@ S Cien ce Onl.ineg?ur:al of Ch;mistr}{;.Z(zfl, 1,h 59/—8.4

. . www.scipublications.org/journal/index.php/ojc

PU b l lCOtlons DOI: 10.31586/0jc.2021.106
Review

Hydrogen Industry: A Technical, Economic, and Market Analy-

sis Overview

Nima Norouzi

How to cite this paper : Norouzi, N.,
& Fani, M. (2021). Hydrogen Indus-
try: A Technical, Economic, and
Market Anal-ysis Overview. Online
Journal of Chemistry, 1(1), 59-84. Re-
trieved from https://www.scipubli-
cations.com/journal/in-

dex.php/ojc/article/view/106

Received: August 12, 2021
Accepted: September 23, 2021
Published: September 24, 2021

Copyright: © 2021 by the authors.
Submitted for possible open access
publication under the terms and
conditions of the Creative Commons
Attribution (CC  BY)
(http://creativecommons.org/licenses

/by/4.0/).

license

, Maryam Fani”

Department of energy engineering and physics, Amirkabir university of technology (Tehran polytechnic), 424
Hafez Avenue, PO. Box 15875-4413, Tehran, Iran
*Correspondence: mfani@aut.ac.ir;

Abstract: Like electricity, hydrogen is an excellent energy carrier, as it can be produced from many
different and abundant precursors, such as natural gas, coal, water, and renewable energy. The use
of hydrogen in fuel cells, particularly in the transport sector, will make it possible to diversify the
energy supply, take advantage of domestic resources, and reduce oil imports dependence. Unlike
other fuels, hydrogen (H:2) can be generated and consumed without emitting carbon dioxide (COz).
This results in great ecological benefits and fundamental challenges. Hydrogen can operate in a
closed and inexhaustible cycle based on the cleanest, most abundant, and elemental substances: wa-
ter, oxygen, and hydrogen. If hydrogen is generated using light, heat, and electricity produced from
solar, wind, or nuclear energy, hydrogen becomes a versatile and universal means of storing and
transporting energy and a necessary element for future energy systems that operate without envi-
ronmental pollution, COz, and other gases that contribute to the greenhouse effect. Hydrogen is
necessary to eliminate environmental pollution and stabilize the composition of the planet’s atmos-
phere and climate. This paper investigates different methods of hydrogen production in the term of
their technological and economic aspects. This paper shows that thermochemical methods dominate
the hydrogen market while emerging electroreduction methods are developing fast, which might
turn the tide in the future.

Keywords: Hydrogen Economy, Hydrogen market, electrochemical method, thermochemical
method, solar fuel

1. Introduction

Hydrogen (H>) is considered the most attractive energy for the near future because
its combustion is not polluting. When combined with oxygen in the air, hydrogen releases
the chemical energy stored in the H-H bond, generating only water vapor as a combustion
product. It can be stored as a gas under pressure and as a liquid or distributed through
gas pipelines, so it is considered that it can replace natural gas in the medium-long term
1, 2].

Since no greenhouse gases are produced during its combustion, hydrogen offers
great potential to reduce the CO:z emissions generated during its fossil-based precursors’
combustion. Hydrogen is practically not in a free state on Earth, so it is not primary energy.
However, it can be produced from different precursors by chemical or biochemical pro-
cesses [3].

The chemical industry for ammonia, methanol, and petroleum refining consumes
approximately 66% of the annual H2 production, estimated at 35 million metric tons. The
rest of the production is consumed in other industrial processes. Hydrogen is considered
an ideal fuel since it does not emit greenhouse gases during combustion. This appeal is
even greater when used in fuel cells. These devices convert the chemical energy stored in
the H-H bond into electrical energy through a process not subjected to the Carnot cycle.
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For this reason, the energy efficiency is two to three times higher than that of a heat
engine. Based on these arguments, there is no doubt about the importance of hydrogen in
developed countries’ energy schemes on a medium and long-term scale. Large-scale hy-
drogen production will not only alleviate dependence on oil, but will also reduce envi-
ronmental pollution when fuel cells are incorporated in both automotive and stationary
applications [4].

The concept of the “Hydrogen Economy” has been around for many years. Jules
Verne was the first to propose an economy based on hydrogen in his novel “The Mysteri-
ous Island” in 1874 [5]. The concept has evolved as humanity has transformed its energy
infrastructure. Initially, coal or nuclear energy could be used to produce hydrogen on a
large scale. Recent advances in renewable energy (solar and wind) make hydrogen pro-
duced from these energy sources [6-10]. The hydrogen economy is based on technologies
that have been around for many years. Electrolyzers and fuel cells were invented in the
19th century before the internal combustion engine was invented and petroleum was dis-
covered. Other important technologies for the use of hydrogen were developed during
the space program in the 1960s. Later, interest in hydrogen as a fuel for transportation
resurfaced due to the oil crises of the 1970s. Since then, many hydrogen-powered cars
have been built, and hydrogen production, storage, and utilization technologies have been
investigated [7].

Recently, the interest in hydrogen has increased considerably. In the United States,
President Bush announced in 2003 a program that targets large-scale hydrogen car pro-
duction by 2020. California Governor Arnold Schwarzenegger introduced a plan to build
200 hydrogen vehicle service stations toward the year 2010. Interest in this technology has
spread to Asia and Europe, and the case of Iceland is very notable, which has proposed
eliminating its consumption of fossil fuels and replacing them with hydrogen by 2030.
The renewed interest in hydrogen has resulted in new studies [8, 9], enthusiasm [10],
doubts [11], and criticism, some of which come from renowned experts in the field of en-
ergy[12].

We believe that it is possible to respond appropriately to all these criticisms. As well
as that, the hydrogen economy is not only justified; it is an urgent necessity. Hence, the
need to accept and promote the hydrogen economy must be recognized. This will allow
starting the difficult work of converting the economy to hydrogen optimally, minimizes
implementation costs, and dedicates the appropriate resources to develop the necessary
technologies [13].

This article first investigates each hydrogen generation method’s technical aspects
and then answers the hydrogen economy’s most common criticisms. We also present the
technical challenges that must be solved for the hydrogen economy to become a reality.
The article concludes by describing four models that can be followed to implement the
hydrogen economy/[14].

2. Hydrogen production methods

Hydrogen fuel infrastructure can be designed in a variety of ways. Experts believe
that hydrogen production sources and transportation and distribution will vary according
to geographical conditions and benefits. For example, in areas where cheap natural gas
resources are available, hydrogen production from gas sources is the most cost-effective
method. In an area where cheap electricity is available, hydrogen production from elec-
tricity sources by water electrolysis is justified economically. In areas where other fuels
such as ethanol are present, ethanol has a special advantage as the primary source of hy-
drogen. Hydrogen production and distribution methods include:

- Centralized hydrogen production

Distribution as liquid hydrogen
Distribution as compressed gas
Solid distribution (gas stored in metal hydrides)
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e Production of hydrogen gas in refueling stations (decentralized)

¢ From natural gas sources by methane reforming and partial oxidation

e By alkaline electrolysis of water

¢ By electrolysis with polymer membranes

¢ Hydrogen gas production on the car

e Using gasoline or diesel as fuel and converting it to hydrogen in the car converter

¢ Use methanol or any other suitable liquid fuel as fuel and convert it to hydrogen in a
suitable converter installed on the car
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Figure 1. Methods of hydrogen production [12]

1

Electrical energy { Electrolysis

Thermochemical ‘
processes

J
Thermal energy {
|

PV electrolysis

Photonic energy {

I

L ‘ Photo-electrochemical

) method
Primary
energy
Hydrogen production Biochemical { Daikicimenttion ‘
methods energy | |

Coal gasification

Electrical + thermal

Fossil fuels reforming

Electrical + { o
m . Photo-electrolysis
photonic

Photo-fermentation

Photonic + {
biochemical |

—

Figure 2. Energy type used in each method of hydrogen production [13]

The prospect of hydrogen as a future fuel is important in two stages of time:
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I. Hydrogen production from fossil sources
e  Partial oxidation of heavy oil
e Natural gas converter with gas conversion process by steam (Steam Reformer)
e  Partial Oxidation Reformer

II. Hydrogen production from non-fossil sources (renewables)
e  Photoelectrochemical
e  Biological materials
e Biochemical
e  Thermochemical
e  Water thermolysis
e Radiolysis of water
e  Biomass material
e  Water electrolysis

Although hydrogen is the second most abundant element in nature, hydrogen is not
available as an element like conventional fossil fuels. Hydrogen can be obtained from fuels
such as coal, oil, or natural gas [14].

Today, hydrogen can be obtained from water electrolysis, natural gas reform, and
partial oxidation of fossil fuels. Fossil fuels currently make up 98% of all hydrogen pro-
duced globally; Shortly, hydrogen fuel will power vehicles, heat, and cook at home[15].
At present, hydrogen produced in the industry is considered a chemical product and not
fuel. The commercial sale of hydrogen is less than 3% of the world’s production, which is
estimated at 20 million tons per year; This means that 90% of the hydrogen produced is
consumed at the production site; Today, for example, the hydrogen industry in the United
States produces nine million tons of hydrogen annually, which provides the fuel needed
for 20 to 30 million Suzu hydrogen vehicles for 5 to 8 million households [16-50]. An en-
ergy carrier is used. Different production methods from different energy sources have
unique needs and produce or distribute unique by-products [17].

Further research and development, and prototyping are needed to optimize and di-
versify commercial hydrogen production methods [18]. Advanced methods for separating
pollutants are needed to reduce the price of hydrogen produced and increase efficiency.
More suitable methods are needed for both stationary and dispersed hydrogen produc-
tion for hydrogen production, and efforts should be made on existing commercial pro-
cesses such as methane reforming, electrolyzers, etc. in the development of advanced tech-
niques such as pyrolysis of biomass materials and separation of water by thermochemical
method, electrolysis Focus on electrochemical and biological methods. Hydrogen will be
produced in large refineries, industrial areas, energy parks, refueling stations in different
communities and easily distributed in rural areas and customers” homes [19].

The hydrogen required (for example, for a fuel cell) can be obtained from a variety
of sources, such as primary energy sources (crude oil), secondary energy sources), those
produced using primary energy sources, such as hydrogen (renewable sources (those
without intervention). Humans are produced intermittently (such as wind, sun, and water)
due to the lack of environmental pollution, the production of carbon dioxide, the lack of
impact on global warming and high energy density, and the possibility of using and trans-
ferring it in various energy uses. Scientists refer to hydrogen as the fuel of the future [20-
22].

The low density of hydrogen in the gaseous state makes it difficult to use hydrogen
as an energy carrier. This means that it has a low energy content per unit volume (about
120.7 kJ/kg) compared to liquid fuels such as gasoline or methanol. And for this reason, it
is used as rocket fuel. Liquid hydrogen has the highest energy density compared to all
fuels. But it must be stored at very low temperatures (253 °C) and high pressures, making
it difficult to store and transport [21].
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Hydrogen does not exist purely in nature but must be obtained from water or fuels
such as coal, natural gas, oil, methanol, and ethanol, which have hydrogen in their molec-
ular structure. Therefore, the fuel cell’s hydrogen fuel is provided by the electrolysis of
water or conventional fuels’ conversion. In the latter case, the presence of fuel converters
is mandatory; Therefore, it can be said that the function of the fuel converter is to convert
a fossil fuel-rich in hydrogen to hydrogen and other by-products such as COz2. Convert-
ers are either used as a separate unit (centralized and decentralized) and reside in power
plants (converters installed at the refueling site) or as a converter installed next to the fuel
cell in vehicles. The use of converters installed in ships equipped with fuel cells and vehi-
cles, especially in vehicles, complicates the system; But it can use existing fuels in existing
infrastructure and distribution networks [23].

The fuel exchanger’s function is to provide the fuel cell’s hydrogen using the availa-
ble fuels and easy transport. Fuel converters must be able to do this with the least pollu-
tion and the highest efficiency. The function of fuel converters, in simple terms, is to con-
vert a hydrogen-rich fuel into hydrogen and other by-products (COz) [24].

One of the major problems of converters installed on cars is the converter’s weight
and volume. To improve the efficiency level, it is necessary to reduce the weight and vol-
ume of converters per unit of electrical energy generated by the system as much as possi-
ble; Similarly, the cost of manufacturing converters must be kept low so that the high cost
of this technology does not prevent mass production of the car, and the second problem
in this regard is the purity of hydrogen produced from the converters. There are sulfur-
specific fuel properties in the converters, whose input fuel is natural gas or petroleum
derivatives [25]. These sulfur-containing organic compounds must be removed from the
fuel; Because sulfur acts as a catalyst for converter catalysts. In natural gas, sulfur com-
pounds are odorous compounds that are added to the gas for safety. The design of the
desulfurization system must be done carefully to ensure the absence of sulfur derivatives
in the gas passing through the converter catalysts. For this purpose, a reactor is used in
which hydrogenation reactions in the presence of nickel molybdenum or cobalt molyb-
denum oxide catalysts are used. And during a series of chemical reactions, the sulfurous
organic compounds are converted to hydrogen sulfide gas [26]. There are several ways to
produce hydrogen. Hydrogen can be obtained by converting fossil fuels (gasoline, oil,
natural gas, etc.) into fuel converters or by using renewable energy (wind, solar, etc.) and
electrolyzer (water decomposition) hydrogen extraction [27].

2.1 Steam reforming of hydrocarbons

Conversion of natural gas by steam is one of the common methods of hydrogen pro-
duction. Methane (the main element of natural gas) participates in the equilibrium reac-
tion with steam, and the reaction product is mainly hydrogen and carbon monoxide [28]:

CH, + H,0 > CO + 3H, 1)

The main role of steam in steam conversion reactions is to direct the equilibrium to-
wards the production of CO and Hz, and due to the equilibrium of the reaction, as the
pressure decreases, the reaction proceeds to produce more hydrogen molecules. In addi-
tion to methane, other hydrocarbons can also participate in the water vapor conversion
reaction to produce hydrogen. Hence, the general form of the water vapor conversion re-
action can be shown as follows [29]:

CoHom sz + NH,0 & mCO, + (n+ 222) H, @)

This reaction is highly endothermic, and to produce more hydrogen and carbon mon-
oxide, the reaction must be performed at high temperature and low pressure. The pressure
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is usually constant; therefore, raising the reaction’s temperature causes it to produce hy-
drogen [30]. To provide such a high temperature (about 2 to 3 © C), place the reactor in
which the reaction occurs in the radiant part. In this process, the ratio of vapor to carbon
in the feed is 3.5; Therefore, under these conditions, 4% of methane is converted to hydro-
gen, and if a higher conversion of methane is required, it can be converted from a second
converter (partial oxidation converter). A certain amount of oxygen or air reacts with the
exhaust gas from the first converter in the catalyst’s vicinity in the second converter. This
reaction causes the gas to oxidize, resulting in a higher share of methane converted to
hydrogen. Using the second converter, more than 1.6% of methane is converted to hydro-
gen. The advantage of having a steam exchanger and partial oxidation over a steam ex-
changer is that there is no need to operate the first steam exchanger in harsh high-temper-
ature conditions; In other words, in the two-converter system, the first steam converter
operates at a lower temperature, while in the two-converter system, the efficiency and
amount of conversion increase and the cost of devices and equipment decreases. If natural
gas is used as fuel in the fuel cell device, a natural gas converter is used [30-32].

Desulfurization Reformer Shift conversion Gas purification

H2

CO.

CH4 + S-compounds
Heat Recovery

Sulfur compounds Steam

S —
Fuel

Figure 3. Methane Reforming process

2.2 Converted natural gas converter using partial oxidation

In cases where natural gas is not economical or heavy oil is available cheaply, partial
oxidation produces hydrogen. Residues from chemical processes are preferably used to
produce hydrogen and carbon monoxide. Minor oxidation reactions include the following
[34]:

CoH,, + 302 & nCO + H, + Heat (3)
CnHp +nH,0 + Heat © nCO + (n +2)H, (4)
CO + H,0 < CO, + H, + Heat (5)

Partial oxidation is an exothermic reaction and occurs at high temperatures (between
2 and 4 ° C) without a catalyst [35]. The advantage of using this method over catalytic
processes is that there is no need to purify materials such as sulfur derivatives. Sulfur,



Nima Norouzi, Maryam Fani

7 of 26

however, must be accelerated in later stages. High temperatures in partial oxidation make
it possible to use heavier oil slices that could not be consumed in catalytic processes and
converted to hydrogen in this process [36]. The high operating temperature has made the
application of this process on a small scale several problems. The use of catalysts causes
the process temperature to decrease, called the partial catalytic oxidation process.

The catalysts used in CPO are based on platinum and nickel. In the partial oxidation
process, less hydrogen is produced per methane molecule than in the water vapor con-
version process, which means that the partial oxidation efficiency (catalytic or non-cata-
lytic) is lower than that of the water vapor conversion process. Also, due to the exothermic
reaction of the conversion in this process, the heat generated in the cell can not be used,
and therefore, the cell’s efficiency is slightly low [37].

A partial oxidation converter is used to prepare fuel cells. In this converter, the reac-
tion temperature and the reactor temperatures are controlled by changing the air ratio to
fuel; Hence, no other heat exchanger is required [38].

SHIFT
GASIFICATION CONVERSION
CcO
2
() ()
7
H 2
AIR SULFUR GAS
SEPARATION REMOVAL PURIFICATION
STEAM
e
FUEL
OIL

Figure 4. Process of the fuel-oil partial oxidation method

2.3 Auto thermal Method

Auto thermal conversion is another method used in fuel conversion. In this process,
a water vapor and oxidizer (oxygen or air) mixture is introduced into the reactor burner
and then passes over the catalyst’s surface at high temperatures. This process is a mixture
of exothermic reactions of partial oxidation and heat exchanger converted to water vapor,
and the partial oxidation reaction provides the energy required for the reaction with water
vapor conversion. Therefore, changing the air ratio to fuel controls the reaction tempera-
ture and reactor temperature. For all hydrocarbon fuels (CaHmOp), the partial oxidation
reaction is as follows [39]:

CoHimOp + x(0; +3.76N,) + (2n — 2x — P)H,0 > nC0, + (2n - 2x — P + %) H, + 3.76xN, (6)

In the above reaction, x is the ratio of air to fuel. Temperature and reaction are just a
function of x. When x is zero above reaction will be a water vapor conversion reaction that
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is very superheated, and as the value of x increases, the intensity of the exotherm de-
creases until, in a certain ratio, the reaction is neither exothermic nor exothermic; That is
why this type of converter is called Auto thermal [40]. The advantage of this auto thermal
process is that it requires less water vapor than conventional systems, and all the heat
required for the reaction is provided by the combustion of part of the fuel; Therefore, its
heat management is simple and does not require complex systems [41].

De- Fired Pre- Autothermal Reformed Gas
sulphurisation  Heater reformer Reactor Waste Heat Recovery
Flue Gas Oxvygen o HP Steam

!

> j

:

I

T

T T |
Natural Fuel G Procezs  Poiler Feed Reformed
Gas uel Gas Steam Water Gas

Figure 5. Methane Auto-thermal process

2.4 Pyrolysis Method

Pyrolysis is when organic matter is degraded by heat in the absence of oxygen to
form water vapor, new gases, volatiles, tar, and coal, hence destructive distillation. The
pyrolysis reaction for the biomass begins at 300 to 375 ° C. Coal, organic liquids, gas, and
water are obtained in different proportions from this process, and their ratio and amount
depend on the operating temperature, heating rate, retention time, type of raw materials
and their moisture content. More gas is produced at higher temperatures and longer res-
idence times, while more coal and liquids are produced at lower temperatures and shorter
residence times [42-44].

The solids formed in this process are coal (activated carbon) and ash. The resulting
liquids contain organic compounds with a lighter molecular weight than the compounds
of the raw material. These compounds include acids, alcohols, aldehydes, columns, esters,
phenolic compounds. In the resulting gas, the following compounds are more common:
carbon monoxide, hydrogen, carbon dioxide, methane, ethane, ethylene, water vapor, and
other hydrocarbons in small amounts [41].

The coal obtained from the combustion process is 30 times more active than ordinary
coal, so one of the advantages of this process is the production of activated charcoal (car-
bon), which is widely used in refining and removing impurities from various materials
(especially in water treatment from Chemical compounds). Coal production efficiency in-
creases at lower temperatures (300-500 °C) and shorter residence times (about seconds).
This process is also called carbonization [45, 46].

In addition to the above methods, there is another way to produce hydrogen from
hydrocarbons, which is to heat the hydrocarbons in the absence of air, during which the
hydrocarbons are broken down and decomposed into hydrogen and solid carbon. The
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advantage of the thermal refraction process is that hydrogen is produced with high purity.
The problem is the presence of solid carbon that must be removed from the reactor. By
adding air to the hot reactor, carbon is released from the system as carbon dioxide. Re-
cently, the propane thermal refraction process to supply hydrogen for use in polymer fuel
cell systems has been proposed [47].

—p Gases
Dry Biomass Cyclones |
T e
Fluid
Bed S
Reactor
—»
—
Charcoal @J
T Bio ol
f
«

Figure 6. Biomass pyrolysis process

2.5 Coal gasification

This method is based on the partial oxidation of input materials with a carbon base
and their conversion to artificial gas. This technology also has a long history in the indus-
try and was common in developed countries to extract gas from coal or oil before provid-
ing easy oil and natural gas access. This technology in solid waste treatment began in 1980,
but many factories could not continue to operate. With the increasing development of
technology and the need to prevent waste entry into landfills, this technology has ex-
panded in recent years, especially in Europe and Japan [48, 49].

The result of initial experiences in this field indicates the need to perform a minimum
of preprocessing for proper gasification performance. This preprocessing involves sepa-
rating bulky and inorganic wastes and processes, such as shredding and drying [50].

In the gasification method, 10% to 30% of the waste’s calorific value is first oxidized
to produce primary energy. This primary energy produces synthetic gas consisting of me-
thane, hydrogen, and carbon dioxide. Air, oxygen, or water vapor is injected into the gas
reactor [51].

Gas reactors are usually available horizontally and vertically and have three types of

design:
e Fixed bed
e  Fluid bed

e Stretched bed

The difference between these reactors is how oxygen enters, how raw materials enter,
and the direction of movement of materials in the reactor. If the gasification occurs at a
high temperature, the inorganic material melts in the reactor and forms a non-hazardous
glass slag after cooling [52].

The gasification of coal is a process in which coal is converted to gas. Coal is usually
gassed using pure oxygen (~95%) at high temperatures and pressures to produce hydro-
gen or hydrogen-rich gas.

2C + 0, » 2C0 + Heat )
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C + H,0 + Heat —» CO + H, (8)
AIR SN SHIFT

SEPARATION COAL GAS CONVERSION

CO
COMPRESSION
SULFUR GAS =
STEAM REMOVAL PURIFICATION
GASIFICATION

Figure 7. Coal gasification process

2.6 Steam Iron-process

The iron steam process is one of the oldest ways of producing hydrogen. This process
is based on coal. Coal gas is used to reduce iron oxide and convert it into iron. Hydrogen
is produced by the interaction of steam with iron oxide. In the first stage, coal is gassed
under the influence of steam and air to produce hydrogen and carbon monoxide, reducing
gases [53].

2C + 0, » 2C0 + Heat 9)
C + H,0 + Heat —» CO + H, (10)

In the second stage, these gases react with iron oxides to form reduced forms of iron
oxides.

Fe,0; + H, = 3Fe0O + H,0 (11)
Fe;0, + CO - 3Fe0 + CO, (12)
FeO + H, - Fe + H,0 (13)
FeO + CO - Fe + CO, (14)

The most important drawback of the iron vapor process is that only 60% of the po-
tential gas volume is used for reduction. In the third stage of the reaction, the reduced
components are re-oxidized in water, and the generated iron re-enters the steam-iron re-
actor. The result is the presence of steam, some Fe3Os, and hydrogen-rich gas [54].
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Figure 8. Steam iron process schematics

2.7 Water electrolysis

The principles of water electrolysis were first introduced by Michael Faraday in 1820
and is a process in which hydrogen and oxygen are produced from water. The word lysis
means to dissolve or separate; also, electrolysis means breaking and separating (here wa-
ter) using electricity. Water electrolysis is a very simple process in which electricity is
passed through a solution containing water and electrodes. According to the figure below,
the electrolysis device works so that the battery’s negative pole is connected to the cathode
(negative electrode) and the battery’s positive pole is connected to the anode (positive
electrode). There is a tendency to absorb electrons in the anode electrode. Water has a low
electrical conductivity to conduct electricity, so electrolytes are added to increase the elec-
trical conductivity in the electrolysis process [55].

The water molecules around the cathode electrode are separated into OH- and H*
ions, and the number of water molecules around the cathode decreases, and the OH con-
centration increases. The water molecule is expected to separate into an H* ion and an OH-
ion, but this does not happen because the oxygen atom has more electronegativity than
the hydrogen atom [56].

« OXYGEN 2 HYDROGEN

Hy0%1, 0,+2H"+2¢” 2H 426 > H,

ANODE “"ﬂ ‘\ CATHODE

Figure 9. Water electrolysis process
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H,0 - H* + OH™ (15)

So this causes the outer surface of the cathode to be completely covered by hydroxide
ions, but the H* ion lacks protons and tries hard to take an electron and turn it into a
hydrogen atom [57]:

H* +e - H (16)

This hydrogen atom collides with another hydrogen atom to form a molecule of hy-
drogen gas, and this molecule of hydrogen gas comes out of the water in the form of bub-
bles [58]:

H+H - H, (17)

At the same time, hydroxide ions (OH-) migrate to the anode and reach the anode’s
surface. The anode takes back the extra electrons taken by the hydroxide ions from the
hydrogen, and the hydroxide ion again forms one molecule of oxygen gas and two mole-
cules of water with the other three molecules of hydroxide. The oxygen molecule is stable
and comes to the surface in the form of bubbles [59].

40H™ - 0, + 2H,0 + 4e” (18)
Hy0 = 20, + 2H* + 2¢~ (19)
2H* +2e~ > H, (20)

Also, equations 19 and 20 present the anodic and cathodic reactions, respectively.
2.8 Electrochemical reduction method

Formic acid can be produced with four different chemical methods, including the
electrochemical reduction of COz, CO2, and Hz, implementing homogeneous catalysis, hy-
drolysis of formamides, and synthesis photocatalysis route [48]. All of these methods con-
tain specific advantages and disadvantages. In this paper, a thermos-economic assessment
was implemented on the CO: electrochemical reduction reaction, considering various
available scenarios of this method. The electrochemical reduction model consists of an
electrochemical reactor, water electrolyzer, and carbon capture unit [47]. The power con-
sumption of these plants is provided with a photovoltaic field. The CO: as a reactant is
entered into the electrochemical reduction in the cathodic side, and water is entered into
the electrochemical reduction anodic side. The pressure of these raw materials and inputs
are controlled using the peristaltic pumps. In the reactor, the electrolyte is placed in the
cell, and the electrochemical reduction reaction occurs. The process outcomes are sepa-
rated in a distillation tower in which formic acid is the main product. The by-products,
such as hydrogen and oxygen, are extracted directly from the reactor using a compression
unit [49].

Figure 100a illustrates a schema of the formic acid synthesis’s electrochemical process
from water and carbon captured by the combined cycle plant. This process uses a voltage
source and consumes power to increase the electrical potential between the cathode and
the anode. This process’s electrolyze cell is a unique CDU cell comprising many layers of
different materials (see Figure 100b). They catalyze the rate of reaction and increase the
formic acid synthesis rate. This cell is called a chemical electrolyze cell in which the
anolyte and catholyte are simulated using the electrical potential to react in a controlled
oxidation, and reduction process in which the reduction product is the formic acid —some
other products like Hz, Oz, and metallic ions are due to this reaction [51].
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Figure 10. (a) The electrochemical reduction reactor of CDU plant, and (b) chemical electrolyzer
cell of CDU plant

2.9 Photochemical method

Hydrogen has been labeled the fuel of the future because it contains no carbon, has
the highest specific combustion enthalpy of any chemical fuel, produces water only after
complete oxidation, and is not limited by Carnot considerations in the amount of work
obtained when used in a fuel cell [58]. To be used on the scale required for sustainable
growth on a global scale, hydrogen must be produced by the light-driven splitting of wa-
ter into its elements instead of reforming methane, as is currently being done. The photo-
chemical generation of Hz, the reductive side of the water-splitting reaction, is central to
this report, particularly concerning the work done in the senior author’s laboratory over
the past five years. Despite pioneering work done more than 30 years ago and the exten-
sive research that has since been conducted on all aspects of the process, no viable system
has been developed for the efficient and robust photogeneration of H2 from water using
only soil-rich elements[59]. For the photo-generation of H2from water, a system must con-
tain a light absorber, a catalyst, and an electron source. This report describes the discovery
and study of new Co and Ni catalysts that suggest H2 forms via a heterocoupling mecha-
nism of a metal hydride and a ligand-bound proton. Several complexes with redox-active
dithionic ligands have recently been recognized to promote the response [60].
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Figure 11. The photochemical hydrogen generation process

3. Hydrogen Economy
3.1 Challenges of a hydrogen economy
3.1.1 The generation and use of hydrogen are ineffective

Hydrogen is an energy carrier that, like electricity, must be generated from other en-
ergy sources such as fossil fuels, nuclear energy, or renewable energy. The most common
techniques for producing hydrogen (thermochemical or electrolytic) have an efficiency of
60% -70%, based on the lower calorific value of hydrogen [1, 12].

This energy (and economic) cost has led to criticism that hydrogen is less efficient
than other methods to reduce oil consumption or carbon dioxide (COz) emissions. For
example, producing hydrogen from natural gas for use in a car is typically less efficient
than using natural gas directly, even though a hydrogen vehicle with a fuel cell is more
efficient than a vehicle—natural gas hybrid (Figure 122) [13]. Similarly, if renewable elec-
tricity is generated, it can be used directly to reduce power plants’ coal consumption (and
CO2 emissions). Another possibility would be to use renewable electricity to generate hy-
drogen for cars, but this option does not produce the same level of reduction in CO2 emis-
sions (Figure 133). Hydrogen production by water electrolysis is considered especially
ineffective since it requires two conversions: producing electricity from fossil fuel and
producing hydrogen from electricity[21].

The total efficiency calculations illustrated in Figures 12 and 13 may be useful for
process analysis, but they do not consider all possibilities. For example, electrolytic hy-
drogen generation can be attractive from a power system perspective [22]. In the early
stages of the transition to hydrogen, electrolytic hydrogen production can be done on a
small scale in homes, hotels, and buildings, where the hydrogen generated can be used to
power automobiles. In contrast, the heat generated in the electrolysis process can be used
efficiently to heat water and cook, among other activities, in a co-generation process. In
this way, fossil fuels can be consumed in large-scale power plants, allowing the capture
and geological storage of the CO: produced. Most of the electricity will likely be generated
without producing CO: from nuclear, solar, or wind energy in the long term. An electrical
system of these characteristics needs to have an excess capacity to compensate for renew-
able resources’ natural variability [19]. Excess electricity generation would normally go to
waste since there is no practical method of storing electricity on a large scale. However,
excess electricity can generate hydrogen, which can be stored and transported for use in
cars. In the long term, hydrogen provides synergy between the renewable electricity grid
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and the transportation sector. This synergy is essential to implement renewable electricity
networks of reasonable cost[28].
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Figure 12. Natural gas utilization efficiency is higher if used directly in vehicles rather than con-
verted to hydrogen. However, this total efficiency analysis does not consider the synergies in en-
ergy systems[1,5].
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Figure 13. Renewable energy is most effective in reducing CO:z emissions if used directly to reduce
coal use in power plants. If hydrogen is generated from renewable energy, a lower reduction in
emissions is obtained. However, this total efficiency analysis does not consider the synergies in
energy systems [1-10].

Hydrogen can be produced from fossil fuels using thermochemical processes (coal
gasification or natural gas reforming) with an efficiency higher than the efficiency of elec-
tricity generation or the production efficiency of other synthetic fuels (such as methanol)
[61]. If it is shown in the future that geological capture of COz is possible on a large scale,
then the production of hydrogen from fossil fuels would have the additional advantage
that the CO:z produced in the process would not be diluted with atmospheric nitrogen,
thereby reducing it forms the energy needed to compress CO: to conditions suitable for
underground storage [53, 62].
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Typically, much energy is required (between 10% and 30% of the lower calorific value)
to compress or liquefy hydrogen for vehicles’ storage. However, this energy can be recov-
ered if vehicles are designed that take advantage of the thermomechanical energy availa-
ble in compressed or liquid hydrogen to generate mechanical power or air conditioning.
If hydrogen is used in aircraft, the very low weight is an intrinsic efficiency that becomes
even more important as its range and speed increase [61].

Total efficiency calculations (Figures 12 and 13) are limited because they usually do
not examine symbiotic relationships such as energy storage, CO:z geological capture and
storage efficiency, energy and heat co-generation, or temporary variations in both supply
and use of energy[62].

The current electricity generation system is a classic example of the limitations of the
calculation of total efficiency. Coal power plants are less efficient and more expensive than
combined-cycle natural gas plants, producing electricity at a lower cost [63]. On the other
hand, natural gas plants required to meet demand during peak periods are less efficient
and produce more expensive electricity than coal or combined cycle plants. However, all
of them turn out to be the necessary components within an optimal electricity generation
system. In short, efficiency is an important parameter but not necessarily a decisive virtue
or criterion: cost and other intangibles (safety, reliability, negative environmental impact)
[64].

3.1.2 Hydrogen is expensive

The hydrogen economy needs to be reasonably costly to be implemented globally.
This, at first glance, appears to be difficult. Like electricity, hydrogen must cost more than
the energy source from which it was derived. Thus, hydrogen will cost more than fossil
fuels until alternative (non-fossil) energy is cheaper than fossil fuels[65].

As fossil fuels begin to run out, their cost will increase until they become more ex-
pensive than alternative energy sources. However, until this time, fossil energy producers
can keep the price of fuels low enough to prevent alternative energy from developing, as
no one will invest in alternative energy if there is no good prospect of profit. Monetary.
On the other hand, fossil fuels are not anticipated to be depleted shortly due to the huge
deposits of coal globally. Instead, our environment’s ability to accept all the pollutants
produced by the extraction, distribution, and use of fossil fuels will be depleted[66].

The most serious consequence of the use of fossil fuels is the destabilization of the
global climate. The use of fossil fuels releases CO2, which remains trapped in the atmos-
phere for centuries, altering the climate, the distribution of rain and storms, as well as the
sea level; changes that have the greatest impact on drinking water sources, food produc-
tion around the world and the increase in the frequency and strength of natural disasters.
Hence, although the cost of generating CO: from fossil fuels is not precisely known, it is
known to be large and global. Additionally, CO2-induced climate change may take centu-
ries to correct[67].

When the environmental cost is added to the production of energy through fossil
fuels and compared to the production of energy through hydrogen, it can be concluded
that the hydrogen economy is the most economical option. However, hydrogen is more
expensive than fossil energy. Hydrogen generated from electricity through electrolysis at
the point of use or produced from fossil fuels with geological capture and storage of CO2
(Figure 144) has a cost similar to the current cost of gasoline in Europe and Japan (the US
$ 2.03-3.05 per kilogram of hydrogen, equivalent to the US $ 0.80-1.30 per liter of gasoline)
[68-70].

In addition to this, the high cost of hydrogen is offset by its high utilization efficiency.
A high-efficiency hydrogen vehicle (30 km-40 km per liter of gasoline-equivalent) operat-
ing with hydrogen at the US $2.03 per kilogram would cost US $ 600-800 a year in fuel,
similar to the current cost in countries as Mexico or the United States. States where fuel is
relatively cheap. Heavy trucks and airplanes are much more sensitive to the cost of fuel
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than private cars. Therefore, there is an additional incentive to implement high-efficiency
technologies (fuel cells) in heavy trucks. In airplanes, hydrogen has the intrinsic ad-
vantage of being three times lighter per unit of energy than liquid hydrocarbons. This
advantage results in a reduction in the wings’ size, the turbines’ size, the maintenance
required, the weight when taking off, the runway’s length, and the noise [1, 25, 37].

Powerplant

Carbon capture

Carbon storage

Figure 14. Capture and geological storage of CO: in oil wells, coal deposits, or saline water tables
[13].

In short, hydrogen costs a little more than fossil fuels, but it will be competitive, of-
fering unique benefits: clean combustion, possibly eliminating CO2 emissions, and oper-
ating in a closed and inexhaustible cycle based on the cleanest, most abundant substances.
And elementals: water, oxygen, and hydrogen (Figure 155); more efficient use, requiring
less maintenance and producing less noise; more decentralized and less vulnerable than
current systems to terrorism, natural disasters, and supply problems. While there are al-
ternatives to hydrogen that can be used in some particular applications (for example, elec-
tric cars for short trips), hydrogen is an inexpensive alternative to fossil fuels that can be
used globally in all modes of transport (cars, trucks, planes, and boats) [71].
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Figure 15. Hydrogen can operate in a closed and inexhaustible cycle based on the cleanest, most
abundant, and elemental substances: water, oxygen, and hydrogen [1-6].

3.1.3 It takes time to introduce hydrogen to the economy

Some critics have pointed out that oil consumption and CO: production can be re-
duced more quickly by introducing policies that improve energy efficiency or promote
renewable energy rather than convert the economy to hydrogen [12]. This criticism is cor-
rect. Even the most optimistic case analyzed by the National Academy of Engineering of
the United States considers that hydrogen vehicles will be introduced on a large scale by
2015, that all new vehicles will operate with hydrogen by 2040, and that all vehicles will
run on hydrogen by 2050 [5, 34].

On the other hand, any change in fuel or energy infrastructure requires a very long
transition time [31]. Even oil exploration projects take a long time to complete (a decade).
Hybrid vehicles have been sold to the public for five years, and even in 2019, they only
make up 2.4% of all cars sold (from ~1% in 2004). Any large-scale energy transition will
inevitably take a long time. The important thing is to plan the transition carefully to obtain
the desired result [17].

Efficiency improvements have a rapid impact on the amount of fuel consumed and
CO: produced. However, efficiency by itself is structurally incapable of eliminating CO2
emissions or the use of oil. Efficiency improvements are a relatively quick, easy, and cheap
solution (funded by fuel savings), but they also have fundamental limitations [37]. High
efficiency reduces (marginal) costs and can result in increased energy demand. After in-
troducing laws requiring increases in automobiles’ efficiency in the United States, auto-
mobiles” fuel economy increased by 25% between 1980 and 1990. However, the distance
traveled by a vehicle also increased by 20% in the same period. As a result, total gasoline
consumption remained almost constant [39-41].

This trend is projected to continue in the future. The US Energy Information Admin-
istration projects significant increases in electricity and transportation demand by 2025
[22]. The US National Academy of Engineering estimates that the distance traveled by
vehicle will increase from 20000 km to 32000 km per year between 2025 and 2050, when
the transition to hydrogen is expected to occur|[27].

These results show that energy efficiency improvement can stabilize CO2 emissions
or reduce their growth rate; however, an energy system is needed. On the other hand, any
change in fuel or energy infrastructure requires a very long transition time. Long. Even
oil exploration projects take a long time to complete (a decade) [11]. Hybrid vehicles have
been sold to the public for five years, and even in 2019, they only make up 2.5% of all cars
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sold. Any large-scale energy transition will inevitably take a long time. The important
thing is to plan the transition carefully to obtain the desired result [17].

To stabilize the concentration of COz2 in the atmosphere (and therefore the global cli-
mate), it is necessary to reduce global CO2 emissions to approximately 3 billion tons per
year, equivalent to a third of current emissions and a sixth of the emissions projected for
the year 2050 [27]. This is equivalent to less than one ton of CO2 per person per year. To
put this in perspective, a ton of CO: is generated by watching television or using a per-
sonal computer 8 hours a day for a year, driving 50 km a day in a high-efficiency vehicle
(40 km/liter) for a year, or traveling 6000 km on a commercial flight. Efficiency improve-
ments alone will not reduce CO: emissions to the level required to stabilize the global
climate. It is necessary to transform energy systems so that they do not produce CO2j1).

It is possible to estimate the time available to reduce CO:2 emissions by combining a
climatological model with projections on energy demand. Suppose we assume that the
global temperature will increase by 3°C as a consequence of a doubling of the CO2 con-
centration in the atmosphere (this is the intermediate case of climate sensitivity assumed
by the International Conference on Climate Change). In that case, it will require that 80%
of the energy be produced without generating CO:z by 2050 if global warming is limited
to 2°C[18]. Currently, 80% of energy is produced from fossil fuels.

In short, the transition to hydrogen will take several decades. However, the long pe-
riod required (~ 50 years) means starting immediately [33]. Delaying the transition in-
creases the concentration of COz in the atmosphere, increasing our vulnerability to future
climate change. The first step is to increase energy efficiency. This will allow time to de-
velop an energy system that does not emit CO2 and is economical and at the place of
use[52].

Viable. By the middle of this century, stabilizing the climate requires that hydrogen
technologies mature considerably and be implemented globally [17]. Hydrogen is the only
fuel that can be clean, carbon-free, universally applicable to all modes of transport, and
producible on the scale necessary to meet everyone’s needs (Figure 166). The hydrogen
economy is necessary for the future [13].

Hydrogen domestic production

Fuel cell vehicle

Figure 16. Energy system based on renewable and nuclear energy with electrolytic hydrogen gen-
eration[1-10]

3.1.4 Hydrogen technologies are not ready for large-scale implementation
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We agree that the technologies required for the hydrogen economy are not mature
enough for commercial use globally. The hydrogen economy requires mass-produced
components with low costs and high levels of safety[7]. New technologies don’t need to
be invented, but future technological advancements can make hydrogen vehicles much
more useful to users and more attractive to investors[9].

The hydrogen economy will be very different from the flexible infrastructure that can
adapt to scientific discoveries, technological advances, structural changes in the economy,
and societal attitudes [16].

Of all the technologies required for the hydrogen economy, production technologies
are the most mature. Since hydrogen was discovered as a water component more than 200
years ago, hydrogen has been produced from water using fossil fuels or electricity. The
most common method is methane reformation. This method is relatively efficient in terms
of capital and energy (60% - 70%) [25], and it is an appropriate process to produce today’s
economy due to the requirements and opportunities that arise when trying to produce,
store and use hydrogen. Hydrogen is likely humanity’s last chemical fuel. Therefore, it is
necessary to generate one of its use (for example, in an oil refinery or an ammonia pro-
duction plant). The economic advantage of reforming diminishes if hydrogen has to be
delivered to filling stations, especially in the initial stages of the transition to hydrogen
when the demand for hydrogen is too small to justify a pipeline to transport hydrogen[19].

Hydrogen can also be produced on a small scale at the place of use (in service stations
by reforming or in private homes by electrolysis). However, hydrogen production tech-
nology on these small scales needs to be further developed to expand its economic value
and safety[10].

Compared to hydrogen production, distribution, and storage, they are just maturing.
Although hydrogen gas pipelines are in service, hydrogen is typically delivered by trucks
that transport hydrogen in a gaseous state under high pressure or a liquid state [1, 45].
However, the metal tanks normally used to distribute compressed hydrogen are very
heavy, limiting the amount of hydrogen transported and increasing distribution costs.
Tanks for transporting liquid hydrogen are lighter because they operate at low pressures
(110 atmospheres). Thus, a liquid hydrogen truck can carry ~ 10 times more hydrogen
than a compressed gas truck[55].

Unfortunately, it takes a lot of energy to liquefy hydrogen, requiring between 30%
and 40% of its lower calorific value. Another problem is that liquid hydrogen tends to
evaporate rapidly due to heat transfer from the environment[37].

Technologies for storing hydrogen in cars are even less mature, even though they are
more important to hydrogen vehicles’” commercial success [5]. Hydrogen’'s low energy
density presents multiple challenges, especially compared to the very dense liquid hydro-
carbons in use today[16].

The experience with liquid hydrogen comes mainly from the space program. Liquid
hydrogen can easily be used in airplanes, ships, and trains, but these applications have
little experience. Recently, several cars that run on liquid hydrogen have been built[66].

In cars, liquid hydrogen storage has come a long way in the last 30 years, mainly due
to BMW'’s work [19]. In 2003, BMW built 15 liquid hydrogen cars that were subjected to
extensive testing. The main challenge is keeping the liquid hydrogen at 20 kelvin for
weeks [27]. Even vacuum insulation with multiple layers of reflective material is insuffi-
cient to reduce heat transfer to the tank to the level of 1 watt, which is necessary to avoid
evaporative losses for 3-4 days in low-pressure tanks (~7 atmospheres). Higher pressure
tanks can considerably reduce evaporation losses, recently demonstrated onboard a
truck[18].

Many companies use high-pressure tanks to store compressed hydrogen in vehicles
due to their higher degree of maturity. Compressed gas tanks have become increasingly
practical because the fibers’ resistance has made it possible to use very high-pressure
tanks (700 atmospheres) [27].
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Regardless of which technology is used in hydrogen vehicles, their range will be lim-
ited due to the low energy density of hydrogen [29]. Even in a liquid state, the energy
density of hydrogen is only a quarter of gasoline. This large difference requires hydrogen
vehicles to be very efficient (30-40 km/L) to obtain a reasonable range (~ 500 km) with one
tank of fuel [33]. The required efficiency can be obtained with hybrid vehicles, although
even higher efficiencies can be obtained with fuel cells. Fuel cell technology has come a
long way in the last five years, but it can still be concluded that fuel cells, especially vehi-
cles, are the least mature technology among all hydrogen storage, production and utiliza-
tion technologies [18].

3.2 Future of hydrogen economy

The hydrogen economy’s shape will take over the next 50 years depends on both
known and unknown factors. However, it is possible to outline its main characteristics[55].
At least four models exist, depending on whether 1) hydrogen is produced from fossil
fuels or from energy sources that do not generate CO2, and 2) whether hydrogen is pro-
duced on a small scale at the point of use or on a large scale at a central station and from
there it is distributed[19].

3.2.1 Large-scale nuclear hydrogen production

This is the model proposed at the beginning of the 1970s [1,9]. Many nuclear plants
were planned to be built, and oil and natural gas were cheap. Many countries were rapidly
becoming electrified, and new power lines were obstacles to economic development[5].
One solution to this problem was to produce hydrogen in distant nuclear plants and
transport the hydrogen in gas pipelines at a lower price than the cost of power lines, re-
ducing the environmental pollution produced by fossil fuels[17]. Conditions have
changed a lot in the last 30 years. In these years, public acceptance of nuclear energy and
confidence in the techniques for storing radioactive waste have been considerably re-
duced[15]. In addition to that, solar and wind energy have become considerably cheaper,
and both represent a new alternative to produce electricity without generating CO2. Nu-
clear power does not produce CO:2 and is reliable and inexpensive, and therefore can be
very useful in the future hydrogen economy[15]. Nuclear hydrogen production generates
synergies with industrial operations, such as ammonia production to produce fertilizers
or hydrogen liquefaction in large quantities. For example, a nuclear plant could be built
nearby to produce the huge amount of liquid hydrogen needed in a large airport once all
the planes use hydrogen as fuel (approximately 10,000 kg of liquid hydrogen per minute,
equivalent to 20 GW)[32] From the airport. Thus, energy could be easily distributed with-
out the need for gas pipelines or power lines. Gas-cooled high-temperature nuclear reac-
tors (currently under development) are suitable for liquid hydrogen production employ-
ing high-temperature electrolysis or thermochemical cycles[43].

3.2.2 Centralized hydrogen production from fossil fuels with the capture of the CO2
produced

It isn’t easy to envision a hydrogen economy based on fossil fuels, but this may be-
come the model of choice if it can be shown that technologies for capturing and storing
underground CO:z are viable. In this model, coal would be the main source of hydrogen
in the future due to its relative abundance and its low price compared to natural gas and
0il[51, 62]. Coal can be used more efficiently to produce hydrogen than electricity, espe-
cially if CO2 must be captured and stored. It would be more appropriate to use nuclear or
renewable energy to produce electricity, considering that electricity produced from coal
can be expensive if the cost of capturing and geological storage of COzis included [23]. It
is interesting to note that the fossil hydrogen model is similar to the nuclear hydrogen
model. The hydrogen by gas pipeline distribution is probably more economical than the
transmission of electricity generated in coal plants[30]. It is important to determine if the
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hydrogen produced is more valuable as a fuel for transportation or for generating elec-
tricity on a small scale in houses and buildings with stationary fuel cells. There is the pos-
sibility of recovering and taking advantage of the heat generated (co-generation). Station-
ary fuel cells are used continuously, and therefore their high initial cost can be justified[14-
18].

The most important technology for the success of this model is the capture and geo-
logical storage of COz. Without this technology, the fossil hydrogen economy will produce
more CO:z than the current economy. Also, gas pipelines (for hydrogen and COz) are very
important in this model. It is important to check whether current pipelines can be used
(or adapted) for hydrogen[45-50].

3.2.3 Hydrogen from natural gas on a small scale

In this model, natural gas is distributed using the existing infrastructure, eliminating
the need to build new infrastructure. However, instead of burning natural gas to produce
heat, natural gas is reformed to produce hydrogen, and the heat produced in reforming
can be used to heat water or cook (co-generation). This process is much more efficient than
the current process of burning natural gas directly[71]. Hydrogen represents two-thirds
of the energy of a molecule of methane (CHs.). Efficient reforming of this natural gas to
generate hydrogen, heat, and electricity reduces electricity and hydrogen costs and, at the
same time, reduces CO:2 emissions[67]. Variations in electricity demand allow for excess
production of hydrogen, which can be used for automobiles. Another possibility is to con-
nect parked cars to the electricity grid to generate electricity at times of high demand,
reducing the need to build more power plants[1]. This model requires high-efficiency
(~75%) fuel cells and reformers. Fuel cells avoid building new power lines and providing
heat, saving gas that would otherwise be used to produce it. This high-efficiency level
would allow an economic transition to reduce energy demand and total CO2 emissions[2].
This model’s success depends on the reasonable cost of natural gas and the ability to man-
ufacture fuel cells with high efficiency and durability[4-7]. There may be problems with
this model in the medium term because natural gas deposits may deplete. Finally, this
model works only during the transition period to hydrogen because natural gas generates
CO¢. In the long term, we need an energy system that does not produce COx.

3.2.4 Hydrogen from small-scale renewable energy

This model has been described since the early 1970s [1-10], but it has become a real
option in the last ten years because the cost of renewable energy has dropped considerably.
In this model, the synergy between renewable energy and hydrogen intermittency can be
exploited because hydrogen is much easier to store than electricity[7]. When solar or wind
energy levels are high, excess electricity can generate hydrogen through electrolysis for
direct use as fuel in cars or to produce electricity on windless days or in periods without
sunlight on cloudy days or at night. This model is somewhat the inverse of the small-scale
hydrogen model from natural gas. Instead of consuming hydrogen in fuel cells to produce
electricity (and heat), electricity is consumed in electrolyzers to produce hydrogen (and
heat)[56-67]. The biggest challenge for renewable hydrogen is the cost[44-70]. The cost of
renewable electricity depends on the system’s cost necessary to generate or distribute re-
newable energy. Synchronizing the daily, weekly and annual variations in production,
consumption, and storage of electricity, hydrogen, and heat, both for buildings and vehi-
cles, is a complex but necessary problem to obtain an economically efficient system[31].
The problem of timing is likely to become easier and easier with the development of in-
formation technology. Future energy markets should reflect (and respond to) sudden
changes in the cost of energy services. The biggest advantage of being gained from a re-
newable energy system may be to allow consumers to intelligently evaluate their energy
options in terms of quantity and quality, timing, intensity, and duration[72, 73].
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4. Conclusion

The selected route of Hz production is dictated by the economics of the process, the
market’s needs, and environmental regulations. Hydrogen allows access to a wide group
of primary precursors such as fossil fuels, nuclear energy, and increasing penetration and
renewable energies (wind, solar, biomass). The cost of hydrogen as a non-polluting energy
carrier will be more stable through all these alternatives than any other source. The intro-
duction of hydrogen and electricity as energy carriers will make it possible to exploit in-
digenous resources and thus reduce the heavy dependence on oil.

The hydrogen economy provides multiple benefits, including clean air and energy
independence. However, the most important benefit is the stabilization of the global cli-
mate. Hydrogen is the most economical means of reducing CO: emissions considerably
(80% - 90%) to the levels necessary to avoid putting climate stability at risk. This makes
the conversion to hydrogen an urgent necessity. Hydrogen is the only fuel produced on
the scale necessary to be used globally in all modes of transportation. In the long term,
hydrogen allows solar, wind, and nuclear energy to replace the fossil energy used in elec-
tricity generation and transportation, efficiently taking advantage of natural variations in
power generated in solar or wind energy systems.

The production and storage of hydrogen involve additional energy (and therefore
economic) expenditure, but this expenditure can be offset by efficient use and co-genera-
tion of electricity and heat. Although it is unnecessary to invent new technologies for the
hydrogen economy, it is necessary to develop existing technologies to be used by the gen-
eral public. Advances in the electrochemistry of electrolyzers and fuel cells and improve-
ments to high pressure and cryogenic tanks will considerably improve the future hydro-
gen economy’s characteristics. Hydrogen production can be centralized or decentralized,
based on fossil fuels or renewable or nuclear energy. The production characteristics de-
termine the need to develop new infrastructures, such as gas pipelines, power lines, tank-
ers, and service stations. If geological storage of CO2 is practical on a large scale, hydrogen
can be generated from coal to replace fossil fuels, although an extensive hydrogen distri-
bution infrastructure would need to be built. If the geological storage problems of CO2
cannot be solved, it will be necessary to make an effort to increase the efficiency of current
energy systems and prepare for the transition to renewable hydrogen as we learn more
about climate change, the availability of fossil fuels. And future energy demand. The fun-
damental question about the hydrogen economy is not when it will happen but when. The
transition from the fossil economy to the hydrogen economy will take one to two decades
(just like all previous transitions). Considering that the hydrogen economy is necessary to
stabilize the climate, we have no choice but to work enthusiastically to make it a reality.
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