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ABSTRACT
There is currently a paradigm shift from fossil based to biobased resources for the production of energy to attain the 
sustainability development goals related to good health, well-being, renewable and clean energy so as to overcome the 
catastrophic effects of climate change. Among various energy sources, the hydrogen energy stands out as the combustion 
of the fuel is free from CO2 emissions. The hydrogen produced is indeed green if the energy used for the production of 
hydrogen from renewable sources like water electrolysis and the fermentation of carbonhydyrates, too comes from 
renewable sources like the solar energy, wind energy and the like rather than the electricity from the coal fired power 
plants. Efforts are ongoing in this direction and enormous advances have been made. Indeed, green hydrogen will be the 
energy source of the future provided, the currently set target by the department of energy (DoE), namely, supplying 
hydrogen at the price of 1 USD/kg is realized by 2030. Fermentation process holds the key for green hydrogen production 
and supply at competitive prices. There are major obstacles towards the commercialization of green hydrogen as a 
substitute to the fossil fuels and the electric vehicles (EVs) that have been extensively used for transportation 
application. However, a transition to hydrogen economy can facilitate attaining the UN sustainabile development 
goals, namely, the affordable and clean energy (goal 7) and climate action (goal 13). Thus the scope of the current status 
report is to highlight the latest advances made in green hydrogen production as well as distribution. We surmise that this 
report would serve as a standard protocol and user manual to the policy makers and investors dealing with the 
integration of green hydrogen with the transportation sector.

Keywords: Climate Change; Renewable Energy; Clean Energy; Green Hydrogen; Biohydrogen; Dark 
Fermentation; Photofermentation; Solar Fermentation.
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INTRODUCTION

In the words of the world’s richest man, Mr Elon Musk, the 
CEO of Tesla, “Hydrogen is the most dumb thing I could 
possibly imagine for energy storage.” No offense. The cost of 1 
kg of hydrogen is currently prohibitively high (10 USD) for 

commercial scale utilization. However, the competing 
financial interests of the famous Mr Elon Musk could 
not be ruled out behind this statement, as hydrogen 
energy is the only competitor for the electric vehicles 
(EVs) promoted by Mr Elon Musk.



Figure 1: Rapid growth and intense R and D activity in the 
fertile area “Green hydrogen” during the past decade 
(2016-2025).

MATERIALS & METHODS

This status report used the literature from the scientific 
database, namely, Web of Science. As the quantum of research 
in the area of “Green hydrogen” is voluminous and exploding 
in nature, the scope of scanning the literature is limited only 
to the past five years (2021-2025) with the search 
keywords, namely, Green hydrogen. Moreover, only the 
topics, namely, Hydrogen production, storage, distribution 
and life cycle analysis, were considered and included in the 
report.

Goals for the Future Hydrogen Storage Materials

The goals set forth by the US department of energy (DoE) 
as far as the hydrogen storage materials with the 
corresponding gravimetric and volumetric energy density values 
were depicted pictorially in the work by Moller and co-
workers. The ultimate goal of the US DoE pertaining to 
hydrogen energy storage is far far higher (gravimetric energy 
storage of 25 wt.% and volumetric energy storage of 180 
kg H2/m3) which could be attained by possibly combining 
light elements with hydrogen in the solid state as in the case of 
NH4BH4 [1].

Possible Pathways for Reaching the set Goals towards 
Hydrogen Economy

This status report provides the possible pathways for reaching 
the far far higher targets. As voluminous data and many 
breakthroughs in the field have taken place, the authors have 
capsuled the content in the form of a table that systematically 
presents the developments that took place in the three major 
areas of green hydrogen, namely, Production of hydrogen from 
renewable sources, storage in sustainable and environmentally 
friendly solid state materials and applications leading to green 
environment and sustainability in energy. Path breaking 
findings in the recent past are highlighted in the form of a table 
(Table 1) [2-16].
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Energy crisis and environmental deterioration are the major 
challenges human societies are facing in the 21st century. The 
reasons behind the afore mentioned challenges are the 
indiscriminate use of fossil resources, rapid depletion of the 
extractable fossil based energy sources, including petrol, diesel 
and natural gas and the large amounts of greenhouse gases 
released into the atmosphere owing to the combustion of the 
fossil based energy sources. To alleviate the problems, it is 
surmised that carbon neutral fuels, especially, green hydrogen 
energy, should replace the currently used fossil based fuels both 
for industrial as well as transportation applications. Hydrogen 
(H2) fuel is regarded as a green energy source as the net 
emission from the burning of H2 is only water (H2O), which is 
environmentally benign. Moreover, the gravimetric energy 
density of H2 is the highest compared to any of the known 
materials (a lower heating value, LHV, of 120 MJ/kg and a 
higher heating value, HHV, of 143 MJ/kg). This means that the 
gravimetric energy density of hydrogen is nearly 2.6 - 3.1 times 
higher than the major fossil energy source, namely, gasoline (46 
MJ/kg) [1].

Owing to the rapid advances made in the R and D on the 
three major aspects of green H2 fuel namely, its production, 
storage and utilization, there is currently a paradigm shift from 
the use of fossil based resources to green hydrogen as fuel. 
Intensity of the R and D activity in the fertile area of green 
hydrogen can be comprehended from a web of science search 
with the keywords, namely, green and hydrogen, that yielded 
45, 687 results (as on 13th February 2026). The steady growth 
in this field during the past decade (2016-2025) is viewed from 
the bar diagram shown in Figure 1, wherein the number of 
publications as a function of year were plotted. Moreover, in 
the year, 2025, itself, 7319 papers were published indicating the 
fertility of the energy source, namely, green hydrogen.
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1 Green hydrogen – Production, storage and 
applications: State of the art, new challenges and 
opportunities

Green hydrogen – Production methods Strategies for 

storage

Applications

State of the art technologies

17

2 Theory, modelling and simulation studies in Green 
hydrogen
Artificial intelligence usage

Modeling and simulations studies in catalysis and 
photocatalysis for green hydrogen production

Theoretical studies for the design of catalysts, 
electrocatalysts and photoelectrocatalysts for green 
hydrogen production

Role of Machine learning, artificial intelligence, 
theoretical studies in the storage and applications of 
green hydrogen

18

3 Large scale introduction of green hydrogen for net-
zero greenhouse gas (GHG) emissions

Net zero greenhouse gas emissions with green 
hydrogen – challenges ahead

Electrolyer technologies - GHG emissions

Integration of renewable electricity sources with 
hydrogen production

Well-chosen production configuration and 
distribution methods for green hydrogen

Strategies for GHG emission reduction in the 
production and distribution of green hydrogen

Life cycle analysis of GHG emissions in green 
hydrogen production, storage and transport

2

4 Challenges in the scaling up of green hydrogen and 
achieving climate targets

Green hydrogen for attaining climate targets

Green hydrogen and derived fuels as substitute to 
fossil fuels;

Green hydrogen critical for climate neutrality

Short term scarcity and long term uncertainties in 
green hydrogen; Energy policies and incentives for 
boosting hydrogen production and availability

19
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S No Highlights of the Advances Reference



Orange hydrogen as a substitute to black and grey 
hydrogens

Achieving Paris agreement climate targets with 
green hydrogen

Stream reforming of coal and natural gas for 
hydrogen production

Coupling of electrolysis of water with renewable 
energy – green hydrogen

Expensive and energy intensive nature of green 
hydrogen

Rock based hydrogen production and carbon 
sequestration – white and orange hydrogen

6 Electroreforming of biomass for green hydrogen 
production

Coupling of organic electrooxidation with hydrogen 
production Coupling electroreforming of biomass 
with green hydrogen production

Electroxidation of chitin acetate

Solar energy driven electrooxidation of chitin and 
chitin derivatives and shrimp shells

Scaling up studies on the electroreforming of 
biomass for green hydrogen

7

7 Integrated photoelectrochemical cells for harvesting 
solar energy for green hydrogen production

Solar energy for sustainable economy in fuel and 
chemical industry; Photo Electrochemical 
and integrated photoelectrochemical cells for 
green hydrogen production

Pilot plant scale demonstration of green hydrogen 
production in integrated photoelectrochemical cells

8

8 Direct air electrolysis (DAE) for green hydrogen 
production

Moisture captured from air as sustainable source of 
hydrogen

Direct air electrolysis as a novel electrochemical 
method of green hydrogen production

Solar and wind powered electrolysis of fresh water 
from air for green hydrogen production

Challenges and opportunities for sustainability

9
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5 Orange hydrogen as a new green hydrogen 5



10 Accelerating the hydrogen based economy – 
Solutions for technoeconomic and geoscientific 
glitches

Hydrogen – A green and sustainable energy source

C – Suite issues in transition from fossil energy to 
green hydrogen; Green hydrogen – focal point of 
the green energy space

Fundamental shift from fossil to hydrogen 
based economy – revenue generation

State of the art green hydrogen technologies – Fuel 
cells, photo catalysis, electrocardiographs and 
hydrogen panels

Green hydrogen landscape – Interplay between 
government policies, incentives, market dynamics 
and corporate strategies

Green hydrogen as transformative energy

20

11 Cost reductions in green hydrogen production in the 
middle east and north Africa (MENA) region with 
the use of wind turbines and solar panels

Economic analysis of green hydrogen production 
in MENA region

Integration of wind and solar energy in green 
hydrogen productions

CO2 mitigation through green hydrogen; 
Investments, incentives and benefits: Green 
hydrogen projects

21

12 Use of photovoltaic and battery storage system for 
green hydrogen production – A technoeconomic 
analysis

Zero emission future with green hydrogen; Energy 
management (EM) in hydrogen production system 
(HPS)

Connecting HPS to photovoltaic based battery grid

Technoeconomic analysis of the operation of the 
electrolyzer for green hydrogen production

Design of PV based battery grid for energy 
efficient and cost effective green hydrogen 
productions

22
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9 Electrochemical Green hydrogen storage –
S, N doped carbon quantum nanodots 
modified CoFe2O4 on nanoclay 
Hydrogen storage options

Adsorption based techniques

Electrochemical hydrogen storage methods based 
on nanocomposites

10
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Green hydrogen target for 2050 –Electrolyzer 
capacity, water management, utilization of solar and 
wind powers

Climate targets – decarbonization of energy systems

Design of cost effective and energy efficient 
electrolyzers (50 GW)

Utilization of solar energy (107 GW) and wind 
energy (43 GW) to power the electrolyzers (50 GW)

Realizing 122 billion USD green hydrogen industry 
by 2050

14 Challenges in photovoltaic green hydrogen 
productions

Integration of solar energy and battery to the electric 
grid for the electrolysis

Techno-economic feasibility of green hydrogen

24

15 Photocatalyst materials for green hydrogen 
production;

Particulate photocatalyst for solar energy harvesting 

Solar-chemical energy systems

Photocatalytic water splitting; Catalysts with one-
step overall water splitting (OWS) activity – SrTiO3

Oxynitride-oxysulfide particulate photocatalysts 

Photoelectrodes for stable OWS

25

16 Photocatalytic (B doped CuO/ZnO) for hydrogen 
production using Sulfur containing waste wasters

Waste (sulfur containing) water streams for green 
hydrogen

Designing non-noble metal based photocatalysts 
for photocatlytic hydrogen productions

On the role of B doping in non-noble metal oxides

Role of S as sacrificial agent for photocatalytic 
water splitting

Renewable green hydrogen from contaminated 
water bodies

Can nuclear energy be integrated with green 
hydrogen production?

26
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Solar and wind based green hydrogen production – 
Prospects and challenges in Africa

Renewable energy sources – In African context

Green hydrogen – Production storage and 
utilization technologies

Cost analysis of green hydrogen productions

Reduction of levelized cost of hydrogen (LCOH) via 
integration with solar and wind energies

CO2 mitigation with green hydrogen

Green hydrogen from bioethanol reforming; 
Bioethanol as a sustainable source for green 
hydrogen

Advances in catalysis for bioethanol reforming

Ru-Sn based supported catalysts for catalytic 
conversion of bioethanol to green hydrogen

Non-noble metal based catalysts for green hydrogen 
from bioethanol

28

19 Catalytic pathways for green hydrogen from 
Bioethanol

Feedstock for bioethanol – first generation, second 
generation and third generation

Methods for the pretreatment of biomass –
isolation of cellulose

Bioethanol production using solar energy

Cellulosic bioethanol – sustainability

Recent advances in bioethanol reforming to green 
hydrogen

29

20 Solar energy driven glucose fermentation for green 
hydrogen production

Biotechnology for green hydrogen

Solar reactor for fermentative hydrogen 
production

Catalytic methods for glucose production from 
biomass

Biocatalytic pathways for the atom efficient 
conversion of glucose to green hydrogen

Green algae (Chlamydomonas reinhardtii) for 
hydrogen production

30

21 Co based electrocatalysts for green 
hydrogen production

Electrochemical pathways for green hydrogen

Nanomaterials as electrocatalysts

Co based nanomaterials for green 
hydrogen production

31
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Large scale hydrogen production via nucleophilic 
oxidation reactions (NOR) of biomass

Electrolytic water splitting for pure hydrogen 
production

Nucleophilic oxidation reaction (NOR) as substitute 
to oxygen evolution reactions

Coupling of NOR with hydrogen evolution reaction 
(HER)

Mechanisms of NOR of biomass

Role of electrolyzers in industrial hydrogen 
production

23 Photocatalytic water splitting for green hydrogen 
production

Renewable electricity for green hydrogen

Promising photocatalysts

Enhancing the efficiency of photocatalysts via 
chemical scavangers

Role of semiconductors in hydrogen production

33

24 Photocatalytic splitting of brine water

Sea water as a sustainable source of green hydrogen 

Pt/TiO2 – a potential water splitting catalysts

Production of Cl2 as biproduct – cost reduction in 
green hydrogen production

Feasibility of solar to chemicals production

34

25 Solar energy driven green hydrogen production – 
Advances in photocatalysis

Green hydrogen

Yb and N codoped TiO2 as a promising 
photocatalyst for hydrogen production

Synthesis and characterization and mechanistic 
studies

Challenges in enhancing the efficiency and life time 
of the photocatalysts

35

26 Hetero (B, N) atom doped Carbon nanomaterials for 
hydrogen storage

Carbon nanomaterials – recent advances

Doping of carbon nanomaterials with heteroatoms

Carbon nanomaterials for hydrogen storage – 
advantages

Paradigm shift from fossil based to hydrogen based 
economy

36
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Green hydrogen production and distribution – 
Greenhouse gas emissions

Net zero greenhouse gas emissions – green 
hydrogen

Green hydrogen facilities – life cycle analysis 
(LCA) of greenhouse gas emissions

Different electrolyzer technologies

Different renewable electricity sources

Modes of distribution of hydrogen –pipelines, 
ships

Strategies for emission reductions in supply chain

28 Commercial scale green hydrogen production

Global leaders in green hydrogen production

Integration of renewable energy sources with 
hydrogen production

Transition from fossil fuel based to renewable 
energy based hydrogen production

Energy independence and sustainable climate 
through green hydrogen

38

29 Green algae for solar energy driven green 
hydrogen production

Green algae and cyanobacteria for green hydrogen

Role of FeFe hydrogenase for hydrogen 
production

Photoproduction of hydrogen from S deficient C. 
reinhardtii

39

30 Strategies for the integration of hydrogen supply 
chain with the power grid – Cost reductions in 
ammonia producing industries

Advances in green hydrogen production 
technologies

Power to ammonia (P2A) approach

Strategies to overcome the gap between demand 
and supply chain

Multi regional ammonia industrial system (MAIS)

Integration of hydrogen supply chain
(HSC) and power grid (PG) – HSC-PG-MAIS 
model

Trucks and transport media for storing hydrogen

NASH bargaining method – effective overall cost 
reductions

40
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Solar energy based hydrogen production –Selecting 
the appropriate sites

Integration of solar energy with hydrogen production

Density based clustering in geographical information 
systems (GIS)

Best and worst method

National clusters for hydrogen production

Terrain suitability, energy capability and sustainability

Application of green hydrogen – Internal combustion 
engine and Mixed cycle thermal power plants

32 Electrocatalytic (Fe2O3/CuO) water splitting for 
hydrogen production

Electrochemical water splitting

Non-noble method electrocatalysts for green hydrogen 
production

Nature of active sites of catalysts

Fe2O3/CuO composites as electrocatalysts

MoO3/graphene oxide composites for green hydrogen 
production

Electrochemical methods as a substitute to fossil fuels

14

33 Advances in the implementation of hydrogen filling 
stations in the Russian Federation

Decarbonization with green hydrogen

Production, transportation, and combustion of 
green hydrogen

Challenges in the transportation and storage of 
hydrogen

Hydrogen refueling infrastructure

Fuel cell vehicles for hydrogen utilization

15

34 State of the art electrochemical hydrogen storage 
methods and materials

The technology of electrochemical hydrogen storage

Electrochemical hydrogen storage materials – options

Metal oxides and mixed metal oxides for 
electrochemical hydrogen storage

MXenes – A novel material for electrochemical 
hydrogen storage

Polymer materials for electrochemical hydrogen 
storage

Applications of solid state hydrogen storage

42

Table 1: Landmark papers on Hydrogen production, storage, 
distribution and life cycle analysis

New insights based on critical analysis of the latest innovation
highlighted in Table 1 in the field of green hydrogen were
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Scheme 1: New insight on the innovation and market trends 
in green hydrogen

DISCUSSION

Integration of solar energy with the biohydrogen production

Gedenken’s group pioneered in the use of solar energy for 
the accelerated production of bioethanol [43]. Glucose 
feedstock of concentration as high as 40 wt. % was converted to 
19.5 wt. % bioethanol. Classical fermentation problems like the 
product ethanol poisoning of yeast could be surmounted as the 
formed bioethanol is separated from the fermentation 
broth soon after its formation by the unique evaporation-
condensation process operating in the specially designed solar 
reactor. The solar reactor used for the fermentation of glucose 
and other biomass namely, cellulose, and marine 
macroalgae Ulva rigida was made up of Aluminum metal. 
Herein we propose the fabrication of the solar reactor of 
similar design using carbon fiber reinforced composite 
(CFRC) material. Use of such CFRC for solar reactor 
fabrication has several advantages including durability, light 
weight, enhanced solar energy harvesting, and acceleration of 
kinetics of fermentation of glucose to biohydrogen [44-46].

Figure 2: Solar reactor for the accelerated fermentation 
of Carbohydrates to hydrogen proposed to be fabricated using 
carbon fiber reinforced composite (CFRC)

CONCLUSION

To facilitate easy and ready contact between the investors and 
the inventors, the contacts of 34 pioneers in the field of 
green hydrogen were provided in the form of references and 
such a style of presentation is the first of its kind in scientific 
literature and is expected to be a trend setter to meet the 
demand. New insights on the design of special solar reactor 
made up of the carbon fiber reinforced composites for 
integrating the fermentation of carbohydrates with the 
solar energy for the accelerated production of green 
biohydrogen were provided. Integrating solar energy with 
photo-fermentation in solar reactors accelerates the 
conversion of biomass to green hydrogen. Like-wise, the 
integration of electrolyzers with renewable energy sources 
leads to the sustainable production of green hydrogen. Doping 
of light elements (B, N, C) in carbon materials as well as the 
appropriate choice of compounds of light elements with 
high hydrogen content as in the case of NH4BH4-carbon 
nanodot composites leads to gravimetric hydrogen storage 
as high as 25 wt. %. With new insight on the green hydrogen 
production, storage, distribution, life-cycle analysis as well 
as the techno-economic analysis, this status report on 
green hydrogen is envisioned to serve as a user manual 
for the large body of the scientific community.
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