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Chief Editor's Message

Green Hydrogen for Earth Sustainability

Prof R K Kotnala
Fnasc, Figu, Fumst
Chief Editor, Current Natural Sciences & Engineering, Journal (CNS&E)

DOI: https://doi.org/10.63015/1h-kotnala.2025.2.1

*Corresponding Author Email: rkkotnala@gmail.com

I feel thrilled to publish a special vol 2, issue 1 of CNS&E journal on Green Hydrogen
for Earth Sustainability, Feb 2025, which is the need of the hour for the earth sustainability.
The editorial responsibility of this issue has been entrusted to Prof K K Pant, Director IIT
Roorkee, whose distinguished expertise in Green Hydrogen production and allied fields
immensely benefited CNS&E Journal. Editorial team, myself and CNS&E Journal are grateful
to Prof Pant for agreeing to work for such a burning issue of Green Hydrogen production
challenges & constraints.

Since, we all are aware of the prevailing adverse condition of our environment and facing a
grave situation of abrupt climate change & severe health issues due to unlimited carbon
emissions to the atmosphere, which is not restricted to one region of earth but its impact is
prevalent globally | How to combat such a challenge within a short time ? The only immediate
worldwide unanimous solution has emerged to make use of a cleanest energy source, green
hydrogen, for the need of energy by replacing fossil fuels usage that can fulfil the commitment
to environmental sustainability and hydrogen stands at the forefront of this transition. At
present most of the hydrogen produced in the world is generally consumed by the
petrochemical fertilizer and chemical processing industries. Due to the boost in the hydrogen
economy, the use of Hydrogen as future fuel in the automobile sector will also stimulate the
need for hydrogen. Hence, the use of hydrogen in industries, automotives etc holds immense
promise as a clean, versatile fuel with zero carbon emissions. In the present scenario, the whole
world is in dire need of ~300 million tonnes/year production of green hydrogen to achieve Net
Zero Carbon emissions by 2035 for the earth's sustainability.

Thus, even today worldwide scientists are in pursuit of green hydrogen generation by
new techniques. Although at such a crucial & crisis situation, one of the best solution for green
hydrogen & electricity production is from Prof R K Kotnala & Dr Jyoti Shah's revolutionary
invention of Hydroelectric Cell device, which is internationally validated through >87 original
research papers & US/Indian patents in last six years. That is why, CNS&E has taken initiative
to publish a special theme issue on Green Hydrogen for the Earth Sustainability!

The special theme issue consists of the following papers :

"Thermochemical Conversion of Agro -Waste for Green Hydrogen Production" manuscript
elaborates different techniques for hydrogen production with a focus on a matured biomass
gasification to produce hydrogen because it has the advantage of recovering energy from waste
biomass. It also briefed about merits & demerits of the different techniques and current status
of Hydrogen demand globally and in the perspective of Indian demand as well.
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"Beyond Silos: A Unified Approach to Decarbonisation through Hydrogen Integration”, the
present manuscript explains critical global challenges in detail for hydrogen production
capacity and comparisons by suggesting a few recommendations and the pathways for enabling
a decarbonised future powered by clean, sustainable hydrogen energy.

"Green Energy Generation from the Industrial Waste Red Mud as Hydroelectric Cell", the
authors in this manuscript have taken an inventive scientific novel approach that shows how
huge quantities of red mud can be disposed of by converting red mud to energy material based
Hydroelectric cells which is a sustainable solution to save the environment. Otherwise its
improper disposal is contaminating land, water, and air which pose alarming environmental
challenges.

"Trial of pilot scale nanofiltration unit for improvement of precipitation circuit at
Tummalapalle Mill" A new concept of recycling a major fraction of leached uranium liquor has
been adopted to increase the concentration of mother liquor from the leached slurry belt filter.
A special useful effort has been made to increase the concentration of clarified mother liquor
using a laboratory model of a nanofiltration unit at UCIL Tummalapalle and the reproducibility
of the data has been established in this manuscript.

"Exploring the Potential of CFBC Ash in Sustainable Building Materials: A Review" This
review is focused on generation of CFBC ash, characterization of CFBC ash and advancement
in processing techniques with focus on current and potential applications via waste
management for industrial and societal benefits particularly for use in the construction industry.
Authors have taken a very important example from India being the 2nd largest ash producer in
the world including petroleum coke fly ash with annual generation of 1,00,000 MT in an oil
refinery located in Madhya Pradesh. It mainly emphasises on the utilization of CFBC ash as a
very crucial for environmental protection and sustainable development.

"The Impact of Stress on Education: Understanding the Consequences and Finding
Solutions" In CNS&E Education Watch Report, the author has described stress and education
as intricately linked, with the pressure to perform well academically often taking a toll on
students’ mental and emotional well-being. Further, it has pointed out some of the causes of
stress in education and the role of educational institutions.

Prof R K Kotnala.

495



Current Natural Sciences & Engineering 2 (1), 2025

Hydrogen as a Catalyst for Sustainability: Decoding the Value Chain

Prof. K.K. Pant,

FRSC, FNAE, FNASc, FIE(I), FIIChE, FBRSI

Director, Indian Institute of Technology Roorkee, Roorkee - 247667

Email: drkkpant@gmail.com Prof. K.K. Pant
DOI: https://doi.org/10.63015/1h-kkpant.2025.2.1

The escalating global demand for energy, propelled by rapid economic expansion and population
growth, has intensified dependence on fossil fuels, resulting in heightened greenhouse gas emissions
and accelerated resource depletion. This pressing scenario underscores the urgent need to transition
from conventional energy systems to renewable energy alternatives. Hydrogen has emerged as a
compelling energy carrier, poised to facilitate a shift toward a sustainable, low-carbon future. Unlike
carbon-based synthetic fuels, hydrogen offers the potential for a carbon-neutral or even carbon-
negative lifecycle when produced from renewable energy sources. This review provides a
comprehensive and systematic analysis of the hydrogen economy, detailing its value chain from

production to practical application and elucidating its potential to support sustainable development.

The analysis encompasses a variety of hydrogen production methodologies, including established
techniques such as steam methane reforming and innovative approaches such as electrocatalysis,
photocatalysis, biomass conversion, and non-thermal plasma-enhanced dry reforming of methane.
This review critically evaluates the processes of hydrogen production, storage, transportation, and
utilisation, emphasising its vital role in decarbonising key sectors. Various production methods are
assessed based on their efficiency, economic feasibility, and environmental impact, with renewable-

driven electrolysis identified as a particularly promising pathway.

In addition, the review examines hydrogen storage and transport technologies, including high-pressure
compression, cryogenic liquefaction, and chemical carriers such as liquid organic hydrogen carriers
(LOHCs) and metal hydrides, evaluating their technical feasibility and scalability. Furthermore, the
study explores the applications of hydrogen in industrial processes, transportation, and power
generation, highlighting its potential to substitute carbon-intensive energy sources. Insights from
initiatives such as India’s National Green Hydrogen Mission are incorporated, addressing critical

challenges, including high production costs, infrastructural constraints, and technological limitations.

Progress in material science, process optimisation, and collaboration among academia, industry, and
policymakers is essential for surmounting these challenges. Finally, this review delineates key
research and development priorities, underscoring the necessity for coordinated efforts to establish

hydrogen as a foundational element of a sustainable, low-carbon energy system.
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Thermochemical Conversion of Agro-Waste for Green Hydrogen
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Kunwar Pal*’, Abdul Rafey”, and Kamal Kishore Pant®"
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Abstract: The thermochemical conversion of agro-waste presents a sustainable pathway for green
hydrogen production, addressing both energy and environmental challenges. Agricultural residues,
such as crop straw, husks, and forestry waste, are abundant and rich in carbon content, making
them viable feedstocks for hydrogen generation. Key thermochemical processes include pyrolysis,
gasification, and hydrothermal liquefaction, each offering unique advantages in converting
biomass into hydrogen-rich syngas. Gasification, in particular, operates at high temperatures with
controlled oxygen or steam to enhance hydrogen yield while minimizing tar formation. Advanced
catalysts and sorbents further improve hydrogen selectivity and carbon capture efficiency. Process
optimization, including temperature control, catalyst selection, and reactor design, is crucial in
maximizing hydrogen output and minimizing impurities such as CO and CHjs. Integrating carbon
capture and storage (CCS) technologies enhances the sustainability of hydrogen production by
reducing greenhouse gas emissions. Additionally, hybrid approaches combining thermochemical
methods with biological or electrochemical processes offer the potential for improved efficiency
and scalability. Despite its promise, challenges remain, including feedstock variability, high capital
costs, and the need for technological advancements in process efficiency. Research efforts focus
on developing cost-effective catalysts, optimizing reaction conditions, and utilizing artificial
intelligence for process control. Policy support, investment in bio-refinery infrastructure, and life
cycle assessment studies will be critical for commercializing this approach. Thermochemical
conversion of agro-waste thus emerges as a promising strategy for producing green hydrogen,
contributing to the global transition toward sustainable and carbon-neutral energy systems.

Keywords: Agro-waste, biomass, carbon-neutral, green hydrogen, sustainability, thermochemical
conversion

1. Introduction stimulate the need for hydrogen [1]. However,
hydrogen is the most abundant element in

The petrochemical fertilizer and nature; it cannot be freely available, and thus,
chemical processing industries have a rather than fossil fuel, it must be produced
significant share in the consumption of from another renewable energy source. The
hydrogen produced worldwide. Due to the most common technique for hydrogen
boost in the hydrogen economy, hydrogen as production these days is hydrocarbon-steam

a future fuel in the automobile sector will also

©2025 Vigyanvardhan Blessed Foundation
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reforming or coal gasification for industrial
processes, which require steam and
hydrocarbons [2], [3]. Thus, hydrogen
produced in this manner cannot be considered
arenewable or clean gas as it is produced from
hydrocarbon fuels and causes similar carbon
dioxide emissions.

As the reduction of the greenhouse
effect and independence from fossil fuels have
become priorities for the world, new
sustainable ways of hydrogen gas production
need to be studied. In this direction, biomass
gasification can produce hydrogen because it
can recover energy from waste biomass [4].
Also, this process can be used to produce
hydrogen, fuels, and many value-added
chemicals. Thus, biomass gasification offers
flexibility toward the input feedstock and
output final products. The production of green
hydrogen as fuel results in the generation of
only energy and water as products without
the emission of carbon or any toxic gas; thus,
it is considered a clean fuel. Further, it is a
much safer fuel than LPG, NG, gasoline, and
diesel owing to its low density [5], [6], [7].

Biomass can be considered a
prominent form of energy because it has
around 10-14% share in the global energy
supply [8], [9], [10]. Also, biomass
contributes to up to 90% of total energy
demand in the rural and remote areas of
developing countries across the globe [11],
[12]. In the coming future, it will remain the
primary source of energy requirement for
developing countries because it is expected
that more than 80% of the world population
will reside in the rural and remote areas of
developing countries by 2050 [13], [14].

There are various methods available
for biomass wastes to hydrogen production,
but at present, most of the methods are either
on a laboratory or pilot scale. The
gasification of biomass to produce hydrogen
is one of them. Gasification of biomass is a
mature technology and has been used for
more than 100 years for syngas and biochar
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production with the help of various modes of
gasifiers. The gasification process requires
high temperature (>700 °C) and a gasifying
agent to convert the waste biomass into
syngas, a mixture of carbon monoxide (CO),
carbon dioxide (CO»), methane (CH4), and
hydrogen (H») [15]. Tar and biochar are also
produced during the gasification process.
Thermal cracking in the presence of oxygen
can be used to convert the tar, and a water gas
shift reactor can be used to enhance hydrogen
production. Pressure swing adsorption or
membrane separation can separate the
hydrogen from syngas. Hydrogen yield from
gasification also depends on biomass's
physical and chemical properties. So, the
production of hydrogen from waste biomass
requires process optimization and the
identification and characterization of biomass
through which the optimum yield of the
hydrogen gas can be produced.

The use of hydrogen in the future will
increase rapidly to overcome the problem of
CO> emission and become a carbon-neutral
environment worldwide. Global hydrogen
demand was around 115 Mt in 2020, which is
expected to increase to 200 Mt in 2030 and
530 Mt in 2050, and the demand for hydrogen
in India would represent almost 10% of the
global hydrogen demand [16]. India’s annual
demand for hydrogen was 6 MT in 2020,
majorly for petro-refining, ammonia, and
methanol production. These two applications
currently account for more than 80% of the
consumption of hydrogen, primarily derived
from natural gas using steam methane
reforming. As per the Ministry of Steel
report, around 35% of the steel production in
India is produced from the DRI-based plant
only [17]. In India, most of the hydrogen
(100%) is produced by using natural gas
while simultaneously emitting the CO; into
the environment. Around 11 kg CO> per kg
of Hz from SMR and 20 kg CO; per kg of H2
from coal gasification are produced [18]. The
use of up to 5 MT of green hydrogen per year



can reduce the 11 MT per year consumption
of natural gas or around 25 MT of coal per
year while simultaneously reducing the 34
million tonnes of CO> emission per year from
natural gas or 57 million tonnes CO:
emission per year from coal gasification by
2030, respectively [19], [20].

As can be seen from Table 1, if the
current demand for all the fossil fuels, i.e.,
crude oil, coal, and natural gas, is
hypothetically replaced by hydrogen, then
about 276 MTPA of hydrogen will be
needed. There will also be a corresponding
reduction in CO2 emission by about 2725
MTPA if the hydrogen is green. The
prediction shows the strong need to replace
fossil fuels in current applications with fuels
like hydrogen.

Table 1: Market demand for green hydrogen and
equivalent CO; savings per annum [21]

Fossil Annual Green H, Equivalent
Fuel type Indian requirement CO; savings
Demand for due to
replacement replacement
Coal 430 143 MTPA 1625 MTPA
MTPA
Crude 250 83 MTPA 740 MTPA
Oil MTPA
Natural 130 50 MTPA 360 MTPA
Gas MTPA
Total 810 276 MTPA 2725 MTPA
MTPA

Hydrogen from renewable energy via
water electrolysis is one pathway for green
hydrogen, but equally critical for India is to
build a hydrogen economy using hydrogen
from solid fuels like coal, pet coke, and solid
waste, including MSW and biomass [22].
Based on preliminary analysis and the
proposed technology route discussed in this
chapter, hydrogen can be produced at a
competitive cost—under 3200/kg—nearly
half the cost of hydrogen generated through
renewable energy and water electrolysis
using current state-of-the-art methods. The
colour code of hydrogen with greenhouse gas
emission from the production process and the
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acceptance level of the different processes

Coal or Methane

lignite

Energy Source Natural gas Any non-
renewable energy
source
Steam Steam methane

methane reforming and
reforming  carbon capture &

storage

Any renewable
energy source

Processof  Gasification
getting

hydrogen

Pyrolysis  Electrolysis of
water and
biomass
gasification

Highest to

lowest [ >

greenhouse gas

emission
Lowest to
i IN
highest 0 )
acceptable
level

can be seen in Table 2.

Table 2: Colour code of hydrogen with greenhouse gas
emission and acceptance level of different processes

This study presents a comprehensive
analysis of agro-waste thermochemical
conversion for green hydrogen production,
emphasizing the gasification pathway.
Unlike conventional studies that focus on
brief discussions related to individual
thermochemical pathways, this work
provides a detailed assessment of the
gasification process and the reactions
involved, hydrogen storage and safety, cost
of production, and the challenges associated
with the production. Further, an advanced
gasification scheme 1is proposed for
maximizing the hydrogen production from
biomass through water gas shift reaction, tar
conversion to yield more syngas through
catalytic cracking, and separation and
purification of the hydrogen through pressure
swing adsorption techniques and other low-
temperature  separation methods. By
addressing critical challenges such as
feedstock variability, process economics, and
environmental impact through a
multidisciplinary — approach, this study
contributes to developing a cost-effective,

scalable, and carbon-neutral hydrogen
production pathway from agricultural
residues.



2. Agro-waste feedstock potential

For hydrogen production, abundant
and low commercial value agriculture waste
such as crop residue waste, rice straw, wheat
straw, sugarcane bagasse/trash, cotton stalk,
sorghum stover, etc., can be used effectively.
Using these materials as a feedstock for
hydrogen production can solve waste
management problems or stubble burning of
agro residue in rural areas by simultaneously
decreasing pollution and other environmental
hazards. Various properties of agro-waste
required to be considered during gasification
are listed in the Fig. 1.

India, a major agrarian society,
generates a lot of agro residues. Overall,
India produces approximately 686 MMT
(million metric tonnes) of crop residue
biomass in the form of stacks, roots, trashes,
husks, and yard trimmings on an annual
basis, of which 234 MMT (34% of gross) are
estimated as surplus for bioenergy generation
and available in distributed form [23].
According to the MNRE report, it is
estimated that 750 MMT of agricultural and
forestry biomass is generated annually in
India. The surplus biomass available in India
1s around 230 MMT out of the total available,
with the potential of 28 GW of energy
production [24]. From the observation of data
from 2010-11 to 2015-16, the survey
covered production statistics of the primary
selected crops such as wheat straw, rice straw
and husk, sugarcane leaf and bagasse, gram,
soybean, groundnut castor, etc. Based on the
survey, it is estimated that the annual average
biomass generation from these crops was
around 683 million tonnes [25]. It was also
found that more than 80% of biomass is
generally produced from rice straw and husk
(33%), wheat straw (22%), sugarcane tops
and bagasse (17%), and cotton (8%) [26].
The majority of biomass was produced in
Uttar Pradesh, Maharashtra, Madhya
Pradesh, Punjab, and Gujarat, and these all
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were the top five states of India generating
biomass [27].

Proximate
Ultimate &
CcvV
i i Shelflife&
G;:;fcitci%ti;t(})’n seasonal
; effect
Biomass
Properties for
Gasification
Ash
Properties Large
& Slag variety
Viscosity
Moisture &
Density

Fig. 1: Various properties of agro-waste

3. Gasification process for conversion
of agro-waste

It is a thermo-chemical process
involving multiple chemical reactions
wherein a carbon-containing feedstock, such
as agro waste, is converted into synthetic gas
in a partial supply of air, oxygen, or steam.
The process operates at sufficiently high
temperatures (>600 — 1000 °C) to thermally
degrade the biomass waste to yield the
hydrogen-rich syngas [15], [28]. Several
advantages are associated with gasification,
such as the increased heating value of fuel by
the rejection of non-combustibles like
nitrogen and water, reduction in oxygen
content of the fuel, exposure to H> at high
pressure or exposure to steam at high
temperatures and pressures where H> is
added to the product will raise the products
relative hydrogen content (H/C ratio) [29].
Biomass feedstock has a variation in
moisture content during the different seasons
and in the different parts of the country. The
feedstock quality, especially the moisture
content, plays a significant role in the quality
of the product after gasification; less than



20% moisture content generally seems
reasonable for a good quality product [30],
[31]. An overview of the different production
processes, types of hydrogen storage, and
various modes of hydrogen transportation
with end applications can be seen in Fig. 2.
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C+H,0«+ CO+H,
Heat of Reaction= +136 (kJ/mol) (R4)
CO + H,0O « CO, + Hy

Heat of Reaction=-35 (kJ/mol)
Steam reforming of methane

CH4 + H,O « CO + 3H;

Heat of Reaction=+206 (kJ/mol) (R6)
Boudouard reaction

C+CO; «2CO

(R5)

Heat of Reaction=+171 (kJ/mol) (R7)
Hydrogasification

Hydrogen Production Storage ‘
Green Hydrogen
* PEM ool Reneviable Adsorpion Transportation End Users
+ Alkali Electrolysis Energy Carbon based
+ Fermentation Sources materials
+ Biomass '(Water, MOFs B
Gasification Leolites Ship
+ Byioyss :i)(l):az';ni Porous Polymers —
- Ty )
Blue Hydrogen Tubular =
o SR wilh Cabon Chemical Storage (Compressed
Capture &  Storage Chemical Hydrides ) s
! (;(]{5) Fosil o Metal Hydrides Ligifid L
AR with CCS ki
v CLRwibCCS Souces | e
- e (Natural —
Grey Hydrogen Gas, Oil, ) Pipelines | Hydrogen
*Sean  Mee | | Coal) Physical Sorage Natural Gas Refling
Reforming (SMR) Ligud Hydrogen | Station
+ Autotheml Compressed H, N—’
Refonming (ATR) (ryo compressed
+ Chemical  Looping s
Reforming (CLR)

Fig. 2: Overview of hydrogen production to end-use

Conversion of biomass in a typical gasifier

C+2H; < CHy4

Heat of Reaction=-74.8 (kJ/mol) (RS)
High purity near green hydrogen with a
higher production rate can be produced from
the advanced biomass gasification system, as
can be seen in Fig. 3. The syngas produced
after the gasification of biomass generally
contain a high amount of tar, which can be
converted into more syngas by increasing the
temperature, and the process is called the
thermal/catalytic cracking of tar. This can be
done by adding oxygen to the gas, leaving the
gasifier during thermal cracking. After the
thermal cracking operation, the temperature
of the gas stream will be lowered to around
250 °C by water quenching. Then, solid
particles will be removed using a bag-house

system is mainly carried out by four different
stages: drying, pyrolysis, gasification, and
combustion [32]. Many reactions of different
natures (i.e., endothermic or exothermic, etc.)
are simultaneously carried out in these four
zones. The reactions inside the gasifier are
complicated and can be found in reaction no.
R1 to R8 [33], [34]. These reactions are
generally classified into five types: 1) carbon
reactions, ii) oxidation reactions, iii) shift
reactions, iv) methanation reactions, and v)
steam reforming reactions [28], [35], [36],

[37].
Combustion reaction
C+% 0, CO
Heat of Reaction=-122(kJ/mol)  (R1)
CO+ % 0y CO,
Heat of Reaction= -283 (kJ/mol) (R2)

H,+ % O, H,O
Heat of Reaction=-248 (kJ/mol) (R3)
Water gas shift reaction

filter.

Biomass to Hydrogen Scheme: Thermo-chemical Route

q l 0, lWater
i : Tar Water Quench
BI;ll.T:_xSS Biomass|  Gasifier, Raw | Cracking [~
treatment 800-900°c | ®*| (1300°0) T
SteamT 1 0, Gas Filter
Ash : (250°C)
H,SO
2 4
Steam il
— WGS HTS AGR + COS 5
o . Acid and
(350°C) hydrolysis + Alkali
Guard column
scrubber
1 1,s,cos T
Syngas NH3
WGSLTS i, Hydrogen
¥ [ A Hydroge'n ] storage
(250 C) compression 8

| 1 kg of hydrogen can be produced from 12-15 kg of typical biomass

Fig. 3: Proposed route for biomass to hydrogen production

To maximize the yield of hydrogen,
water gas shift (WGS) conversion process is



required. This conversion shifts the carbon
monoxide (CO) present in the syngas to
carbon dioxide (CO;) and additional
hydrogen (H>) via reaction (CO + H,O = CO;
+ H>), which is an exothermic in nature and
known as the water gas shift reaction
(WGSR). Typically, 1 kg of biomass feed
requires 1 kg of steam during the WGSR. The
reaction is favored at lower temperatures and
higher steam content. Still, based on the
varying temperature conditions, the WGSR
can be called High-Temperature Shift
Conversion (HTSC), Medium Temperature
Shift Conversion (MTSC), Low-
Temperature Shift Conversion (LTSC), and
Sour Gas Shift Conversion (SGS) [26], [38].
Based on the syngas characteristics or as per
final product quality requirements, any one or
pair of shift conversion reactions can be used.
The SGS conversion process typically
utilizes a bed of cobalt molybdenum catalyst.
The syngas typically enter the SGS reactor at
230-260 °C temperature. A high-temperature
shift reaction is generally carried out at 350-
450 °C, whereas a low-temperature shift can
be carried out at 250 °C temperature [39],
[40].

After WGSR, Pressure Swing
Adsorption (PSA) is used to recover and
purify the hydrogen from the hydrogen-rich
gas stream coming from WGSR. PSA is an
effective tool for producing pure hydrogen
from syngas. The technology used in the PSA
process generally relies on the differences in
the adsorption properties of different gases to
separate them under pressure. The PSA tail
gas containing the impurities can then be sent
into a burner for process heating and steam
generation. The crude hydrogen obtained
from the gasifier is a complex mixture of
hydrocarbons, heavy chemicals, and
moisture. Removal of such impurities from
hydrogen is essential to hydrogen energy
utilization. Other separation methods could
also be employed for hydrogen purification
and separation, such as low-temperature
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separation methods (cryogenic distillation
and low-temperature adsorption) and
membrane separation methods (inorganic
membrane and organic membrane).

Applying a specific purification
method depends upon the types and amounts
of impurities. The impurities such as sulfide,
HCHO, and HCOOH can be effectively
eliminated using low-temperature
adsorption. However, it is a complex method
that requires high energy consumption and is
suitable for small-scale operations. Metal
hydride separation and palladium membrane
separation methods are feasible when the
separation of gas source with a high content
of inert components is required, but the
purification efficiency is low. New
membrane technologies such as carbon
molecular sieve membranes, ionic liquid
membranes, and electrochemical hydrogen
pump membranes have recently been
developed, but their industrial
implementation is limited. The pressure
swing adsorption (PSA) technique is the most
common and frequently adopted hydrogen
purification technology widely used in coal
gasification and natural gas reforming
processes because of its long service life and
economic feasibility [41]. In most PSA
processes, activated carbon and zeolite have
been used as an adsorbent to remove critical
impurities of CO; and CO from the crude
hydrogen [42], [43].

4. Hydrogen storage and safety

The pure hydrogen stream from the
PSA can be compressed to the typical
dispensing pressures of 350 or 700 bar using
booster pumps and filled into the cylinders or
storage tanks [44], [45]. These cylinders will
then be dispatched to the customers. If the gas
grid is available, the hydrogen will be
boosted to a suitable pressure and injected
into the gas grid. Hydrogen can operate fuel
cell-based vehicles in either molecular form
or combined form (say methanol, ammonia,



or DME). However, this would require
suitable  infrastructure ~ for  storing,
distributing, and dispensing hydrogen (both
in molecular and combined form).

Storage of hydrogen can be done
either in the form of compressed gas or the
form of liquid. High pressure of the order of
350-700 bar is required to store the hydrogen
in the gaseous state [46], [47]. On the other
hand, cryogenic temperature is required to
store the hydrogen liquid state because
hydrogen has a boiling point (—252.8 °C) at
atmospheric pressure. The other hydrogen
storage options are adsorption on the solid
surface or absorption within the solid [38],
[48]. Different methods of hydrogen storage

Compressed H, Gas |

Hydrogen Storage
(Physical
Systems)

Cold/Cryo Compressed

T

Liquid Hydrogen |

Hydrogen

Storage Hydrogen Absorbent

Chemical Hydrogen

Hydrogen Storage

—> (Material-based [~
System)

Liquid Organic

I S S B N

Complex Hydride |

Interstial Hydride

are shown in Fig. 4.

Fig. 4: Various methods of hydrogen storage

Biomass gasification is
complex  technology, and hydrogen
production plants based on biomass
gasification must comply with various
guidelines and national laws. Each process
step has to be carefully considered for its

a fairly

Health, Safety, and  Environmental
constituents during the planning,
engineering, construction, and operation

stages. Identifying process safety and risk
assessment is an essential activity during
biomass gasification. Globally, it is gaining
interest as the most cost-effective tool for

503

Current Natural Sciences & Engineering 2 (1), 2025

identifying safety requirements and reducing
risk during operation. People dealing with
gasification plant construction and operation
generally recognize the risk assessment
requirements, but due to lack of experience
and resources, they did not assess the risk
quantitatively. Using advanced safety
techniques and tools during the gasification
plant design and operation, many key issues
related to safety can be easily identified.
Implementing and incorporating essential
safety features during the initialization step
of plant design will result in safe operation
during production. This will not only meet
the necessary legislative standards but also
satisfy the criteria of ALARP (As low as
reasonably practicable) while handling the
various raw materials properly. However,
there can be several events of hazards that
may occur with various consequences. But,
the most critical issues are (i) fire and
explosion hazards during the operation, (ii)
operation failures due to various reasons, and
(ii1) unplanned release of hazardous liquids,
chemicals, and gas.

5. Production cost of hydrogen from
various methods

The cost of hydrogen production from
different methods was analyzed based on
various assumptions and market surveys, and
the same is summarized in Table 3. It is
possible to produce 1 kg of hydrogen from
12-15 kg of raw biomass followed by a
thermochemical conversion route. The
proposed technology (Fig. 4) for biomass
waste gasification has some unique features,
such as the capacity to produce 100 kg of
hydrogen  from 1.2-1.5 TPD  of
MWS/biomass with 85-95% conversion
efficiency. With this high efficiency, the
proposed pathway can convert all the
available agricultural biomass to hydrogen
energy. One kilogram of biomass is capable
of producing approximately 85 grams of
hydrogen. One kg of biomass can produce 0.6
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Table 3: Cost of hydrogen production

Parameters Water Steam- Methane Coal Biomass
splitting Methane Pyrolysis gasification waste to
(high-pressure | reformation (The new (high ash hydrogen
electrolyzer) (SMR) [50] process) India coal)
[49] [50], [51]
Yield 1 kg of 1 kg of 1 kg of 1 kg of 1 kg of
(kg of H>) hydrogen /55- | hydrogen/3 hydrogen/ hydrogen/19.2 | hydrogen/15
60 kWh kg of 4.2 kg of kg of HAIC kg of
Methane Methane biomass
Primary At Rs 3/kWh 18-414 18-41.4 1.8-3.5 Rs/kg | If the MSW
energy cost Rs/kg of Rs/kg of of HAIC cost is zero.
natural gas natural gas | Imported is Others are
nearly the governed by
same on eq. policy
cal. basis
Energy Rs 0.83/MJe 0.36-0.84 0.36-0.84 0.11-0.24 0-0.2 Rs/MJ
costs/MJ Rs/MJ Rs/MJ Rs/MJ
Cost of 240-300 Rs/kg | 200-300 200 Rs/kg 120-160 120-160
hydrogen Rs/kg Rs/kg Rs/kg
CO2 Associated 8.07 kg of 1.67 kg of 21 kg of CO2 | Carbon
emission with CO2/Kg CO>/kgof | perkg neutral and
electrolyzer hydrogen hence zero
manufacturing

kWh of energy and may yield a maximum of

3 Rs. revenue; while converting it to
hydrogen, we can get approximately
proposed technology 0.093 kg of hydrogen
and a revenue of 15/- Rs. five times higher
revenue. After successfully demonstrating
the indigenized technology, the total cost is
Rs. 150 per kg.

6. Challenges linked with the
implementation of green hydrogen

The development of low-cost indigenous
technology for hydrogen production from
biomass/agro-waste is hindered by several
challenges, as summarized below [52], [53],

[54], [55].

. Feedstock Variability and
Availability: Agro-waste
composition  varies  significantly

based on crop type, location, and
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seasonal changes, affecting process
efficiency and hydrogen yield. High
moisture and ash content in some
residues can reduce conversion
efficiency and lead to operational
issues such as slagging and fouling in
reactors.

High Capital and Operational
Costs: Thermochemical processes,

especially gasification and
hydrothermal liquefaction, require
advanced reactors, -catalysts, and

separation units, increasing capital
investment. The cost of biomass
collection, transportation,
preprocessing (drying, grinding, etc.),
and storage adds to the overall
expenses.

Process Optimization and
Efficiency: Achieving high hydrogen
selectivity while minimizing by-
products (CO, CHas, tar, and char)



requires precise temperature control,
optimized catalysts, and effective
reactor design. Tar formation in
gasification remains a critical
challenge, necessitating advanced tar-
cracking catalysts or secondary
reforming processes.

Catalyst Deactivation and
Development: Catalyst performance
deteriorates over time due to
sintering, carbon deposition, and
poisoning from impurities in agro-
waste feedstocks. Developing cost-
effective,  durable, regenerative
catalysts is crucial for improving
long-term process efficiency.
Carbon Emissions and
Sustainability Concerns: Although
thermochemical  processes  can
integrate carbon capture and storage
(CCS), ensuring a net-zero or
negative carbon footprint remains
challenging. Effective utilization of
biochar and CO> by-products is
essential to  enhance  overall
sustainability.

Integration with Renewable
Energy and Hybrid Approaches:
Hybridizing thermochemical
methods  with  biological  or
electrochemical ~ processes  can
enhance efficiency, but technological
integration remains complex.
Ensuring a stable and renewable
energy supply (e.g., for steam or
plasma gasification) is necessary to
maintain proper "green" hydrogen
production.

Policy, Economic, and Market
Challenges: Inconsistent government
policies, subsidies, and carbon
pricing mechanisms impact the
economic feasibility of agro-waste-
based hydrogen production.
Competing with fossil-fuel-derived
hydrogen, which remains cheaper due
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to existing infrastructure and
subsidies, presents a significant
economic barrier.

. Life Cycle Assessment and
Environmental Impact:
Comprehensive life cycle
assessments (LCA) are needed to
evaluate the true environmental
impact of thermochemical
conversion, considering land use,
energy input, and emissions.
Managing waste by-products such as
ash and heavy metals is crucial to
minimize ecological risks.

7. Conclusions

The thermochemical conversion of
agro-waste offers a sustainable and efficient
route for green hydrogen production,
utilizing abundant agricultural residues to
address  energy and  environmental
challenges. Processes such as pyrolysis,
gasification, and hydrothermal liquefaction
enable the transformation of biomass into
hydrogen-rich syngas, with gasification
being particularly effective in maximizing
hydrogen vyield while minimizing by-
products. Despite challenges such as
feedstock variability, high capital costs, and
process optimization complexities, a key
aspect for the future lies in exploring
advanced catalysts and sorbents that could
improve  hydrogen  selectivity  while
simultaneously capturing carbon emissions,
thereby  increasing  overall  process
sustainability.  Further, policy support,
infrastructure investment, and life cycle
assessment studies will be critical in
facilitating large-scale commercialization.
As the world transitions toward cleaner
energy systems, thermochemical conversion
of agro-waste presents a viable and impactful
solution for achieving sustainable hydrogen
production and reducing carbon emissions.
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Abstract: Renewable sources like hydrogen ignite hope as the world wrestles with surging
energy demands, dwindling fossil fuels, and choked skies. Hydrogen fuel, versatile in both
gaseous and liquid forms, boasts applications from fuel cells and internal combustion engines
to powering industries. Global hydrogen production currently stands at 0.1 gigatonnes,
primarily for industrial applications like metal refining. Despite its promise, hydrogen remains
a fledgling player in the global energy mix. High production costs, with water electrolysis four
times costlier than steam reforming, pose a significant hurdle. Also, hydrogen's low volumetric
density necessitates efficient compression, liquefaction, and storage advances. Public
awareness of the scope of turquoise and blue hydrogen should be actively pursued. With this
background, the present article discusses critical global challenges in detail and suggests
recommendations and pathways for enabling a decarbonised future powered by clean,
sustainable hydrogen energy.

1. Introduction
With an energy density of 122 MJ/Kg (2.75

The global drive for alternative and times more than gasoline), hydrogen
renewable energy sources is fuelled by two presents a compelling option for future
primary concerns: ensuring energy security energy systems (Kaur et al. 2024). Some of
by reducing reliance on imported fossil the significant properties of hydrogen as a
fuels and mitigating climate change through fuel are mentioned in Table 1. The lower
reduced carbon emissions. Global warming heating value (LLV) of 120 MJ/Kg and
due to fossil fuels-led greenhouse gas higher heating value (HLV) of 119.9
emissions makes the transition to renewable MIJ/Kg compared to diesel's 44.8 MJ/Kg
fuels imperative [1]. Innovation in (LLV) and 42.5 MJ/Kg (HLV), positions
technologies can facilitate optimal usage of hydrogen as a strong contender for the title
existing resources, protect the environment of "ultimate energy source for the 21st
and promote sustainable development. century [3-5]. Hydrogen, with abundant
Challenges remain while significant reserves, high calorific value and a non-
progress has been made — for instance, carbon-based energy source, is eco-
global renewable energy capacity surpassed friendly, renewable and versatile and is
fossil fuel capacity in 2021. These include important for a smoother transition in the
limitations  in  large-scale  energy energy sector (Zhou et al. 2022). Based on
infrastructure, underdeveloped ecosystems sources of raw materials, chemical,
for electric vehicles, and dependence on physical or biological processes can be
critical minerals [2]. employed to produce hydrogen. Both

chemical and physical processes for
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reaction conditions and are thus energy-
exhaustive processes. Biologically
produced hydrogen, though low in cost,
carries a long duration of time [9]. To
produce Hydrogen, a commonly employed
process is steam methane reforming (SMR)
or coal gasification without carbon capture
(Grey H) [10]. In addition to this, steam
methane reforming (SMR) or coal
gasification with carbon capture (Blue
Hydrogen), methane pyrolysis (Turquoise
Hydrogen), and electrolysis of water or
biomass pyrolysis (Green Hydrogen) are
also alternative routes of hydrogen
production [11].

Table 1: Properties of Hydrogen Fuel

Fuel LLV HLV Reference
(MJ/Kg) (MJ/Kg)
Hydrogen 120 119.9 [7-8]
Methane 55.5 50 [8]
Ethane 51.9 47.8 [8]
Gasoline 475 445 8]
Diesel 448 425 (8]
Methanol 20 18.1 [8]
Alkaline electrolysers are the most
favourable cost-effective, mature

technology and most widely used, with
reported efficiencies ranging from 63-70%.
Proton Exchange Membrane (PEM)
electrolyzers, with a slightly lower level of
commercial  maturity, also  exhibit
comparable efficiency levels within the
same range (63-70%). Solid Oxide
Electrolyzer Cells (SOECs), with higher
energy conversion efficiency (74-86%) and
higher cost, are still at the demonstration
stage of development [12].

Hydroelectric cell is an innovative alternate
technology to produce clean hydrogen at
ambient temperature, eliminating the need
for light, acid, or alkali. Laboratory-scale
studies on hydrolytic cells have shown
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encouraging results with the production of
large volumes of hydrogen (1.856 mmol/h).
The study on the effectiveness of hydrolytic
to produce fast hydrogen has shown that
zinc anode and silver cathode immersed in
deionized  water, coupled with a
nanoporous lithium-substituted magnesium
ferrite catalyst and driven by external
voltage, presents a promising pathway for
sustainable hydrogen generation [13].

Globally, about 95 Mt of hydrogen was
produced annually in 2022, nearly two-
thirds of which is derived from reforming
natural gas, with lower environmental
benefits. It has been reported that there is a
critical need to rapidly scale up green
hydrogen production technologies like
electrolysis [14].

GREY HYDROGEN
BLUE HYDROGEN
SMR/ COAL
GASIFICATION SMAR/ COAL
GASIFICATION
WITHOUT C WITH C CAPTURE
CAPTURE

Figure 1: Colour codes for Hydrogen

Debates persist regarding the preferred
production method, with the oil, gas, and
coal industries favouring "blue" hydrogen.
At the same time, wind and solar sectors
advocate for "green" hydrogen to expand
their markets. Additionally, natural gas-
producing countries also lean towards blue
hydrogen. Globally, nations have designed
strategies to move towards other sources of
hydrogen, depending on available national
resources and infrastructure, to gain
maximum environmental benefits. Thus,



the present study delves into the potential
and challenges of hydrogen as a clean,
alternative, non-carbon fuel. It explores its
viability for large-scale deployment and a
smooth transition to a net-zero global
future.

1. Global
Landscape

Hydrogen Policy

Driven by a desire for clean energy,
countries worldwide are turning to
hydrogen and have announced their
national hydrogen policies [15]. While
Japan was the first to announce its national
hydrogen policy, other Asian nations like
India are also developing hydrogen
programs. Europe, a major hydrogen
consumer, is heavily invested in production
and storage technologies with a goal of
carbon neutrality by 2050. International
collaboration between research institutions,
industries, and governments is crucial to
achieve this ambitious target. Hydrogen
valleys, where the entire hydrogen supply
chain is clustered, and public-private
funded projects like HEAVENN, showcase
the promising future of hydrogen in a global
clean energy transition [16].

Current Natural Sciences & Engineering 2 (1), 2025

3. Challenges for the Hydrogen Economy
3.1 Transition to Green Hydrogen:

Most hydrogen is produced through fossil
fuels, which questions the greening of the
whole value chain. To provide long-term
solutions, the need of the hour is impetus to
Green Hydrogen eco-system development.
While solar and wind energy are available
widely at competitive prices, it is essential
to support the manufacturing of green
hydrogen globally.

3.2. Economies of Green Hydrogen
Production:

Total cost includes fixed cost like cost of
electrolyser, and land procured. The
operational cost consists of raw materials
like water, utilities (electricity), labour
employed, maintenance and repair. The
cost depends on the type of technology
used, with water electrolysis an expensive
technology compared to other technologies
(Table 3).

Table 2: Global Nations with Hydrogen Policies [17]

Country | Major Policy Guidelines

Australia | The Australian Clean Hydrogen Trade Program (ACHTP) of AUD 150 million was initiated in 2022 to support
the growth of a clean, innovative, safe and competitive Australian hydrogen industry.

Canada Hydrogen production through electrolysis as well as from natural gas with carbon capture, utilization, and storage
(CCUS) receives Investment Tax Credit in 2024

China State-owned Sinopec Green Hydrogen Plant initiated with an aim to produce 20,000 tonnes of hydrogen through
financial investment of 2.6 billion yuan (2022)

EU Homegrown hydrogen production of 10 GW supported through 17.5 GW by 2025 of electrolysers, storage and
port facilities

India National Green Hydrogen Mission (2023) for annual production of 5 MMT of GH by 2030

Japan The annual budget 2024, announced the development of hydrogen supply chain through funding of 25 billion yen

UK Green Industries Growth Accelerator program with financial support of GBP 960 million for net zero sectors
through offshore wind, networks, CCUS, hydrogen and nuclear (2024)

USA Department of Energy has initiated $100 million grant program for low-carbon energy technologies (2021)
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Specifically in Indian scenarios, the report
by Department of Science and Technology
(DST), India shows that electrolysis of
water required for production of GH
involves higher cost of production (Rs
433/kg) than steam methane reforming of
Rs 150/kg.

Table 3: Cost of Hydrogen Production through
different technologies [18]

Table 4: Cost for Hydrogen production in India
[19]

Hydrogen production method Cost (USD/ kg hydrogen produced)

Photobiolysis 1.84-2.27

Dark fermentation 1.02-2.70

Gasification 0.93-2.83

Pyrolysis 1.47-2.57

Steam reforming 1.25-3.50

Water electrolysis 3.01-4.51

3.3 Standards for Hydrogen:

The development of the hydrogen economy

Hydrogen production method Cost (Rs/ Kg)
Steam methane reforming 150
Coal gasification 245
Biomass Gasification 258
Biomass microbial 813
Electrolyser 433

hinges on the establishment of clear
standards that guarantee reliability, safety,
and traceability and foster a robust global
market, translating into  significant
economic benefits. While ISOTC197 deals
with standards for hydrogen, PESCO
(Petroleum Explosives Safety
Organisation) has established Static &
Mobile Pressure Vessels Rates 1981,
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Explosive Act 1854, 2008,
Cylinder Rules 2004.

and Gas

The establishment of ISO/TS 19870, which
provides a methodology for evaluating
greenhouse emissions from the production,
condition, and transport of hydrogen, is a
step towards evaluating the environmental
impacts of the hydrogen economy.
However, since hydrogen can be produced
from various sources and finds applications
in multiple fields, evaluation of overall
emissions and carbon foot printing under
different scopes is a complex task and needs
detailed international guidelines (Figure 2).

However, hydrogen-specific rules and
regulations pertaining to gas refilling,
storage, and transport vary from country to
country. More integration among global
certifications is needed. Revised globally
acceptable  regulations, codes, and
standards for the hydrogen sector need to be
formulated. Certification methods for
cross-border certificates for hydrogen
trades are yet to be available. While future
regulatory frameworks are uncertain, there
are inconsistencies in certification and
standardization, posing significant barriers
to investment.

3.4 Infrastructure for Sustainable Green
Hydrogen Deployment

Electrolyzers, the workhorses of green
hydrogen production, account for 40% of
the total cost and are crucial to unlocking
this clean fuel's potential. Securing a
reliable and affordable supply is crucial,
particularly in developing nations like
India, where most -electrolyzers are
imported (often with in-house assembly).
Raw materials are concentrated in just a few
countries. This limited geographic spread
throws a wrench into efforts to build robust
electrolyser manufacturing capabilities
worldwide. The widespread adoption of



green hydrogen hinges on overcoming this
supply chain bottleneck.
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Fertilizers as well as in other sectors such as
Data Centers, Cold Storage, Gated
Communities, etc. Hydrogen can be used in

SOLAR ENERGY ELECTROLYZER

%

TRANSPORTATION

STEEL

alala TRANSPORTATION
CH Py —
=y |

R TRANSPORTATION -
WIND ENERGY
—
GA TRANSPORTATIO!
— —
BIOMASS TRANSPORTATION
‘ PRODUCTION ‘ ‘ STORAGE ‘ ‘ APPLICATION ‘
Figure 2: Different Segments of Hydrogen Eco-system
vehicles to power fuel cells in zero-
Pipelines, cryogenic storage facilities, emission cars with a potential for high-
trucks, and export ports must be efficiency [20].

strengthened globally. Presently, hydrogen
can be stored in cylinders with 350 bar
capacity in India, which needs to be
developed to type 4 cylinders with 700 bar
capacity. There is a strong need for research
for the development of hydrogen storage
materials as well as systems development.
Storage of hydrogen composite tanks is
found to be the most viable option.
Companies like Hexagon are the world's
largest manufacturers of composite tanks.
The size of hydrogen tanks allowed
internally, and face issues with hydraulic
retest every 3 years. Global standards that
should be followed should be well-
established. Also, rules and regulations
related to safety systems should be
documented. = Hydrogen  purification
systems and heating and cooling
applications for Hydrogen compression are
in the stages of development.

3.5 Hydrogen Application Development

There are ample green hydrogen offtake
possibilities in industrial sectors such as
Mobility, Fine chemicals, Steel, and
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Industrial applications of hydrogen are
already well-established. Hydrogen is
widely used in the synthesis of ammonia
and nitrogenous fertilisers [21]. Petroleum
refineries use hydrogen to lower the sulfur
content of fuels [22]. The modern steel
industry is leaning on hydrogen to become
environment-friendly and its
decrabonisation goals through phasing out
coal with hydrogen in processes such as
direct reduction of iron (DRI) for
conversion of iron oxides to metallic iron.
The application of ammonia-blended
hydrogen-fuelled engines is still in the pilot
stages, which can further broaden and
adaptation of hydrogen [23]. Hydrogen also
finds application in the hydrogenation of
the food and oil industry to enhance their
stability and avoid spoilage [24].

Some of the potential uses of hydrogen
include its application in powerplants
where hydrogen can also be converted into
electricity in a conventional fuel cell [25].
Further, to meet high energy demand and



reduce intermittency in the solar and wind
energy sector, hydrogen is also considered
as a medium of additional storage [24].

Furthermore, with higher energy efficiency
and lower environmental impacts, the
mobility sector has shown keen interest in
integrating hydrogen as a fuel source, on a
global scale. Some of the commercially
launched projects have shown promising
results, propelling further research in the
domain [26]. However, the adoption of
hydrogen in the transport sector needs
simultaneous development in multiple
sectors. First, the infrastructure for
hydrogen refueling is underdeveloped and
costly, hindering widespread adoption. Fuel
cell vehicles (FCVs) have higher initial
costs due to expensive materials and low
production volumes, making them less
competitive with battery electric vehicles
(BEVs). Process development to lower
energy  losses  during  production,
compression, storage, and conversion needs
detailed investigation.

3.6. Capacity Building

The hydrogen sector is experiencing
explosive growth, with new production
plants and applications developing rapidly.
Research and development is also
flourishing, fueled by the promise of clean
energy. However, the workforce must gain
the specialised knowledge and experience
required for these cutting-edge hydrogen
production technologies. This skills gap
threatens to stall the sector's momentum,
creating a bottleneck between innovation
and large-scale implementation. The
availability of a skilled workforce equipped
with the latest hydrogen technologies is
paramount for the sector's continued
success.

4. Conclusions

To strengthen the GH sector, we need a
continuous supply of Solar and wind
energy, which is already available at
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enough and competitive cost. Taking
examples from the solar PC sector,
establishing large-scale GH production
plants will help reduce overall costs in the
long term. Joint research ventures to share
resources and expertise are needed to
accelerate innovation across every aspect of
hydrogen production, storage,
transportation, and application. JRVs will
help in avoiding duplication of effort and
maximizing resource utilization.
Innovations like hydrogen-powered
vehicles and infrastructure, such as
hydrogen refuelling stations and pipelines,
will accelerate widespread adoption.
Converting waste biomass into green
hydrogen holds immense potential that
demands further exploration. Biohydrogen
offers a promising approach to tackling
climate change by reducing greenhouse gas
emissions (GHG) and boasting an energy
efficient process. However, research on
improving the strains of microorganisms
used in the conversion is crucial to make
this method truly competitive with
conventional methods. Global funds
dedicated to technological breakthroughs
are essential to fuel these collaborative
efforts.  These funds should prioritize
research in critical areas like seawater
electrolysis,  wastewater  electrolysis,
advanced storage materials, and
transportation. The ambitious global
hydrogen economy requires a robust
knowledge base. To achieve this, fostering
partnerships for data recording and sharing
is crucial. The whole value chain can be
validated by pooling data from various
stakeholders from cradle to grave, i.e.,
renewable energy producers to run
electrolysers to end-users. The
digitalisation of every step in the form of a
hydrogen passport will serve as a valuable
tool to evaluate carbon foot printing and
assist in identifying challenges,
accelerating the global journey towards a
hydrogen-powered future.



To develop trained manpower, bridging the
gap between educational institutes and
industries is essential. There are some
positive examples. For instance, industries
like Greenzo are establishing electrolyser
and GH production capacity near
Ahmedabad (India). The industry is
collaborating with nearby universities to
provide students with invaluable hands-on
experience in cutting-edge hydrogen
production technologies. In addition, they
are working with educational institutions to
develop comprehensive theoretical courses
specifically focused on green hydrogen
technology. This will ensure a well-
rounded understanding for future industry
leaders.

Therefore, a multi-dimensional approach
focusing on infrastructure development is
essential for boosting the ecosystem for
hydrogen deployment. Scaling up green
hydrogen production and utilising existing
turquoise and blue hydrogen will help

explore more avenues for hydrogen
utilization.  Different  strategies for
hydrogen, production, storage and
applications can be devised and

implemented depending on local resources.
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Abstract: Red Mud is a highly alkaline and toxic waste product generated in large quantities
during alumina refining. Huge quantities of red mud are improperly disposed off regularly,
contaminating land, water, and air which pose alarming environmental challenges. Converting
red mud to energy material for hydroelectric cell is a sustainable solution to save the
environment. Red mud is translated to defective and porous structure by adding ZnS through
solid state reaction process. Dislocation density in red mud crystallite found to be increased
from 5.93 x10* to 13.03x10* by adding ZnS due to defects creation. SEM images clearly show
increase in porous microstructure of the composite. Red mud based hydroelectric cell generated
current 8 mA, and voltage 0.96 V that increased to 13 mA and 0.98 V by 10 wt% ZnS addition.
Charge transfer resistance of red mud drastically decreased from 80.7 Q to 4.4 Q, thus
decreased the activation loss and increased the current generated in red mud-ZnS composite.
Transforming red mud into hydroelectric cell presents a sustainable waste-to-energy solution
that could revolutionize energy security and environmental pollution.

Keywords: Red mud, Hydroelectric Cell, Green electricity, Defects, Waste utilization

1. Introduction: Continuous -efforts to well as the environment [1]. Red mud
boost industrialisation and economic growth typically comprises 65-70% iron oxide, 40-
has put the environment on the back seat. 50% aluminium oxide, and 15-25% titanium
The after effects of rapid urbanization that dioxide, with variations based on the bauxite
took place in the last few decades are now source, along with many heavy metals like
coming out at an alarming stage. The arsenic, lead, cadmium, mercury etc. Most
massive amount of waste generated by of this hazardous waste, which also contains
factories, refineries, industries, valuable materials, ends up in landfills or
manufacturing units, energy production and stored in massive man-made ponds. These
other sectors is creating nuisance in the create problems for the nearby living beings.
environment. Untreated waste disposal Globally, there are more than 100
creates more harm by polluting the land, operational ~ Bayer  process  plants,
water and soil. One such industrial waste is collectively generating a stockpile of over
Red Mud (RM), a residue produced during 3.5 billion tonnes of bauxite residue. The
alumina refining by Bayer process. Solid continuous and rapid accumulation of this
waste red mud is highly alkaline complex by-product poses a significant threat to
mixture of many oxides that is generated in human health, plant life, and the
huge amounts in alumina refineries all over environment. The toxic effects of such a
the world. For every tonne of refined waste product have compelled scientists and
alumina, around 1.5-2 tonnes of red mud is researchers to think about its utilization
produced as a residue. Red mud, having pH instead of disposal.

10-13, is highly toxic for all the life forms as
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Over the time red mud have been utilized for
the extraction of iron, titanium, and other
rare earth elements through a variety of
pyrometallurgical, direct reduction, and
hydrometallurgical processes [2,3]. Red
mud exhibits a pronounced capacity as an
adsorbent for the effective sequestration of
heavy metal, non-metal, and organic
contaminants, as well as synthetic dyes from
aqueous effluents [4,5]. Waste red mud is
transformed into a high-performance
supercapacitor electrode through
mechanical milling, exhibiting excellent
capacitance and stability, offering a
sustainable solution for its disposal [6].
Inspite of the growing research for its
utilization and recycling, industrial
applications of red mud remain limited, with
only 3-4% of total generation being utilized
in sectors such as cement production, brick
manufacturing, and iron ore
supplementation.

An ingenious step in this direction is
transforming the solid waste red mud into
green energy generating device
Hydroelectric Cell (HEC), that holds a high
potential for its useful disposal [7]. The
Hydroelectric cell works on the principle of
water splitting by metal oxides/ferrites at
room temperature [8]. Strategically created
surface defects and nanopores enhance the
water splitting efficiency of the material and
aids in green electricity generation [9—-14].
In this direction, present research work
investigates the potential of red mud (RM),
an industrial waste product, for water
splitting without using any acid/alkali or
light. Using a simple solid state reaction
method, 10 and 20 weight % ZnS was added
to Red Mud, creating oxygen deficiencies
and nano-porosity within its structure. The
structure, morphology and power generation
capacity of the Red mud based
Hydroelectric cells have been studied by X-
ray diffraction (XRD), Scanning Electron
Microscopy (SEM), V-I polarization curves
and Electrochemical Impedance
Spectroscopy (EIS).
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2. Materials & Method: The raw material,
solid waste red mud was collected from a
leading alumina refining company and
washed with distilled water until a neutral
pH 7 was obtained. Red mud and its
composite with 10 and 20 wt % ZnS
(Thomas Baker; 97% purity) were hand
grinded with methanol solvent in a pestle-
mortar for 30 minutes. The grinded powder
was pressed in the shape of 1 inch square
pellets and sintered at 800 °C for 2 hours.
From the sintered pellets, Hydroelectric
cells were fabricated by attaching zinc
electrode on one face and conducting silver
paste in comb pattern on the other face of the
square pellet. Samples were labelled as RM
(red mud), RMZ1 (10 wt % ZnS-Red Mud)
and RMZ2 (20 wt % ZnS-Red Mud).

3. Characterization: @~ The material
properties have been studied using different
characterization techniques. The X-ray
diffraction spectra has been recorded on
Bruker D8 Advance XRD with a 0.154 nm
Cu-Ka radiation. The morphology of
different samples has been studied using
SEM images taken on Carl Zeiss Scanning
Electron Microscope. The current-voltage
characteristics of the fabricated
Hydroelectric cells have been recorded
using the Keithley 2430 1 kW power source
meter. The ionic diffusion of different
species and charge transfer phenomenon in
the cell was investigated by Electrochemical
Impedance spectroscopy using Wayne-Kerr
6500B impedance analyser, in the frequency
range 20 Hz to 120 MHz.

4. Results and Discussion:

4.1. X-ray Diffraction (XRD): The
crystalline phase and structural parameters
of the samples have been determined
through XRD measurements. The XRD
spectra of RM, RMZ1 and RMZ2 are given
in figure 1(a). Most XRD peaks of red mud
match well with that of rhombohedral Fe,O3
confirmed by the ICDD card number 04-
007-9266. A few peaks could also be
indexed to ICDD card number 04-009-8445
indicating presence of AlFeOs phase [7]. On
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Figure 1. (a) X-ray diffraction pattern of Rm, RMZ1 and RMZ2; (b) Peak shifting in (104) and (110)

peaks of RM on doping ZnS.

addition of 10 weight % ZnS in Red mud,
two peaks of hexagonal wurtzite ZnO can be
observed in the XRD spectra of RMZ1, that
has been matched with the JCPDS card
number 036-1451 [15]. XRD spectra of
RMZ2 shows two additional peaks of zinc
ferrite (ZnFe204) along with that of ZnO.
The XRD peaks of ZnFe;Os has been
verified with ICDD card number 00-077-
0011 [16].

The distortion created in the Red mud lattice
structure on addition of ZnS can be seen in
peak shifting and broadening in figure 1(b),
that shows the peak shifting towards lower 2
theta values. It indicates tensile strain
developed in red mud due to stretching of
interplanar spacing by ZnO incorporation.
Peak widening in case of RMZ2 indicates
smaller crystallite size that has been further
verified by SEM images.

Addition of ZnS has created defects by
reducing Fe;O3; in the form of SO. gas
during sintering. The crystallite size,
dislocation density and microstrain has been
evaluated using the Debye-Scherrer
equation (eqn 1), Williamson-Smallman
equation (eqn 2) and Stokes-Wilson
equation (eqn 3) respectively [17,18].

#

T

(3)

Here, D is the crystallite size, K is the
Scherrer constant having value 0.9, A is the
wavelength of the Cu-Ka radiation (0.15406
nm), B is the full width at half maxima (in
radians), 0 is the diffraction angle (in
radians), € is the micro strain and § is the
dislocation  density. Crystallite size,
dislocation density and microstrain of all
samples have been listed in table 1. An
increase in dislocation density and
microstrain in the red mud HEC supports
water adsorption and splitting, resulting in
enhance current generation.

Table 1: Crystallite size, dislocation density and
microstrain of RM, RMZ1 and RMZ2.

Sample | Crystallite | Dislocation | Microstrain
size (nm) density (x10%
(x10%
RM 41.179 5.93 2.671
RMZ1 40.961 6.76 2.705
RMZ72 33.817 13.03 3.885

520

Zinc sulfide (ZnS) undergoes oxidation to
zinc oxide (ZnO) during the sintering
process at temperatures exceeding 500 °C.
The resultant ZnO subsequently reacts with
ferric oxide (Fe20s), the primary constituent
of red mud, to form zinc ferrite (ZnFe20a).
Literature suggests that the nucleation and
growth of zinc ferrite commence at
approximately 700 °C and completes at



