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ABSTRACT: The global economic growth, the increase in the
population, and advances in technology lead to an increment in the
global primary energy demand. Considering that most of this
energy is currently supplied by fossil fuels, a considerable amount
of greenhouse gases are emitted, contributing to climate change,
which is the reason why the next European Union binding
agreement is focused on reducing carbon emissions using Fossil fucls Renewable ener

hydrogen. This study reviews different technologies for hydrogen sources &

production using renewable and non-renewable resources. Hydrogen Economy
Furthermore, a comparative analysis is performed on renewable-

based technologies to evaluate which technologies are economically and energetically more promising. The results show how
biomass-based technologies allow for a similar hydrogen yield compared to those obtained with water-based technologies but with
higher energy efficiencies and lower operational costs. More specifically, biomass gasification and steam reforming obtained a proper
balance between the studied parameters, with gasification being the technique that allows for higher hydrogen yields, while steam
reforming is more energy-efficient. Nevertheless, the application of hydrogen as the energy vector of the future requires both the use
of renewable feedstocks with a sustainable energy source. This combination would potentially produce green hydrogen while
reducing carbon dioxide emissions, limiting global climate change, and, thus, achieving the so-called hydrogen economy.

1. INTRODUCTION quadrillion Btu
300
Global demand for primary energy rises by 1.3% each year to history  projections

2040, with an increasing demand for energy services' as a
consequence of the global economic growth, the increase in
the population, and advances in technology. In this sense, fossil
fuels (oil, natural gas, and coal) have been widely used for
energy production and are projected to remain the dominant
energy source until at least 2050™ (see Figure 1). The use of
fossil fuels for energy production or chemicals results in the
emission of greenhouse gases, such as carbon dioxide, nitrogen
oxides, and other volatile compounds, and solid particles into
the atmosphere, contributing to global climate change.”
Currently, carbon-based fuels supply 85% of the entire 0 : : : ,
world’s energy demand. Approximately 36 billion tons of CO, 2010 2020 2030 2040 2050

are emitted into the atmosphere every year to meet the energy Figure 1. World primary energy consumption by energy source. This

demasnd. Of tbese emissions, over ?0% Com.es from fO.SSil figure was adapted with permission from ref 3. Copyright 2019 U.S.
fuels,” and it is expected to further increase in the coming Energy Information Administration (EIA).

years, as shown in Figure 2.

Besides the strong environmental impacts, fossil fuels are
ever-dwindling supplies, and oil prices wildly fluctuate,
impacting profits for industries that produce and use oil and
the ability of consumers to purchase goods and services.’
Energy consumption and carbon emissions represent two
crucial elements of the European Union energy strategy.”
Different targets have been set up to ensure a reduction of both
energy consumption and carbon emissions. In this sense, the
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Figure 2. Energy-related carbon dioxide emissions. This figure was
adapted with permission from ref 3. Copyright 2019 U.S. Energy
Information Administration (EIA).

next European Union binding agreement for energy efliciency
target (primary energy consumption) focuses on a 30%
reduction in 2030 compared to the 1990 level.* Nevertheless,
the immediate effects of the COVID-19 pandemic on the
energy system showed falls in 2020 of 5% in the global energy
demand, 7% in energy-related CO, emissions, and 18% in
energy investment. Renewable energies, especially those in the
power sector, have been less affected by the pandemic when
compared to other fuels.” The World Energy Outlook 2020
has included the new net-zero emissions by 2050 scenario,
which extends the sustainable development scenario based on
clean energy policies and includes the first detailed Interna-
tional Energy Agency (IEA) modeling, setting out what
additional measures would be required over the next 10 years
to put global CO, emissions on track for net zero by 2050. In
this regard, a power system with net-zero emissions requires
careful long-term and integrated planning. The electricity
sector will play a key role in the emission reduction efforts, but
low-carbon fuels, such as hydrogen, are also needed. Achieving
this objective would mean an acceleration in the deployment of
clean energy technologies.

On the basis of the foregoing, multiple studies have focused
on developing new technologies toward renewable energy
sources as an alternative to fossil fuels."°~"* In this context, the

number of countries with policies that directly support
investment in hydrogen technologies is increasing.'® Fur-
thermore, given that the primary use of hydrogen is currently
in industrial applications, it is in the interest of the European
Union to shift toward the production of green hydrogen to
achieve net-zero carbon emission goals.'” Hydrogen is the
most abundant gas in the universe and has the maximum
energy content per unit of weight compared to any other
known fuel."®"” Using hydrogen for energy production does
not result in pollutant emissions because only heat and water
vapor are produced,”®”*” reducing the emission of greenhouse
gases. Besides energy applications, hydro%en is widely used in
chemical and petroleum industries.'”'”*® Despite the
abundance of hydrogen, it is not available in free form in
nature.”* Nowadays, hydrogen is mainly produced through
thermochemical processes using fossil fuels: hydrocarbon
reforming, coal gasification, hydrocarbon pyrolysis, and plasma
reforming.

As a consequence, significant CO, emissions are produced
(around 830 million tons per year).'® Thus, hydrogen
production from renewable sources can face this problem by
lowering the carbon footprint, leading to a sustainable energy
system in the near future, as shown in Figure 3. In addition, to
make a significant contribution toward a clean energy
transition, hydrogen, apart from being produced in a cleaner
way, also needs to be adopted in sectors where it is poorly
represented at the moment, such as transport or buildings."®

Hydrogen is considered the energy vector of the future.
However, its sustainability depends upon the cleanness of the
hydrogen production pathway and the energy used during the
obtaining process. In this regard, renewable energy will play a
key role during the decarbonization of the current energy
system. Hence, this review presents and describes the main
hydrogen production technologies, combining information
from renewable and non-renewable resources. Technologies
using renewable sources are also analyzed on the basis of
energy efficiency, cost-effectiveness, and hydrogen yield.
Furthermore, the main challenges and future perspectives for
hydrogen production technologies are evaluated.

2. TECHNOLOGIES FOR HYDROGEN PRODUCTION

Hydrogen in molecular form can be obtained from many
. . . 16
different resources, such as fossil fuels, biomass, and water. ”
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Figure 3. Schematic representation of the energy system today and in the future. This figure was reprinted with permission from ref 25. Copyright

2015 International Energy Agency (IEA).
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Table 1. Summary of Hydrogen Production Technologies from Fossil Fuels

technology feedstock operating conditions maturity
reforming steam reforming light hydrocarbons (less frequently from liquefied petroleum gas  800—1000 °C commercial
technologies and naphtha)
partial oxidation hydrocarbons, heavy fuel oil, and coal temperature of >1000 °C commercial
autothermal light hydrocarbons (less frequently from liquefied petroleum gas temperature of >1000 °C early
reforming and naphtha) commercial
pyrolysis hydrocarbons 500—800 °C in the absence of  commercial
oxygen
gasification coal 700—1200 °C commercial

To extract hydrogen from these sources, the energy spent must
be available in an excess quantity with continuous avail-
ability.*® Thus, tapping into the potential of renewable energies
(solar, wind, sea wave, etc.) in hydrogen production
technologies would allow for its sustainable production.'”*”**
Hereafter, the main hydrogen production technologies will be
set according to the raw material used: fossil fuels or renewable
resources.

2.1. Hydrogen Production from Fossil Fuels. Fossil
fuels remain dominant in the global hydrogen supply because
production costs are strongly correlated with fuel prices, which
are still maintained at acceptable levels. Currently, several
mature technologies produce hydrogen from fossil fuels, with
hydrocarbon reforming and pyrolysis being the most used.
These techniques almost allow for the production of the actual
hydrogen demand.** More specifically, in 2015, hydrogen was
produced 48% from natural gas, 30% from petroleum, and 18%
from coal®® Table 1 summarizes the main characteristics,
including the feedstock used, operating conditions, and the
maturity of each fossil-fuel-based technology described in the
following subsections.

2.1.1. Fossil Hydrocarbon Reforming Technologies.
Hydrocarbon reforming is the most developed technique for
hydrogen production. Apart from hydrocarbon, other reactants
are required for this process, which could be either steam or
oxygen, commonly known as the steam reforming or partial
oxidation reaction, respectively. When both reactions are
combined, with a net reaction enthalpy change of 0, the
process is named autothermal reforming.”

2.1.1.1. Steam Reforming. The steam reforming reaction is
the reaction of a mixture of steam and hydrocarbons at high
temperatures to produce hydrogen and carbon oxides. Steam
reforming extracts hydrogen from natural gas and much less
frequently from liquefied petroleum gas and naphtha.'® As
stated before, the most widely used hydrocarbon reformation
process is steam methane reforming from natural gas or light
hydrocarbons. In this process, carbon monoxide is first
produced with hydrogen, giving rise to synthesis gas (CH, +
H,0 - CO + 3H,), and then through the water—gas shift
reaction, carbon monoxide is converted to carbon dioxide and
additional hydrogen (CO + H,O — CO, + H,).** The overall
methane steam reforming reaction can be represented as
follows:

CH, + 2H,0 — CO, + 4H, 1)

The reforming reaction is highly endothermic, and a large
amount of heat is required. For that reason, these reactions are
typically carried out at temperatures between 800 and 1000
°C.’' Given the high temperatures demanded to convert
methane into hydrogen, they determine the need for expensive
construction materials for the reformer to withstand the
thermal stresses (e.g, high alloy nickel—chromium steel).*

Coke formation and the emergence of temperature profiles in
the catalyst bed would also need to be considered as other
drawbacks.”® To overcome the shortcomings of methane steam
reforming, high-performance catalysts are required to maximize
hydrogen produced commonly based on nickel (although
noble metals are also active but too expensive for commercial
application) supported on ceramic oxides or oxides stabilized
by hydraulic cement.’* Nevertheless, once these aspects are
considered and minimized, the methane steam reforming
produces a hydrogen-rich gas and fewer amounts of carbon
dioxide, carbon monoxide, and methane. Because hydrogen is
mixed with other compounds, a separation step is required for
purification. In hydrogen plants, the purification is accom-
plished via the pressure swing adsorption system, which can
produce up to 99.999% pure hydrogen with a recovery of 70—
959%.

2.1.1.2. Partial Oxidation. Partial oxidation is an alternative
approach to steam reforming reactions. This process could
operate with different feedstocks ranging from methane to
heavy fuel oil and coal.'®** Partial oxidation is the most
appropriate technology to obtain hydrogen from heavy fuel oil
and coal.”’

Partial oxidation is an exothermic process used to convert
hydrocarbon fuels into a mixture of hydroégen, carbon
monoxide, and other partially oxidized species.”® One of the
advantages of this process is that reactions with oxygen are
highly exothermic, without any external energy source being
necessary.”” The product distribution of partial oxidation
reactions depends upon the C/O ratio and is constrained by
high reaction temperatures (>1000 °C); thus, partial oxidation
reactions are usually carried out using heterogeneous catalysts
at lower temperatures. Being cheaper than noble metals,
transition-metal-based catalysts are suitable for partial
oxidation reactions because of their ability to change oxidation
states and adsorb reactants and intermediates onto their
surface.’® Overall, the partial oxidation reaction could be
described as follows:

CH, + 1/2n0, - nCO + 1/2mH, (2)

Thermodynamically, in this process, H, and CO are the most
abundant products above 550 °C,” with CO being a coke
precursor, which can be removed by its oxidation toward CO,
or by the water—gas shift reaction increasing the H,
production. Partial oxidation offers several advantages, such
as simple operation, lower energy consumption, and flexible
feedstock. However, it still faces challenges for its industrial
implementation, like the short useful life of the unit because of
the high reaction exothermicity that could lead to hot spots
and, consequently, catalyst deactivation by sintering.””***'
2.1.1.3. Autothermal Reforming. The autothermal reform-
ing includes the exothermic partial oxidation with O,, which
provides the energy needed for the endothermic steam

https://doi.org/10.1021/acs.energyfuels.1c02501
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reforming reactions.”” In essence, both steam and oxygen are
introduced into the reformer, leading to the reforming and
oxidation reactions simultaneously to obtain a thermodynami-
cally neutral reaction.”” As in steam reforming or partial
oxidation, catalyst selection plays a crucial role in the overall
performance, with nickel-based catalysts being the most
commonly used because of their effectiveness and low cost.
Given the high thermal efficiency of this process, it demands
lower energy than steam reforming or partial oxidation.**
However, autothermal reforming produces a higher hydrogen
yield than partial oxidation but lower than the steam reforming
process.

2.1.2. Fossil Hydrocarbon Pyrolysis. Pyrolysis is a thermal
decomposition process occurring in the absence of oxygen,*
which converts different light liquid hydrocarbons into
elemental carbon and hydrogen, according to eq 3.

CH, — nC + 1/2mH, (3)
CH, + (2n — m/2)H, —» nCH, (4)
CH, - C + 2H, (5)

When the thermal decomposition is from heavy residual
fractions with a boiling point higher than 350 °C, the hydrogen
production is reasonable to be carried out in a two-step
scheme. These two steps are hydrogasification (eq 4) and
subsequent cracking of methane (eq 5) because heavy residual
fractions contain large quantities of sulfur and metals, which, in
the case of direct decomposition, will be transferred into the
coke and render it useless for further use. Although the amount
of hydrogen produced is less when compared to the
technologies that use light hydrocarbon fractions, this process
allows for the 51multaneous production of valuable byproducts,
such as sulfur or metals.*® Methane pyrolysis is widely reported
in the literature because no carbon dioxide is produced
because all carbon is recovered in solid form. From an energy
point of view, the reaction enthalpy for hydrogen production
by methane pyrolysis (methane decarbonization), 37 kJ/mol of
H,, is similar to that of steam reforming (41 kJ/mol of Hz) 1f
the energy for the water vaporization is not considered.”’
practice, for industrial processes, natural gas is used as a
feedstock instead of methane; therefore, other compounds are
mixed with methane, such as CO, or H,O. These compounds
also react during the pyrolysis process, thus strongly
influencing product selectivity and conversion. For this
process, different catalysts have been reported, ranging from
metallic catalysts to carbonaceous catalysts. Ni-based catalysts
have been extensively used as metal-based catalysts as a result
of their activity and ability to produce filamentous carbon at
moderate temperatures, while activated carbon and carbon
black have been used as carbonaceous catalysts.**

2.1.2.1. Coal Gasification. Coal gasification is defined as the
thermochemical conversion process in which coal is converted
into gaseous products, including hydrogen and carbon
monoxide.”” ™" This process aims to be an alternative to
burning coal to reduce harmful emissions and increase the
energy density of the fuel.>> In practice, coal is converted to
synthesis gas in the presence of steam and oxygen or air at high
temperatures and pressures.””> > Apart from the main
reactions, there may be other secondary reactions in which
coal does not react with oxygen or steam but with other
reaction products, such as carbon dioxide, through the
Boudouard reaction, producing additional carbon monoxide.*’

The main problem associated with hydrogen production
through coal gasification instead of other technologies that
use different feedstocks is related to higher CO, emissions
given the high carbon content. For this reason, advantages are
being developed coupling coal gasification with carbon-
capture-based technologies. When compared to other tech-
nologies that use fossil fuels from the economic standpoint,
coal gasification differs given the lower feedstock costs;
however, the capital costs of the unit are higher.*®

2.2. Hydrogen Production from Renewable Resour-
ces. Although most hydrogen is produced nowadays from
hydrocarbons, renewable resources have attracted the attention
to produce green hydrogen.”” Hydrogen with a low-carbon
footprint can significantly reduce energy-related CO, emissions
and contribute to limiting the global temperature rise to 2
°C.** In this sense, green hydrogen can be produced from
water or biomass-derived compounds.

2.2.1. Hydrogen Production from Water. Water is the most
abundant resource for hydrogen production, and it can be split
into hydrogen and oxygen if enough energy is provided
without harmful emissions.”*” Water splitting in its simplest
form uses an electrical current (electrolysis) passing through
two electrodes to break water into hydrogen and oxygen.”’
However, it can also be split using other energy sources, such
as thermal energy (thermolysis), photonic energy (photo—
electrolysis), and biophotolysis using microorganisms;*°"
these aspects and other characteristics are summarized in
Table 2.

Table 2. Summary of Hydrogen Production Technologies
from Water

technology energy source operating conditions maturity
electrolysis electricity up to 30 bar commercial
50-900 °C
(depending upon the
method used)
thermolysis heat temperature of research and

>2500 °C
(<1000 °C for
thermochemical
cycles)

ambient conditions

development

research and
development

photoelectrolysis  solar

research and
development

biophotolysis microorganism ambient conditions

metabolism

2.2.1.1. Electrolysis. Electrolysis is one of the simplest ways
to produce hydrogen from water. It can be summarized as the
conversion of electric power to chemical energy in the form of
hydrogen and oxygen as a byproduct with two reactions in
each electrode: anode and cathode.***

anode

H,0 — 1/20, + 2H" + 2¢~ (6)
cathode

2H" + 2¢” — H, (7)

overall process
H,0 — H, + 1/20, (8)
Different technologies are available for water -electrolysis,

including alkaline water electrolysis, solid 0X1de electroly51s,
and proton-exchange membrane electrolysis.”>** Alkaline

https://doi.org/10.1021/acs.energyfuels.1c02501
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Table 3. Summary of Hydrogen Production Technologies from Biomass

technology principle energy source
dark fermentative biological carbohydrate-rich substrates
photofermentative biological small organic molecules
pyrolysis thermochemical dried biomass
gasification thermochemical dried biomass

hydrothermal liquefaction” thermochemical wet biomass

steam reforming thermochemical biomass-derived liquids

a . .
Requires a subsequent steam reforming process.

operating conditions maturity

anoxic conditions research and development

anaerobic conditions research and development

300—1000 °C in the absence of oxygen commercial

800—900 °C commercial

250-370 °C research and development
4-22 MPa

800—1000 °C commercial

water electrolysis requires a gas separator to prevent the
mixture of the gas products. It uses concentrated lye as an
electrolyte and non-noble metal-based electrodes (e.g., nickel).
Proton-exchange membrane electrolysis uses humidified
polymer membranes as the electrolyte and noble metals as
electrocatalysts, such as platinum or iridium oxide. The
operating temperature ranges from 50 to 80 °C, and the
operating pressures can be set up to 30 bar for both
technologies. Conversely, solid oxide electrolysis converts
water into hydrogen and oxygen at high temperatures (700—
900 °C), increasing the thermal demand. Thus, alkaline water
electrolysis and proton-exchange membrane electrolysis are
more promising technologies for implementation at a large
scale given the lower investment cost and the higher lifetime of
the unit.”> Water electrolysis powered by renewable energy
sources (e.g,, wind, sea wave, and biomass”’) is expected to
enable the scale-up of hydrogen production (high purity of
99.9%) with zero CO, emissions, allowin% for the production
of hydrogen onsite without transportation.”* However, the cost
of H, produced by electrolysis is still significantly higher than
that produced by fossil fuels.”®

2.2.1.2. Thermolysis. Thermolysis is a thermochemical
water-splitting process based on water decomposition to
hydrogen and oxygen by heating at high temperatures. Even
though this process implies an easy procedure, the water
decomposition requires temperatures above 2500 °C.°>°° The
thermolysis process is reversible, and thus, one of the main
challenges in the application is the separation of produced
hydrogen and oxygen because the recombination of gaseous
products may cause an explosive mixture.”” The other
challenge is the availability of materials, which can withstand
the desired temperatures.

Against thermolysis, thermochemical water-splitting cycles
proceed at lower maximum operating temperatures (usually
below 1000 °C) and produce both H, and O, in separate steps,
thereby avoiding their recombination and bypassing the need
for high-temperature and costly downstream gas separation.*®
Increasing the number of cycles decreases the temperature
required to split water but complicates the experimental
procedure. Thermochemical cycles for water splitting can be
divided into cycles with light operating conditions and high
temperatures.”’ Although the sulfur iodine thermochemical
cycle requires a high temperature, it is considered the most
promising cycle, which is the reason why it is the most studied
in the literature. On the contrary, the low-temperature cycles
that are more reported are copper chlorine (Cu—Cl) and
magnesium chloride (Mg—Cl) cycles.”**” Recent advances in
these technologies are focused on using renewable energy
sources, such as solar energy, or non-fossil fuel energy sources,
such as nuclear energy.”>”’

16407

2.2.1.3. Photoelectrolysis. The process of water splitting by
photoelectrolysis is like electrolysis but integrating this process
with solar energy absorption in a single unit, thus contributing
to the sustainability of the energy supply. Besides solar energy,
this process should also be supported with electricity; thus,
photonic and electrical energies are converted to chemical
energy as hydrogen.”® Water photoelectrolysis can be achieved
by absorbing photons with energies greater than band gaps of
semiconducting photoelectrodes, producing holes and elec-
trons in photoelectrochemical cells.”" The semiconductor (e.g.,
TiO,) uses the photons with energy greater than the
semiconductor bandgap to generate electron—hole pairs that
are split by the electric field, which traverses the electrolyte."’
The performance of this system lies in the type of photon-
absorbing material, surface properties, crystalline structure,
corrosion resistance, and reactivity."5

2.2.1.4. Biophotolysis. Biophotolysis is a photonic-driven
biochemical process for hydrogen production from water.'” In
direct biophotolysis, a water molecule is split into oxygen and
hydrogen ions via photosynthesis using the catalytic activity of
the hydrogenase enzyme under anaerobic conditions’” of
microorganisms, such as green microalgae or cyanobacte-
ria."*¢" One advantage of this process is that hydrogen can be
produced from water in an aqueous environment at ambient
conditions. It could be considered an environmentally
sustainable and economically feasible method from both
water and CO, utilization perspectives.'*** Currently, given
the low hydrogen yield, this technology requires a significant
surface area to collect enough sunlight.”””* On the contrary, in
indirect biophotolysis, carbohydrates are accumulated during
the carbon dioxide fixation stage, producing oxygen. Hydrogen
is produced in the next stage, where the produced substrates in
the first stages are used as the carbon source,”” thus decreasing
the necessity of adding nutrients to the medium.

2.2.2. Hydrogen Production from Biomass. Biomass is a
renewable resource of primary energy derived from plants and
animal materials,”* such as forest residues, crops, municipal
solid waste, microalgae, or animal byproducts,74’75 which are
considered potential resources of fuels and chemical feed-
stocks. Hydrogen production is technically and economically
feasible from biomass and residual wastes, given the existing
technology and economic conditions in many developed
countries.”® It has been stated that biomass will cover the
energy demand by more than 25% by 2050.”” On the contrary
to fossil fuels, biomass-to-energy processes reduce the CO,
emission and absorb CO, from the natural environment,”’
leading to a neutral carbon emission scenario. There are two
main processes to convert biomass into hydrogen, namely,
biological and thermochemical. The thermochemical process is
usually much faster than the biological process and offers a
higher hydrogen yield.'® Table 3 summarizes the main

https://doi.org/10.1021/acs.energyfuels.1c02501
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technologies for both processes, which will be subsequently
developed, along with the kind of biomass used, the
operational conditions, and their technological maturity.

2.2.2.1. Biological Processes. As a result of increased
attention to sustainable development and waste minimization,
hydrogen obtained from biological process research has
increased substantially in recent years. The main biological
processes used for hydrogen production include dark
fermentative hydrogen production and photofermentative
processes.60’

For dark fermentative processes, anaerobic bacteria are used
on carbohydrate-rich substrates, deprived of light and under
anoxic conditions, yielding the original biomass in H,, organic
acids, and CO,.">'®” Because light is not required, it can
produce hydrogen at any time. Biohydrogen production
through the dark fermentation process occurs through
biochemical reactions using enzymes at ambient temperature
and pressure.”””” Despite the hydrogen yield being closely
related to the type of substrate, inoculum, and operation
conditions (e.g., temperature, pH, etc.), the process pathway
metabolically restricts the maximum hydrogen yield. For
example, the stoichiometric feasibility yields 12 mol of
hydrogen per glucose molecule, but as a result of the
thermodynamic perspective of glucose metabolism, only 4
mol of hydrogen is produced in the acetate dark fermentation.
Consequently, different advances have been reg)orted in the
literature, such as the immobilization technique7 or the use of
metal jon and oxide nanoparticles to maximize the hydrogen
production.®

On the contrary, in photofermentation, under anaerobic
conditions, photosynthetic bacteria use sunlight as a source of
energy and assimilate small organic molecules present in the
biomass, obtaining H, and CO, as the byproducts, allowin§ for
hydrogen production from a wide range of substrates.*”®" To
ensure efficient hydrogen production by photofermentation,
strict control of environmental conditions is mandatory.*” The
theoretical hydrogen yield for the photofermentation process is
high, along with also the high removal efficiency of the
chemical oxygen demand, even though the economic viability
of hydrogen production is restricted by the nitrogenase
metabolism (enzyme that produces hydrogen during the N,
fixation) and the light intensity received.”> Comparatively, the
hydrogen yield is typically lower in dark conditions when
compared to the yield under sunlight.'®

2.2.2.2. Thermochemical Processes. The thermochemical
processes are some of the more effective methods for
producing hydrogen-rich gases from biomass.”**> These
technologies mainly involve pyrolysis, gasification, and hydro-
thermal liquefaction.””*””* Thermochemical conversion of
dried biomass is similar to that of fossil fuels when gasification
and pyrolysis are used. Both technologies produce CO and
CH,, which can be processed to increase hydrogen production
through the steam reforming and water—gas shift reactions.'®
In the case of wet biomass, hydrogen should be obtained by
combining hydrothermal liquefaction with steam reforming.

Pyrolysis is considered the starting point of all thermochem-
ical conversion technologies because it involves all chemical
reactions to form solid, liquid, and gas as the main products
with zero concentration of oxygen.*® In recent years, advanced
research using biomass for liquid fuels has been performed,
ranging from pyrolysis, hydrothermal liquefaction, gasification,
and biomass-to-liquid technologies to the upgrading pro-

cesses.”> Dried biomass pyrolysis is usually performed at

temperatures between 300 and 1000 °C.*”** The pyrolytic
products after thermal decomposition include biochar, bio-oil,
and non-condensable gases, such as hydrogen, methane,
carbon oxides, and other gaseous hydrocarbons. Product yields
depend upon the operational conditions: when the temper-
ature is below 450 °C, biochar formation is favored, whereas
bio-oil is the main product at 450—800 °C.”* Concerning
operating conditions, pyrolysis is divided into fast pyrolysis and
conventional pyrolysis. For hydrogen production, fast
pyrolysis, which implies high temperatures and very short
residence times, is preferred because the major product for
conventional pyrolysis is charcoal.”” Fast pyrolysis has been
widely studied in recent years for liquid fuel production
because it offers advantages in transport and storage and has
relatively low investment costs and high energy efficiencies
compared to other processes. There are different pyrolysis
reactors described in the literature, like fixed-bed, fluidized-
bed, microwave, or solar reactors, which have the advantage of
using a renewable energy source during heating."

Despite most pyrolysis-related studies being focused on the
production of liquid biofuels, hydrogen can be directly
produced at a high residence time and temperature following
the reaction scheme summarized in eq 9.%

biomass + heat — H, + CO + CH, + other products
©)

Additionally, formed methane and carbon monoxide can react
with water to produce additional hydrogen through the steam
reforming and water—gas shift reactions, respectively. To
increase hydrogen produced, catalytic pyrolysis is proposed
using metal- (e.g, Ni or alkali metals) or non-metal-based
catalysts (e.g, activated carbon).”® Both have demonstrated
their ability to increase hydrogen production. On the contrary,
to enhance the quality of the bio-oil produced, zeolites or basic
materials are preferred, without costly pre-up-gradation
techniques being necessary.’

Biomass gasification is the conversion of dry biomass into a
combustible gas mixture at high temperatures (800—900 °C)
to increase the hydrogen yield.'® It is a variation of pyrolysis
and, thus, is based on partial oxidation.®® At the end of the
gasification, biomass is mainly converted into CO and H,
along with some water, CO,, and CH,. Gasification requires
oxidation agents, such as air, oxygen, or steam.”*"> This
technology makes it possible to obtain a much cleaner and
versatile fuel than the original biomass.*> Gasifiers can be
divided into two, fixed-bed or fluidized-bed reactors. The main
advantages of fixed-bed reactors are that they tend to produce
a lower concentration of dust and particulates in the product
gas when compared to the fluidized-bed reactor and because
they are relatively more cost-effective.

Conversely, the main benefit of using fluidized-bed reactors
lies in their superior heat and mass transfer between both
phases, solid and gas, allowing for a homogeneous temperature
and, thus, enhancing the carbon conversion and decreasing the
tar formation.”””® To maximize syngas production, catalytic
biomass gasification is also reported in the literature. Adding a
catalyst during the gasification will promote the cracking
reaction and reduce the activation energy, thus reducing the
energy consumption. There are different types of catalysts used
for this purpose, including noble metals, mineral, or alkali
metal catalysts, standing out from all Ni-based catalysts given
their prices and high activity, as the reason th they are
extensively used for biomass catalytic gasification.”

https://doi.org/10.1021/acs.energyfuels.1c02501
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Figure 4. Normalized ranking comparison of different hydrogen production technologies from (A) water and (B) biomass.

Hydrothermal liquefaction of wet biomass is typically
operated at moderate temperatures (250—370 °C) and high
pressures (4—22 MPa) to break down the polymer structure of
biomass.”*”> The main product throughout this process is a
liquid biocrude along with a gaseous stream, an aqueous phase,
and a solid residue byproduct.” The aqueous phase can be
recirculated to the hydrothermal unit to enhance the bio-oil
yield. Furthermore, it could also be used to produce hydrogen-
rich syngas from steam reforming. The mechanism of
hydrothermal liquefaction can be divided into three main
steps: depolymerization of the biomass followed by decom-
position in monomers and recombination and repolymeriza-
tion of reactive fragments. The reaction chemistry during the
transformation of biomass into liquid products is cumbersome
given the complex mixture of carbohydrates, lignin, proteins,
and lipids contained in the original biomass.”> The reactor can
be either batch or continuous. Even though continuous
reactors give higher feedstock conversion, most studies are
focused on batch conditions.”

Furthermore, catalyst selection plays a key role in max-
imizing the bio-oil yield and decreasing the temperature and
pressure required for this process. There are alkaline, acid,
metal-based, and mineral catalysts whose selection depends
upon the substrate used. For example, for lignocellulosic and
microalgae substrates, alkaline catalysts are preferred, while for
alcohols, zeolites or acid catalysts are the best option.”” In
comparison to pyrolysis, the main advantages of hydrothermal
liquefaction are higher energy efliciency, lower operating
temperature, and lower tar yield.”

The bio-o0il produced from hydrothermal liquefaction and
pyrolysis can be processed to increase hydrogen production. It
is a liquid product that has a larger energy density than the
original biomass. It is mainly composed of different kinds of
oxygenated compounds, such as acids, ketones, aldehydes, and
phenols, among others.”"”>”® This complex composition
depends upon the composition of the original biomass,””'"’
and it is responsible for many adverse properties of bio-oil, low
heating value, corrosiveness, or immiscibility with other fuels,
that make it considered a low-quality fuel."”°~'** The bio-oil
can be segregated into two different fractions: one organic and
the other aqueous.'”’ Whereas the organic fraction is
composed of nonpolar compounds and, thus, can be upgraded
by hydrotreating to obtain fuels, the aqueous phase has a low
value and contains mainly water but also several oxygenated
or%anic compounds with concentrations between 15 and 60 wt
%.'°* Therefore, it can be revalued by producing additional
hydrogen through a catalytic reforming process.~ However,
the hydrogen yield obtained following this process is affected

by the thermodynamic limitations of the water—gas shift
reaction and other secondary reactions, such as methanation
and coking, reducing hydrogen production.105 Thus, the design
of suitable catalysts acquires considerable importance to
achieve high activity, high selectivity toward hydrogen, and
low deactivation (mainly as a result of coke deposition).
Moreover, the catalyst undertakes the responsibility for
cracking not only C—C and C—H bonds but also O—H
bonds. In this sense, noble-metal-based catalysts have been
described as active and stable catalysts, but their prices are
extremely high, while transition metals, such as Ni- and Co-
based catalysts, have lower cost and have demonstrated
suitable activity in steam reforming, which are reasons why
researchers are paying much more attention to them in recent

years 20,105—107

3. COMPARATIVE ANALYSIS: WATER VERSUS
BIOMASS

Table 4 summarizes the main advantages, drawbacks, energy
efficiencies, hydrogen yields, and operational costs of the
hydrogen technologies based on renewable resources. Broadly,
hydrogen production from water technologies has the potential
to achieve high hydrogen yields, while energy efficiency is very
low to be economically competitive with other technologies.
Specifically, thermolysis, photoelectrolysis, and biophotolysis
have very low energy efficiencies and low cost effectiveness.
The energy efficiency is relatively high for water electrolysis,
but the cost effectiveness is the lowest for water-based
hydrogen production technologies. Consequently, to reduce
the energy requirements, researchers are focusing their
attention on combining these technologies with renewable
energies, reducing energy requirements, and developing
suitable catalysts to make them economically competitive.
On the contrary, when biomass is used for hydrogen
production, more specifically in thermochemical processes, the
energy efficiency increases along with more competitive
operational costs. The most energy-effective method is
hydrothermal liquefaction of biomass, which also presents
the highest energy efficiency, despite the hydrogen yield being
limited because the main product is liquid, reaching
concentrations of hydrogen in the gas streams of around 2—
5%. Concerning the other thermochemical technologies,
gasification and steam reforming obtained the appropriate
balance between the studied parameters. Whereas gasification
allows for higher hydrogen yields, the energy efficiency is
favored for steam reforming, while the cost-effectiveness is
similar for both. In biological processes, the hydrogen yield
remains low, even though the energy efficiency for dark
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fermentation reaches acceptable energy efficiencies. This
assumption could be discerned in Figure 4, where normalized
values from Table 4 for hydrogen yields, energy efficiency, and
cost effectiveness considering the maximum value for each
parameter are represented for both water- and biomass-based
hydrogen production technologies. Thus, to produce renew-
able hydrogen, the combination of biomass-to-liquid tech-
nologies with steam reforming will play a fundamental role in
the energy system in the near future.

The main problem with biomass technologies is that
sometimes it is subjected to seasonal availability (e.g., crops
or forestry residues), but this problem is less important when
using waste. Moreover, producing hydrogen from wastes will
play a key role in the circular economy framework, reducing
the use of primary sources and waste generation, resulting in
environmental preservation (neutral carbon scenario) and
achieving socio-economic benefits. Regardless of the hydrogen
production technology used, it is undeniable that its
sustainability is linked to coupling sustainable energies during
the production process.

4. TOWARD A HYDROGEN ENERGY SYSTEM

Hydrogen will play an essential role in the energetic
environment in the near future. Aside from being a clean
fuel, hydrogen is an average of 1.33 times more efficient than
petroleum fuels.""” It can also be easily integrated by adapting
the existing transport and energy system, thus reducing global
pollution." *~"'®" Although hydrogen does not discharge
greenhouse gases when used for energy applications, its
sustainability depends upon the cleanness of the hydrogen
production pathway and the energy used during the obtaining
process.'* In this way, the production of green hydrogen must
be held using renewable resources (e.g, biomass and water)
along with sustainable energy sources, such as biomass,
nuclear, geothermal, solar, or wind, among other energies.117
One problem associated with renewable energy sources, apart
from the intermittence in the energy production, is the
difficulty to store the electricity produced feasibly because its
storage through batteries is not a viable option as a result of the
limited capacity in current technology, even though many
studies are working on it.""* This problem could be solved by
producing green hydrogen that can be stored and used
anytime. Despite hydrogen being suitable for flameless
combustion and being directly used in internal combustion
engines, the worldwide hydrogen technology development is
mainly focused on fuel cell technology.

The economic feasibility of hydrogen production and the
security of the energy supply are the main challenges to achieve
the so-called hydrogen economy, which are reasons why this
issue has been included in political programs.”''*''® The
expression “hydro(gen economy” was first proposed in the past
20™ century''”'* and involves the idea of a system where
hydrogen is the main energy carrier. The chief objective is to
produce hydrogen at a large scale using energy sources readily
available to substitute the current power economy based on
fossil fuels."'® Establishing the hydrogen economy is related to
simultaneously address hydrogen production, storage, trans-
portation, and distribution, supporting strategic policies.'*" In
this regard, the strategy of policy-making decision processes in
Europe is giving a primary role to hydrogen as a fuel to achieve
climate action targets leading to a carbon-neutral scenario by
2050.""* Furthermore, in the framework of the new hydrogen
strategy for a climate-neutral Europe, hydrogen deployment
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could play a significant role in the recovery from the damaging
socio-economic consequences of the recent COVID-19
emergency by creating sustainable growth and jobs.'”” In
short, the importance of the hydrogen economy lies in the
possibility of achieving a zero-carbon emission society,
assisting the concerns about global warming and climate
change, and providing sustainable alternatives.

5. CHALLENGES AND PERSPECTIVES

As a result of the environmental implications with the use of
fossil fuels for hydrogen production, their use must decrease;
however, even though numerous studies are focused on
obtaining green hydrogen, its production is still far from being
competitive. Therefore, on the basis of what is reported in the
literature, some challenges must still be further researched: (1)
Given that hydrogen is not in free form in nature and must be
produced, the development of new production methods that
reduce energy consumption and allow for its production at a
large scale is required. Furthermore, it would be desirable to
use water as a feedstock to reduce the environmental impact
because no CO, emissions are generated. (2) Hydrogen at
ambient conditions is a gas, and therefore, it has a low
volumetric density. It requires a volume of more than 3000
times higher than that of other liquid fuels to produce the same
amount of energy. Moreover, the hydrogen volume must be
reduced to be easily storable and transportable. (3) The
flammability of hydrogen is higher than other fuels, thus
bringing into question its safety. Moreover, it is an asphyxiant
gas; therefore, it can lead to suffocation as a result of reducing
the concentration of oxygen in the air. Thereby, certain
precautions and security measures need to be considered to
store or handle it safely and effectively. (4) Once hydrogen is
available for end-use, the energy application for heat or
electricity production must be approached as efficiently as
possible. (5) The hydrogen production process bears a
manufacturing cost not being a natural source, making its
price 3 times higher than fossil fuels. It must also be taken into
account that the storage can increase its cost even more,
mainly if carried out under high-pressure technologies.

Notwithstanding the undeniable environmental benefit of
using sustainable hydrogen for energy production, hydrogen
energy strategies should be adopted to make hydrogen a
competitive alternative to fossil fuels. More research should be
performed to reach new technology improvements in hydrogen
production, storage, and use. Energy efficiency will not be the
only factor that determines the success or failure of each
technology; other parameters, such as cost, stability, or the
environmental factor will play a key role. Another roadblock
that must be considered when referring to hydrogen energy is
social acceptance. In some areas, hydrogen is considered a
dangerous and explosive gas, affecting its reputation, especially
in zones where hydrogen infrastructures are absent or no
industrial application has yet been developed. Nevertheless, as
future improvements on green hydrogen technologies are
expected, they may enhance the renewable hydrogen options
and soften the social position.'*’

6. CONCLUSION

Even though hydrogen is used for energy applications, it is a
zero-emission energy at the end use; its sustainability is
devoted to the obtaining process and the power source used
during its production. This study reviews the different
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hydrogen production technologies available using fossil fuels or
renewable resources, such as biomass and water. Currently,
most hydrogen is produced from fossil fuels because
production costs are correlated with fuel prices, which remain
at acceptable levels. More specifically, it is mainly produced
from the steam reforming of light hydrocarbons, resulting in
the emission of greenhouse gases. The European Union energy
strategy is focused on the reduction of carbon emissions, which
is the reason why significant developments in hydrogen
generation technologies from renewable resources, such as
biomass and water, are taking place. The wide variety of
renewable feedstocks from which hydrogen can be produced
may allow for every region of the world able to produce much
of its own energy, provided that these regions have access to
the adequate means to carry out the conversion process. On
the basis of the comparative analysis, biomass-based
technologies enable similar hydrogen yields to those obtained
with water-based technologies but with higher energy
efficiency and lower operational costs. Therefore, renewable
feedstock and sustainable energy sources for hydrogen
production, substituting conventional fossil fuels and the
current power system, will make it possible to achieve the so-
called hydrogen economy but not without first facing
technological, scientific, economic, and social roadblocks.
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