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1 Abstract:  The Residential and Industrial zones as is, rely heavily, if not exclusively, on Hydrocarbons.
Hydrocarbon therma machinery such as Spark Ignition-Compression Ignition engines, Gasoline-Diesel
generators, Coal-Lignite gasifiers, residentia diesel-powered heating systems, Pyrolysis units and so on, are
commonly met all around the planet. Such technology practically oxidizes Hydrocarbonsto produce either heat,
steam or useful mechanical work depending on the application, though energy losses are not, by any means,
insignificant. Advanced material processing is an industrial sector who’s energy demand is significant and it is
important for the general public to come to terms with the fact that by implementing Hydrogen technology to
power such plant while at the same time improving the energy equilibrium of houses(advanced materials),
communities would be taking major steps towards Climate Change effects debilitation. The downside of
Hydrocarbon thermochemical exploitation can be described by the limited resources-reserves and the gaseous
pollutant emissions (CO2z, CO, NOx, SOx). In recent years, the Industrial zone as awhole has began taking aturn
towards Electrification without having established the necessary infrastructure to support such a transition.
Indicatively, at current rate of production, dead Lithium-lon batteries are projected to reach as high as 11,000
metric tons by 2030, yet there is no recycling schemein place, not to mention the prospect of that number rising
even more, given the recent e-mobility trend. As it pertains to Electrification, such powertrains-machinery
require electricity and a battery. Electricity production is mainly achieved through Coal-Lignite gasification,
Batteries require metals, among others, for manufacturing, meaning that up-on mining, local water resources are
contaminated, another very important ‘aspect’ of Lithium(per say) mining is that child labor is often associated
with such processes, a truly despicable act. All of the above paint a crystal-clear picture as to how
‘environmentally friendly’ reckless-rushed Electrification really is. Climate Change is up-on us and it’s effects
on the planet are obvious, the most important of which isglacier melting dueto rising of the global Temperature.
The COVID-19 crisisisasign of what could come from glacier melting could asice contains potentially harmful -
toxic to humans, biologica entities that are sure to be introduced to the general public if we were to continue
exploiting mineral resources. Purpose of this paper is to provide a general overview of the technology around
Hydrogen.
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1. Introduction

Hydrogen has an important role to play in today’s Linear Economy, indicatively, the Petrochemical,
Pharmaceutical and Food industries utilize it in various processes as shown below,
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Hydrogen can be further utilized in order to fuel a Circular Energy Economy asit is abundant

beyond measure (approximately 75% of all matter in the universe) and carbon free regarding it’s
stereochemical-molecular structure. It is important though to view Hydrogen not as a fuel but as an
Energy carrier[Image 2-Image 3] for the replacement of conventional Energy carrierslike Batteries. As
shown below, Hydrogen makes for an excellent energy carrier as compared to any other existing
alternatives.

Mr{Molecular Weight) JpXnELL! g/mol

Liquid phase density 70.8 kg/m?
Self-ignition Temperature 858 K

Viscosity 8.75 Pa*s (S.I. Units)
Critical Temperature 3294 K

Critical Pressure 1.284*10° Pa

Critical Density 314 kg/mé

Energy
Maximum  Heat-Production [RREEkaTI Ifmd

Maximum Flame Temperature [LE} K

Diffusion Coefficient 0.61 méfs

Figure 1 : Chemical properties of Hydrogen
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Hydrogen 142 MJ/Kg

Lithium-lon Battery 0.6 MJ/Kg

WG R [T B Elad=la " 0.144 — 0.216 MI/Kg

Nickel Metal Hydride 0.36 —0.436 MJ/Kg
Battery

Lead Acid Battery 0.126-0.144 MI/Kg

Lithium lon Polymer 0.36 —0.95 MJ/Kg
Battery

Figure 2 : SED comparison between Hydrogen and Batteries

Energy Carrier (Specific Energy
Density) (J/kg)

Ethanol Liquid 26.8*10°

Gasoline Liquid 44.4*%10°

Automotive Diesel Liquid 45.5%10°
fuel

Bio-Diesel fuel Liquid 37.27*10°
Hydrogen Liquid 141.86*10°

Figure 3 : SED comparison between Hydrogen and Hydrocarbon fuel

2. Hydrogen production

Hydrogen can be produced through various processes[1], most of today’s hydrogen production
comes from fossil fuel processing, hamely Coa Gasification, Methane Steam Reforming and
Petroleum fraction partial Oxidation. Hydrogen produced by these processes is classified as
‘Grey’[2] due to the gaseous pollutant emissions[4] although it isimportant to note that if Carbon
Capture and Storage technology were to be implemented, then the produced Hydrogen would be
classified as ‘Blue’[3]. ‘Green’ Hydrogen[2] can only come through a process that, in all aspects,
is zero-emission, the most well known system that can produceit isan R.E.S. powered Electrolysis
module.
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Figure 4 : Representation of the Hydrogen Colors, Source: ballard.com

Hydrogen can be produced through various processes[1], most of today’s hydrogen production comes
from fossil fuel processing, namely Coa Gasification, Methane Steam Reforming and Petroleum fraction
partial Oxidation. Hydrogen produced by these processes is classified as ‘Grey’[2] due to the gaseous
pollutant emissiong 1] athough it isimportant to note that if Carbon Capture and Storage technology were
to be implemented, then the produced Hydrogen would be classified as ‘Blue’[3].

‘Green’ Hydrogen[2] can only come through a process that, in all aspects, is zero-emission, the most well
known system that can produceit isan R.E.S. powered Electrolysis module.

2.1 Methane (CH4) Steam Reforming

M.S.R. is a thermochemical process, during which methane molecules react with water in the form of
steam at temperatures, often above 1073,3 K in order to produce hydrogen gas, followed by another stage
at which the produced carbon monoxide reacts with water in the form of steam to produce carbon dioxide
and hydrogen gas (again). This process accountsfor 48% of the total amount of hydrogen produced per year,
but given hydrocarbon deposits are declining it is imperative to limit this percentage as, given the
technological evolution of electrolysis units, it would be counterproductive to consume an existing fuel
(CH4, LNG as acompressed gas Fuel for internal combustion engines) while producing Carbon Dioxide in
the process. Clean hydrogen production[1] is essential if at any point we strive for a Carbon-free industry.
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Figure 5 : MSR process schematic representation, Source: clariant.com

2.2 Coal Gasification

Coad gasification is a practice, through which 18% of the world's hydrogen production is achieved and
shares basically the same principle as P.OX, in particular Coal reacts with pure oxygen in the presence of
water vapor, from the reaction arises carbon monoxide, carbon dioxide, diatomic hydrogen and impurities.
Subsequently, and after the impurities have been separated, carbon monoxide, through the Catalytic Shift
Reaction, produces hydrogen and carbon dioxide. The Hydrogen is then separated.

Coal Gasification reaction :
CHgg + O2 + H,O — CO + CO; + H, + Coal Residue

particulate
gasifier removal
COH chemicals
fuels
crushed . W(.}S
coal r—
transportation
C, HO —_— po
remaoval T electric power
H, plant
solids electricity
* out

Figure 6 : Coal gasification process diagram, Source: butane.chem.uiuc.edu
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2.3 Petroleum fraction partial oxidation

P.OX is a hydrogen production method based on the oxidation of a particular type of hydrocarbon in the
presence a controlled amount of oxidizing agent in the form of pure oxygen, so as to produce carbon
monoxide and hydrogen, as opposed to compl ete oxidation that would correspondingly produce CO, + H20.
The reaction takes place under very high pressure (typically between 1300-1800 psi). Hydrogen is produced
by the catalytic shift reaction of CO[4] while any residual amount of Carbon Dioxide is absorbed viaabasic
solvent. This practice is responsible for producing 30% of the world's hydrogen production.

Hydrogen Production — Partial Oxidation

C. Process flow diagram of POX H GO
MD‘EA
I
.
Natural gag
Oxygen Pflnlgl Absorber
Steam | Oxidation Cooler Condenser
Unit
H,0 I
€0, Flash
Recvyceled

Figure 7 : POX flow diagram, Source: slideshare.net

2.4 Alkaline Water Electrolysis

Electrolysis of water is a well-known hydrogen production technology through the breakdown of water
molecules into individual synthetics (hydrogen and oxygen). The devices that separate water by means of
an electrical charge are electrochemica and consist of two electrodes(anode, cathode) and an external
electrical circuit, connected the electrodes. The Water requires the addition of some chemical compound so
that it becomes more electrically conductive and receptive to the process. The principle of operation of the
devicein question can be summarized as follows,

The water is enriched with an extra ingredient to make the water more conductive to electricity, most
commonly, Sodium Chloride (NaCl). The NaCl, up-on contact with water, breaks down into sodium cations
and chlorine anions. The externa circuit through which the electrodes are connected is then excited by aDC
source. The chlorine anions are oxidized on the anode, thus forming diatomic Chlorine gasthat subsequently
escapes from the mixture, the protons obtained as a result of Electrolysig[5] deposit their positive charge on
the cathode, thus forming diatomic Hydrogen gas that also escapes from the mixture and is collected.
Remaining in the mixture are hydroxyl anions and sodium cations which can be converted into caustic
sodium in crystalline form by simply dehydrating the mixture.

-+ -
2 A Y 2e
E 1 6 B
2 2 HZ
< -
{ - 2OH- - electrolyte
-~ 3 4 ' (KOH)
H,O -
I H,O
anode ! cathode
(Ni, Co, Fe) diaphragm (Ni, C-Pt)
(INiO)

Figure 8 : AWE operating principle, Source: researchgate.net
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2.5 Alternativesto Alkaline Water Electrolysis

Conventional Alkaline Water Electrolysis is the simplest form of the process, aternatives to which are
Polymer Electrolyte Membrane and High Temperature Electrolysis. PEM Electrolysers contains a solid
polymer electrolyte (SPE) through which the protons reach the cathode, where they are reduced, thus
forming Hydrogen Gas. The efficiency rate as compared to conventional AWE, is significantly higher, in
particular 82-86%[6] while maintaining operational status for high density of current. The HT Electrolysis
process differs from the above, mainly in the electrolyte as it uses a ceramic, conductive material which
allows for Oxygen ions to pass through it while Hydrogen gas is formed following the catalytic separation
of steam inside the cell, to this day it is seen as a cost-ineffective power generation practice as compared to
Diesel generators and other thermal machinery.

PEM Electrolysis

Cathode - ] + Anode
H, § i Y O,
H,0
Ly
Cathode ~~ f Anode
Membrane

Anode: H,O — 2H* + %2 O, + 2¢-
Cathode: 2H* + 2e-— H, ols) Cathode(.) Cathode(.) Anodel

Overall cell: 2H,O — H, + % 0O,

Figures 9,10 : Operating principle of PEM and HT-Solid Oxide Electrolysis processes, Source:
sciencedirect.com

2.6 Microbial Electrolysis Cells

Organic waste is another source from which low-emission[6] Hydrogen production can occur combined
with the fact that waste management is a vital area of industrial activity. The recovery of energy from
wastewater is not anew technology, the scientific community has invested in the subject and thereis power
generating electrochemical technology based on the degradation of the organic fraction within the
wastewater volume by specific microorganisms under anaerobic conditions, these devices are called
Microbial Fuel Cells (MFC), however, a similar technology has also been developed for the production of
hydrogen or methane (Microbial Electrolysis Cells). The device in question functions as follows.

The waste volume is introduced into the anode chamber
» DC voltageis applied to the system
» Organic matter is oxidized by the bacteria In the anode chamber with the products being carbon
dioxide and protons, among other impurities
+«+ The protons penetrate the semipermeable membrane and when they eventually reach the cathode
chamber, they are reduced and form hydrogen gas
Commonly used materials for electrodes are the following,
% Stainless steel
% Carbon-based composite
% Graphite
< Carbon cloth

Such technology cannot not be characterized as zero-emission as the production process involves carbon
in the form of organic compounds, therefore although hydrogen, which can be a pure form of energy, is
produced and while it is advantageous to apply renewable energy technologies, as a small amount of
electrical power isrequired by the device, carbon dioxide emissions remain, in this context Carbon Capture
and Storage systems can be implemented so that the environmental footprint of this technology is reduced
to aminimum.
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Figure 11 : Schematic representation of aMicrobial Electrolysis Cell, Source: researchgate.net

2.7 Polymer waste treatment

Plastics can be directly converted to Hydrogen and Carbon Nanotubes through a process where polymer
wasteis shredded and mixed with various metal -oxides(Fe, Al) that catalyze the—to beinitiated- reaction[7],
the mixture then is exposed to microwave radiation that results in carbon nanotubes and a gaseous fraction
composed of 97% pure Hydrogen. The reasoning behind this process’ success is the fact that
polystyrene(often related to human cancer), polyethylene, polypropylene are not at al affected by the
radiation which means that the catalysts are excited to the required degree.

Microwave-initiated catalytic scission Intermediates converted to MWCNTs and hydrogen
Hydrogen
HOPE, PP and PS Intermedates B\a
" 0 5‘ (V
) . \ gie \ Recovery 87%
\ f \ Production 11 wi%
| ' | Concentration 90 vol%
\i f ¥} \]
FeAIO, calalysts FeAlO, calalysts
Hydrogen MWCNT

production 30 vt

)

0
v
o

»

Figure 12 : Direct conversion of Plastic waste to Hydrogen and MWCNT, Source: nature.com

2.8 Other methodologies, currently in R& D stage,
Methane Pyrolysis

Biomassis arenewable source of energy asit is closely associated to plant life-cycles and as such, it should
be exploited to the furthest, in that respect, by thermally decomposing biomass, one can expect to receive
an organics-rich aqueous phase as well as a much denser liquid fraction known as ‘Bio-0il’[8]. Asshownin
[Image 13], both of the Pyrolysis products can be exploited for their energy production potential, specifically
MEC [Image 11] can produce Hydrogen through the exerted aqueous phase while Hydrocarbon fuel -that
can of course serve as the basis-fuel for a ‘Blue Hydrogen” plant. Methane Pyrolysis along with Microwave
direct conversion of plastics to Carbon nanotubes and Hydrogen[7] are some of the most promising new
technologies for fighting Climate Change[6] and establishing a Circular Economy model on a global scale.
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Figure 13 : Catalytic Methane Pyrolysis process, a diagram, Source: researchgate.net

o Plasma Electrolysis (Conventiona AWE with extremely high voltage connected to the electrode
circuit)
o Essentialy an Electrolysis process taking place under extremely high Voltage as compared to
conventional AWE, HTE or PEM Electrolysis
Produces Hydrogen on a much more efficient rate due to overall high temperature
Can be further enhanced by enrichment of the electrolyte solution (acetic acid ex.)
Great potential in Future Hydrogen Production

O O O O

o Artificial Photosynthesis
3. Hydrogen Storage

Just a few years ago, not many people believed in the idea of an energy carrier-fuel that would, cost
effectively, be in position -through the corresponding technology- to meet even asmall fraction of the global
energy demand, much less a source of energy that does not pollute up on exploitation and holds 4 times as
much energy as conventional Hydrocarbons and over 140 times as much as the most efficient Li-Pol battery.
Nowadays it is entirely possible and financially viable to produce Hydrogen[8] with minimal, if not zero,
environmental footprint. Storing produced Hydrogen is an essential part of the Hydrogen Energy Autarky
scheme and the current main storage practices are listed below.

3.1 Physical Compression using electromechanical equipment
« Expensive to store by Physica Compression until liquefication, as it needs to reach 5,000 psi in a
conventional tank[15]
« Preventative maintenance of the pressure rel ease mechanism[15] (valve) in conventional tanks to
avoid thermal incidents
« Inefficient from adisplacement standpoint as, given that 852L of H, gas compressto approximately
1L of liquid Hz[12], it would require quite alarge tank in order for a significant amount of Energy
to be stored
3.2 Metal-Hydride Hydrogen compressor s
+ Low pressure Hydrogen[12] isinserted to the metal-hydride powder filled cylinder[13-14]
¢ Cooling is applied while low-pressure Hz is being inserted[ 16]

% After the cylinder fills up, the cylinder is heated with a temperature differential of at least 303,3 K
(Asthe AT rises, so does the compression ratio)[ 15]

¢ Heating continues as high-pressure Hydrogen is exerted[10-12]


https://doi.org/10.20944/preprints202103.0700.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 March 2021 d0i:10.20944/preprints202103.0700.v1

¢+ The Cylinder then cools down and the processis repeated
< Highrdiability rates asthere are virtually no moving parts
¢ The Heat transfer fluid can be Water, SH Water, Qil, Steam etc.[ 10-14]
3.3 Metal-Hydridetanks
+«+ Absorbtion of Hydrogen atoms as well as any impurities within the composite’s spaces[14]
« Safe delivery of Hydrogen at a constant pressure value] 12-16]

¢+ The total amount of stored Hydrogen could account for 1% - 7%, depending on the thermal
exposure

% Life expectancy isdirectly affected by the —to be stored- Hydrogen purity (Industrial Electrolysers
produce with a99.8% purity rate)

HYDROGEN CAN BE STORED
IN DIFFERENT FORMS
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Figure 14 : Hydrogen storage pathways, Source: hydroville.be

3.4 In-compound storage
Hydrogen can also be stored in Ammoniadue to the fact that 3 Hydrogen atoms are binded to each Ammonia
molecule.

4. Hydrogen Utilization

Hydrogen can be utilized either electrochemically or thermochemically, The corresponding technologies
are shown-explained below,

4.1 Hydrogen Fuel Cell

Hydrogen fuel cellg[20] are electrochemical devices that exploit a series of chemical reactionsto generate
electricity. Fuel cells operate on hydrogen and oxygen (supplied as a component of air). The 1990s were
marked as the first period when mass production and widespread utilization of the fuel cell began. It was
also important to mention that the global capacity for electricity produced from fuel cellsis estimated to be
between 1GW and 2GW. A conventional fuel cell contains an electrolyte and two electrodes. The electrolyte
acts as a semipermeable membrane that allows the passage of positively charged atoms(such as protons).
Diatomic hydrogen is characterized by a neutral charge, therefore, in order to penetrate the membrane, the
catalyst actsin order to separate the electron from the proton (H+). Protons are now able to penetrate the
electrolyte, however, in order to react with oxygen, the electrons detached from the individual hydrogen
atoms must be transported to the cathode chamber, the transfer is completed by means of connecting an
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externa circuit to the electrodes. The byproducts of such a device are water and heat.

Blectric Circutt
(40% - 60% effciency)

Fuelinput  =]> Q0 < Oxygengas
(humidified (%rom akr) input
hydrogen gas)

Anode R—L> Heat (85 °C)

Unused hydrogen <o— Q ==> Air + Water output

gas output reciraulated

Oxygen
cathode

Figure 15 : PEM Hydrogen Fuel cell principle of operation, Source: ctc-n.org

We can summarize the FC operation principle as shown below,
« Catalytic separation of the proton and electron that compose a Hydrogen molecule
+ Power generation due to the electrons moving to the cathode chamber via the external circuit
(energy lossin the form of heat)
Protons penetrate the membrane due to their positive charge
Reaction between Oxygen(air-provided) and Hydrogen (protons merge with electrons once again)
to produce water
It is easy to see that hydrogen fuel cells are capable of powering any electricity—supplied system, be it a
household appliance, a heating system, or use in the various energy-intensive applications of individual or
industrial activities (Transportation, Metallurgy eg.).

e

%

e

%

4.2 Fuel Céell options

Electrochemical cells that produce electrica power through hydrogen vary according to their
manufacturing characteristics though they all share basically the same principle shown above. When
considering small-scale, household applications, Alkaline Fuel Cells are the most suitable as they generally
have a power output of about 300W to 5kW while operating under 70% efficiency. AFC contain a liquid
phase electrolyte that commonly consists of Potassium Hydroxide and Water, meaning that there is always
arisk of leakage, such cellstypically project an operating Temperature of 150-200°C and require Hydrogen
of exceptionally high purity as well as a platinum catalyst. When referring to energy demands of over 50
kW, two FC technology variations are currently in position to come through, Proton Exchange Membrane
and Phosphoric Acid Fuel Cells. PA FC contains a Phosphoric acid, liquid state electrolyte and can produce
up to 200kW on an efficiency rate of 40-80%, their operating Temperature fluctuates between 150-200 °C
though they can tolerate as high as 1.5% of CO. One of the most significant drawbacks of such cellsisthe
fact that they require stainlessinternal components due to the corrosive properties of the electrolyte. On the
other hand, PEM FC use a semi-permeable membrane(polymer) electrolyte and have atypical power output
range of 50-250Kw on an efficiency rate of 40-50%. A PEM FC operates at 80 °C which makes it suitable
for household applications and means of transportation[22]. The final variation of Hydrogen-fueled
Electrochemical Cellsisthe Solid Oxide Fuel Cell. SO FC typically contain a Zirconium or Calcium oxide-
based el ectrolyte[ 16-18], produce up to 100kW of electrical power on 60% efficiency. The main deficiency
of this particular cell isit’s large size which, combined with the corresponding extremely high operating
Temperature of about 1000 °C, significantly limits it’s field of application.

4.3 Hydrogen Internal Combustion Engine

The excessive use of hydrocarbon internal combustion-gasification technology for the bulk of industrial
applications over the last three centuries, almost exclusively, bears responsibility for the impending Climate
Change as The Greenhouse Effect has become a global issue in recent decades. Technology that produces
mechanical power-useful work through exploiting an expanding gaseous mixture is one of the most
important technological breakthroughs and it is possible for it to continue to be widely implemented, with
the prerequisite of drastic reduction and eventual annihilation of emissions of gaseous pollutants.
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In this context, Hydrogen can replace Hydrocarbons and meet the requirements of each application without

producing CO; as it ignites(if supplied with pure Oxygen)[19-20]. It is a fact, however, that the HICE
Powertrain (Hydrogen Internal Combustion Engine) differs compared to a conventional diesel or petrol IC
powertrain. There are commercially available models of such engines[21] and the imminent imposition of
finesfor the owners of machinery or means of transportation that produce Greenhouse gas emissions makes
the internal combustion of hydrocarbons an extremely short-term, non-viable solution, especially as
technological development allows cost-competitive mass production of hydrogen[22], which is directly
usable and able to meet energy needs without polluting the environment.

4.3.1 Current challenges

+«+ Fuel Cell technology has a higher efficiency rate[21] (almost twice as efficient)
% Hydrogen fuel tank generally occupies a significant amount of storage spacein vehicles

+ Nitrogen oxides are still emitted onto the atmosphere due to the air provided Oxygen[ 23]
+« Victim to the current demonizing of the Internal Combustion Engine

+«+ Hydrogen occupies approximately 40% of the combustion chamber volume[24], thus producing
significantly less power than an equivalent gasoline ICE

+ Potential water |eakage from the combustion chamber could result in the attenuation of the engine
oil lubricating properties[23-24]

+ Positive Crank Ventilation-Spark Ignition technology is absolutely necessary

—

£ Hydrogen Fuel «\;.x./j =)
Tank oy
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Figure 16 : Hydrogen Internal Combustion Powertrain, Source: researchgate.net
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