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Abstract: Energy demand has increased over the years due to population growth, industrial, and
socio-economic developments, cornerstones of human civilization. Additionally, climate change
alarms are placing the energy transition in the top concerns of intergovernmental organizations.
Therefore, there are several reasons for concern regarding the need for a new paradigm in the
world energy scenario. This perspective article focuses on the contribution that the gasification
process may have in the global energy transition scenario. The perspectives for a full world energy
transition are that it cannot be accomplished without a transportation fuel transition and an industry
transition. Biomass gasification is a sustainable process that allows the production of a large range of
commodities such as electricity and heat, biofuels, and chemicals. Meanwhile, some challenges such
as tar, impurities, and soot must be overcome or at least limited to an acceptable minimum to promote
the economic viability of the gasification plants before they can effectively contribute to the world
energy transition. In this regard, further research should be made focused on improving the syngas
quality and the economic viability of a biomass gasification plant. This can be achieved by several
means including new reactor designs, advanced gasification processes (e.g., plasma gasification and

ek supercritical water gasification), and intensifying the gasification process.
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10.3390/en16145543 Energy demand has increased over the years due to population growth, and industrial
and socio-economic developments, cornerstones of human civilization. As fossil fuels have
been the basis of energy supply worldwide, they are linked with climate change and global
warming. In addition to the protection of the environment, the depletion of fossil fuel
resources is an important aspect that needs to be overcome. Consequently, using alternative
energy sources to reduce climate change is a primary concern nowadays [1]. According
to international energy agencies, energy production and use account for about two-thirds
of worldwide greenhouse gas emissions, placing the energy sector at the heart of climate

® change programs.
As a result, the energy sector is under a lot of regulatory pressure, facing increased

competition, and being asked to provide environmentally friendly and ecologically re-
sponsible solutions. For these reasons, the energy transition is among the top concerns of
This article is an open access article intergovernmental organizations such as the “Intergovernmental Panel on Climate Change,
distributed under the terms and  the International Energy Agency, and the International Renewable Energy Agency”, which
conditions of the Creative Commons  play a critical role in the global alignment of emission-reduction strategies and will un-
Attribution (CC BY) license (https:// ~ doubtedly be critical as we attempt to achieve net zero emissions by 2050. Additionally, the
creativecommons.org/licenses /by / United Nations foresees that the world’s population will attain almost 10 billion by 2050.
40/). This population growth, together with the expected rise in living standards, will result in
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a more intense demand for energy. For these reasons, numerous nations have begun to
establish plans to deal with the negative impacts of global warming. Many nations have
started to rearrange their energy sources because energy is the primary cause of carbon
emissions. Nuclear and renewable energy are seen to be the most effective carbon-free
energy sources and have garnered interest on a global scale [2].

As a result, governments around the world are revisiting their energy strategies
to enable transition mainly towards increased adoption of renewable energy sources.
Therefore, there has been an increase in interest in the idea of switching from conventional
energy sources to some cleaner, greener options. The International Renewable Energy
Agency has recognized the importance of the transition to clean energy, claiming that the
global energy sector has switched from non-renewable to renewable sources, achieving the
goal of a 90% reduction in carbon emissions. Due to this, the switch to renewable energy
has closed any existing or anticipated future energy supply and demand gaps, providing a
path towards carbon neutrality [3].

As a matter of example, renewable energy experienced the fastest growth between
2010 and 2021, with an average annual growth rate of 0.8 percentage points, and its total
share of global power generation in 2021 was 28.7%. Renewables are critical to clean energy
transitions, and renewable power deployment is one of the primary enablers of keeping the
rise in average world temperatures below 1.5 °C. However, to achieve net zero emissions
by 2050, renewable electricity must rise faster, with the renewable share of generation
increasing from about 29% in 2021 to more than 60% by 2030. The main contributions are
anticipated to come from wind and solar energy. Nevertheless, bioenergy should almost
double its contribution in electricity generation from 764.2 TWh in 2021 to 1386.8 TWh
in 2030, which represents an average growth rate of around 7% per year [4]. Given that
lignocellulosic biomass is the most abundant biomass on the globe, annual production
is expected to be 181.5 billion t. There are 8.2 billion t in usage, with around 7 billion t
coming from agricultural and forest sources and the remaining 1.2 billion t deriving from
agricultural waste [5]. This biomass potential is yet to be explored to a larger extent to
make it possible to achieve the 2050 goals. Biomass conversion into energy can be achieved
by a handful of established processes. Among them, biomass gasification is the most
promising [6]. Its principal advantage stems from the significantly higher temperatures
used, which results in superior quality and cleaner syngas due to the sharp elimination
of unwanted impurities. Indeed, the increasing environmental regulations imposed by
governments and international organizations promote the high efficiency provided by
gasification [7].

The biomass gasification system provides low-cost, exceptional decentralized energy
sources compared to a typical gas-powered system. Additionally, coupling biomass gasifi-
cation with gas and steam turbines forms a highly efficient and clean biomass system for
generating heat and electricity.

Currently, Europe is leading the biomass gasification market mainly due to the contri-
butions of Germany and Sweden [8]. It is expected that highly populated countries such as
China and India will contribute to the progress in the biomass gasification market mainly
due to their huge increasing electricity demands. The increasing rate of rural electrification,
particularly in emerging economies, has also raised the necessity for decentralized energy
production. This motivation can be considered one of the major drivers of the worldwide
biomass gasification market’s growth [9].

The development of technologies has also been continuously funded by the major
market participants as well as the governments of various countries, contributing to the
market’s sustained expansion. Moreover, the intensive research and development of
biomass gasification processes also positively influences the global market. The global
gasification market is valued at USD 114.1 billion in 2021 and expected to reach USD
209.63 billion by 2029 [10]. This prediction is based on a market compound annual growth
rate of 7.9% if the current innovations in the sector continue.
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As seen, there are several reasons for concern regarding the need for a new paradigm in
the world energy scenario. This perspective article focuses on some of the contributions that
the gasification process may have in the global energy transition scenario. The next sections
can be described as follows. In Section 2, the gasification process is briefly described,
pointing out the main advantages and constraints that remain to be investigated as well
as the main applications for syngas. Section 3 describes the future directions that, in the
opinion of the authors, should be followed to increase the market penetration of gasification
technology. In Section 4, the main conclusions of this perspective are summarized.

2. Conventional Gasification Process

Conventional gasification is globally an endothermic process, which means that heat
is required to support the process. Figure 1 shows that the gasification process can be
autothermal or allothermal, depending on how the heat is supplied. In an autothermal
gasification process, the heat is generated by partial oxidation within the reactor. In an
allothermal gasification process, the required heat is provided by an external source [11].
The term allothermal has its origin in the Greek word “allos” meaning “other”.

Syngas ‘ ‘ Siksas ‘
; | Autothermal Biomass ) Allothermal J g Heat
Biomass Gasification " Gasification | Generator
Gasifying agent Gasifying agent

Figure 1. Autothermal gasification versus allothermal gasification.

Gasification is a thermochemical conversion process of a carbon-based fuel at high
temperature, which might include partial oxidation of the converted combustible ele-
ments [12]. The result of the air-blown autothermal gasification is a combustible gas
containing hydrogen, carbon monoxide, carbon dioxide, methane, nitrogen, some light
hydrocarbons (ethyne, ethene, ethane, etc.), residual poisonous gases (hydrogen cyanide,
hydrogen sulfide, ammonia, etc.), and impurities such as char, tar, and ash.

The autothermal gasification process occurs in a single reactor (or gasifier), in the
presence of an oxidizing agent, mandatorily containing the oxygen needed for partial
oxidation reactions. They might be pure oxygen, air, or blends of these with steam or
carbon dioxide. In an allothermal gasification process, the presence of oxygen is not
allowed, and pure gasifying agents are used, such as steam or carbon dioxide.

Inside the reactor of an autothermal gasification process, a set of four processes
take place at the same time and are generally designated as drying, pyrolysis, oxidation,
and reduction [13]. In the case of allothermal gasification, only three processes occur
simultaneously: drying, pyrolysis, and reduction. Since there is no oxygen inside the
reactor, all the oxidation reactions will not occur, which means that the necessary heat
for the endothermic reactions does not come from the oxidation phase but is generally
transferred to the gasification through heat exchangers or with a heat carrier such as a bed
material in fluidized bed reactors. The quality of the syngas depends on various gasification
factors including type of feedstock, gasifier type, and operational conditions. In the next
subsections, the most important of these are discussed.

2.1. Effect of Feedstock Characteristics

According to Alves et al. [14], impurities in the feedstocks and incomplete gasification
result in pollutants in the generated syngas. They are mostly categorized as tars, particle
matters, alkali, nitrogen (hydrogen cyanide, ammonia), sulfur (hydrogen sulfide, carbonyl
sulfide), and halides. These contaminants are responsible for downstream issues in the
gasifier including corrosion, blockage, and catalyst deactivation. Moreover, they also make
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syngas inappropriate for various applications such as Fischer-Tropsch synthesis, fuel cells,

and

methanol production. They necessitate syngas processing prior to its use. Table 1

summarizes the main impurities that can be present in the syngas, the associated issues,
and the cleanup methods for their elimination.

Table 1. Syngas impurities, associated problems, and cleanup methods [15,16].

Impurity Examples Issues Cleanup Method

Particulates Ash, char, bed material Erosion Filtration, scrubbing

Alkali metals Sodium and potassium compounds Corrosion C.O()ln.lg’ Condenséhon’
filtration, adsorption

Nitrogen components ~ NHj3 e HCN NOy formation Scrubb.mg, selective catalytic
reduction

Tars Aromatics Clog f?“.ers’ difficult to burn, Tar cracking; tar removal

deposit internally
Sulfur, Chloride H,S, HC1 Corrosion, emissions Lime or dolomite scrubbing or

absorption

A recent review of Ramos et al. [17] on biomass pretreatment techniques clearly

presents the motives for the application of pretreatment processes prior to its conversion.
Regarding the gasification process, the main pretreatment methods applied are grind-
ing/milling, drying, torrefaction, and densifying techniques. These findings clearly express
the desirable characteristics of the feedstock for the conventional gasification process.
These are:

Biomass particle dimensions, which are reactor-dependent (5-100 mm for fixed bed
reactors, 6-50 mm for fluidized bed reactors, and <1 mm for entrained flow reac-
tors [18]) and have a great influence on the gasification rate. Smaller particles can mix
with each other and to willingly fit into any remaining space, boosting the overall
energy efficiency of the gasification process. However, their size reduction incurs an
additional expense due to the necessary milling/grinding pretreatment. Moreover,
smaller particles increase the yields of hydrogen and syngas as well as the carbon
conversion [19]. However, they should respect the gasifier and feeding system limita-
tions to prevent agglomeration. The fibrous biomass frequently becomes stuck in the
feeding system. These problems can be overcome by densifying the biomass, which
reduces the spaces between particles and thus increases the bulk density.

Low moisture, low sulfur, and low chlorine contents. Feedstocks with higher moisture
necessitate drying prior to the gasification stage. Increased moisture content increases
hydrogen while decreasing carbon monoxide, owing to the consumption of this latter
component in the water—gas shift reaction. Yet, because carbon monoxide has a higher
heating value than Hj, the drop in carbon monoxide yield has a greater impact than
the increase in hydrogen production, resulting in a negative balance in syngas quality.
Typical moisture requirements for downdraft reactors are below 12%, <40% for updraft
reactors, and between 10% and 60% for fluidized bed reactors [18]. Sulfur content
is usually residual (<0.1%) in lignocellulosic biomasses. However, the presence of
this compound gives rise to SO, formation, enhancing the corrosion potential of the
process [20].

Chlorine can also be present in some lignocellulosic biomasses but in residual amounts
(<0.1%) and must the submitted to dichlorination prior to the gasification process [18].
This chlorine would lead to the formation of chlorine acid (Cl,), enhancing the corro-
sion potential of the process.

Ash content and melting temperature are also a fundamental biomass characteristics
from thermal conversion. However, the ash fusion temperatures of the biomass ash
oscillate from 1100 °C to 1300 °C [21], which is generally above the temperature
range of the conventional gasification processes, thus preventing the melting of the
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inorganics and allowing some of them to act as catalysts in fluidized bed reactors such
as potassium and sodium.

2.2. Effect of Gasifying Agent

Air, steam, oxygen, and, more recently, carbon dioxide are the typical gasifying agents
utilized in biomass gasification. The following significant findings have been reached after
studies on each of them:

e Due to its low cost, air is the main gasifying agent, with the resulting syngas being
heavily diluted by nitrogen (about 50%) and having a lower heating value (typically
4-6 MJ/m?) and hydrogen concentration below 20% [22]. To improve the syngas
quality, air has been used combined with steam and pure oxygen (oxygen-enriched
air). Hernandez et al. [23] demonstrated that the use of a mixture of air and steam as
the gasifying agent enhances the quality of the syngas, increasing its hydrogen and
methane contents. Ismail et al. [7] showed that the use of oxygen-enriched air allows
the production of a syngas with a reasonable heating value (around 9-15 MJ/ m3);
however, this has the shortcoming of being more costly once oxygen separators from
air are needed.

e  Steam use for biomass gasification allows obtaining a syngas with a higher heating
value (typically 10-18 MJ/m?) and hydrogen content [24], although an external source
of heat is required to increase the temperature of the process (allothermal gasifica-
tion). Steam gasification also has the advantage of operating with both wet and dry
biomass [19]. The review of Ahmad et al. [19] also presents the use of a mixture of
steam and pure oxygen to promote biomass conversion, accompanied by a carbon
dioxide increase and the decrease of carbon monoxide and hydrogen.

e  Pure oxygen usage as a gasifying agent in biomass gasification systems was reviewed
by Mishra and Upadhyay [25]. They conclude that an improved gasification as well
as enhanced carbon conversion, and a heating value between 10 and 18 M]J/ m3
was obtained, mainly because of the absence of nitrogen in the gasifying medium.
However, due to the separation of oxygen from the air, oxygen-blown gasification is
an energy-intensive and expensive process.

e  Carbon dioxide is the least studied gasifying agent. A recent review by Chan et al. [26]
concluded that the use of carbon dioxide as the gasifying agent provides a syngas rich
in carbon monoxide (40-80 vol. %), essentially because of the dominant Boudouard
reaction that is only thermodynamically active over 700 °C. Carbon dioxide gasification
is a very promising conversion method that takes advantage of the abundance of
carbon dioxide and biomass to generate value-added carbon monoxide. The successful
commercialization of this method would have a significant impact on achieving the
UN Sustainable Development Goals and the Paris Climate Agreement.

2.3. Syngas Applications

Syngas applications may be divided according to the commodities it can generate such
as fuels, chemicals, heat, and power. These are discussed in the next subsections.

2.3.1. Heat and Power

Producing power from gasified biomass has been increasingly used worldwide.
Biomass gasification is a direct route to extract energy from renewable resources efficiently
and is one of the most suitable processes for combined heat and power (CHP) production.
The integration of the biomass gasification process with a gas engine for CHP production
has high power efficiency potential that can reach 40% [27].

When a biomass gasification system is integrated with a gas turbine (Brayton Cycle)
and a steam turbine (Rankine cycle), the system is known as biomass integrated gasification
combined cycle (BIGCC) system [28]. These systems are considered some of the most effi-
cient technologies for large-scale power generation based on gaseous fuels [29]. However,
the viability of BIGCC technology in power generation has yet to be proven because of the
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succession of projects mothballed for economic reasons (e.g., the Varnamo IGCC plant in
Sweden and the Giissing CHP gasification plant in Austria).

2.3.2. Fuels

Various synthetic fuels can be produced from syngas via the Fischer—Tropsch pro-
cess [30]. Fischer—Tropsch synthesis involves the catalytic reaction of hydrogen and carbon
monoxide to form hydrocarbon chains of various lengths according to the general synthesis
reaction in Equation (1):

(n/2 4+ m)Hy;4+mCO — CpyHp+m H,O 1)

Cobalt, iron, nickel, and ruthenium have been identified as active catalysts for the
Fischer-Tropsch synthesis reaction [31]. However, only cobalt and iron exhibit sufficient
carbon monoxide hydrogenation for industrial Fischer-Tropsch plants since ruthenium is
much more expensive, and nickel favors methane formation and produces nickel carbonyl
which readily deactivates the catalyst. Iron, a reasonably inexpensive and versatile catalyst
for a variety of operating conditions, enhances the water—gas shift reaction during Fischer—
Tropsch synthesis, which allows the use of syngas with low-hydrogen content. Syngas
with Hp /CO ratios of 0.5 to 0.7 are recommended for iron catalysts. Cobalt catalysts, on
the other hand, are significantly more active than iron-based catalysts, but are 250 times
more expensive, hence they are typically used as a support catalyst [32]. There are various
commercial Fischer—Tropsch plants in South Africa producing about 150,000 barrels per
day of gasoline, diesel, and jet fuel from coal gasification [33].

Hydrogen is rising in the energy transition scenario as an important energy carrier
able to replace fossil fuels [34]. Biomass gasification is emerging as a cost-effective, cleaner,
and sustainable process of producing hydrogen at 1.77-2.77 $/kg [35,36]. However, to
obtain pure hydrogen from a gasification process, there are some additional operational
units that should be included (Figure 2).

Producer Syngas Ha-rich )
D oas R < s A
A gas syngas | H>
Biomass > © it Gas WGS PSA L )
V cleaner Reactor Separator
\ R ___4

CO2

Impurities

Figure 2. Process flow diagram of biomass gasification for pure hydrogen production.

The gas coming from the gasifier must be cleaned from impurities such as tar and
ashes to be transformed into a syngas containing only CO and H,. This syngas is supplied
to a water—gas-shift (WGS) reactor in order to increase the hydrogen content of the gas. This
reactor produces H; and COj, so another operational unit must be used to separate these
gases. The pressure swing absorption (PSA) separation unit allows us to obtain pure H.

2.3.3. Chemicals

Syngas can be used to make petrochemicals and ammonia, which can then be used in
agricultural fertilizers. The most significant advantage of syngas is that it can be directly
converted to a variety of important chemical products (methanol, di-methyl ether, and
olefins) that would otherwise be produced from natural gas. The chemical industry pro-
vides key materials to the cosmetics, pharmaceutical, and plastic packaging sectors. Syngas
was initially utilized in ammonia and methanol plants. China is manufacturing syngas
from small coal-fired power stations, which will be processed into ammonia and used to
make fertilizer. China’s synthetic ammonia industry has the world’s greatest capacity and
volume of production, with a total production of 57.58 Mt in 2019 [37]. Table 2 summarizes
desirable syngas characteristics for various end-use options.
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Table 2. Desirable syngas characteristics for different applications [15,38].

Fischer-Tropsch

Heat and Power

Product/Property Synthesis Methanol Hydrogen Boiler Turbine
H,/CO 0.6 @ ~2.0 High Irrelevant Irrelevant
CO, Low Low © Unimportant (®) Not critical Not critical
Hydrocarbons Low @ Low @ Low @ High High
N» Low Low Low @ @
H,O Low Low High ® Low ®
. <1 ppm sulfur <1 ppm sulfur <<1 ppm sulfur ) Low particulates
Contaminants Low particulates Low particulates Low particulates and metals
Heating value Irrelevant M Irrelevant (™ Irrelevant ™ High © High ©
~50 (liquid phase)
Pressure (bar) 20-30 ~140 (vapor phase) 28 Low 400
o 200-300 0
Temperature (°C) 300-400 100-200 100-200 250 500-600

@ Depends on the catalyst type. For iron catalysts, the value shown is satisfactory; for cobalt catalysts, a value near
2.0 should be used. ® Water-gas shift will have to be used to convert CO to Hy; CO; in syngas can be removed at
the same time as CO, is generated by the water—gas shift reaction. () Some CO, could be tolerated if the H, /CO
ratio remains above 2.0; if an excess of Hj, is available, the CO, will be converted to methanol. (9 Methane and
heavier hydrocarbons need to be recycled for conversion to syngas and represent system inefficiency. ) N lowers
the heating value, but its percentage is not important if syngas can be burned with a stable flame. ® Water is
required for the water—gas shift reaction. ® Can tolerate relatively high water levels; steam is sometimes added
to moderate combustion temperatures to control NOx. ® As long as the H, /CO ratio and impurity levels are
met, the heating value is not critical. @ Efficiency improves as the heating value increases. ) Depending on the
catalyst type, iron catalysts typically operate at temperatures higher than cobalt catalysts. %) Small amounts of
contaminants can be tolerated.

Syngas properties and conditioning are generally more important for fuels and chemi-
cal synthesis applications than for hydrogen and fuel gas uses. A high purity synthetic gas
is highly advantageous for fuels and chemical synthesis since it significantly decreases the
size and expense of downstream equipment. However, the syngas characteristics provided
in Table 2 should not be interpreted as strict requirements. Supporting process equipment
can be employed to adjust the syngas quality to match those optimal for the target end-use,
but at an increased complexity and cost.

3. Some Future Perspectives for the Gasification Process

The gasification process has already climbed a long hill, but several constraints remain
to be overcome for a more effective penetration into the world’s energy mix. The description
made in Section 2 allows us to better frame what the role of the gasification process may be
in the global energy scenario. The main outcomes that can be retrieved are summarized in
Figure 3.

Feedstocks + Non-chlorine biomass

’ Low-moisture biomass l
Non-hazardous wastes

Gasification process | | Autothermal | Autothermal Allothermal Allothermal
Gasyifying agent (air) | (oxygen) (steam) (carbon dioxide)
Y
CHP Fuel Cell
taats CHP CHP
Applications | { IGCC l ’ Fuels Hydrogen IGCC
Chemicals Chemicals

Figure 3. Conventional gasification process required inputs and main outputs.

It clearly shows that the feedstocks most appropriate for each gasification process
differ substantially. Although the conventional gasification process is less complex and
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more economical, it is limited to low-moisture lignocellulosic biomasses and non-chlorine
and non-hazardous wastes due to process limitations.

These “complex” wastes can be converted into syngas by using special (and expensive)
gasification methods such as plasma gasification for hazardous wastes as expressed in
Oliveira et al. [39], or supercritical water gasification for high-moisture biomasses as
expressed by Hu et al. [40].

The outputs are dependent on the gasifying medium used. When the performances of
those gasifying agents on the gasification of biomass are compared, the conclusions show
that pure steam performed better in terms of operational settings and syngas composition
(higher H; yields and LHV). CO; gasification could provide a carbon-neutral solution to
the two key increasing issues of energy security and global warming. The use of CO, by
itself or with air/steam as a gasifying agent can cause the reaction products to contain
more CO.

Biomass gasification has several problems that prevent the effective application at a
commercial stage. These are primarily related to the variability of the biomass characteris-
tics requiring energy and labor-intensive pretreatment processes such as drying, grinding
and densification, and the producer gas conditioning, especially the cleaning of tars and
ashes which is problematic and cost-intensive [17]. The technology readiness level (TRL)
for biomass gasification is still around seven, which means that this technology is not yet
mature enough to be commercialized [34]. For these reasons, biomass gasification must be
further investigated in the following aspects [41]:

e  Optimizing and comprehending the behavior of the reactor, because it is the least
efficient piece of a gasification plant. Its design and operation require a thorough
understanding of the gasification process and how the design, feedstock, and key
operating settings have an impact on entire performance.

e  [Efficient and cost-effective gas cleaning systems for the downstream application of
syngas. Gas cleaning is required to avoid erosion, corrosion, and environmental issues
in downstream applications. Tars are generally heavy hydrocarbons produced by the
biomass gasification process, which can clog engine valves or cause turbine fouling,
resulting in greater maintenance costs and reduced performance. Tars also interfere
with the production of fuels and chemicals.

The technical issues of a biomass gasification plant can be overcome through research
and development. However, there are also economic issues that prevent its commercial
progress. The reasons for the economic failure are beyond the scope of this work but can be
expressed as capital expenditures and operational expenditures of a gasification plant.

The future directions for the development of biomass gasification power plants should
be focused on the demonstration of their economic viability. This should be done through
demonstration gasification plants incorporating the most recent developments in the var-
ious operating units, especially in the gas cleaning unit, which is considered the most
expensive operation unit in a biomass gasification facility. Another economic barrier to
the development of biomass gasification plants is the high cost of long-distance biomass
transportation. The solution to reducing biomass transportation costs is to implement
gasification facilities on a small-to-medium scale.

If the biomass gasification plant is intended to produce hydrogen, it has been demon-
strated that, from a technical standpoint, the supercritical water gasification process yields
the most hydrogen. However, from an economic point of view, conventional gasification
achieves better performance [36].

The perspectives for the economic viability of a biomass gasification plant producing
hydrogen can be expressed as the need to improve the technical and economic performance
of the gasification processes in producing hydrogen. Water—gas shift technology, which uses
the carbon monoxide present in syngas to improve hydrogen generation, can be added to
biomass gasification plants. Another upgrade suggestion is to separate the carbon dioxide
produced during the gasification process, which is then mixed with steam as the gasifying
agent and supplied into the gasifier. This raises the carbon monoxide content of the syngas,
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which may function as a reactant in the water—gas shift process, increasing the amount of
hydrogen produced. Moreover, carbon dioxide is maintained in the gasification process,
resulting in a carbon-negative gasification plant.

4. Conclusions

The world energy transition cannot be fully accomplished without a transportation
fuel transition and an industry transition.

Biomass gasification is an environmentally friendly method for producing power,
biofuels, chemicals, and heat. As a result, by turning biomass into useful materials, energy,
or biofuels, including hydrogen, biomass gasification can theoretically contribute to the
world energy transition. Unfortunately, various obstacles, including tar, impurities, and
soot, have made its industrial development challenging. These challenges must be over-
come or at least limited to an acceptable minimum to promote the economic viability of the
gasification plants before they can effectively contribute to the world energy transition. In
this regard, further research should be focused on improving the syngas quality and the
economic viability of a biomass gasification plant. This can be achieved by several means
including new reactor designs, advanced gasification processes (e.g., plasma gasification
and supercritical water gasification), and intensifying the gasification process to increasing
the hydrogen yields. Long-distance biomass transportation is another economic issue of
large-scale biomass gasification plants that can be overcome by implementing small- to
medium-scale gasification plants.
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