbohydrate content in algal biomass that supports fermentation and increases 
H2 production 

Low biomass concentration that makes harvesting 
costly 

Lacks lignin content and requires milder pretreatment to release fermentable sugar Low biomass yield and productivity 
Algal biorefinery Energy-intensive cultivation 
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optimise hydrogen yield through metabolic and 
genetic engineering strategies28. Techno-economic 
studies identify cost-efficient and scaled-up 
cultivation technologies to commercialise microalgal 
biohydrogen production1,29–31.  

Among all Chlorella species, such as Chlorella 
vulgaris, having a combination of starch and 
cellulose, makes them rich in carbohydrates, 
characterised by fast growth rates and effective 
biohydrogen production, with yields of 6.1 to 31.2 mL 
H₂/g microalgae32. Apart from Chlorella, 
Chlamydomonas reinhardtii is well documented for 
biohydrogen production. This strain is rich in starch, 
which can be used to produce fermentable sugars for 
biohydrogen production33. Synechocystis sp. PCC 
6803, a cyanobacterium with high glycogen content, 
employs both photobiological and fermentative 
pathways for hydrogen production, providing 
flexibility and yielding higher H2

(ref. 34). Further studies 
are required to identify and optimise algal strains for 
enhanced hydrogen production potential. 
 
Pathways of biohydrogen production 

Different biohydrogen production pathways, 
including thermochemical, photolysis, and biological 
pathways, are shown in Figure 5. 
 
Thermochemical pathways  

Thermochemical pathways of microalgal 
biohydrogen production include gasification, 
pyrolysis, combustion, and liquefaction. Hydrogen is 

generally produced by hydrocarbon reforming or non-
reforming processes like electrolysis and 
gasification35. However, these techniques have many 
disadvantages, including the heavy reliance on fossil 
fuels, excessive power demand, and low heat 
efficiency. Thermochemical biohydrogen production 
utilises biomass feedstocks such as agricultural waste, 
forest residues, and wood biomass. Valizadeh & 
Jang36 demonstrated biohydrogen production from 
furniture waste using Ni-loaded ultra-stable 
Y-type zeolites. Similarly, Pocha et al.37 summarised 
the potential of various feedstocks for hydrogen 
production via gasification. In contrast, Arregi et al.38 
reported and emphasised that fast pyrolysis in 
combination with steam reforming is an  
efficient technique for biohydrogen production using 
agroforestry biomass wastes. However, Nguyen et al.39 
studied hydrogen production from biomass waste via 
pyrolysis and gasification processes. Further, in their 
study, the techniques offer flexibility, as the bio-oil 
and biochar produced can undergo steam reforming to 
increase hydrogen yield.  
 
Biological pathways  

Biological pathways of hydrogen production 
include biophotolysis (direct/indirect), fermentation 
(photo/dark; Fig. 6), and anaerobic digestion33. 
Biological techniques are more ecologically benign 
but have a lower productivity rate than 
physicochemical approaches. Utilising fermentation 
for hydrogen production from algal biomass is a  

 

Fig. 5 — Overview of major biohydrogen production pathways and processes 
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well-established technique with potential for 
scalability40. While promising, fermentative hydrogen 
production from algae still faces challenges such as 
cost, process optimisation, long-term stability, a lack 
of efficient microalgal strains with high sugar content, 
and the inability to protect fermentative conversions 
from oxygen exposure (Table 3)41. Some of the 
documented solutions to the existing problems 
include designing optimised systems for efficient 
algae growth and sunlight utilisation, modifying algae 
strains to improve hydrogen production or enhance 
enzymatic robustness, and developing more advanced 
pretreatment methods to break down the cell wall and 
facilitate biofuel extraction and conversion. However, 
significant challenges that hinder the commercial-
scale utilisation of biohydrogen production include 
cost, negative energy balance, low hydrogen yield, 
and a lack of proper storage facilities26.  
 
Photofermentation 

Hydrogen production in photofermentation 
primarily occurs via enzyme pathways, such as 
Pyruvate: Ferredoxin Oxidoreductase (PFOR) and 
hydrogenases. Nitrogenase, conversely, is the  
enzyme responsible for nitrogen fixation, converting 
atmospheric nitrogen (N2) into ammonia (NH3)44. 
Nitrogenase activity in hydrogen production is subject  
to feedback inhibition by various factors, including 
the presence of ammonia, its product. Some nitrogen-
fixing bacteria also produce hydrogen under  
specific conditions, like iron deficiency or  
nitrogen limitation43. Research in photofermentative 
biohydrogen production from microalgal biomass is 

advancing, and significant progress is being  
made in optimising cultivation, pretreatment, and 
bioconversion processes. Zhang et al.42 upregulated 
nitrogenase and hydrogenase enzymes by genetic 
modification to increase biohydrogen production in 
microalgal cells. Mechanism of biohydrogen 
production has been explained in Figure 6. The 
metabolic pathway of glucose conversion into 
hydrogen (H₂) has been explained through microbial 
fermentation, highlighting key enzymatic steps 
involved in biohydrogen production. The process 
begins with glycolysis, where glucose is broken down 
into two molecules of pyruvate, yielding 2 ATP and  
2 NADH molecules45. Pyruvate then serves as a 
crucial intermediate and can follow two primary fates.  
In one pathway, pyruvate undergoes oxidative 
decarboxylation, catalysed by the enzyme PFOR, to 
form acetyl-CoA, releasing carbon dioxide (CO₂) in 
the process. During this reaction, pyruvate is oxidized 
to acetyl-CoA by pyruvate:ferredoxin oxidoreductase 
(PFOR), releasing CO₂ and transferring the released 
electrons to oxidized ferredoxin (Fdox), thereby 
reducing it to reduced ferredoxin (Fdred)18. The 
reduced ferredoxin subsequently donates electrons to 
hydrogenase, an enzyme that uses protons (H⁺) to 
produce molecular hydrogen (H₂). This series of 
reactions forms the basis for biological hydrogen 
production, using pyruvate as a central metabolite and 
involving electron transfer via ferredoxin and 
hydrogenase46. Besides genetic modification, different 
pretreatment processes also enhance overall 
biohydrogen production. Singh et al.47 studied 
different pretreatment techniques to break microalgal 

 
Fig. 6 — Schematic representation of the metabolic pathway of glucose conversion to hydrogen in microalgae during fermentation.
NAD: Nicotinamide Adenine Dinucleotide, NADH: Nicotinamide Adenine Dinucleotide (Reduced Form), ATP: Adenosine
Triphosphate, PFOR: Pyruvate: Ferredoxin Oxidoreductase, Fd: Ferredoxin, FdH: Ferredoxin Hydrogenase, (H⁺): Protons, and (H₂): 
Molecular hydrogen 
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cell walls and enhance substrate digestibility. Apart 
from this approach, Masihi et al.48 reported the 
incorporation of nanoparticles such as Fe3O4 and TiO2 
into hybrid dark and photofermentation systems. 
Nanoparticles enhance the fermentation reactor's light 
utilisation and microbial activity by acting as 
photocatalysts48. 
 
Dark fermentation 

Dark fermentative biohydrogen production does 
not require light and is thus a less energy-consuming 
process.   In   most cases,   Clostridium sp. have  been  
identified in this process because the process yields 
high hydrogen content and the organisms possess 
versatile metabolism. A dark fermentation setup using 
Clostridium/Enterobacter as the inoculum is shown in 
Figure 7. According to Gupta et al.49, 9.39 mol 
H₂/mol sucrose consumed has been produced under 
optimal conditions. Several factors, such as microbial 
diversity, substrate type, and operational parameters 
like pH and temperature, tend to influence the 
effectiveness of dark fermentation. To enhance 
hydrogenase activity, mesophilic conditions (30 – 37 °C) 
and a pH range of 5.5 to 6.5 must be maintained, 
which may further enhance biohydrogen yield50. 
Additionally, a recent advancement suggests the 
incorporation of nanoparticles to enhance microbial 
activity and fermentation efficiency (Tables 3 & 4). 
Pérez-Barragán et al. stated 53 % enhancement of 
hydrogen production from rice straw hydrolysate 

utilising iron-based nanoparticles (FeNPs) by 
improving the metalloenzyme activity51. Relatedly, 
hydrogen productivity has been reported to be 
improved by 10 % by utilising iron-based 
nanoparticles in lactate-driven dark fermentation52. 
An alternative approach, as demonstrated by Navarro-
Díaz et al.53, is the optimisation of microbial consortia 
to improve microbial diversity in dark fermentation 
bioreactors. Two major classes of microbes, namely 
Obligate anaerobes (such as Clostridium and 
Desulfovibrio) and facultative anaerobes (such as 
Citrobacter, Enterobacter, Klebsiella, and Bacillus), 

 
 

Fig. 7 — Dark fermentation bioreactor setup for hydrogen (H₂) 
and Volatile Fatty Acids (VFA) production 

Table 3 — Microalgal strains in fermentative biohydrogen production 
Hydrogen 
production 
method 

Algal strain Wastewater/ 
Media 

Hydrogen Fermenting  
Bacteria (HFB) 

pH/ 
Temperature 
(ºC) 

Hydrogen 
yield (mL/g 
TVS) 

References 

Dark 
fermentation 

Nannochloropsis 
oceanica 

Seawater  
sparged with  
flue gas 

Clostridium butyricum, 
Rhodopseudomonas  
palustris, Methanosarcina  
and Methanothrix 

pH: 6.5± 0.1 
Temp: 35 

183.9  Xia et al.66 

Photo 
fermentation 

- Sugar plant 
wastewater 

Rhodobacter sp. KKU-PS1 pH: 7.0 Temp: 
25.6 

5.24  Assawamongkholsiri 
et al.81 

Dark 
fermentation 

Chlorella sp. Pretreated  
slurries 

Clostridium beijerinckii,  
C. acetobutylicum,  
C. butyricum and C. roseum 

pH: 6.0 
Temp: 35 ± 3 

47.2  Phanduang et al.50 

Dark 
fermentation 

Microcystis 
wesenbergii and 
Microcystis 
aeruginosaare 

Algal bloom 
suspension 

Clostridium butyricum pH: 6.0 ± 0.1 
Temp: 35 

24.96  Cheng et al.82 

Dark 
fermentation 

Chlorella  
vulgaris 

Digested  
sludge 

Mixed culture from  
digested sludge 

pH: 5.5 
Temp: 35  

190.90  Zhang et al.10 

Dark 
fermentation 

Chlorella 
saccharophila 
FACHB-4 

Modified  
BG11  
medium 

Anaerobic activate  
sludge 

pH: 7 
Temp: 35  

169.30  Mu et al.83 

*TVS- Total volatile solids 
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have shown significant results in hydrogen production 
through dark fermentation54. The process, remarkably, 
is more economical than light-dependent photo 
fermentation and represent a promising route for 
renewable energy production55.  
 
Biophotolysis  

Biophotolysis utilises photosynthetic pathways of 
microalgae and cyanobacteria to produce biohydrogen 
and is a light-dependent biological process. The 
system harnesses solar energy to split water 
molecules, ultimately releasing hydrogen gas as a 
byproduct, and is categorised into direct and indirect 
biophotolysis56. In direct biophotolysis, photosystem-
driven electron transfer to hydrogenase enzymes 
catalyses the reduction of protons to H₂. However, 
oxygen inhibits the activity of the hydrogenase 
enzyme; thus, this process is oxygen sensitive57. 
Conversely, indirect biophotolysis production of 
hydrogen occurs in anaerobic conditions, overcoming 
this limitation by temporarily storing energy in 
carbohydrate intermediates58.  

Recent advancements have focused on optimising 
algal growth by improving hydrogenase activity, 
particularly regulating oxygen levels59. Also, the 
coupling of biophotolysis with the wastewater 
treatment process was demonstrated in a study on 
Tetraselmis subcordiformis, which reported a 
biohydrogen yield of up to 162 cm³ H₂/L of culture60. 
Engineering approaches, including genetic 
modifications and semi-synthetic hydrogenases, have 
also been explored to improve enzyme stability and 

enhance hydrogen production rates46. Despite these 
developments, large-scale applications remain 
challenging due to low hydrogen yields and the need 
for advanced photobioreactor designs. Continued 
research into optimising biophotolysis efficiency and 
integrating it with hybrid biohydrogen production 
systems could facilitate its commercialisation. 
 
Microbial Fuel Cells (MFCs) 

Microalgae-based Microbial Fuel Cells (mMFCs) 
are considered a novel bioelectrochemical  
approach for hydrogen production, combining 
oxygenation-dependent photosynthesis with microbial 
electrogenesis. Here, microalgae serve as biocathodes, 
providing oxygen for cathodic reactions and 
sequestering CO₂. According to Mansoor et al.61 
improved hydrogen generation by mMFCs-MEC 
(Microbial Electrolysis Cell) integration has been 
investigated, with a biohydrogen yield of 9.8 
mL/L/day utilising Scenedesmus sp. during 
wastewater treatment. Zieliński et al.62 noted that 
Tetraselmis subcordiformis produced a significant 
amount of hydrogen in isolated cultures using 
microbial fuel cell effluents, further suggesting the 
possible use of wastewater from mMFCs in 
biohydrogen fermentation. Improved electron transfer 
and hydrogen yields have also been made possible by 
recent advancements in electrode material optimisation.  

Artificial neural network modelling was used by 
Sayed et al.95 to improve mMFC performance, 
resulting in increased hydrogen generation and 
bioelectricity. Additionally, Mahmoud et al.63 

Table 4 — Factors affecting biohydrogen yield 
Parameter Description Effect on biohydrogen production Ref 
Microalgal species & 
genetic engineering 

Genetic, metabolic capabilities, Modified 
electron flow, and enzyme expression in algae 

Optimises enzyme (hydrogenase) activity,  
Improves hydrogen yield or O₂ tolerance 

Zhang et al.84 

Light intensity & type Solar/artificial, wavelength, illumination  
period 

Drives photosynthesis and H₂ evolution,  
excessive light may inhibit 

Mustafi et al.85 

Temperature Cultivation/control in bioreactor Affects enzyme activity and metabolic rates Com et al.43 
pH Level Culture medium pH Optimizes enzyme (hydrogenase) activity Ananthi et al.24 
Salinity Salt concentration in medium Marine species are tolerant; affects growth, 

hydrogenase 
Krishna et al.40 

Nutrient availability Nitrogen, phosphorus, micronutrients Supports biomass growth; excess N may  
lower H₂ yield 

Nazarpour et al.86 

Substrate concentration Sugars, starch, cellulose for fermentation Drives fermentative hydrogen production Sambusiti et al.15 
Reactor design Material, shape, mixing, O₂ removal,  

surface area 
Influences O₂ inhibition, gas exchange,  
light use 

Alkasrawi et al.26 

Algal density & culture 
phase 

Biomass concentration in culture,  
Stationary vs exponential phase 

Impacts yield: up to threshold, increasing  
density = greater H₂ yield, maximum hydrogen  
yield at early stationary phase; declines with age 

Dudek et al.60 

Pretreatment  
methods 

Physical, chemical, enzymatic substrate  
treatment 

Increases substrate accessibility and H₂ yield Pathy et al.41 
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designed a biocathode-assisted mMFC in which the 
synthesis of microalgal biomass, enhanced by light, 
improved the energy and waste treatment 
transformation efficiencies. Research is still needed to 
overcome obstacles such as poor hydrogen recovery, 
restricted hydrogenase activity, and oxygen inhibition 
at the cathode64. To improve the scaling strategies of 
microalgae-based hydrogen production systems, 
future research should focus on developing  
oxygen-tolerat hydrogenases, optimising reactive 
configurations, and integrating mMFCs with 
renewable energy sources. 
 
Marine microalgal strains in value-added product 
production  

Marine microalgal strains, due to 
their high biochemical diversity, represent a valuable 
resource for the production of high-value bioproducts 
that have applications in nutrition, pharmaceuticals, 
biofuels, and cosmetics65. Nannochloropsis sp. 
accumulates 35 – 50 % dry weight as lipids, of which 
30 – 50 % is Eicosapentaenoic Acid (EPA),  
a principal omega-3 fatty acid involved in 
cardiovascular health, brain function, and  
anti-inflammatory activity66. Similarly, Isochrysis 
galbana accumulates up to 25 % of DHA in total 
lipids and is a primary source of Docosahexaenoic 
Acid (DHA), which plays a primary role in neural 
development and helps prevent the risk of chronic 
diseases67. Some marine diatoms have been found to 
accumulate lipid content of over 60 % dry weight, 
making them prime candidates for biodiesel 
production due to their possible high energy density 
and sustainability compared to existing fossil fuels68.  

In addition, marine microalgae are an unlimited 
source of carotenoids, and Dunaliella salina can yield 
up to 14 % of its dry weight as β-carotene, which is 
mainly used in the nutraceutical and cosmetic 
industries owing to its potent antioxidant and 
provitamin A activity69. Other microalgae, e.g., 
Phaeodactylum tricornutum and Isochrysis galbana, 
have 1.5 – 2.0 % fucoxanthin, a specific xanthophyll 
carotenoid that is rich in anti-obesity, anti-
inflammatory, and anticancer activities, thereby 
expanding its use in functional foods and 
pharmaceuticals70. Besides their use in food and 
health, marine microalgae also possess immense 
potential for renewable energy production71. Among 
the most promising approaches is biohydrogen 
production, for which Chlamydomonas reinhardtii 

has been shown to produce up to 400 mL H₂/L of 
culture under sulfur-starved, light-stimulated 
conditions72.  

Hydrogen is a green, renewable energy carrier, and 
biohydrogen production by microalgae is an 
ecofriendly alternative to hydrogen from fossil fuels73. 
Marine microalgae are also effective producers  
of sulfated polysaccharides, which have  
immense applications in medicine and 
biotechnology74. Porphyridium species produce 
sulfated polysaccharides that make up to 25 % dry 
weight and are reported to possess antiviral, 
anticoagulant, and immunomodulatory activities of 
great value for the development of novel 
therapeutics75. Exopolysaccharides from Spirulina 
and Chlorella have also been reported to be prebiotic, 
enhancing gut health and immune function76. 

Marine microalgae have also been found to have 
sufficient protein content and can serve as an 
alternative source of protein in foods intended for 
human use, as well as for animal food77. Spirulina and 
Chlorella sp. contain 60 – 70 % dry biomass protein 
content, which is relatively similar to that of 
conventional protein-rich crops such as soybean78. 
These proteins are also rich in essential amino acids 
and bioactive peptides with antioxidant, 
antihypertensive, and antimicrobial activities, 
contributing to their value in functional foods and 
pharmaceuticals79. Marine microalgae also synthesise 
new compounds, such as Mycosporine-like Amino 
Acids (MAAs), which have natural UV-protective 
functions and are therefore highly sought after in 
cosmeceuticals and dermatological products to 
prevent oxidative stress and DNA damage caused by 
UV radiation80. 
 
Conclusion 

Marine microalgae for biohydrogen production is a 
sustainable solution with the potential to transform the 
current bioenergy landscape. The combination of 
metabolic engineering, upgraded pretreatment 
methodologies, and advanced reactor designs is being 
used to further maximise its efficiency. Among the 
various principal pathways, dark fermentation in 
carbohydrate-rich strains like Chlorella vulgaris and 
Nannochloropsis oceanica, Clamadomonas sp. has 
been reported to produce the highest hydrogen yields 
when optimised for pH, temperature, etc.; whereas 
photofermentation, biophotolysis, and microbial 
electrolysis cells expand the range of sustainable 
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technologies. While marine microalgae offer high 
productivity, CO₂ sequestration, and renewable 
biomass, their commercial viability is hindered by 
low hydrogen production, high culture costs, and 
inefficient procedures. Biohydrogen production 
methods have advanced via hybrids, optimised reactor 
designs, and genetic engineering. Future research 
should primarily concentrate on enhancing strain 
efficiency, process economics, and coupling with 
technologies that connect biohydrogen to carbon 
capture and wastewater treatment. With further 
development, microalgal biohydrogen generation 
might be a major trend-setter in the transition to a 
hydrogen-based bioeconomy. 
 
Acknowledgements 

The author, Shreya Gupta, gratefully acknowledges 
the DST INSPIRE Fellowship [Fellowship ID: 
IF210449], Govt. of India. The authors thank the 
Centre for Energy and Environment, Dr B R 
Ambedkar National Institute of Technology, 
Jalandhar, India, and also thank the Director  
General, Sardar Swaran Singh-National Institute of  
Bio-Energy, Kapurthala, for constant encouragement 
and support.  
 
Conflict of Interest 

All authors have approved the manuscript and 
declare that they have no conflicts of interest. 
 
Author Contributions 

SG: Conceptualization, methodology, 
investigation, formal analysis, writing - original draft, 
writing review & editing. SM: Conceptualization, 
writing - original draft, writing, review & editing. PC, 
MD, AA & RG: Writing review & editing. MKJ: 
Supervision and validation. 
 
References:  
1 Kim S H, Kumar G, Chen W H & Khanal S K, Renewable 

hydrogen production from biomass and wastes (ReBioH2-
2020), Bioresour Technol, 331 (2021) Art No 125024. 
https://doi.org/10.1016/j.biortech.2021.125024  

2 Faraji M & Saidi M, Hydrogen-rich syngas production via 
integrated configuration of pyrolysis and air gasification 
processes of various algal biomass: Process simulation and 
evaluation using Aspen Plus software, Int J Hydrogen 
Energy, 46 (2021) 18844–18856. 
https://doi.org/10.1016/j.ijhydene.2021.03.04 

3 Putatunda C, Behl M, Solanki P, Sharma S, Bhatia S K,  
et al., Current challenges and future technology  
in photofermentation-driven biohydrogen production  
by utilizing algae and bacteria, Int J Hydrogen  

Energy, 48 (2023) 21088–21109. https://doi.org/ 
10.1016/j.ijhydene.2022.10.042 

4 Algburi S, Al-Dulaimi O, Fakhruldeen H F, Khalaf D H, 
Hanoon R N, et al., The green hydrogen role in the  
global energy transformations, Renew Sustain Energy  
Transit, 8 (2025) Art No 100118. https://doi.org/ 
10.1016/j.rset.2025.100118 

5 Rahim Malik F, Yuan H B, Moran J C & Tippayawong N, 
Overview of hydrogen production technologies for fuel cell 
utilization, Eng Sci Technol, Int J, 43 (2023) Art No 101452. 
https://doi.org/10.1016/j.jestch.2023.101452 

6 Goria K, Singh H M, Singh A, Kothari R & Tyagi V V, 
Insights into biohydrogen production from algal biomass: 
Challenges, recent advancements and future directions,  
Int J Hydrogen Energy, 52 (2024) 127–151. 
https://doi.org/10.1016/j.ijhydene.2023.03.174 

7 Xia A, Jacob A, Tabassum M R, Herrmann C & Murphy J D, 
Production of hydrogen, ethanol and volatile fatty  
acids through co-fermentation of macro- and micro- 
algae, Bioresour Technol, 205 (2016) 118–125. 
https://doi.org/10.1016/j.biortech.2016.01.025  

8 Generalić Mekinić I & Šimat V, Marine Algae  
Bioactives: Isolation, Characterization, and Potential 
Application, Foods, 13 (11) (2024) Art No 1736. 
https://doi.org/10.3390/foods13111736 

9 Zhang Q, Zhu S, Zhang Z, Zhang H & Xia C, Enhancement 
strategies for photo-fermentative biohydrogen production: A 
review, Bioresour Technol, 340 (2021) Art No 125601. 
https://doi.org/10.1016/j.biortech.2021.125601  

10 Zhang T, Jiang D, Zhang H, Jing Y, Tahir N, et al., 
Comparative study on bio-hydrogen production from corn 
stover: Photo-fermentation, dark-fermentation and dark-
photo co-fermentation, Int J Hydrogen Energy, 45 (2020) 
3807–3814. https://doi.org/10.1016/j.ijhydene.2019.04.170 

11 Rady H A, Ali S S & El-Sheekh M M, Strategies to enhance 
biohydrogen production from microalgae: A comprehensive 
review, J Environ Manag, 356 (2024) Art No 120651. 
https://doi.org/10.1016/j.jenvman.2024.120611 

12 Shobana S, Saratale G D, Pugazhendhi A, Arvindnarayan S 
& Mathimani T, et al., Fermentative hydrogen production 
from mixed and pure microalgae biomass: Key challenges 
and possible opportunities, Int J Hydrogen Energy, 42 (2017) 
26440–26453. https://doi.org/10.1016/j.ijhydene.2017.07.050  

13 Wang Q, Peng L, Su H, Yang B & Wang P, et al., Free 
ammonia pretreatment to improve bio-hydrogen production 
from anaerobic dark fermentation of microalgae,  
ACS Sustain Chem Eng, 7 (2019) 1642–1647. 
https://doi.org/10.1021/acssuschemeng.8b05405 

14 Kaur R, Gera P, Jha M K & Bhaskar T, Hydrothermal 
treatment of pretreated castor residue for the production of 
bio-oil, BioEnergy Res, 16 (2023) 517–527. 
https://doi.org/10.1007/s12155-022-10466-6  

15 Sambusiti C, Bellucci M, Zabaniotou A, Beneduce L & 
Monlau F, Algae as promising feedstocks for fermentative 
biohydrogen production according to a biorefinery approach: 
A comprehensive review, Renew Sustain Energy Rev, 44 
(2015) 20–36. https://doi.org/10.1016/j.rser.2014.12.013 

16 Goswami R K, Mehariya S, Obulisamy P K & Verma P, 
Advanced microalgae-based renewable biohydrogen 
production systems: A review, Bioresour Technol,  
320 (2021) Art No 124301. 10.1016/j.biortech.2020.124301 



GUPTA et al.: POTENTIAL OF MARINE MICROALGAL BIOHYDROGEN PRODUCTION 
 
 

437

17 Wang K, Li Y, Sommerfeld M & Hu Q, Microalgae:  
The future supply house of biohydrogen and biogas, Front 
Energy Res, 9 (2021) Art No 660399. 
https://doi.org/10.3389/fenrg.2021.660399 

18 Singh T, Singh R, Sharma A, Verma P & Mehariya S, et al., 
Algal biohydrogen production: Impact of biodiversity and 
nanomaterials induction, Renew Sustain Energy Rev, 183 
(2023) Art No 113474. https://doi.org/10.1016/ 
j.rser.2023.113389 

19 Matsunaga T, Takeyama H, Miyashita H & Yokouchi H, 
Marine microalgae, Adv Biochem Eng Biotechnol, 96 (2005) 
165–188. 10.1007/b135784 

20 Kiruthika J & Saraswathy N, Production of L-glutaminase 
and its optimization from a novel marine isolate Vibrio 
azureus JK-79, Afr J Biotechnol, 12 (2013) 6944–6953. 
https://doi.org/10.5897/AJB2013.13107 

21 Limongi A R, Viviano E, De Luca D, Cingolani R & Rizzi F, 
et al., Biohydrogen from microalgae: Production and 
applications, Appl Sci, 11 (2021) Art No 1616. 
https://doi.org/10.3390/app11041616  

22 Peraman M & Nachimuthu S, Identification and 
quantification of fucoxanthin in selected carotenoid-
producing marine microalgae and evaluation for their 
chemotherapeutic potential, Pharmacogn Mag, 15 (2019) 
243–250. https://doi.org/10.4103/pm.pm_64_19  

23 Jambulingam K, Nachimuthu S & Saranya M, Maximizing 
L-glutaminase production from marine Bacillus subtilis JK-
79 under solid state fermentation, Afr J Biotechnol, 17 (2018) 
288–305. https://doi.org/10.5897/AJB2017.16015  

24 Ananthi V, Rajesh Banu J, Kavitha S, Gunasekaran M & 
Kumar G, et al., A review on the impact of various factors on 
biohydrogen production, Int J Hydrogen Energy, 52 (2024) 
33–45. https://doi.org/10.1016/j.ijhydene.2022.08.046 

25 Wang J & Yin Y, Fermentative hydrogen production using 
pretreated microalgal biomass as feedstock, Microb Cell 
Fact, 17 (2018) Art No 29. https://doi.org/10.1186/s12934-
018-0871-5  

26 Alkasrawi M, Bagheri M, Al-Smadi N & Al Zarooni M, 
Biohydrogen production from algae: Technical possibilities 
and economic challenges, Int J Thermofluids, 27 (2025) Art 
No 101154. https://doi.org/10.1016/j.ijft.2025.101154 

27 Reitan K I, Øie G, Jørgensen H & Wang X, Chemical 
composition of selected marine microalgae, with emphasis 
on lipid and carbohydrate production for potential use as feed 
resources, J Appl Phycol, 33 (2021) 3831–3842. 
https://doi.org/10.1007/s10811-021-02586-x  

28 Skjånes K, Knutsen G, Källqvist T & Lindblad P, H₂ 
production from marine and freshwater species of green 
algae during sulfur deprivation and considerations for 
bioreactor design, Int J Hydrogen Energy, 33 (2008)  
511–521. https://doi.org/10.1016/j.ijhydene.2007.09.040 

29 Singh P K, Kaur R, Sharma A, Kumar V & Bhardwaj R, et al., 
Characterization of inorganic and organic pollutants load in 
tannery wastewater: Biochemical and haematological 
induced changes in Swiss mice, J Hazard Mater Adv,  
12 (2023) Art No 100364. https://doi.org/10.1016/ 
j.hazadv.2023.100387 

30 Plummer S M, Plummer M A, Merkel P A & Waidner L A, 
Using directed evolution to improve hydrogen production in 
chimeric hydrogenases from algal species, Enzyme Microb 

Technol, 173 (2024) Art No 110395. 
https://doi.org/10.1016/j.enzmictec.2023.110349 

31 Yang Z, Guo R, Xu X, Fan X & Luo S, Fermentative 
hydrogen production from lipid-extracted microalgal 
biomass residues, Appl Energy, 88 (2011) 3468–3472. 
https://doi.org/10.1016/j.apenergy.2010.09.009  

32 Bala Amutha K & Murugesan A G, Biological hydrogen 
production by the algal biomass Chlorella vulgaris MSU 01 
strain isolated from pond sediment, Bioresour Technol,  
102 (2011) 194–199. 10.1016/j.biortech.2010.06.008 

33 Kumar M, Oyedun A O & Kumar A, A comparative analysis 
of hydrogen production from the thermochemical conversion 
of algal biomass, Int J Hydrogen Energy, 44 (2019) 10384–
10397. https://doi.org/10.1016/j.ijhydene.2019.02.220 

34 Touloupakis E, Benavides A M S, Cicchi B, Torzillo G & 
Subramanian V, et al., Hydrogen production by immobilized 
Synechocystis sp. PCC 6803, Int J Hydrogen Energy,  
41 (2016) 15181–15186. https://doi.org/10.1016/ 
j.ijhydene.2016.07.075 

35 Wang Y & Wu J J, Thermochemical conversion of biomass: 
Potential future prospects, Renew Sustain Energy Rev, 187 
(2023) Art No 113754. https://doi.org/10.1016/ 
j.rser.2023.113754  

36 Valizadeh S, Jang H D, Kim J, Lee S & Kim Y, et al., 
Biohydrogen production from furniture waste via catalytic 
gasification in air over Ni-loaded ultra-stable Y-type zeolite, 
Chem Eng J, 433 (2022) Art No 133639. 
https://doi.org/10.1016/j.cej.2021.133793  

37 Pocha C K R, Kumar A, Singh R, Gupta A &  
Sharma P, et al., Thermochemical conversion of different 
biomass feedstocks into hydrogen for power plant electricity 
generation, Fuel, 340 (2023) Art No 127623. 
https://doi.org/10.1016/j.fuel.2023.127472 

38 Arregi A, Amutio M, Lopez G, Bilbao J & Olazar M, 
Appraisal of agroforestry biomass wastes for hydrogen 
production by an integrated process of fast pyrolysis and in-
line steam reforming, J Environ Manag, 347 (2023) Art No 
119083. https://doi.org/10.1016/j.jenvman.2023.119071 

39 Nguyen V G, Nguyen T H, Lee J H, Kim S H &  
Park Y K, et al., Recent advances in hydrogen production 
from biomass waste with a focus on pyrolysis and 
gasification, Int J Hydrogen Energy, 54 (2024) 127–160. 
https://doi.org/10.1016/j.ijhydene.2023.05.049 

40 Krishna Prasad R, Biological hydrogen production 
technologies from lignocellulosic biomass and microalgae, 
Environ Technol Rev, 14 (2025) 743–771. 
https://doi.org/10.1080/21622515.2025.2527985  

41 Pathy A, Das D, Dasgupta C N, Rao P H & Ghosh D, et al., 
Biohydrogen production using algae: Potentiality, economics 
and challenges, Bioresour Technol, 360 (2022) Art No 
127514. https://doi.org/10.1016/j.biortech.2022.127514  

42 Zhang J, Li X, Wang Y, Liu Z & Chen H, et al., Genetic 
engineering for biohydrogen production from microalgae, 
iScience, 26 (2023) Art No 107255. 
https://doi.org/10.1016/j.isci.2023.107255 

43 Com I, Sharma A, Kumar R, Singh P & Verma S, et al., A 
status report on biohydrogen production from algae, Invertis 
J Sci Technol, 13 (2020) 73–78. https://doi.org/10.5958/ 
2454-762X.2020.00007.4  



INDIAN J GEO-MAR SCI, VOL 54, NO 09, SEPTEMBER 2025 
 
 

438 

44 Zhang J, Li X, Wang Y, Liu Z & Chen H, et al., Genetic 
engineering for biohydrogen production from microalgae, 
iScience, 26 (2023) Art No 107255. https://doi.org/ 
10.1016/j.isci.2023.107255 

45 Lam M K, Loy A C M, Yusup S & Lee K T, Biohydrogen 
production from algae, In: Biomass, Biofuels, Biochemicals: 
Biohydrogen, 2nd edn, (Elsevier, Amsterdam), 2019,  
pp. 215–242. https://doi.org/10.1016/B978-0-444-64203-
5.00009-5 

46 Kosourov S, Jokel M, Aro E M, Allahverdiyeva Y & Seibert 
M, et al., Photosynthetic hydrogen production: Novel 
protocols, promising engineering approaches and application 
of semi-synthetic hydrogenases, Physiol Plant, 173 (2021) 
555–567. https://doi.org/10.1111/ppl.13428  

47 Singh H P, Ageratum conyzoides: An alien invasive weed 
with medicinal potential, In: Ageratum conyzoides: A Weed 
of National Significance, (CAB International), 2012, pp. 57–
76. 10.24925/turjaf.v10i12.2307-2313.5146 

48 Masihi F, Rezaeitavabe F, Karimi-Jashni A & Riefler G, 
Optimization and enhancement of biohydrogen production in 
a single-stage hybrid (dark/photo) fermentation reactor using 
Fe₃O₄ and TiO₂ nanoparticles, Int J Hydrogen Energy, 52 
(2024) 295–305. 
https://doi.org/10.1016/j.ijhydene.2023.05.150  

49 Gupta S, Fernandes A, Lopes A, Grasa L & Salafranca J, 
Microbes and parameters influencing dark fermentation for 
hydrogen production, Appl Sci, 14 (2024) Art No 10789. 
https://doi.org/10.3390/app142310789 

50 Phanduang O, Lunprom S, Salakkam A, Liao Q & 
Reungsang A, Improvement in energy recovery from 
Chlorella sp. biomass by integrated dark-photo biohydrogen 
production and dark fermentation-anaerobic digestion 
processes, Int J Hydrogen Energy, 44 (2019) 23899–23911. 
https://doi.org/10.1016/j.ijhydene.2019.07.103 

51 Pérez-Barragán J, Sánchez A, Hernández M, García J & 
López R, et al., Iron (Magnetite) nanoparticle-assisted dark 
fermentation process for continuous hydrogen production 
from rice straw hydrolysate, Appl Sci, 14 (2024) Art No 
1206. https://doi.org/10.3390/app14219660 

52 Leroy-Freitas D, Muñoz R, Martínez-Mendoza L J, 
Martínez-Fraile C & García-Depraect O, Enhancing 
biohydrogen production: The role of iron-based nanoparticles 
in continuous lactate-driven dark fermentation of powdered 
cheese whey, Fermentation, 10 (2024) Art No 118. 
https://doi.org/10.3389/finmi.2024.1386726 

53 Navarro-Díaz M, García-Depraect O, Martínez-Mendoza L J, 
Muñoz R & Martínez-Fraile C, et al., Levels of microbial 
diversity affect the stability and function of dark 
fermentation bioreactors, Front Ind Microbiol, 2 (2024) Art 
No 1460617. https://doi.org/10.1016/j.apenergy.2015.01.045 

54 Ghimire A, Frunzo L, Pirozzi F, Trably E & Escudié R, et 
al., A review on dark fermentative biohydrogen production 
from organic biomass: Process parameters and use of by-
products, Appl Energy, 144 (2015) 73–95. 
https://doi.org/10.3389/fenrg.2021.753878 

55 Ahmed S F, Mofijur M, Rafa N, Chowdhury A T & 
Chowdhury S, et al., Biohydrogen production from biomass 
sources: Metabolic pathways and economic analysis, Front 
Energy Res, 9 (2021) Art No 753878. 
https://doi.org/10.3389/fenrg.2021.753878 

56 Nagarajan D, Chang J S & Lee D J, Pretreatment of 
microalgal biomass for efficient biohydrogen production – 
Recent insights and future perspectives, Bioresour Technol, 
302 (2020) Art No 122871. https://doi.org/10.1016/ 
j.biortech.2020.122871  

57 Javed M A, Khan M I, Ahmad M S, Shah S S A, Ali S, et al., 
The role of oxygen regulation and algal growth parameters in 
hydrogen production via biophotolysis, J Environ Chem Eng, 
10 (2022) Art No 107003. https://doi.org/ 
10.1016/j.jece.2021.107003 

58 Melitos G, Voulkopoulos X & Zabaniotou A, Waste to 
sustainable biohydrogen production via photo-fermentation 
and biophotolysis – A systematic review, Renew Energy 
Environ Sustain, 6 (2021) Art No 45. 
https://doi.org/10.1051/rees/2021047  

59 Salakkam A, Sittijunda S, Mamimin C, Phanduang O & 
Reungsang A, Valorization of microalgal biomass for 
biohydrogen generation: A review, Bioresour Technol, 322 
(2021) Art No 124533. https://doi.org/10.1016/ 
j.biortech.2020.124533  

60 Dudek M, Zieliński M, Dębowski M, Rusanowska P & 
Kazimierowicz J, et al., The cultivation of biohydrogen-
producing Tetraselmis subcordiformis microalgae as the third 
stage of dairy wastewater aerobic treatment system, 
Sustainability, 14 (2022) Art No 12062. https://doi.org/ 
10.3390/su141912085 

61 Mansoor B, Ashraf S, Rehman U, Ullah Z & Sheikh Z, 
Integration of microalgae-microbial fuel cell with microbial 
electrolysis cell for wastewater treatment and energy 
production, Environ Sci Proc, 72 (2023) Art No 306. 
https://doi.org/10.3390/ECWS-7-14306 

62 Zieliński M, Barczak Ł, Rusanowska P, Kazimierowicz J & 
Dębowski M, Comparison of biohydrogen production by 
Tetraselmis subcordiformis during cultivation using soil-less 
agricultural wastewater and effluent from microbial fuel 
cells, Energies, 17 (2024) Art No 1809. 
https://doi.org/10.3390/en17215287 

63 Mahmoud R H, Kirah K & Gomaa O M, Light-induced 
aquaculture wastewater valorization, nutrient recovery, and 
microalgae biomass production in a biocathode-assisted 
microbial fuel cell, Bioresour Technol Rep, 25 (2024) Art No 
101723 https://doi.org/10.1016/j.biteb.2023.101733 

64 Chuka-Ogwude D, Nwoba E G, Ogbonna J C, Moheimani N 
R, Vadiveloo A, et al., Effect of medium recycling, culture 
depth, and mixing duration on Dunaliella salina growth, 
Algal Res, 60 (2021) Art No 102523. https://doi.org/ 
10.1016/j.algal.2021.102495  

65 Chen C Y, Yeh K L, Aisyah R, Lee D J, Chang J S, et al., 
Basic oxygen furnace slag as a support material for the 
cultivation of indigenous marine microalgae, Bioresour 
Technol, 342 (2021) Art No 125982. https://doi.org/10.1016/ 
j.biortech.2021.125968  

66 Xia A, Jacob A, Tabassum M R, Herrmann C & Murphy J D, 
Comparison in dark hydrogen fermentation followed by 
photo hydrogen fermentation and methanogenesis between 
protein and carbohydrate compositions in Nannochloropsis 
oceanica biomass, Bioresour Technol, 138 (2013) 204–213. 
https://doi.org/10.1016/j.biortech.2013.03.171  

67 Mehariya S, Goswami R K, Verma P, Lavecchia R &  
Zuorro A, Integrated approach for wastewater treatment and 



GUPTA et al.: POTENTIAL OF MARINE MICROALGAL BIOHYDROGEN PRODUCTION 
 
 

439

biofuel production in microalgae biorefineries, Energies, 14 
(2021) Art No 2282. https://doi.org/10.3390/en14082282 

68 Bhosle N B, Sawant S S, Garg A & Wagh A B, Isolation and 
partial chemical analysis of exopolysaccharides from the 
marine fouling diatom Navicula subinflata, Bot Mar, 38 
(1995) 103– https://doi.org/110. 10.1515/botm.1995.38.1-
6.103  

69 Chen S, Qu D, Xiao X & Miao X, Biohydrogen production 
with lipid-extracted Dunaliella biomass and a new strain of 
hyper-thermophilic archaeon Thermococcus eurythermalis 
A501, Int J Hydrogen Energy, 45 (2020) 12721–12730. 
https://doi.org/10.1016/j.ijhydene.2020.03.010 

70 Xie S R, Li Y, Liang M H, Yan B & Jiang J G, Creatinine 
combined with light increases the contents of lutein and β-
carotene, the main carotenoids of Dunaliella bardawil, 
Enzyme Microb Technol, 151 (2021) Art No 109909. 
https://doi.org/10.1016/j.enzmictec.2021.109913  

71 Ortíz-Sánchez E, Sánchez-Zurano A, Morales-Amaral M M, 
Gómez-Serrano C & Acién-Fernández F G, et al., 
Cultivation of carbohydrate-rich microalgae with great 
settling properties using cooling tower wastewater, Environ 
Sci Pollut Res, 31 (2024) 38999–39014. 
https://doi.org/10.1007/s11356-023-28432-w  

72 Aparecida da Silveira Rossi R, Barbosa J M, Antonio de 
Souza Barrozo M & Martins Vieira L G, Solar assisted 
catalytic thermochemical processes: Pyrolysis and 
hydropyrolysis of Chlamydomonas reinhardtii microalgae, 
Renew Energy, 170 (2021) 669–682. 
https://doi.org/10.1016/j.renene.2021.02.034 

73 Gamal R & Shreadah M A, Marine microalgae and their 
industrial biotechnological applications: A review, J Genet 
Eng Biotechnol, 22 (2024) Art No 100407. 
https://doi.org/10.1016/j.jgeb.2024.100407 

74 Bertrand C D F, Machado M C, Leite M R, Santos A L & 
Martins L O, et al., Exploring the functional and genomic 
features of Cellulophaga lytica NFXS1, a zeaxanthin and 
lytic enzyme-producing marine bacterium that promotes 
microalgae growth, Microbe, 4 (2024) Art No 100142. 
https://doi.org/10.1016/j.microb.2024.100142 

75 Lintner M, Kovač D, Novak T, Kralj M, Horvat P, et al., 
Biosorption of heavy metals by microalgae: Hazardous side 
effects for marine organisms, Chemosphere, 372 (2025)  
Art No 144215. https://doi.org/10.1016/ 
j.chemosphere.2025.144080 

76 Button C, McDougall G J, Ross A B, Laurens L M L, Chuck 
C J, et al., Rheological characterization and modeling of 
freshwater and marine microalgae and cyanobacteria mixed 
cultures, Algal Res, 88 (2025) Art No 104098. 
https://doi.org/10.1016/j.algal.2025.103988  

77 Ahmad A & Ashraf S S, Efficient cultivation and scale-up  
of marine microalgae Fistulifera peliculosa and 
Nannochloropsis oculata for sustainable aquaculture 
applications, Chem Eng J Adv, 22 (2025) Art No 100709. 
https://doi.org/10.1016/j.ceja.2025.100720 

78 Ferdous U T, Nurdin A, Ismail S, Shaari K & Norhana Balia 
Yusof Z, A comparative study on antioxidant properties, total 
phenolics, total flavonoid contents, and cytotoxic properties 
of marine green microalgae and diatoms, J Genet Eng 
Biotechnol, 23 (2025) Art No 41.  

79 Anusree M K, Nair S S, Thomas S, George B, Sabu A, et al., 
Marine microalgae: An emerging source of pharmaceuticals 

and bioactive compounds, In: New Horizons in Natural 
Compound Research, (Elsevier), 2023, pp. 251–265. 
https://doi.org/10.1016/j.algal.2025.103988  

80 de Carvalho Silvello M A, Quadros P D, Cavanhi V A F, 
Bremm C, Buffon J G, et al., Microalgae-based 
carbohydrates: A green innovative source of bioenergy, 
Bioresour Technol, 344 (2022) Art No 126304. 
https://doi.org/10.1016/j.biortech.2021.126304  

81 Assawamongkholsiri T, Reungsang A, Plangkang P & 
Sittijunda S, Repeated batch fermentation for photo-
hydrogen and lipid production from wastewater of a sugar 
manufacturing plant, Int J Hydrogen Energy, 43 (2018) 
3605–3617. https://doi.org/10.1016/j.ijhydene.2017.12.119 

82 Cheng J, Zhu Y, Ding L, Su H, Cen K, et al., Improving 
fermentative hydrogen and methane production from an algal 
bloom through hydrothermal/steam acid pretreatment,  
Int J Hydrogen Energy, 44 (2019) 5812–5820. 
https://doi.org/10.1016/j.ijhydene.2019.01.046 

83 Mu D, Liu H, Lin W, Shukla P & Luo J, Simultaneous 
biohydrogen production from dark fermentation of duckweed 
and waste utilization for microalgal lipid production, 
Bioresour Technol, 302 (2020) Art No 122873. 
https://doi.org/10.1016/j.biortech.2020.122879  

84 Zhang X, Zhang Q, Li Y & Zhang H, Modeling and 
optimization of photo-fermentation biohydrogen production 
from co-substrates basing on response surface methodology 
and artificial neural network integrated genetic algorithm, 
Bioresour Technol, 374 (2023) Art No 128785. 
https://doi.org/10.1016/j.biortech.2023.128789  

85 Mustafi N N, Hossain M I, Ahammad M F & Naz S, 
Biohydrogen production from Euglena acus microalgae 
available in Bangladesh, MethodsX, 10 (2023) Art No 
102133. https://doi.org/10.1016/j.mex.2022.101976 

86 Nazarpour M, Taghizadeh-Alisaraei A, Asghari A, 
Abbaszadeh-Mayvan A & Tatari A, Optimization of 
biohydrogen production from microalgae by response surface 
methodology (RSM), Energy, 253 (2022) Art No 124160. 
https://doi.org/10.1016/j.energy.2022.124059 

87 Yu L, Xia W & Du H, The toxic effects of petroleum 
pollutants to microalgae in marine environment, Mar  
Pollut Bull, 201 (2024) Art No 116235. 
https://doi.org/10.1016/j.marpolbul.2024.116235  

88 Rodrigues de Assis L, Calijuri M L, Assemany P P, Silva T 
A & Teixeira J S, Innovative hybrid system for wastewater 
treatment: High-rate algal ponds for effluent treatment and 
biofilm reactor for biomass production and harvesting,  
J Environ Manag, 274 (2020) Art No 111181. 
https://doi.org/10.1016/j.jenvman.2020.111183 

89 Cheng P, Wang J, Liu T, Liu D & Zhang Y, et al., Screening 
of the dominant Chlorella pyrenoidosa for biofilm attached 
culture and feed production while treating swine wastewater, 
Bioresour Technol, 318 (2020) Art No 124051. 
https://doi.org/10.1016/j.biortech.2020.124054  

90 Singh H, Varanasi J L, Banerjee S & Das D, Production of 
carbohydrate enriched microalgal biomass as a bioenergy 
feedstock, Energy, 188 (2019) Art No 116040. 
https://doi.org/10.1016/j.energy.2019.116039 

91 Zhang X, Yuan H, Jiang Z, Lin D & Zhang X, Impact of 
surface tension of wastewater on biofilm formation of 
microalgae Chlorella sp., Bioresour Technol, 266 (2018) 
498–506. https://doi.org/10.1016/j.biortech.2018.06.082  



INDIAN J GEO-MAR SCI, VOL 54, NO 09, SEPTEMBER 2025 
 
 

440 

92 Choudhary P, Malik A & Pant K K, Exploration of a novel 
biorefinery based on sequential hydropyrolysis and anaerobic 
digestion of algal biofilm: A comprehensive characterization 
of products for energy and chemical production, Sustain 
Energy Fuels, 4 (2020) 1481–1495. https://doi.org/ 
10.1039/c9se00939f 

93 Zhang Q, Liu J, Sui Z, Wang J & Wang X, et al., Cultivation 
of algal biofilm using different lignocellulosic materials as 
carriers, Biotechnol Biofuels, 10 (2017) Art No 115. 
https://doi.org/10.1186/s13068-017-0799-8  

94 Dong T, Van Wychen S, Nagle N, Pienkos P T & Laurens L 
M L, Impact of biochemical composition on susceptibility of 
algal biomass to acid-catalyzed pretreatment for sugar and 
lipid recovery, Algal Res, 18 (2016) 69–77. 
https://doi.org/10.1016/j.algal.2016.06.004  

95 Sayed E T, Rezk H, Abdelkareem M A & Olabi A G, 
Artificial neural network based modelling and  
optimization of microalgae microbial fuel cell,  
Int J Hydrogen Energy, 52 (2024) 1015–1025. 
https://doi.org/10.1016/j.ijhydene.2022.12.081   

  


